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1. Abstract

Mesoscale eddies have been shown to support elevated dinitrogen (N>) fixation rates
(NFRs) and abundances of N»-fixing microorganisms (diazotrophs), but the mechanisms
underlying these observations are not well understood. We explored relationships among NFRs
and cyanobacterial diazotroph abundances in eddy pairs of opposite polarity sampled in the
North Pacific Subtropical Gyre and compared our observations to seasonal trends from the
Hawaii Ocean Time-series (HOT) program. Consistent with previous reports, we found that
NFRs were anomalously high for this region (up to 3.7-fold above previous monthly HOT
observations) in the centers of the sampled anticyclones, coinciding with elevated abundances of
Crocosphaera in the summertime. We then coupled our field-based observations, together with
transcriptomic analyses of nutrient stress marker genes and ecological models, to evaluate
potential mechanisms controlling diazotroph abundance and activity at the mesoscale.
Specifically, we evaluated the role of biological (via estimates of growth and grazing rates) and
physical controls on populations of Crocosphaera, Trichodesmium, and diatom symbionts. Our
results suggest that increased Crocosphaera abundances associated with summertime
anticyclones resulted from the alleviation of phosphate limitation, allowing cells to grow at rates
exceeding grazing losses. In contrast, distributions of larger, buoyant taxa (7richodesmium and
diatom symbionts) appeared less affected by eddy-driven biological controls. Instead, they
appeared driven by physical dynamics along frontal boundaries that separate cyclonic and
anticyclonic eddies. Together, the interplay of eddy-specific changes in bottom-up control, top-
down control, and the physical accumulation of cells likely explains the elevated diazotroph

abundances and NFRs associated with anticyclones and eddy fronts.
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2. Introduction

In the oligotrophic North Pacific Subtropical Gyre (NPSG), the supply of growth-limiting
nutrients influences rates of photosynthesis in the sunlit surface ocean, determining the
magnitude and variability of trophic transfer and the export of carbon (C) from the euphotic zone
(Karl et al., 1996). Microorganisms with the ability to fix dinitrogen (N2) into bioavailable
nitrogen (N), termed diazotrophs, introduce newly fixed N to otherwise N-limited phytoplankton
(Karl et al., 2002). At Station ALOHA (A Long-term Oligotrophic Habitat Assessment, 22.75°N,
158.00°W), the field site of the Hawaii Ocean Time-series (HOT) program, N fixation fuels up
to half of new production and N export (Bottjer et al., 2017; Karl et al., 1997). Most N, fixation
is controlled by unicellular diazotrophs (typically smaller than 10 gm), including the
cyanobacteria UCYN-A (symbionts of haptophytes), UCYN-B (Crocosphaera), and UCYN-C
(Cyanothece-like organisms) (Church et al., 2009; Zehr et al., 2001). Other, larger cyanobacterial
diazotrophs including filamentous Trichodesmium and diatom-diazotroph associations (DDAs)
with the symbiotic, heterocyst-forming Richelia and Calothrix can also form episodic blooms
and contribute appreciably to N fixation. Finally, non-cyanobacterial diazotrophs are also
present in the NPSG (Church, Short, et al., 2005; Farnelid et al., 2011), but the contribution of
these organisms to N> fixation is uncertain (Moisander et al., 2017).

N> fixation rates (NFRs) at Station ALOHA are highly variable, ranging from ~0.3 to 21
nmol N L~! d"! in near-surface waters (Bottjer et al., 2017). Some of this variability is seasonal:
NFRs generally peak during the late summer (Béttjer et al., 2017), when an annual pulse of
particle export to the deep ocean has also been putatively linked to blooms of DDAs (Karl et al.,
2012; Poff et al., 2021). However, several studies have also highlighted patchiness in both NFRs
and diazotroph abundances over relatively small temporal (<2 days) and spatial (<30 km) scales

(Gradoville et al., 2020; Robidart et al., 2014), suggesting that submesoscale and mesoscale
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processes may influence diazotroph distributions in the NPSG. Such physical disturbances of the
upper pelagic zone are regular features of this habitat (Rii et al., 2021); for example, over a 23-
year period of near-monthly sampling by the HOT program at Station ALOHA, 31% of the
sampling occasions coincided with the presence of a trackable mesoscale eddy (Barone et al.,
2019).

Through uplift or depression of the pycnocline, eddies perturb microbial populations by
altering nutrient and light fields. As a result, mesoscale eddies, especially cyclonic eddies that
drive upward displacement of isopycnal surfaces (together with associated nutrients) across the
upper ocean light gradient, have been linked to elevated phytoplankton biomass and high rates of
primary production in the open ocean (McGillicuddy Jr & Robinson, 1997). There is growing
evidence that diazotrophic community structure and NFRs are also modified by mesoscale
eddies. High NFRs have been observed in anticyclonic eddies in many ocean regions, including
the South Pacific Ocean, Indian Ocean, South China Sea, and Mediterranean Sea (Holl et al.,
2007; Liu et al., 2020; Loscher et al., 2016; Rahav et al., 2013). At Station ALOHA, the highest
NFRs have been observed under conditions of elevated sea surface height (characteristic of
anticyclonic eddies) in summer months (Béttjer et al., 2017; Church et al., 2009). Elevated
abundances of Trichodesmium, DDAs, and Crocosphaera have been reported associated with
anticyclonic eddies in both the North Atlantic and North Pacific Oceans (Cheung et al., 2020;
Davis & McGillicuddy, 2006; Fong et al., 2008; Olson et al., 2015; Taboada et al., 2010; Wilson
etal., 2017).

These studies have highlighted multiple processes that could influence N fixation in
eddies of different polarities. For example, elevated NFRs and Crocosphaera abundances were

linked to severe N-depletion in the surface waters of anticyclones, presumably driven by the
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depression of isopycnal surfaces (Liu et al., 2020; Wilson et al., 2017). In addition, although
poorly characterized, high rates of grazing on diazotrophs and their hosts have been reported
within mesoscale eddies of both polarities (Dugenne et al., 2020; Landry et al., 2008; Wilson et
al., 2017). Finally, the physical movement of water, both vertically and horizontally, due to
mesoscale circulation, can lead to the physical accumulation of buoyant diazotrophs (e.g.
Trichodesmium) (Guidi et al., 2012; Olson et al., 2015). All of these mechanisms are modulated
by specific life traits (e.g. buoyancy, size, symbiosis) and potential adaptations of individual
taxa, suggesting that understanding diazotrophic diversity and activity within eddies is
prerequisite to identifying the mechanisms driving variability in bulk NFRs. Effectively,
mesoscale and sub-mesoscale features can impact both bottom-up and top-down processes
controlling diazotroph diversity and activity. The relative influence of these controls is important
in determining diazotroph abundance as well as the magnitude of new N delivered to the system.

In this study, we examined cyanobacterial diazotroph abundances and NFRs associated
with two pairs of mesoscale eddies (cyclones and anticyclones) sampled in the NPSG and
compared these data to trends from the HOT program for regional and seasonal context. We used
these observations, together with environmental data, metatranscriptomes, and ecological
models, to evaluate the importance of bottom-up, top-down, and physical control mechanisms in

driving the mesoscale distribution and activity of diazotroph populations.

3. Material and Methods

3.1 Characterization and sampling of eddy pairs

In 2017 and 2018, two field expeditions sampled mesoscale eddies in the region north of

the Hawaiian Islands. Observations took place 26 June—15 July 2017 during the Microbial
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93  Ecology of the Surface Ocean-Simons Collaboration on Ocean Processes and Ecology cruise
94  (MESO-SCOPE, KM1709, R/V Kilo Moana) and 27 March—10 April 2018 during the Hawaiian
95  Eddy Experiment (FK180310, R/V Falkor). Prior to each cruise, cyclonic and anticyclonic eddies
96  were identified via satellite-derived sea level anomalies (SLA) distributed by the Copernicus
97  Marine Service (marine.copernicus.eu/). Daily SLA maps (Fig. 1) were corrected for the multi-
98  year trend and seasonal cycle following Barone et al. (2019). Eddies were tracked back in time to
99  determine the stage, age, and average SLA during the sampling period (Supporting Information

100 S1 and Table S1).
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102 | Figure 1: Sampling locations for nifH gene abundances (purple circles), hydrographical stations
103 | (blue circles), a Trichodesmium bloom (yellow star), and N, fixation rates (triangles) across each
104 | pair of eddies during the 2017 (A) and 2018 (B) cruises. Note that surface diazotroph cell

105 | abundances were measured by autonomous flow cytometry at high spatial resolution along each
106 | cruise transect. Sampled cyclones are indicated by negative sea level anomalies (-0.1 m blue

107 | contour) and anticyclones by positive sea level anomalies (0.1 m red contour). Scale bars: 100
108 | km.

109
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110 Both cruises included an eddy mapping phase, where sampling occurred along a transect
111  spanning one eddy to the other to characterize the water column, quantify diazotrophs via nifH
112 gene abundances and automated imaging flow cytometry cell counts, and measure NFRs. They
113 also included time-resolved, Lagrangian surveys that sampled along the drift trajectories of
114 Surface Velocity Program (Pacific Gyre) drifters in one or both eddy centers (drogue centered at
115 15 m), with continuous imaging of near surface plankton communities to assess high resolution
116  temporal dynamics.
117 Photosynthetically active radiation (PAR) at the sea-surface was measured using a
118  shipboard cosine collector LI-190 (LI-COR Environmental, Lincoln, NE, USA). Downwelling
119  PAR was measured at 1 m-intervals using a free-falling optical profiler (Satlantic HyperPro, Sea-
120  Bird Scientific, Bellevue, WA, USA), and corrected by a factor of 1.2 to convert downwelling
121  irradiance into scalar irradiance (Letelier et al., 2017; Wozniak et al., 2003). Both sea surface and
122 downwelling PAR measurements were used compute the fraction of incident PAR (%) at
123 discrete depths.
124 A Conductivity, Temperature, and Depth (CTD, Sea-Bird Scientific) sensor attached to a
125  rosette sampler was used to measure depth profiles of temperature, salinity, and derived potential
126  density. Mixed layer depth (MLD) was calculated using a 0.03 potential density offset relative to
127 10 m (de Boyer Montégut et al., 2004). Seawater samples collected from discrete depths using 24
128  x 10 L Niskin® bottles mounted to the rosette frame were used to measure soluble reactive
129  phosphorus (hereafter phosphate, PO4**) concentrations (precision of = 1 nmol L! and detection
130 limit of 3 nmol L") (Karl & Tien, 1992) and nitrate + nitrite (NO3+NO,") concentrations

131  (detection limit of 1 nmol L") (Foreman et al., 2016).
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132 Dissolved Fe (dFe) for the 2017 cruise was collected using a trace metal clean sampling
133 rosette with external spring bottles (Ocean Test Equipment). For the 2018 cruise, samples for
134 dFe were collected in Go-Flo® bottles mounted on a non-metallic line and triggered with a
135  PTFE messenger. Dissolved iron concentrations were determined by inductively coupled plasma
136  mass spectrometry (ICP-MS) using isotope dilution (Hawco et al., 2021; Pinedo-Gonzélez et al.,
137 2020). The accuracy of these measurements was confirmed by analyzing reference seawater
138  samples, GS (0.55 £ 0.01 nM Fe, n = 3) and GSP (0.19 £+ 0.03 nM Fe, n= 3), provided by the

139  GEOTRACES community (www.geotraces.org/standards-and-reference-materials).
140 3.2 N; fixation rates

141 NFRs were measured on all cruises using a modification of the >N uptake method of
142 Montoya et al. (1996), in which the N> tracer was added as '"Nj-enriched seawater to avoid
143 incomplete dissolution of >N, gas (Mohr et al., 2010; Wilson et al., 2012). Prior to each cruise,
144  surface seawater was collected from Station ALOHA, filtered through a 0.2 um in-line filter
145  (AcroPak 1000 capsule, Pall Corporation, Port Washington, NY, USA) and transported in the
146  dark to the laboratory. There, the seawater was degassed, injected with ~13 mL *N;, gas (99
147  atom %, Cambridge Scientific, Watertown, MA, USA) per L seawater, and manually agitated to
148  dissolve the gas bubble, as described by Wilson et al. (2012). The resulting >N»>-enriched

149  seawater was dispensed into crimp-sealed, glass serum bottles, stored at 4°C for less than one
150  week, and brought to sea. To initiate incubations, 100 mL of seawater was withdrawn from each
151  full 4.4 L incubation bottle and replaced with 100 mL of '"N-enriched seawater. The "N/!N
152 ratio of each batch of ’Nz-enriched seawater was measured using membrane inlet mass

153  spectrometry according to Ferrén et al. (2016). These values were used to calculate the initial

154 atom % of N for each incubation. A recent study by White et al. (2020) indicates that
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155  measuring the "N atom % of the enriched seawater rather than the final inoculum may lead to
156  inaccurate initial >N, atom % values, which for the enriched seawater preparation method used
157  for the eddy and HOT observations reported in this study could have led to a <20%
158  underestimation of final calculated rates.
159 NFRs were measured using free-drifting, in situ arrays deployed at eddy centers (Fig. 1).
160  Seawater was collected pre-dawn from 5, 25, 45, 75, 100, and 125 m depths using the CTD
161  rosette Niskin® sampling bottles. Seawater was subsampled into triplicate 4.4 L acid-washed,
162  seawater-rinsed polycarbonate bottles which were spiked with !N, tracer (see above), attached
163 to the free-floating arrays, and incubated for 24 h at the depth from which they had been
164  collected. Incubations were terminated by filtering (via a peristaltic pump or vacuum filtration)
165  through pre-combusted (5 h at 450°C) 25 mm glass fiber filters (GF/F, Whatman, Maidstone,
166  UK). Additional 4.4 L seawater samples were collected from each sampling depth for §'°N
167  natural abundance measurements; these samples were immediately filtered at the start of each
168  incubation. All filters were frozen at -20°C or -80°C and transported to the laboratory, where
169  they were dried at 60°C overnight and pelleted into tin capsules (Costech Analytical Tech Inc,
170  Valencia, CA, USA). Concentrations and isotopic composition (8'°N) of particulate N were
171  analyzed via continuous-flow isotope ratio mass spectrometry using a Carlo-Erba EA NC2500
172 coupled with Thermo Finnigan DeltaPlus XP at the University of Hawai‘i Biogeochemical
173 Stable Isotope Facility. NFRs and detection limits were calculated according to Montoya et al.
174 (1996) (Table S2).
175 Time-series NFRs measured at Station ALOHA are also presented to provide context for
176  the two eddy cruises. A subset of the time-series (2012-2014) has previously been published by

177  Bottjer et al. (2017); for this study, we extend that time series through 2019. These extended
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178  time-series measurements followed procedures identical to those described in Béttjer et al.

179 (2017).

180 3.3 Diazotroph abundances

181 3.3.1. DNA extraction and nifH gene quantification

182 The nifH genes of seven major cyanobacterial diazotroph groups were quantified using

183  digital droplet polymerase chain reaction (ddPCR). During the 2018 cruise, seawater for

184  subsequent ddPCR analyses was collected from depth profiles at the same locations sampled for
185  Naincubations. During the 2017 cruise, seawater for ddPCR was collected from depth profiles
186  within each eddy, but from separate locations than those used for the '°N; arrays (Fig. 1). For
187  both cruises, seawater samples were collected from a rosette sampler and subsampled into

188  duplicate (2018) or single (2017) 4.4 L acid-washed, milliQ-rinsed polycarbonate bottles. A

189  peristaltic pump was used to filter 4 L of seawater through 0.2 um pore-size Supor® membranes
190  (Pall), which were placed into microcentrifuge tubes containing mixtures of 0.1- and 0.5-mm
191  glass beads (Biospec Products, Bartlesville, OK, USA), flash-frozen in liquid N», and stored at -
192 80°C until analysis.

193 DNA was extracted from filters with a QIAcube instrument (Qiagen, Venlo, Netherlands)
194  using the DNeasy Plant Mini Kit. Extractions followed the manufacturer’s protocol with

195  additional steps of three flash freeze/thaw cycles, bead-beating for two min, and a Proteinase K
196  treatment, as described by Moisander et al. (2008). The final DNA elution volume was 100 zL.
197  DNA extracts were stored at -20°C prior to ddPCR. Duplicate ddPCR reactions were performed
198  for each sample using primers and probes targeted the following groups: Trichodesmium

199  (Church, Jenkins, et al., 2005), UCYN-A (targeting the small UCYN-AT1 sublineage, Church,

200  Jenkins, et al., 2005), Crocosphaera (UCYN-B, Moisander et al., 2010), Cyanothece-like

10
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201  organisms, (UCYN-C, Foster et al., 2007), Richelia associated with Rhizosolenia (Het-1, Church,
202 Short, et al., 2005), Richelia associated with Hemiaulus (Het-2, Foster et al., 2007), and

203 Calothrix associated with Chaetoceros (Het-3, Foster et al., 2007). Descriptions of ddPCR

204  reaction setup, droplet generation, thermocycling, thresholding, and detection limit calculations
205  are provided in Gradoville et al. (2021).

206 For temporal context, we also report nifH gene abundances of UCYN-A, UCYN-B,

207  Trichodesmium, Het-1, Het-2, and Het-3, measured at Station ALOHA between 2004 and 2017
208  (dataset doi: 10.5281/zenodo.4477269). For these measurements, nifH gene abundances were
209  determined using quantitative PCR (qPCR); details on sample collection, DNA extraction, and
210  gPCR are provided in Church et al. (2009). All qPCR assays except for Het-2 and Het-3 used the
211  same primer/probe sets as the corresponding ddPCR assays for the eddy cruises. Het-2 was

212 quantified using the primer/probes sets of Church et al. (2008), while Het-3 used the same

213 forward and reverse primers used for ddPCR, but the probe sequence contained an extra adenine

214  on the 3’ end.

215 3.3.2. Diazotroph cell and filament enumeration by autonomous flow cytometry
216 Concentrations of large (>4 um in diameter or length, imposed by the size detection limit

217  of the instrument) free-living and filamentous diazotrophs, including Trichodesmium (single
218  filaments), Richelia (free and symbiotic heterocyst-containing filaments), Calothrix (unattached
219  and epiphytic heterocyst-containing filaments), and large-size Crocosphaera-like organisms
220  (free-living, hereafter referred as Crocosphaera), were estimated by automated imaging flow
221  cytometry equipped with a 635 nm red laser (Imaging FlowCytobot [IFCb], McLane, East

222 Falmouth, MA, USA) during the 2017 and 2018 cruises. Five mL samples were collected every

223 20 min from the ship’s uncontaminated underway system (~7 m depth). Discrete bucket samples

11
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224 from a visual Trichodesmium bloom were also analyzed on the IFCb in 2017 (Fig. 1). During the
225  analysis, individual images of single or colonial cells were collected along with their optical
226  fingerprints: light scattering and red fluorescence (680+30 nm), emitted by chlorophyll and
227  phycocyanin pigments. The latter is characteristic of N»-fixing cyanobacteria (Boatman et al.,
228  2018; Webb et al., 2009; Zeev et al., 2008). A training set of images was used to classify
229  organisms to the genera level based on morphological traits, as described in Dugenne et al.
230  (2020). The output of the random forest classifier (Sosik & Olson, 2007) was corrected by
231  manually annotating misclassified images to provide accurate estimates of cell and filament
232 concentration of individual genera. To compare the cell counts of rare filamentous diazotrophs
233 with nifH abundances, we binned consecutive samples in 2-h-intervals (in order to integrate a
234 larger volume and lower the detection limit) and manually estimated the number of cells per
235  filament.
236 Small-size Crocosphaera (2-4 um) were enumerated using an autonomous SeaFlow flow
237  cytometer (Ribalet et al., 2019). Briefly, the SeaFlow was used to continuously sample surface
238  seawater from the ship’s uncontaminated underway system, acquiring optical measurements of
239  light scatter, red fluorescence, and orange fluorescence (characteristic of the phycoerythrin-
240  containing Crocosphaera) at 3 min intervals. The population of small-size Crocosphaera was
241  gated over time to estimate its abundance during time points close (less than 2 h) to collection

242 times of the discrete nifH gene abundance samples.
243 3.4. Metatranscriptomic analysis of stress-marker genes

244 For insight into possible diazotroph growth limitation by P and Fe in eddy centers, we
245  examined transcriptional patterns in P- and Fe-stress marker genes from samples collected during

246  the 2017 cruise. Metatranscriptome samples were collected within the mixed layer (15 m) and
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247  the deep chlorophyll maximum (DCM, located at depths of 1065 m and 123+5 m in the cyclone
248  and anticyclone, respectively) at ~4 h intervals for three days during the Lagrangian sampling of
249  the cyclonic and anticyclonic eddies (n=18 for each eddy). Seawater samples were collected

250  using the rosette sampler and seawater (1 L) was filtered through 25 mm diameter, 0.2 pm

251  Supor® membranes (Pall) housed in Swinnex™ units (MilliporeSigma) using a peristaltic pump.
252 Filtration times were limited to 15-20 min. Immediately following filtration, filters were placed
253  in RNALater (Invitrogen, Waltham, MA, USA) and stored at -80°C until processed.

254 Sample and data processing were performed using the methods described by Gifford et
255  al. (2016) and Wilson et al. (2017). Briefly, sample processing steps included RNA extraction,
256  spiking with internal controls, cDNA synthesis, and sequencing using Illumina NextSeq 500 v2.
257  Approximately two million 150 bp paired-end reads were produced for each sample; raw

258  sequences are available on NCBI SRA under project number PRINA596510. Reads were

259  screened for quality, trimmed, and assembled after removing sequencing primers. Genes were
260  mapped to the ALOHA 2.0 gene catalog (Luo et al., 2020), and annotated using the Genome

261  Taxonomy Database (GTDB, Parks et al., 2018). Raw sequence reads are available on NCBI
262  SRA under project number PRINA596510. Transcript counts were normalized to internal

263  standards to account for methodological biases among samples, including library preparation and
264  sequencing, and also normalized to the volume of water filtered for each sample as previously
265  described (Wilson et al., 2017). Values above detection limits were further normalized to the

266  total sample expression sum within each genus-level annotation. This step was required in order
267  to compare eddy differential gene expression based on cellular regulation rather than based on
268  the total number of cells. Transcripts of P- and Fe-stress marker genes (genes with higher

269  expression levels under low P and Fe concentrations, as reviewed by Stenegren (2020) and Snow
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270  etal. (2015) were extracted from the dataset according to functional annotations assigned by
271  comparison to the Kyoto Encyclopedia of Genes and Genomes.
272 Several genes exhibited diel expression patterns. To account for the expression
273  periodicity and evaluate the differences in gene transcript abundances between eddies, we
274  normalized the abundance of transcripts above detection limits within each eddy to the overall
275  average of each gene transcript from the entire time-series (time points with undetected gene
276  transcripts were excluded from this analysis). This step facilitated comparisons of different gene
277  transcripts having large variations in their diel baseline and maximum transcript expression
278  levels.
279 The statistical significance of the relative change in expression was tested using a
280  Kruskal-Wallis test (R function ‘kruskal.test”). All gene transcripts from UCYN-A and
281  Calothrix, as well as the transcripts of several genes from Richelia and Trichodesmium, were
282  excluded from analyses as their abundances always fell below the detection limit in at least one

283  eddy, especially in samples collected at the DCM.

284 3.5. Diazotroph populations models
285 3.5.1. Bottom-up control on diazotroph populations
286 We used an ecophysiological model (Follett et al., 2018; McGillicuddy Jr, 2014; Stukel et

287  al., 2014) to evaluate how measured abiotic factors (nutrient concentrations, light, and

288  temperature) may have influenced diazotroph intrinsic growth rates (u; per day) across the pairs
289  of eddies. Predictions are based on the ecophysiological parameters of cyanobacterial diazotroph
290  taxa derived from laboratory culture studies examining the effect of temperature (T), average
291  instantaneous scalar PAR (E), POs*, and dFe concentrations on growth rates (Table S3). Model

292  assumptions and caveats are described in Supporting Information S2.

14


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles
293 We integrated the effects of abiotic factors on population growth rates by scaling the
294  theoretical maximum growth rate of each taxon (umax) to the relative change in growth rate (f,)
295  predicted by the main limiting factor, according to Liebig’s law of the minimum:
296 (Eq. 1) u(T.E, PO4* ,dFe) = pmar<min(fu(T),u(E),f.(PO4*),f.(dFe))
297  where f, designate unitless limiting functions (Eq. 2-3, 5) representing the changes of diazotroph
298  growth rates relative to their maximum. The change in relative growth rate as a function of T

299  followed Eq. 2:

T-Topt

300 (Eq.2) fu(T) = Qo 10

301  with Top (°C) the optimal temperature for which f, (Tope)=1, and Q1o, the Arrhenius coefficient
302  corresponding to the change of growth rate over a 10°C temperature increase (reported in Table
303  S3 for individual diazotroph taxa).

304 The change in relative growth rate as a function of E (umol quanta m s!) was predicted
305 using a modification of the hyperbolic tangent function described in Jassby and Platt (1976):

(a(E — EC))

max

306 (Eq.3) fu(E) = tanh

307  with Ec (umol quanta m s'), the compensation light intensity. The light saturation parameter, Ex
308  (umol quanta m? s!), is then derived using the maximum growth rate, umax, reported in Table S3

309  and the initial slope of u-E curve presented in the literature, a, as:

.umax

310 (Eq.4) E, =

+ E,

311 Finally, Michaelis-Menten kinetics were used to express the change in relative growth

312  rate as a function of both PO4*- and dFe concentration (nmol L):

PO}~ dFe

313 Eq.5) f,(PO}™) = —5——, dFe) = o7 —
(Eq.5) fu(PO;7) POF™ + kpg3- JuldFe) = Fe + e,

15


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles
314 All models were fitted to published culture data using the nonlinear least-squares R
315  function ‘nls’. We tested the differences in intrinsic growth rate estimates between eddies of
316  opposite polarity by generalized linear regression, assuming a quasi-Binomial distribution
317  (which is typically assumed for biological rates), weighted by the uncertainties of the estimates
318  with the R function glm(u~Eddy, family=quasibinomial(link = ‘logit’),weights=1/ 6*(«(T,E,

319  PO4*,dFe))), where the explanatory variable ‘Eddy” corresponds to eddy polarity.

320 3.5.2. Predation control on diazotroph populations

321 We explored how mesoscale eddies affected estimates of diazotroph grazing rates using a
322  standard predator-prey model. The predation model relied on co-occurrence interactions between
323 agiven diazotroph (i.e. Crocosphaera, Richelia, Calothrix, Trichodesmium) and potential
324  predators, based on abundance data from the IFCb (Dugenne et al., 2020). More specifically, we
325  leveraged the IFCb images to (1) determine significant interactions within a generalized
326  predator-prey model (Eq. 6) and (2) visualize ingested diazotrophic prey. We relied on the
327  temporal dynamics of diazotrophic prey (xi, cells or filaments L!) and putative predators (x;,
328  cells L), measured in the eddy centers throughout the Lagrangian surveys (hence assuming that
329  population dynamics are only driven by growth and loss rates), to identify significant interactions
330 (ay):

dx;
331 (Eq.6) szi(ri +Zaijxj)

J

332 The term r comprised a linear intrinsic growth rate and a linear loss rate due to processes not
333 explicitly accounted for with the biological interactions tested (e.g. viral lysis, programmed cell
334  death, additional grazers not imaged by the IFCb, vertical migration, mixed layer entrainment,

335  and/or sinking). A similar model has previously been used to assess the short-term variability of
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336  grazing rate estimates (Dugenne et al., 2020); however, here we simplified this model to have
337  fixed parameters in each eddy center (e.g. throughout each Lagrangian survey) in order to
338  compare grazing rates between eddies.
339 In the current model, the strength of the interaction between populations i and j is
340  determined by the coefficient ajj and by population abundances; a;; can be interpreted as different
341  biological rates depending on the type of the interaction. When coefficients ajj and a;; are
342  negative and positive respectively, j grows at i’s expense, as would a putative grazer of the
343  diazotroph i. All pairs of interaction coefficients were estimated by a linear multi-regression
344  model fitted to the changes in population abundances throughout the Lagrangian sampling period

345  within individual eddies as follows:

Aln (x;)

346 (Eq.7) szzri+2aijxj
J

347  with At, a 1 h interval based on the sensitivity analysis presented in Supporting Information S3,
348 yielding an average uncertainty, calculated as the ratio of the standard error over the estimate for
349  the regression coefficient, of 12+6% of aj;, the linear coefficient for the interaction with
350  population j, and r; the intercept of the linear regression. Since the regression included a large
351  number of coefficients, accommodating 103 populations in 2017 and 89 populations in 2018, we
352 used aregularized Lasso regression implemented in the ‘glmnet’ R package to penalize non-
353  significant interactions (Tibshirani et al., 2012). We also looked for visual evidence of
354  diazotrophic prey ingestion using the IFCb images from 2017 and 2018 to confirm the significant
355 interaction between diazotrophs and their putative grazers. Significant coefficients were sorted to
356  determine the importance of individual protists based on g; (d!"), the product of coefficient ajj and

357  the abundance of grazer population j. The overall rates of grazing on a diazotroph taxon, g (d!),

358  was calculated as the sum of all the individual grazing rates:
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(Eq.8) g = Zgj = z AjjX;
J J
with ajj negative and aj; positive. The uncertainty of g was estimated by propagating errors from
ajj and x;.
4. Results
4.1 Mesoscale patterns in environmental conditions, NFRs, and diazotroph abundances

4.1.1 Physical and biogeochemical setting

Sampled eddies varied by age and phase, as well as by in situ light, temperature, and
nutrient concentrations. At the time of sampling, both anticyclones were in a stable phase
(defined by the fluctuations of SLA amplitude in the eddy centers, Table S1) and both cyclones
were in a weakening phase. The two pairs of eddies were sampled in different seasons: summer
(July) in 2017 and early spring (March-April) in 2018. Physical variables generally followed
expected seasonal trends, with higher sea surface temperature and daily incident light in the 2017
cruise (Fig. 2) and the deepest mixed layer observed in the 2018 cruise (2018 anticyclone MLD
=50.3 £17.8 m; mean MLD in other eddies ranged 17.8-30.6 m, Table S1). Temperature and in

situ light flux decreased with depth, except in the 2018 anticyclone, where temperature was
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375 nearly constant within the upper 150 m (Fig. 2). Near-surface temperatures were similar between
376  eddies within each cruise; however, temperatures were lower in the lower euphotic zone of the
377  cyclonic eddies (Fig. 2), consistent with the uplift of deeper isopycnals. Daily integrated light did
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378  not vary between eddies during the 2017 cruise, while in the 2018 cruise, lower daily-integrated
379  light was observed in the anticyclone due to cloud cover on the day of sampling (Fig. 2).
380 PO4* concentrations varied with depth and eddy polarity. PO4>- concentrations were
381  lowest at the surface and increased with depth, except for the 2018 anticyclone, in which
382  concentrations were relatively stable within the upper 150 m, consistent with the near-
383  homogenous temperature profile (Fig. 2) and deep downwelling intensified by winter mixing
384  (Table S1). At depth (100-150 m), PO4+* concentrations were always higher in cyclones than in
385  anticyclones (Fig. 2) due to eddy-induced changes in the depths of isopycnal surfaces. In
386  contrast, during the 2017 cruise, PO4* concentrations in the upper 45 m were greater in the
387 anticyclone (42 + 2 nmol L) than in the cyclone (21 + 4 nmol L) (Fig. 2). Consequently, the
388  surface [NOs™ + NO>]:[PO4*] ratio was lower in anticyclone (0.12 + 0.03 mol:mol at 15 m, n=3)
389  than in the cyclone (0.37 + 0.4 mol:mol at 15 m, n=2) during 2017; all surface ratios were well
390  below Redfield stoichiometry (N:P <1). During the 2018 cruise, PO4>- concentrations (range: 35-
391 42 nmol L") and inorganic [NOs™ + NO,]:[PO4+*] ratios (0.15-0.34 mol:mol) in the upper 45 m
392  did not differ between the cyclonic and anticyclonic eddies (Fig. 2).
393 Dissolved Fe concentrations ranged from 0.06 to 1.36 nmol L™! within the upper 150 m
394  across all eddies (Fig. 2). Concentrations were typically highest at the surface and decreased with
395  depth into the lower euphotic zone; in the 2017 cyclone, dFe concentrations reached a minimum
396  near the deep chlorophyll maximum and increased in deeper waters alongside the increase in
397  macronutrients (Hawco et al., 2021). In the 2018 anticyclone, dFe concentrations did not vary
398  within the upper 150 m, consistent with the deeper mixed layer and downwelling of surface
399  waters in this eddy. Concentrations were generally higher in the 2018 cruise than in the 2017

400  cruise, and near-surface dFe patterns between eddies also varied on the two cruises. During the
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401 2017 cruise, dFe in the upper 45 m ranged from 0.17 to 0.31 nmol L™! and were slightly higher in
402  the anticyclone (0.30 + 0.08 nmol L) than in the cyclone (0.23 + 0.06 nmol L™"). During the
403 2018 cruise, elevated dFe concentrations were observed in the mixed layer of the cyclone (1.24 +
404  0.11 nmol L™! in the upper 45 m) but not in the anticyclone (0.39 nmol L! at 40 m, within the
405  mixed layer). Concentrations greater than 1 nmol L™! in the 2018 cyclone are anomalously high
406  compared to the existing measurements for Station ALOHA (typically between 0.2-0.5 nmol L!
407  in the mixed layer (Fitzsimmons et al., 2015)). In the weeks prior to sampling, the path of 2018
408  cyclonic eddy deflected off the northern coast of Maui, possibly leading to input of dFe from

409  coastal sources along the Hawaiian Islands.

410 4.1.2. N; fixation rates and diazotroph abundances

411 We measured NFRs using in situ arrays deployed for 24 h in each eddy center. The

412 highest NFRs were observed in the anticyclones during both cruises, with the highest rates

413 occurring in the 2017 anticyclone (up to 18.6 nmol N L~! d!, Fig. 3). There were strong

414  differences in NFRs between eddies sampled during the 2017 cruise: depth-integrated rates (0-
415 125 m) were ~6 times higher in the anticyclonic eddy (670 umol N m2 d'!) than in the cyclonic
416  eddy (115 umol N m2 d'!). During the 2018 cruise, depth-integrated NFRs were ~1.7-fold higher
417  inthe anticyclone (428 umol N m d!) than the cyclone (240-267 umol N m d!) (Fig. 2). In all

418  four sampled eddies, NFRs were highest at the surface and decreased with depth.
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420 We estimated diazotroph abundances by quantifying the nifH genes of seven
421  cyanobacterial taxa and by enumerating Trichodesmium, Calothrix, Richelia, and Crocosphaera
422 cells/filaments using automated flow cytometry. Depth profiles of nifH gene abundances were
423 measured in eddy centers (Fig. 3, Table 1, Table S4) and along a high-resolution sampling
424  transect spanning the two eddies during the 2017 cruise (Fig. 4). Automated flow cytometry cell
425  counts were measured continuously in the surface layer and four consecutive samples (~2 h
426  sampling time) corresponding to the nearest nifH samples were binned to provide estimates of
427  cell abundances in eddy centers (Table 1). Together, the nifH gene- and cell-based datasets
428  indicate that the small diazotrophs UCYN-A and UCYN-B (Crocosphaera) were numerically

429  dominant over large diazotroph taxa in all sampled eddies.

430  Table 1: Average nifH gene (genes L') and cell abundances (cells L) of diazotroph taxa
431  measured by ddPCR (15 m for 2017 cruise; 25 m for 2018 cruise) and automated flow cytometry

432 (7 m) in eddy centers. NA: data not available. BD: below detection limits.

Het-1&2 Het-3 Units
UCYN-AL  UCYN-B/ Crocosphaera . 1o dosmium — Richelia  Calothrix
(Small-size (Large-size
class) class)
2017:
Anticyclone 1.3x10* 3.9x10° 2.2x10° 1.5x10° BD genes L™
NA 2.1x10% (2.9 x 10% 2.2x10? 6.3x102  BD cells L'
1
1.6x10* 1.1x10° 3.3x10° 24x10°  1axie2 €Sk
Cyclone
NA (12x10°) (8.9 x 109 1.5%10° 6.9x10° 1410 cellsL"
2018:
Anticyclone 3.1x10° 2.9x10? 1.5x103 9.7x10? 5.5x10! genes L
NA (BD) (2.2x10%) BD BD 2.5x102  cells L
L—l
3.2x10° 7.7x10? 2.1x102  2.5x108  ECTES

Cyclone 3.9x10° ) 5 5 cells L!

ey ) A (BD) (BD) 7.1x10 27x10°  1.9%10
Cyclone 3.4x10° 9.4x10? 1.4x102 3.3x10'  2.8x10°  genes L'
(array 2) NA (BD)  (9.3x109) 2.2x10° BD 1.6%10°  cellsL'!

433
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434 During the 2017 cruise, nifH gene abundances of UCYN-A (up to 1.4x10° nifH genes L-
435 ) and UCYN-B (up to 6.2x10° nifH genes L") were higher in the anticyclone center than in the
436  cyclone center (Table 1, Fig. 3). Independent measurements of Crocosphaera cells via flow

437  cytometry likewise showed higher average concentrations in the anticyclone (2.4x10° cells L)
438  than in the cyclone (1.2x10° cells L™!) and included the presence of both small and large sub-
439  populations (Table 1). Abundances of other taxa were lower (maximum 5.1x10° nifH genes L™
440  and 2.2x10° cells L™! in surface waters of eddy centers, Table 1) and did not differ between

441  eddies, except for Het-3, which had higher abundances in the cyclone than in the anticyclone.
442  Abundances of most groups decreased with depth, although UCYN-A, UCYN-B, UCYN-C, Het-
443 2, and Het-3 all displayed subsurface maxima (Fig. 3, Table S4).

444 On the transect spanning the two 2017 eddies, large and small diazotroph taxa displayed
445  different spatial patterns relative to isopycnal displacements (Fig. 4). Abundances of

446  Trichodesmium and Het-1&2 (symbionts of diatoms) were maximal in surface waters on the

447  northern edge of the anticyclone and in surface waters on the cyclonic side of the front separating
448  the two eddies, where a visual bloom of Trichodesmium was also observed (Fig. 4). Bucket

449  samples were analyzed with the IFCb to measure the concentration of filaments at the bloom
450  location (148 + 44 filaments mL™"). Het-3 abundances were highest in subsurface (45 m) waters
451  of the cyclonic eddy, at the base of the isopycnal uplift. In contrast, abundances of UCYN-B and
452  UCYN-A were highest in the anticyclonic eddy, with maximal abundances from 15-45 m for
453  UCYN-B and 45-75 m for UCYN-A (Fig. 4).

454 During the 2018 cruise, UCYN-A had the highest nifH gene abundances of all groups
455  quantified (maximum abundance of 6.2 x 10° nifH genes L', Table 1). UCYN-A abundances

456  within the upper 75 m did not vary between eddy centers, while in the lower euphotic zone (100-
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125 m), abundances decreased but were higher in the anticyclone (4.6 x 103 + 5.6 x 10° nifH
genes L) than in the cyclone (1.2 x 10> = 4.7 x 10! nifH genes L") (Fig. 3).
Anticyclone Front Cyclone
A) UCYN-Al — g Figure 4: Interpolated nifH gene
50 . B abundances of UCYN-A1 (A),
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100 A5 re \\\ S (Trichodesmium, C), Het-1&2
X (Richelia, D), and Het-3 (Calothrix,
]58 E) across the high resolution 2017
B) UCYN-B i ! eddy transect. The contours of
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> A-E depict the vertical displacement
100 a5ke™ & i of isopycnal surfaces associated with
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0 . - 1 y )
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Abundances of other groups were lower (maximum 3.8x10* nifH genes L™! and 1.9%10° cells L!
in surface waters of eddy centers, Table 1) and generally decreased with depth (Fig. 3). nifH
abundances of Het-1 did not display consistent differences between eddies (Fig. 3, Table S4). In

comparison, UCYN-B, UCYN-C, Trichodesmium, Het-2, and Het-3 were all higher in the
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464  cyclonic eddy than the anticyclonic eddy, despite higher NFRs in the latter. IFCb cell count data
465  from 2018 likewise show that abundances of large diazotrophs were generally lower than in

466 2017, and more abundant in the cyclone. Notably, Crocosphaera cells all belonged exclusively
467  to the large-size phenotype and Calothrix was mainly found free-living and not attached to their

468  diatom hosts.
469 4.2 Growth and grazing of diazotrophs at the mesoscale

470 We investigated potential bottom-up and top-down controls on diazotroph populations to
471  understand the mechanisms driving observed differences in abundances and NFRs between

472  eddies. Bottom-up control mechanisms were explored by modeling diazotroph growth rates as a

473  function of limiting factors (Section 4.2.1) and examining patterns in diazotroph P- and Fe-stress
474  marker gene expression in eddies (Section 4.2.2). Top-down controls were explored by

475  comparing the community structure of putative diazotroph grazers and modeled grazing rates in

476  the sampled eddies (Section 4.2.3).

477 4.2.1. Modeled diazotroph growth rates and limiting factors

478 Diazotroph growth rates and the factors limiting growth were predicted for the euphotic
479  zone along eddy transects. This was accomplished using a physiological model forced with mean
480  in situ PAR, temperature, PO4*, and dFe concentrations and parameterized using taxa-specific
481  ecophysiological parameters gleaned from culture studies in the existing literature (Table S3).
482  Due to their dependence on light and/or temperature, growth rate predictions were generally

483  higher within the mixed layer and decreased with depth, with the exception of DDAs, for which
484  the effect of temperature has not been tested in cultures (Supporting Information S2). Growth
485  rates of UCYN-A could not be modeled due to a lack of available culture data and growth

486  parameterization.

487
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489 | Figure 5: Estimates of the growth rates and limiting factors for Crocosphaera (A, D, G, J),

490 | Trichodesmium (B, E, H, K), and Richelia/Calothrix (C, F, I, L) in eddy cruises. Predictions of
491 | growth rates (A-C, G-I) and limiting factors (D-F, J-L) across the eddy transect are based on
492 | parameters provided in Table S3 combined with interpolated cross-sections of temperature

493 | (Temp.), average scalar irradiance (PAR), and inorganic nutrient concentrations (PO4*, dFe).
494 | Since parameters for limiting resources were identical for Richelia and Calothrix, with the

495 | exception of respective maximum growth rates reflected in the top (Richelia) and bottom

496 | (Calothrix) scales, predictions showed similar patterns. The locations of the observations with
497 | the lowest resolution (nutrient concentrations) are indicated by the black dots.

498

499  Table 2: Predictions of diazotroph biological rates in eddy centers during the 2017 and 2018
500  cruises. Biological rates were derived from population models applied to diazotrophs imaged by
501  the IFCb (large Crocosphaera, Trichodesmium, Richelia, and Calothrix). Intrinsic growth rates,
502  w(T.E, PO4*,dFe), were predicted across the euphotic zone based on culture adaptations to

503  temperature (T), instantaneous light (E), phosphate (PO4*") concentration, and dissolved iron
504  (dFe) concentration (Fig. 5). Here, we report growth rates predictions (u(T,E, PO4*",dFe) +

505  standard deviation derived from the uncertainty of parameters) matching estimates of surface (7
506  m) diazotroph growth rates (r + standard deviation) and grazing rates (g + standard deviation)
507  based on Lagrangian time-series of diazotroph and protistan populations. The grazing pressure
508  (g:u) is reported to indicate whether a diazotroph population grew faster than it was grazed upon
509  (g<uw), allowing for potential accumulation. Note that r is generally lower than the intrinsic

510  growth rates u(T,E, PO4*",dFe), as this parameter accounts for additional losses from other

511  grazers, viruses, programmed cell death, vertical migration, and/or sinking. NA: Not Available

512

Eddy Rates (d!) Crocosphaera Trichodesmium  Richelia Calothrix
2017: u(T,E,PO4*,dFe) 0.64 £0.07 0.29 £ 0.07 0.09+0.00 0.04 +0.00
r 0.24 +£0.06 0.18£0.03 0.12+0.05 0.11+0.07
Cyclone g 0.50+0.14 NA 0.08+0.02 0.02+0.01
g u (%) 78 +£3 NA 88 + 25 50+2
u(T,E,PO4*,dFe) 0.81+£0.20 0.28 £0.05 0.13+0.00 0.05+0.00
Anticyclone 0.42+0.10 0.16 £0.01 0.16+0.04 0.15+0.10
0.39+£0.11 NA 0.09+0.04 0.18+0.03
g :u (%) 48 £7 NA 69 + 44 360 + 16
2018: u(T.E, PO dFe)  0.43+0.07 0.18 £0.07 0.25+0.00 0.13+0.00
r 0.19 +£0.60 0.09 +0.00 0.06+0.01 0.18+0.06
Cyclone g 0.40+0.16 NA 0.124+0.02 0.04+0.01
g u (%) 93 +43 NA 48 £17 31 +25
u(T,E,POs*,dFe)  0.35+0.08 0.18 +£0.01 0.24+0.00 0.13+0.00
Anticyclone 0.26+0.10  0.002+0.001 0.02+0.00 0.20+0.07
0.24 +£0.09 NA NA 0.10 £0.01
g :u (%) 68 +43 NA NA 77 £10
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513 In general, the compilation of growth parameters highlighted large differences in
514  theoretical maximum growth rates among taxa, with values of 0.86 d!, 0.6 d°!, 0.26 d"!, and 0.33
515  d! for large-size Crocosphaera, Richelia, Calothrix, and Trichodesmium, respectively. Growth
516  rate predictions across eddy transects were always highest for Crocosphaera, with maximum
517  rates of 0.81 +0.20 d"! and 0.43 + 0.07 d"! within the mixed layer in 2017 and 2018 respectively
518  (Fig. 5A, G, Table 2). Trichodesmium appeared to grow at rates that were near its theoretical
519  maximum in 2017 (0.28-0.29 d'") and slower rates in 2018 presumably due to lower observed
520  temperatures (Fig. 2, Fig. 5K, L). In comparison, predictions for DDAs were consistently lower
521 than their theoretical maximum, with maximum growth rates of 0.25 d"! and 0.13 d-! for Richelia
522 and Calothrix respectively. DDA growth rates were generally higher in 2018, when nutrient
523 concentrations were elevated, and at depth (~50-75 m) in 2017, when subsurface nutrient
524  concentrations were well above that of the stratified surface layer (Fig. 2).
525 Predicted dominant limiting factors varied among taxa and between sampling periods
526  (Fig. 5D-F, J-L). Given the relatively low affinity of Crocosphaera for PO4*- (kpoz-=75+ 12
527  nmol L) and the large differences in surface concentrations observed in 2017 (Fig. 2), predicted
528  surface growth rates (<50 m) appeared PO4*-limited in the cyclone and not limited by any factor
529  in the anticyclone (based on a limitation threshold of 80% of the maximum theoretical growth
530 rate). Consequently, predicted Crocosphaera growth rates were significantly higher in the 2017
531 anticyclone (0.81 & 0.20 d'!) than in the 2017 cyclone (0.64 + 0.07 d*!). This represents the only
532 significant difference in predicted surface growth rates between eddies across all taxa examined.
533  However, predicted dominant limiting factors did vary by taxa and year. In 2017, Trichodesmium
534  appeared non-limited at the surface and equally limited by PO4* between 50-100 m and by PAR

535  below 100 m, while Richelia/Calothrix appeared PO4> -limited at the surface (<50 m) and dFe-
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536  limited at depth (=75 m) in both eddy centers. In 2018, the dominant limiting factors for
537  Crocosphaera and Trichodesmium were predicted to be temperature above 100 m and PAR at
538  deeper depths, while DDAs were predicted to be PO4*-limited throughout the water column.
539  None of the surface or deep growth rate estimates differed between eddies, as all abiotic factors

540  examined remained similar in the cyclone and anticyclone (Fig 2).

541 4.2.2. Diazotroph expression of P- and Fe-stress marker genes

542 We analyzed patterns of diazotroph expression of known P- and Fe-stress marker genes
543  using metatranscriptomes collected within the mixed layer and deep chlorophyll maximum

544 during the 2017 cruise. Transcripts of six P-stress genes and three Fe-stress genes were detected
545  for Crocosphaera in surface waters (Fig. 6). Fewer gene transcripts were detected for

546  Trichodesmium and Richelia in surface waters, and transcript abundance for all these

547  diazotrophic cyanobacterial groups were minimal at the DCM, as expected given their lower
548  abundances (Fig. 6). No genes examined in UCYN-A or Calothrix had transcript levels above
549  detection limits. Crocosphaera transcript abundances of all six P-stress marker genes were

550 significantly higher within the mixed layer of the cyclonic eddy, where PO4*" concentrations
551  were significantly lower (Fig. 2), as compared to the anticyclonic eddy (Fig. 6). Transcripts for
552 two Richelia P-stress genes were detected at the surface: the sulfolipid biosynthase (sqdB)

553  abundances were significantly higher in the cyclonic eddy, while the high-affinity phosphate
554  transporter (pstS) abundances did not differ between eddies. The only Trichodesmium P-stress
555  gene transcript detected, a phosphonate transporter (phnE), did not differ in abundance between
556  eddies.

557
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Putative functions of Fe-stress marker genes:

M Fe(I) acquisition/transport M Fe(III) acquisition/transport ™ Iron-free electron transfer flavoxodin

Figure 6: Relative expression of P- (A-F) and Fe-stress (G-L) marker genes (according to
Stenegren (2020) and Snow et al. (2015)) of Crocosphaera, Trichodesmium, and Richelia within
the mixed layer (15 m) and at the deep chlorophyll maximum (DCM) in 2017. Individual bars
represent the average (+ standard errors) standardized transcript abundances for each stress
marker gene in a specific eddy. P-stress markers include genes related to dissolved inorganic
(ppk: polyphosphate kinase, sqdB: sulfolipid biosynthase (substitution of P-lipids), pstS/sphX:
high-affinity phosphate transporter) and organic (phoD: Alkaline phosphatase, phnE:
phosphonate transporter) P acquisition/transport. Fe-stress markers include genes related to
dissolved inorganic iron acquisition/transport (feoB: ferrous iron transporter, idiA: iron
deficiency-induced protein) and the substitution of enzymes involved in electron transport (isiA.
flavodoxin). P-values: ** (<0.005) * (<0.01) t (not significant)

31


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles
571 Of the three Crocosphaera Fe-stress genes with transcripts detected in the mixed layer,
572 only one (feoB, related to Fe(Il) acquisition/transport) had higher transcripts levels in the
573  cyclonic eddy (Fig. 6G). The other two detected gene transcripts (idiA, the putative periplasmic
574  Fe(Ill) binding protein, and isi4, encoding the iron-free electron transfer protein flavodoxin) had
575  no significant difference in transcript abundance between eddies (Fig. 6G, J). The only additional
576  diazotroph Fe-stress gene transcript detected was the iron deficiency-induced protein (idid) gene

577  for Trichodesmium, which had no significant difference in abundance between eddies (Fig.

578  6H,K).
579 4.2.3. Diazotroph grazer community structure and estimated grazing rates
580 We tracked the abundances of several putative grazers of cyanobacterial diazotrophs

581  using the IFCb. Diazotroph grazers were identified by analyzing protists co-occurring with
582  Crocosphaera, Trichodesmium, or DDAs, and via microscopic visual evidence of diazotroph
583  ingestion in IFCb images (Fig. 7). Putative grazers included the dinoflagellates Gymnodinium,
584  Cochlodinium, Protoperidinium, Katodinium, and Prorocentrum, the ciliates Strombidium and
585  Uronema, as well as large copepods and nauplii, most of which were imaged with ingested
586  diazotrophs during the eddy cruises (Fig. 7A-I). Results of a predator-prey model provide

587  estimates of grazing rates on specific diazotrophs during the two eddy cruises (Fig. 7J-K). The
588  grazing rates of copepods were not accounted for in this analysis, as their low abundance

589  precluded the predator-prey model from accurately estimating grazing rates (Supporting

590  Information S3). Also, grazing by small protists (<4 xm) or upon small diazotrophs (<4 pm,
591  including UCYN-A) could not be assessed using this method due to the size constraints of IFCb

592 imaging.
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593 The community structure of putative grazers varied across cruises and between eddies.
594  Abundances of Gymnodinium (435 + 100 cells L™ in 2017 and 202 + 29 cells L' in 2018),
595  Uronema (239 + 40 cells L''in 2017 and 22 + 0 cells L' in 2018), Cochlodinium (123 + 4 cells
596 L'in 2017 and 31 + 4 cells L™ in 2018), Amphidinium (560 + 78 cells L' in 2017 and 364 + 29
597  cells L' in 2018), and copepods/nauplii (8 + 3 cells L' in 2017 and 1.6 cells L' in 2018) were
598  higher in the 2017 cruise, while abundances of Strombidium (162 + 46 cells L' in 2018 and 95 +
599 27 cells L' in 2017), Katodinium (2,958 = 373 cells L' in 2018 and 438 + 15 cells L in 2017),
600 and Gyrodinium (1,994 + 430 cells L' in 2018 and 379 + 90 cells L! in 2017) were higher in the
601 2018 cruise (Fig. 7J-K). Abundances of some taxa also varied with eddy polarity: Prorocentrum,
602  Uronema, Gymnodinium, and Strombidium were generally more abundant in cyclones while
603  Gyrodinium, Amphidinium, Protoperidinium, and copepods were more abundant in both
604  anticyclones (Fig. 7). During the 2017 cruise, the community structure of grazers was also
605  assessed by analyzing sequences (ribotags) from near the V4 region of the18S rRNA gene from
606  metatranscriptomes (methods and results described in Supporting Information S5). These data
607  likewise show different community structures of putative diazotroph grazers between eddies; for
608 instance, the relative abundance of Proftoperidinium ribotags was higher in the anticyclonic eddy,
609  while Strombidium and Cochlodinium ribotags had higher relative abundances in the cyclone
610  (Supporting Information Fig. S3).
611 Results of the predator-prey model provide estimates of grazing rates on specific
612  diazotrophs during the two eddy cruises (Fig. 7). Maximum grazing rates ranged between 0.08-
613  0.23 d! for heterotrophic dinoflagellates, between 0.12-0.22 d*! for mixotrophic dinoflagellates,
614  and 0.02-0.16 d*! for ciliates (Fig. 7J-K). Predicted grazing rates varied between eddies

615  according to grazer abundances, with the exception of Cochlodinium, Katodinium, and
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616  Gyrodinium, whose apparent abundances determined with the IFCb and metatranscriptome
617  sequencing did not differ significantly (Fig. 7 J-K, Supporting Information S5). A few taxa had
618  higher grazing rates in cyclones, including Gymnodinium (0.12 + 0.04 d"! in the cyclone and
619  0.001 +0.04 d! in the anticyclone) and Prorocentrum (0.18 + 0.06 d°! in the cyclone and 0.05 +
620  0.06 d! in the anticyclone). IFCb analysis indicated that these appeared to graze mainly upon
621  Crocosphaera, with a mean grazing pressure (the ratio of predicted grazing rate to growth rate)
622  of 85+ 46 % and higher grazing pressures in cyclonic eddies than anticyclonic eddies (Table 2).
623  Grazers responsible for higher grazing rates in anticyclones included Protoperidinium (0.20 +
624  0.04 d! in the anticyclone and 0.004 + 0.006 d! in the cyclone), Gyrodinium (0.05 +0.06 d! in
625  the anticyclone and 0.02 + 0.03 d*! in the cyclone), and Amphidinium (0.07 + 0.004 d! in the
626  anticyclone and 0.007 = 0.01 d! in the cyclone). These grazers were associated with a high
627  grazing pressure (mean 218 = 13 %) in anticyclonic eddies upon Calothrix (Table 2). Predicted
628  losses due to grazing of the large/endosymbiotic diazotroph Richelia were always below 0.1 d!,
629  resulting in a grazing pressure of 68 £ 45% in cyclones and 69% in anticyclones (Table 2).

630
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Figure 7: Evidence of diazotroph grazing in eddy cruises from images of co-occurring protists
with ingested prey (A-I) and grazing rate estimates based on predator-prey dynamics (J-K).
Grazing rates were predicted from protist abundances and interaction coefficients. Diazotrophic
prey (indicated by arrows) were imaged inside copepods/nauplii (A), Katodinium (B),
Strombidium (C), Amphidinium (D), Prorocentrum (E), Gymnodinium (F), Gyrodinium (H),
Uronema (1), and Cochlodinium (J). Scale bars: 10 ym.
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638 5. Discussion

639 5.1 NFRs and diazotroph abundances at the mesoscale

640 Mesoscale eddies add variability to the biogeochemistry and microbial community

641  structure in the NPSG (Barone et al., 2022; Barone et al., 2019), but the effects of eddies on N»
642  fixation are not fully understood. We sampled two pairs of eddies in spatial proximity, providing
643  aunique opportunity to explore the effects of anticyclonic and cyclonic eddies on diazotrophy
644  independent of seasonal changes. Since samples were collected in the vicinity of Station

645 ALOHA, we also leveraged data from the HOT program (Karl & Church, 2014) to give

646  historical and seasonal context to our observations.

647 NFRs in both anticyclone centers examined here were anomalously high relative to

648  previous measurements at Station ALOHA. Surface (25 m) rates in these eddies exceeded all
649  previous NFRs from the time-series (2012-2019), with values 3.7- and 1.8-fold above the highest
650  previous HOT observations from the months of sampling (July and April, respectively) (Fig. 8).
651  Between 2012 and 2019, 13 trackable eddies occupied Station ALOHA during a HOT cruise, yet
652  no NFR measurements from these cruises occurred close to the eddy center (data not shown);
653  hence, it is possible that we observed high NFRs in anticyclones because we specifically targeted
654  the center of mesoscale eddies. In contrast, rates in both cyclones were within the range of

655  previous observations. During the 2017 cruise, the range in depth-integrated NFRs between

656  eddies, sampled 5 days and ~2° latitude apart, exceeded the range in monthly mean NFRs from
657  the time-series measurements (~100-400 umol N m~2 d-!, Béttjer et al. 2017). Our results are

658  similar to the studies of Fong et al. (2008) and Wilson et al. (2017), which both sampled

659  anticyclonic eddies in the NPSG during July and observed anomalously high NFRs (surface rates

660  of 8.6 and 10.9 nmol N L' d™!, respectively). The March-April 2018 cruise data also highlights
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661 that elevated NFRs in anticyclones are not necessarily restricted to warm (>25°C) summer

662  months, as previously observed by Church et al. (2009).
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664 The high NFRs observed in the 2017 and 2018 anticyclones appear to be driven by

665  different diazotroph taxa. UCYN-A nifH gene abundances were the highest of all groups

666  quantified during the spring (2018) cruise and UCYN-A and Crocosphaera (UCYN-B) were
667  most abundant in the summer (2017) cruise (Fig. 3, Fig. 8). This is consistent with the known
668  seasonal succession of nifH gene-based diazotroph abundances at Station ALOHA: abundances
669  of Trichodesmium, Crocosphaera, and DDA nifH genes peak in the summer or early fall, while
670  abundances of UCYN-A peak during the spring (Béttjer et al., 2014; Church et al., 2009).

671  However, our only observation of both anomalously high diazotroph abundances and high

672  anticyclone NFRs was during the 2017 cruise, when Crocosphaera abundances in the

673  anticyclone exceeded all previous measurements in the region from the months of June and July
674  (Fig. 8). The high abundances of Crocosphaera in the 2017 anticyclone were verified by

675  independent cell counts via automated flow cytometry (Table 1). Although UCYN-A abundances
676  were also high in the 2017 anticyclone, they only slightly exceeded the seasonal mean (Fig. 8).
677  We infer that Crocosphaera likely played a major role in driving the high NFRs observed in the
678 2017 anticyclone. High Crocosphaera abundances have been recently linked to high NFRs in
679  another anticyclonic eddy of the NPSG during July (Wilson et al., 2017).

680 It is less clear which diazotroph taxa drove the high NFRs observed in the 2018

681 anticyclone. In 2018, UCYN-A had the highest nifH gene abundances of all diazotrophs

682  quantified; however, abundances were near the monthly mean and did not differ between eddies
683  (Fig. 3, Fig. 8). No diazotroph taxa quantified via nifH gene abundances or automated flow

684  cytometry had higher abundances in the anticyclonic eddy, where the highest rates were

685  measured. There are several possible explanations for this apparent mismatch between

686  diazotroph abundances and NFRs. NFRs vary as a function of both diazotroph abundance and
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687  cell-specific activity; hence, difference in rates between eddies could be due to differences in
688  cell-specific activity rather than abundance. These differences were investigated for known
689  cyanobacterial diazotrophs and are discussed in Section 5.2.1 below. Our ddPCR assays may
690  also miss important diazotrophic taxa, such as non-cyanobacterial diazotrophs, whose
691  importance in marine ecosystems are not well-understood (Moisander et al., 2017), or could
692  misrepresent organismal abundances due to polyploidy (Sargent et al., 2016), low DNA
693  extraction efficiency (Bostrom et al., 2004), or other methodological biases. Finally, the pattern
694  observed in 2018 may be driven by patchiness of diazotroph communities (e.g. Robidart et al.,
695  2014). We next examine evidence for eddy modulation of bottom-up, top-down, and physical
696  control on diazotroph abundance and activity to better understand the mechanistic underpinnings
697  of the observed patterns (Section 5.2). Finally, we address the challenges in generalizing the
698  effects of eddies on N fixation due to confounding effects of season, diazotroph community

699  structure, and eddy age/stage (Section 5.3).

700 5.2 Mechanisms leading to high NFRs in anticyclonic eddies
701 5.2.1. Bottom-up control
702 Mesoscale eddies can modulate several factors that control diazotroph growth rates. Eddy

703  dynamics can affect sea surface temperature via isopycnal uplift, resulting in cold core cyclones
704  (McGillicuddy Jr & Robinson, 1997), and can affect light attenuation via nutrient injection and
705  subsequent particle formation (Benitez-Nelson et al., 2007). Temperature and light both control
706  cyanobacterial diazotroph growth rates (Supporting Information Table S3), and global NFRs
707  correlate positively to both parameters (Luo et al., 2014). Eddies also influence nutrient

708  availability (Hawco et al., 2021). Diazotrophs in the NPSG oscillate between P and Fe limitation

709  (Letelier et al., 2019) and are able to coexist with non-diazotrophic phytoplankton under low N:P
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710  and N:Fe supply ratios (Ward et al., 2013). The uplift of isopycnals in cyclonic eddies can inject
711 N, P, and Fe into the lower euphotic zone, where most of these nutrients are rapidly assimilated
712 by the plankton community (McGillicuddy Jr & Robinson, 1997). Conversely, isopycnal
713 downwelling in anticyclonic eddies can result in extreme N-depletion in surface waters, which
714 has previously been used to explain observations of high NFRs in a NPSG anticyclone (Wilson
715  etal., 2017).
716 In the present study, we have employed a suite of techniques that allowed us to address
717  the potential limiting factors of diazotroph growth and modulation of these factors by mesoscale
718  physical forcing. We found that strong differences in NFRs between the anticyclone and cyclone
719  during the 2017 cruise may be partially driven by differences in PO4* availability. Surface PO4*
720  concentrations and NFRs were significantly higher in the anticyclonic eddy than in the cyclonic
721  eddy (Fig. 2). This pattern is consistent with a recent analysis of long-term trends at Station
722 ALOHA documenting the depletion in PO4* concentrations in surface waters under low SLA
723 (Barone et al., 2019). In our 2017 (summertime) cruise, surface PO in both 2017 eddies fell
724 below 50 nmol L™!, the empirical threshold for P-limitation of diazotrophs in the NPSG reported
725 by Letelier et al. (2019), and PO4+* concentrations in the cyclone were below 30 nmol L', an
726  apparent threshold for severe diazotroph P-limitation (Letelier et al., 2019). We hypothesize that
727  the higher PO4* in the 2017 anticyclone partially relieved P-limitation, allowing for higher rates
728  of diazotroph growth and N> fixation by diazotrophic taxa, specifically Crocosphaera.
729 Eddy-driven reduction in P-limitation in the 2017 anticyclone is further supported by
730  results from our ecophysiological model, patterns in nutrient stress marker gene expression, and
731  previous studies. The ecophysiological model predicted that during the 2017 cruise,

732 Crocosphaera was PO4>-limited in the cyclone but not in the anticyclone, driving higher
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733 predicted growth rates in the anticyclone (Fig. 5). Indeed, in a complementary study that
734 surveyed the 2017 eddies on the same expedition, Crocosphaera populations had higher intrinsic
735  growth rates in the anticyclonic eddy than in the cyclonic eddy (Dugenne et al., 2020). Another
736  study from the same 2017 expedition reported lower bulk alkaline phosphatase activity in the
737 2017 anticyclone (Harke et al., 2021), supporting the postulated reduced P-limitation there.
738 The metatranscriptome data provide additional evidence that PO4* availability helped
739  drive the difference in Crocosphaera growth rates between eddies: all six Crocosphaera genes
740  related to P acquisition and transport (commonly used as P-stress markers, Dyhrman & Haley,
741  2006; Pereira et al., 2016) had lower normalized transcript abundances in the 2017 anticyclone,
742  consistent with a reduction in P-limitation relative to the cyclonic eddy (Fig. 6). We view the
743  combined datasets presented here and in previous studies of the 2017 eddies as strong evidence
744 that increased PO4* availability resulted in higher Crocosphaera growth rates in the anticyclone.
745  This may ultimately help explain the higher Crocosphaera nifH gene abundances, biomass, and
746  bulk NFRs observed in the anticyclone relative to the cyclone (Table 1, Fig. 3-4).
747 The higher concentrations of nutrients measured in 2018 did not seem to affect NFRs
748  between cyclonic and anticyclonic eddies. Our ecophysiological model predicted that most
749  diazotrophs were limited by low temperature, with the exception of DDAs, for which the thermal
750  adaptation has not been tested in cultures. While data on the physiological adaptations of UCYN-
751 A in culture are not available, a complementary study by Gradoville et al. (2021), which sampled
752 eddies on the same 2018 expedition as the present study, reported no significant difference
753  UCYN-A cell-specific NFRs between eddies, suggesting that bottom-up forcing did not differ

754  between the 2018 eddies for this organism.
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755 It is less likely that the differences in NFRs between cyclonic and anticyclonic eddies
756  were driven by light, temperature, or dFe concentrations on either cruise. There were only small
757  differences in near-surface light flux or temperatures between cyclones and anticyclones, except
758  for the 2018 cruise, where lower daily-integrated light was observed in the anticyclone due to
759  cloud cover (Fig. 2). Since higher NFRs were observed in the eddy with lower light levels, the
760  opposite trend as expected (Luo et al., 2014), it is very unlikely that temperature or light drove
761  the observed differences in NFRs between eddies, though they may help explain observed
762  differences in NFRs between seasons (see Section 5.3) as well as variation in growth rates of
763  distinct taxa (Fig. 5). Likewise, based on existing parameterization of Fe-uptake and Fe-stress
764  marker genes expression, patterns in NFRs between eddies did not appear to be primarily driven
765 by dFe. In the 2018 cruise, surface dFe concentrations were anomalously high in the cyclonic
766  eddy, where lower NFRs were observed. In the 2017 cruise, dFe concentrations were slightly
767  higher in the anticyclone, where rates were higher (Fig. 2). However, ecophysiological model
768  results suggest that Fe was less limiting than PO4* at the surface for any diazotroph group on
769 either cruise (Fig. 5). In addition, all surface dFe concentrations fell above the hypothesized Fe-
770  limitation threshold for diazotrophs (0.13 nmol L), estimated from the empirical P-limitation
771  threshold for diazotrophs in the NPSG (Letelier et al., 2019) coupled to diazotroph cell
772  stoichiometry. There are caveats linked to testing the effect of iron concentration in culture and
773  extrapolating these experiments to field populations, as described in Supporting Information S2.
774  Nevertheless, expression patterns of Fe-stress marker genes (available for 2017 only) support our
775  model results since most transcripts did not differ between cyclonic and anticyclonic eddies (Fig.
776  6). Collectively, these data are not consistent with an overriding control by Fe on NFR in our

777  experiments.
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778 We cannot exclude the possibility that there are other bottom-up control factors not
779  analyzed here that could have potentially driven differences in diazotroph growth, and ultimately
780  in bulk NFRs, between eddies. For example, some diazotrophs, such as Trichodesmium, use
781  dissolved organic P (DOP) in P-depleted environments (Dyhrman et al., 2006; Orchard et al.,
782 2010; White et al., 2010). Growth of symbiotic diazotrophs can also depend on the bottom-up
783  control factors of their hosts, such as silica for the diatom hosts of Richelia and Calothrix. We
784  did not report concentrations of DOP, silica, or any micronutrients other than dFe in this study
785  due to a lack of data linking growth rates of cultured diazotrophs to the availability of these
786  nutrients. As such, nutrients/micronutrients not assessed in our model could theoretically have
787  driven differences in NFRs. In sum, of those potentially limiting abiotic factors measured, we
788  find the strongest evidence of differential P limitation. While not exhaustive, our combined
789  datasets, along with model results and long-term trends at station ALOHA (Barone et al. 2019),
790  suggest that P may be the main abiotic factor driving the differences of NFRs in mesoscale

791 eddies of the NPSG.

792 5.2.2. Top-down control

793 Little is known about the identity of diazotrophic grazers, or the extent to which grazing
794  controls diazotroph abundances and NFRs in the NPSG (Landolfi et al., 2021). Early reports
795  identified mesoplanktonic copepods grazing on Trichodesmium (Azimuddin et al., 2016; O'Neil
796  etal., 1996; O'Neil, 1998), and later on UCYN-C (Hunt et al., 2016), UCYN-A (Scavotto et al.,
797  2015), UCYN-B, Het-1, and Het-2 (Conroy et al., 2017). Recently, small nano/microplanktonic
798  species (e.g. dinoflagellates and ciliates) were shown to prey on the large population of

799  Crocosphaera in the NPSG (Dugenne et al., 2020). These small grazers generally dominate

800  nano/microzooplankton biomass most of the year (Pasulka et al., 2013).
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801 We identified numerous putative predators of diazotrophs using a predator-prey model
802  and direct IFCb images of ingested prey: putative grazers spanned various sizes, from large
803  copepods and nauplii imaged after having ingested Trichodesmium filaments, to nanoplanktonic
804  ciliates and dinoflagellates mostly preying on Crocosphaera or Calothrix. Predicted rates varied
805  between cyclonic and anticyclonic eddies (Fig. 7). Most of the grazers known to be mixotrophs
806  (Jeong et al., 2010), such as Prorocentrum, Gymnodinium, and Strombidium, were more
807  abundant in cyclones, while the heterotrophs Protoperidinium, Amphidinium, and Katodinium
808  had higher abundances in anticyclones. Although understanding the drivers of grazer
809  communities at the mesoscale is beyond the scope of this study, these differences in grazer
810  abundances resulted in clear differences in predicted grazing rates upon specific diazotrophs in
811  eddies of specific polarity and may help explain the observed patterns in diazotroph abundances
812  and NFRs. During the 2017 cruise, Het-3 (Calothrix) nifH gene abundances measured within the
813  mixed layer were 2-4 orders of magnitude greater in the cyclone then the anticyclone (Fig. 3) yet
814  predicted growth rates did not differ between eddies (Fig. 5). Our predator-prey model predicts
815  that rates of grazing upon Calothrix for the 2017 cruise were significantly higher in the
816  anticyclone (0.18 £ 0.03 d”!, Table 2) than the cyclone (0.02 £ 0.004 d!); thus, the observed
817  differences in Calothrix abundance between eddies can simply be explained by differences in
818  grazing pressures. In contrast, estimated rates of grazing upon Crocosphaera were higher in the
819  cyclonic eddies for both cruises (Table 2). Therefore, the high abundance of Crocosphaera in the
820 2017 anticyclone appears driven by both enhanced growth rates and reduced grazing pressure,
821  which ultimately helped to drive higher bulk NFRs (Fig. 3).
822 Results presented here and in previous studies (Dugenne et al., 2020; Landry et al., 2008;

823  Wilson et al., 2017) show that grazing can be a significant loss term for small unicellular
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824  diazotrophs, but less so for larger diazotrophs such as Richelia and Trichodesmium (Table 2).
825  Indeed, Trichodesmium has few known grazers (O’Neil & Roman, 1992), and losses are more
826  often thought to be driven by viral lysis (Mulholland, 2007). While we did not directly assess
827  wviral lysis in this study, visual inspection of Trichodesmium filaments from the bloom at the edge
828  of'the 2017 cyclone (Fig. 4) suggests that Trichodesmium losses in the bloom may have been
829  driven by programmed cell death or viral lysis (Berman-Frank et al., 2004; Hewson et al., 2004),
830  as a majority of the filaments contained cells which were shrunken or lacking thylakoids and
831  bloom filaments had significantly lower chlorophyll per cell than filaments imaged within the
832 2017 eddy centers (Supporting Information S4, Fig. S2). The fraction of dimly-fluorescing
833  Trichodesmium filaments did not differ between eddies of specific polarity. We view this
834  fraction as a proxy for senescence but other sources of diazotroph mortality, including viral lysis

835  and programmed cell death, should be assessed directly in future studies.

836 5.2.3. Physical control

837 Buoyant plankton can be concentrated in areas of surface convergence, where cells are
838  horizontally advected to the site of convergence and then acted upon by the opposing forces of
839  downwelling and upward buoyancy (D’ Asaro et al., 2018; Yoder et al., 1994). The buoyancy of
840  diazotrophic taxa varies greatly: smaller diazotrophs (e.g. Crocosphaera and Calothrix-

841  Chaetoceros) are negatively buoyant and sink (Bach et al., 2012; Tuo, 2015) while large

842  diazotrophs (Trichodesmium and Richelia associations) can regulate their buoyancy, sometimes
843  becoming positively buoyant and ascending the water column at high rates (Hoppe, 2013;

844  Villareal & Carpenter, 2003; Villareal & Carpenter, 1989; Walsby, 1978). Elevated surface

845  abundances of Trichodesmium and Richelia have been observed at numerous frontal features

846  (Aldeco-Ramirez et al., 2009; Benavides et al., 2011; Guidi et al., 2012; Yoder et al., 1994),
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847  presumably due to frontal downwelling and strong positive cell buoyancy. In mesoscale eddies,
848  downwelling can occur in intensifying anticyclones and weakening cyclones (McGillicuddy Jr,
849  2016), cyclones under constant wind (Gaube et al., 2015), and at the cyclonic side of eddy fronts
850  (Mahadevan, 2016). The downwelling-induced physical accumulation of cells has been used to
851  explain the occurrence of surface Trichodesmium slicks (Olson et al., 2015) and Rhizosolenia
852  mats (Villareal & Carpenter, 1989) in eddies of both polarities.
853 The fine-scale distribution of diazotrophs across the pair of adjacent eddies measured in
854 2017 shows evidence for the physical accumulation of Trichodesmium and Richelia (Fig. 4). The
855  highest nifH gene abundances of Trichodesmium and Richelia were observed near the surface at
856  the cyclonic side of the front separating the two eddies, consistent with accumulation via surface
857  downwelling caused by frontal dynamics. A surface bloom of Trichodesmium was also visually
858  observed at the cyclonic side of the front, likely also driven by frontal downwelling. These
859  results are consistent with a previous survey of Trichodesmium in an eddy dipole of the NPSG,
860  which also reported maximal abundances at the front between eddies (Guidi et al., 2012).
861 Our observations are insufficient for determining the importance of physical
862  accumulation on NFRs across the full eddy-eddy transect. NFR measurements were conducted in
863  the center of each eddy but not on the cyclonic side of the eddy-eddy front where Trichodesmium
864  and DDAs appeared to be physically accumulated during the 2017 cruise. Thus, while the eddy-
865  induced physical accumulation of large diazotrophs likely explains elevated NFRs and
866  abundances of large diazotrophs in some previous studies (e.g. Fong et al., 2008; Olson et al.,
867  2015), our eddy observations were likely driven by differences in biological control—the

868  balance of bottom-up and top-down control—between eddies.
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869 5.3 Challenges in generalizing eddy effects on diazotrophs

870 Our finding of high NFRs in anticyclonic eddies agrees with other recent observations of
871  high NFRs in anticyclones from many ocean regions (Fong et al., 2008; Holl et al., 2007; Liu et
872  al., 2020; Loscher et al., 2016; Rahav et al., 2013; Wilson et al., 2017). However, there have also
873  been reports of high diazotroph abundances associated with cyclonic eddies (Olson et al., 2015),
874  and on a different cruise that sampled a cyclone-anticyclone eddy pair in the NPSG, surface

875  NFRs were significantly higher in the cyclonic eddy than in the anticyclonic eddy (dataset doi:
876  10.5281/zenodo.5565560). At Station ALOHA, the correlation between NFR and SLA measured
877  between 2012-2019 has remained non-significant (Spearman correlation, r=0.08, p-value=0.58,
878  n=48, data not shown), yet high rates of N> fixation are more prevalent in warm summer months
879  often coincident with high SLA.

880 Despite this relative predictability, several taxa showed inconsistent patterns with eddy
881  polarity during our cruises. Our data suggest that effects of eddies vary strongly among

882  diazotroph taxa. Our ecophysiological model predicted bottom-up effects of mesoscale eddies to
883  vary among diazotrophs, driven by the different adaptations of taxa to light, temperature, and
884  nutrient concentrations. Likewise, eddy-specific grazing varied among diazotroph taxa, with
885  some taxa being grazed upon more in cyclones and others being grazed upon more in

886  anticyclones. Physical accumulation via frontal downwelling appeared to drive the elevated

887  abundance of Trichodesmium and Richelia at the cyclonic side of the eddy-eddy front in 2017,
888  but apparently did not affect the abundances of smaller, less buoyant taxa. Unfortunately, we
889  were not able to assess eddy-driven mechanisms for some potentially important diazotroph taxa,
890  including UCYN-A, whose growth and grazing could not be predicted due to the lack of culture

891  data and the size constraints of [FCb imaging. Nevertheless, our results suggest that eddy effects
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892  on small diazotrophs like Crocosphaera are mostly due to biological effects (the net effects of
893  growth and grazing), while eddy effects on large diazotrophs (7richodesmium and DDAs) may
894  be more affected by physical mechanisms.
895 Finally, changes in the properties of eddies through age and stage further complicates
896  generalizing eddy effects. Mesoscale eddies are evolving features that intensify (with
897  increasingly positive or negative SLA), reach a stable phase, and finally decay over the
898  timescales of months (Sweeney et al., 2003). Though cyclonic and anticyclonic eddies are
899  commonly associated with isopycnal uplift/depression and nutrient injection/dilution in the lower
900  euphotic zone, respectively, in reality, vertical motions and nutrient fluxes vary with eddy age
901  and stage (McGillicuddy Jr & Robinson, 1997). Our eddy observations, sampled over the
902 timescales of days, represent snapshots of evolving features; we expect the eddy-induced
903  mechanisms discussed above to vary through the lifetime of an eddy. At the time of sampling,
904  both anticyclones were in a stable phase and both cyclones were in a weakening phase (Table
905  S1), so these four observations are insufficient to deduce effects of eddy stage on NFRs.
906

907 6. Conclusions

908 Here we report anomalously high NFRs in two anticyclonic eddies in the NPSG. We
909  coupled diverse datasets and ecological models to explore the mechanisms driving this pattern.
910  Our analyses suggest that the 2017 anticyclone modulated bottom-up (via a reduction in PO4*
911 limitation) and top-down (via eddy-specific grazing) control, allowing for the net accumulation
912 of Crocosphaera cells, and ultimately, high NFRs. This mechanism may drive high NFRs in
913  other anticyclonic eddies in the NPSG, where surface PO4** concentrations are significantly
914  higher in anticyclones than in cyclones (Barone et al., 2019), especially during the summer

915  months of peak Crocosphaera abundance. However, no drivers we tested appear to explain the
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916  results of our 2018 expedition, for which the high NFR observed in the anticyclonic eddy
917  remains enigmatic. The biological and physical mechanisms through which eddies influence
918  NFRs vary with season, diazotroph community composition, and eddy age/stage. Future efforts
919  may benefit from assessing the ecological controls of uncultivated diazotrophs and from
920  temporal measurements throughout the lifetime of eddies to better understand how eddies might
921  affect successional patterns of diazotrophic communities and measured bulk NFRs.
922

923 7. Acknowledgements

924  This work was funded by the Simons Foundation (Award # 721252 to DMK, 721256 to AEW,
925 721223 to EFD, 721221 to MJC, 721244 to EVA, 721225 to STD, 329108 to SJ, and 724220 to
926  JPZ) and expedition funding from the Schmidt Ocean Institute for R/V Falkor Cruise FK180310
927  in 2018. We are thankful to the chief scientists, including Tara Clemente (2017) and Steve

928  Poulos (2018), as well as the captains and crew members of the eddy cruises. We are also

929  grateful to Eric Shimabukuro, Ryan Tabata, and Tim Burrell for their help with field operations,
930 as well as Katie Watkins-Brandt for valuable support with the IFCb on the 2017 expedition.

931

932 8. Data availability statement

933  NFRs and diazotroph abundances, measured by ddPCR and automated flow cytometry, along
934  with environmental data and model output from the eddy cruises can be accessed at

935  https://doi.org/10.5281/zenodo.6342202. Metatranscriptome sequences are available on the
936  NCBI SRA under project numbers PRINA596510 and PRINA515070. NFRs and diazotroph
937  nifH gene abundances from the Hawaii Ocean Time-series program can be accessed under the
938  doi 10.5281/zenodo.3718435, 10.5281/zen0do.6341629, and 10.5281/zenodo.4477269.

939

49


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

940
941 9. References

942  Aldeco-Ramirez, J., Monreal-Gomez, M., Signoret, M., Salas-de-Ledn, D., & Hernandez-

943 Becerril, D. (2009). Occurrence of a subsurface anticyclonic eddy, fronts, and
944 Trichodesmium spp. Ciencias Marinas, 35(4), 333-344.
945

946  Azimuddin, K. M., Hirai, J., Suzuki, S., Haider, M. N., Tachibana, A., Watanabe, K., Kitamura,

947 M., Hashihama, F., Takahashi, K., & Hamasaki, K. (2016). Possible association of
948 diazotrophs with marine zooplankton in the Pacific Ocean. MicrobiologyOpen, 5(6),
949 1016-1026.

950

951 Bach, L. T., Riebesell, U., Sett, S., Febiri, S., Rzepka, P., & Schulz, K. G. (2012). An approach

952 for particle sinking velocity measurements in the 3—400 um size range and considerations
953 on the effect of temperature on sinking rates. Marine Biology, 159(8), 1853-1864.
954

955  Barone, B., Church, M. J., Dugenne, M., Hawco, N. J., Jahn, O., White, A. E., John, S. G.,

956 Follows, M. J., DeLong, E. F., & Karl, D. M. (2022). Biogeochemical dynamics in
957 adjacent mesoscale eddies of opposite polarity. Global Biogeochemical Cycles, 36(2),
958 €2021GB007115.

959

960 Barone, B., Coenen, A. R., Beckett, S. J., McGillicuddy, D. J., Weitz, J. S., & Karl, D. M.

961 (2019). The ecological and biogeochemical state of the North Pacific Subtropical Gyre is
962 linked to sea surface height. Journal of Marine Research, 77(2), 215-245.
963

50


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

964  Benavides, M., Agawin, N. S., Aristegui, J., Ferriol, P., & Stal, L. J. (2011). Nitrogen fixation by

965 Trichodesmium and small diazotrophs in the subtropical northeast Atlantic. Aquatic
966 Microbial Ecology, 65(1), 43-53.
967

968  Benitez-Nelson, C. R., Bidigare, R. R., Dickey, T. D., Landry, M. R., Leonard, C. L., Brown, S.

969 L., Nencioli, F., Rii, Y. M., Maiti, K., & Becker, J. W. (2007). Mesoscale eddies drive
970 increased silica export in the subtropical Pacific Ocean. Science, 316(5827), 1017-1021.
971

972  Berman-Frank, 1., Bidle, K. D., Haramaty, L., & Falkowski, P. G. (2004). The demise of the

973 marine cyanobacterium, 7richodesmium spp., via an autocatalyzed cell death pathway.
974 Limnology and Oceanography, 49(4), 997-1005.
975

976  Boatman, T. G., Davey, P. A., Lawson, T., & Geider, R. J. (2018). The physiological cost of
977 diazotrophy for Trichodesmium erythraeum IMS101. PloS One, 13(4), €0195638.
978

979  Bostrom, K. H., Simu, K., Hagstrom, A., & Riemann, L. (2004). Optimization of DNA

980 extraction for quantitative marine bacterioplankton community analysis. Limnology and
981 Oceanography: Methods, 2(11), 365-373.
982

983  Bédttjer, D., Dore, J. E., Karl, D. M., Letelier, R. M., Mahaffey, C., Wilson, S. T., Zehr, J., &

984 Church, M. J. (2017). Temporal variability of nitrogen fixation and particulate nitrogen
985 export at Station ALOHA. Limnology and Oceanography, 62,200-216.
986

51


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

Béttjer, D., Karl, D. M., Letelier, R. M., Viviani, D. A., & Church, M. J. (2014). Experimental
assessment of diazotroph responses to elevated seawater pCO; in the North Pacific

Subtropical Gyre. Global Biogeochem. Cycles, 28(6), 601-616.

Cheung, S., Nitanai, R., Tsurumoto, C., Endo, H., Nakaoka, S. i., Cheah, W., Lorda, J. F., Xia,
X., Liu, H., & Suzuki, K. (2020). Physical forcing controls the basin-scale occurrence of
nitrogen-fixing organisms in the North Pacific Ocean. Global Biogeochemical Cycles,

€2019GB006452.

Church, M. J., Bjorkman, K. M., Karl, D. M., Saito, M. A., & Zehr, J. P. (2008). Regional
distributions of nitrogen-fixing bacteria in the Pacific Ocean. Limnology and

Oceanography, 53, 63-77.

Church, M. J., Jenkins, B. D., Karl, D. M., & Zehr, J. P. (2005). Vertical distributions of
nitrogen-fixing phylotypes at Stn ALOHA in the oligotrophic North Pacific Ocean.

Aquatic Microbial Ecology, 38(1), 3-14.

Church, M. J., Mahaffey, C., Letelier, R. M., Lukas, R., Zehr, J. P., & Karl, D. M. (2009).

Physical forcing of nitrogen fixation and diazotroph community structure in the North

Pacific subtropical gyre. Global Biogeochemical Cycles, 23(2), GB2020.

52


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1008  Church, M. J., Short, C. M., Jenkins, B. D., Karl, D. M., & Zehr, J. P. (2005). Temporal patterns

1009 of nitrogenase gene (nifH) expression in the oligotrophic North Pacific Ocean. Applied
1010 and Environmental Microbiology, 71(9), 5362-5370.
1011

1012  Conroy, B. J., Steinberg, D. K., Song, B., Kalmbach, A., Carpenter, E. J., & Foster, R. A. (2017).

1013 Mesozooplankton graze on cyanobacteria in the Amazon River plume and western
1014 tropical North Atlantic. Frontiers in Microbiology, 8, 1436.
1015

1016  D’Asaro, E. A., Shcherbina, A. Y., Klymak, J. M., Molemaker, J., Novelli, G., Guigand, C. M.,

1017 Haza, A. C., Haus, B. K., Ryan, E. H., & Jacobs, G. A. (2018). Ocean convergence and
1018 the dispersion of flotsam. Proceedings of the National Academy of Sciences USA, 115(6),
1019 1162-1167.

1020

1021  Davis, C. S., & McGillicuddy, D. J. (2006). Transatlantic abundance of the N»-fixing colonial
1022 cyanobacterium Trichodesmium. Science, 312(5779), 1517-1520.
1023

1024  de Boyer Montégut, C., Madec, G., Fischer, A. S., Lazar, A., & Tudicone, D. (2004). Mixed layer

1025 depth over the global ocean: An examination of profile data and a profile-based
1026 climatology. Journal of Geophysical Research: Oceans, 109, C12003.
1027

1028  Dugenne, M., Henderikx Freitas, F., Wilson, S. T., Karl, D. M., & White, A. E. (2020). Life and
1029 death of Crocosphaera sp. in the Pacific Ocean: Fine scale predator—prey dynamics.

1030 Limnology and Oceanography, 65, 2603-2617.

53


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

Dyhrman, S., Chappell, P., Haley, S., Moffett, J., Orchard, E., Waterbury, J., & Webb, E. (2006).
Phosphonate utilization by the globally important marine diazotroph 7richodesmium.

Nature, 439(7072), 68-71.

Dyhrman, S. T., & Haley, S. T. (2006). Phosphorus scavenging in the unicellular marine
diazotroph Crocosphaera watsonii. Applied and Environmental Microbiology, 72(2),

1452-1458.

Farnelid, H., Andersson, A. F., Bertilsson, S., Al-Soud, W. A., Hansen, L. H., Serensen, S.,
Steward, G. F., Hagstrom, A., & Riemann, L. (2011). Nitrogenase gene amplicons from
global marine surface waters are dominated by genes of non-cyanobacteria. PloS One,

6(4), €19223.

Ferrén, S., del Valle, D. A., Bjorkman, K. M., Quay, P. D., Church, M. J., & Karl, D. M. (2016).
Application of membrane inlet mass spectrometry to measure aquatic gross primary

production by the 80 in vitro method. Limnology and Oceanography.: Methods, 14(9),

610-622.

Fitzsimmons, J. N., Hayes, C. T., Al-Subiai, S. N., Zhang, R., Morton, P. L., Weisend, R. E.,
Ascani, F., & Boyle, E. A. (2015). Daily to decadal variability of size-fractionated iron
and iron-binding ligands at the Hawaii Ocean Time-series Station ALOHA. Geochimica

et Cosmochimica Acta, 171, 303-324.

54


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1054

1055  Follett, C. L., Dutkiewicz, S., Karl, D. M., Inomura, K., & Follows, M. J. (2018). Seasonal

1056 resource conditions favor a summertime increase in North Pacific diatom—diazotroph
1057 associations. The ISME journal, 12(6), 1543-1557.
1058

1059 Fong, A. A., Karl, D. M., Lukas, R., Letelier, R. M., Zehr, J. P., & Church, M. J. (2008).

1060 Nitrogen fixation in an anticyclonic eddy in the oligotrophic North Pacific Ocean. The
1061 ISME journal, 2(6), 663—-676.
1062

1063  Foreman, R. K., Segura-Noguera, M., & Karl, D. M. (2016). Validation of Ti (III) as a reducing

1064 agent in the chemiluminescent determination of nitrate and nitrite in seawater. Marine
1065 Chemistry, 186, 83-89.
1066

1067  Foster, R., Subramaniam, A., Mahaffey, C., Carpenter, E., Capone, D., & Zehr, J. (2007).

1068 Influence of the Amazon River plume on distributions of free-living and symbiotic
1069 cyanobacteria in the western tropical north Atlantic Ocean. Limnology and

1070 Oceanography, 52(2), 517-532.

1071

1072 Gaube, P., Chelton, D. B., Samelson, R. M., Schlax, M. G., & O’Neill, L. W. (2015). Satellite

1073 observations of mesoscale eddy-induced Ekman pumping. Journal of Physical
1074 Oceanography, 45(1), 104-132.
1075

55


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1076  Gifford, S. M., Becker, J. W., Sosa, O. A., Repeta, D. J., & DeLong, E. F. (2016). Quantitative

1077 transcriptomics reveals the growth-and nutrient-dependent response of a streamlined
1078 marine methylotroph to methanol and naturally occurring dissolved organic matter.
1079 MBio, 7(6), €01279-01216.

1080

1081  Gradoville, M. R., Cabello, A. M., Wilson, S. T., Turk-Kubo, K. A., Karl, D. M., & Zehr, J. P.

1082 (2021). Light and depth dependency of nitrogen fixation by the non-photosynthetic,
1083 symbiotic cyanobacterium UCYN-A. Environmental Microbiology, 23(8), 4518-4531.
1084

1085  Gradoville, M. R., Farnelid, H., White, A. E., Turk-Kubo, K. A., Stewart, B., Ribalet, F., Ferron,

1086 S., Pinedo-Gonzalez, P., Armbrust, E. V., & Karl, D. M. (2020). Latitudinal constraints
1087 on the abundance and activity of the cyanobacterium UCYN-A and other marine

1088 diazotrophs in the North Pacific. Limnology and Oceanography, 65, 1858-1875.

1089 https://doi.org/10.1002/Ino.11423

1090

1091  Guidi, L., Calil, P. H., Duhamel, S., Bjorkman, K. M., Doney, S. C., Jackson, G. A., Li, B.,

1092 Church, M. J., Tozzi, S., & Kolber, Z. S. (2012). Does eddy-eddy interaction control
1093 surface phytoplankton distribution and carbon export in the North Pacific Subtropical
1094 Gyre? Journal of Geophysical Research: Biogeosciences, 117, G02024.

1095

1096  Harke, M. J., Frischkorn, K. R., Hennon, G. M., Haley, S. T., Barone, B., Karl, D. M., &

1097 Dyhrman, S. T. (2021). Microbial community transcriptional patterns vary in response to

56


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1098 mesoscale forcing in the North Pacific Subtropical Gyre. Environmental Microbiology,
1099 23(8), 4807-4822.
1100

1101  Hawco, N. J., Barone, B., Church, M. J., Babcock-Adams, L., Repeta, D. J., Wear, E. K.,

1102 Foreman, R. K., Bjorkman, K. M., Bent, S., & Van Mooy, B. A. (2021). Iron depletion in
1103 the deep chlorophyll maximum: mesoscale eddies as natural iron fertilization

1104 experiments. Global Biogeochemical Cycles, 35(12), e2021GB007112.

1105

1106  Hewson, L., Govil, S. R., Capone, D. G., Carpenter, E. J., & Fuhrman, J. A. (2004). Evidence of

1107 Trichodesmium viral lysis and potential significance for biogeochemical cycling in the
1108 oligotrophic ocean. Aquatic Microbial Ecology, 36(1), 1-8.
1109

1110  Holl, C. M., Waite, A. M., Pesant, S., Thompson, P. A., & Montoya, J. P. (2007). Unicellular

1111 diazotrophy as a source of nitrogen to Leeuwin Current coastal eddies. Deep Sea
1112 Research Part II: Topical Studies in Oceanography, 54(8-10), 1045-1054.
1113

1114  Hoppe, K. S. (2013). The sinking rate and transparent exopolymer particle (TEP) production of
1115 Hemiaulus hauckii. Doctoral dissertation. University of Texas at Austin.
1116

1117  Hunt, B. P., Bonnet, S., Berthelot, H., Conroy, B. J., Foster, R. A., & Pagano, M. (2016).

1118 Contribution and pathways of diazotroph-derived nitrogen to zooplankton during the
1119 VAHINE mesocosm experiment in the oligotrophic New Caledonia lagoon.
1120 Biogeosciences, 13(10), 3131.

57


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1121

1122 Jassby, A. D., & Platt, T. (1976). Mathematical formulation of the relationship between

1123 photosynthesis and light for phytoplankton. Limnology and Oceanography, 21(4), 540-
1124 547.
1125

1126  Jeong,H.J., Yoo, Y. D., Kim, J. S., Seong, K. A., Kang, N. S., & Kim, T. H. (2010). Growth,

1127 feeding and ecological roles of the mixotrophic and heterotrophic dinoflagellates in
1128 marine planktonic food webs. Ocean science journal, 45(2), 65-91.
1129

1130  Karl, D., Christian, J., Dore, J., Hebel, D., Letelier, R., Tupas, L., & Winn, C. (1996). Seasonal

1131 and interannual variability in primary production and particle flux at Station ALOHA.
1132 Deep Sea Research Part II: Topical Studies in Oceanography, 43(2-3), 539-568.
1133

1134  Karl, D., Letelier, R., Tupas, L., Dore, J., Christian, J., & Hebel, D. (1997). The role of nitrogen

1135 fixation in biogeochemical cycling in the subtropical North Pacific Ocean. Nature, 388,
1136 533-538.
1137

1138  Karl, D., Michaels, A., Bergman, B., Capone, D., Carpenter, E., Letelier, R., Lipschultz, F.,

1139 Paerl, H., Sigman, D., & Stal, L. (2002). Dinitrogen fixation in the world's oceans.
1140 Biogeochemistry, 57(1), 47-98.
1141

1142 Karl, D. M., & Church, M. J. (2014). Microbial oceanography and the Hawaii Ocean Time-series

1143 programme. Nature Reviews: Microbiology, 12(10), 699-713.

58


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1144

1145  Karl, D. M., Church, M. J., Dore, J. E., Letelier, R. M., & Mahaftey, C. (2012). Predictable and

1146 efficient carbon sequestration in the North Pacific Ocean supported by symbiotic nitrogen
1147 fixation. Proceedings of the National Academy of Sciences USA, 109(6), 1842-1849.
1148

1149  Karl, D. M., & Tien, G. (1992). MAGIC: A sensitive and precise method for measuring

1150 dissolved phosphorus in aquatic environments. Limnology and Oceanography, 37(1),
1151 105-116.
1152

1153  Landolfi, A., Prowe, A., Pahlow, M., Somes, C. J., Chien, C.-T., Schartau, M., Koeve, W., &

1154 Oschlies, A. (2021). Can top-down controls expand the ecological niche of marine N>
1155 fixers? Frontiers in Microbiology, 12, 690200.
1156

1157  Landry, M. R, Brown, S. L., Rii, Y. M., Selph, K. E., Bidigare, R. R., Yang, E. J., & Simmons,

1158 M. P. (2008). Depth-stratified phytoplankton dynamics in Cyclone Opal, a subtropical
1159 mesoscale eddy. Deep Sea Research Part I1: Topical Studies in Oceanography, 55(10-
1160 13), 1348-1359.

1161

1162  Letelier, R. M., Bjorkman, K. M., Church, M. J., Hamilton, D. S., Mahowald, N. M., Scanza, R.

1163 A., Schneider, N., White, A. E., & Karl, D. M. (2019). Climate-driven oscillation of
1164 phosphorus and iron limitation in the North Pacific Subtropical Gyre. Proceedings of the
1165 National Academy of Sciences USA, 116(26), 12720-12728.

1166

59


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1167  Letelier, R. M., White, A. E., Bidigare, R. R., Barone, B., Church, M. J., & Karl, D. M. (2017).

1168 Light absorption by phytoplankton in the North Pacific Subtropical Gyre. Limnology and
1169 Oceanography, 62(4), 1526-1540.
1170

1171  Liu,J.,, Zhou, L., Li, J., Lin, Y., Ke, Z., Zhao, C., Liu, H., Jiang, X., He, Y., & Tan, Y. (2020).

1172 Effect of mesoscale eddies on diazotroph community structure and nitrogen fixation rates
1173 in the South China Sea. Regional Studies in Marine Science, 35, 101106.
1174

1175  Léoscher, C., Bourbonnais, A., Dekaezemacker, J., Charoenpong, C. N., Altabet, M. A., Bange,

1176 H. W., Czeschel, R., Hoffmann, C., & Schmitz, R. (2016). N> fixation in eddies of the
1177 eastern tropical South Pacific Ocean. Biogeosciences, 13, 2889-2899.
1178

1179  Luo, E., Eppley, J. M., Romano, A. E., Mende, D. R., & DeLong, E. F. (2020). Double-stranded

1180 DNA virioplankton dynamics and reproductive strategies in the oligotrophic open ocean
1181 water column. The ISME journal, 14(5), 1304-1315.
1182

1183  Luo, Y.-W,, Lima, I, Karl, D., Deutsch, C., & Doney, S. (2014). Data-based assessment of

1184 environmental controls on global marine nitrogen fixation. Biogeosciences, 11(3), 691-
1185 708.
1186

1187  Mahadevan, A. (2016). The impact of submesoscale physics on primary productivity of
1188 plankton. Annual Review of Marine Science, 8, 161-184.

1189

60


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles
1190  McGillicuddy Jr, D. (2016). Mechanisms of physical-biological-biogeochemical interaction at
1191 the oceanic mesoscale. Annual Review of Marine Science, 8, 125-159.
1192

1193  McGillicuddy Jr, D., & Robinson, A. (1997). Eddy-induced nutrient supply and new production

1194 in the Sargasso Sea. Deep Sea Research Part I: Oceanographic Research Papers, 44(8),
1195 1427-1450.
1196

1197  McGillicuddy Jr, D. J. (2014). Do Trichodesmium spp. populations in the North Atlantic export
1198 most of the nitrogen they fix? Global Biogeochemical Cycles, 28(2), 103-114.

1199

1200 Mohr, W., GroBkopf, T., Wallace, D. W. R., & LaRoche, J. (2010). Methodological

1201 underestimation of oceanic nitrogen fixation rates. PloS One, 5(9), €12583.

1202

1203  Moisander, P. H., Beinart, R. A., Hewson, 1., White, A. E., Johnson, K. S., Carlson, C. A.,

1204 Montoya, J. P., & Zehr, J. P. (2010). Unicellular cyanobacterial distributions broaden the
1205 oceanic N> fixation domain. Science, 327(5972), 1512-1514.
1206

1207  Moisander, P. H., Beinart, R. A., Voss, M., & Zehr, J. P. (2008). Diversity and abundance of

1208 diazotrophic microorganisms in the South China Sea during intermonsoon. 7he ISME
1209 journal, 2(9), 954-967.
1210

61


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1211  Moisander, P. H., Benavides, M., Bonnet, S., Berman-Frank, 1., White, A. E., & Riemann, L.

1212 (2017). Chasing after non-cyanobacterial nitrogen fixation in marine pelagic
1213 environments. Frontiers in Microbiology, 8, 1736.
1214

1215  Montoya, J. P., Voss, M., Kahler, P., & Capone, D. G. (1996). A simple, high-precision, high-

1216 sensitivity tracer assay for N fixation. Applied and Environmental Microbiology, 62(3),
1217 986-993.
1218

1219  Mulholland, M. (2007). The fate of nitrogen fixed by diazotrophs in the ocean. Biogeosciences,
1220 4(1),37-51.
1221

1222 O'Neil, J., Metzler, P., & Glibert, P. (1996). Ingestion of ’N»-labelled Trichodesmium spp. and

1223 ammonium regeneration by the harpacticoid copepod Macrosetella gracilis. Marine
1224 Biology, 125(1), 89-96.
1225

1226 O'Neil, J. M. (1998). The colonial cyanobacterium Trichodesmium as a physical and nutritional

1227 substrate for the harpacticoid copepod Macrosetella gracilis. Journal of Plankton
1228 Research, 20(1), 43-59.
1229

1230 O’Neil, J. M., & Roman, M. R. (1992). Grazers and associated organisms of 7Trichodesmium.
1231 Marine pelagic cyanobacteria: Trichodesmium and other diazotrophs. Kluwer, 61-73.

1232

62


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1233 Olson, E. M., McGillicuddy, D. J., Flierl, G. R., Davis, C. S., Dyhrman, S. T., & Waterbury, J.

1234 B. (2015). Mesoscale eddies and Trichodesmium spp. distributions in the southwestern
1235 North Atlantic. Journal of Geophysical Research: Oceans, 120(6), 4129-4150.
1236

1237  Orchard, E. D., Ammerman, J. W., Lomas, M. W., & Dyhrman, S. T. (2010). Dissolved

1238 inorganic and organic phosphorus uptake in 7richodesmium and the microbial

1239 community: The importance of phosphorus ester in the Sargasso Sea. Limnology and
1240 Oceanography, 55(3), 1390-1399.

1241

1242 Parks, D. H., Chuvochina, M., Waite, D. W., Rinke, C., Skarshewski, A., Chaumeil, P.-A., &

1243 Hugenholtz, P. (2018). A standardized bacterial taxonomy based on genome phylogeny
1244 substantially revises the tree of life. Nature Biotechnology, 36(10), 996-1004.
1245

1246  Pasulka, A. L., Landry, M. R., Taniguchi, D. A., Taylor, A. G., & Church, M. J. (2013).

1247 Temporal dynamics of phytoplankton and heterotrophic protists at station ALOHA. Deep
1248 Sea Research Part I1: Topical Studies in Oceanography, 93, 44-57.
1249

1250  Pereira, N., Shilova, I. N., & Zehr, J. P. (2016). Molecular markers define progressing stages of

1251 phosphorus limitation in the nitrogen-fixing cyanobacterium, Crocosphaera. Journal of
1252 Phycology, 52(2), 274-282.
1253

1254  Pinedo-Gonzélez, P., Hawco, N. J., Bundy, R. M., Armbrust, E. V., Follows, M. J., Cael, B.,

1255 White, A. E., Ferron, S., Karl, D. M., & John, S. G. (2020). Anthropogenic Asian

63


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1256 aerosols provide Fe to the North Pacific Ocean. Proceedings of the National Academy of
1257 Sciences USA, 117(45), 27862-27868.
1258

1259  Poff, K. E., Leu, A. O., Eppley, J. M., Karl, D. M., & DeLong, E. F. (2021). Microbial dynamics

1260 of elevated carbon flux in the open ocean’s abyss. Proceedings of the National Academy
1261 of Sciences USA, 118(4), €2018269118.
1262

1263  Rahav, E., Herut, B., Stambler, N., Bar-Zeev, E., Mulholland, M. R., & Berman-Frank, 1. (2013).

1264 Uncoupling between dinitrogen fixation and primary productivity in the eastern
1265 Mediterranean Sea. Journal of Geophysical Research: Biogeosciences, 118, 195-202.
1266

1267  Ribalet, F., Berthiaume, C., Hynes, A., Swalwell, J., Carlson, M., Clayton, S., Hennon, G.,

1268 Poirier, C., Shimabukuro, E., White, A., & Armbrust, E. V. (2019). SeaFlow data v1,
1269 high-resolution abundance, size and biomass of small phytoplankton in the North Pacific.
1270 Scientific data, 6(1), 1-8.

1271

1272 Rii, Y. M., Peoples, L. M., Karl, D. M., & Church, M. J. (2021). Seasonality and episodic

1273 variation in picoeukaryote diversity and structure reveal community resilience to
1274 disturbances in the North Pacific Subtropical Gyre. Limnology and Oceanography.
1275

1276  Robidart, J. C., Church, M. J., Ryan, J. P., Ascani, F., Wilson, S. T., Bombar, D., Marin III, R.,

1277 Richards, K. J., Karl, D. M., Scholin, C. A., & Zehr, J. P. (2014). Ecogenomic sensor

64


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1278 reveals controls on N»-fixing microorganisms in the North Pacific Ocean. The ISME
1279 journal, 8(6), 1175.
1280

1281  Sargent, E. C., Hitchcock, A., Johansson, S. A., Langlois, R., Moore, C. M., LaRoche, J.,

1282 Poulton, A. J., & Bibby, T. S. (2016). Evidence for polyploidy in the globally important
1283 diazotroph Trichodesmium. FEMS Microbiology Letters, 363(21), fnw244.
1284

1285  Scavotto, R. E., Dziallas, C., Bentzon-Tilia, M., Riemann, L., & Moisander, P. H. (2015).

1286 Nitrogen-fixing bacteria associated with copepods in coastal waters of the North Atlantic
1287 Ocean. Environmental Microbiology, 17(10), 3754-3765.
1288

1289  Snow, J. T., Polyviou, D., Skipp, P., Chrismas, N. A., Hitchcock, A., Geider, R., Moore, C. M.,

1290 & Bibby, T. S. (2015). Quantifying integrated proteomic responses to iron stress in the
1291 globally important marine diazotroph Trichodesmium. PloS One, 10(11), e0142626.
1292

1293 Sosik, H. M., & Olson, R. J. (2007). Automated taxonomic classification of phytoplankton

1294 sampled with imaging-in-flow cytometry. Limnology and Oceanography: Methods, 5(6),
1295 204-216.
1296

1297  Stenegren, M. (2020). Significance of N: fixing planktonic symbioses for open ocean ecosystems
1298 [Doctoral dissertation, Stockholm University].

1299

65


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1300  Stukel, M. R., Coles, V. J., Brooks, M., & Hood, R. R. (2014). Top-down, bottom-up and

1301 physical controls on diatom-diazotroph assemblage growth in the Amazon River plume.
1302 Biogeosciences, 11(12), 3259-3278.
1303

1304  Sweeney, E. N., McGillicuddy Jr, D. J., & Buesseler, K. O. (2003). Biogeochemical impacts due

1305 to mesoscale eddy activity in the Sargasso Sea as measured at the Bermuda Atlantic
1306 Time-series Study (BATS). Deep Sea Research Part II: Topical Studies in

1307 Oceanography, 50(22-26), 3017-3039.

1308

1309  Taboada, F. G., Gil, R. G., Hofer, J., Gonzilez, S., & Anaddn, R. (2010). Trichodesmium spp.

1310 population structure in the eastern North Atlantic subtropical gyre. Deep Sea Research
1311 Part I: Oceanographic Research Papers, 57(1), 65-77.
1312

1313 Tibshirani, R., Bien, J., Friedman, J., Hastie, T., Simon, N., Taylor, J., & Tibshirani, R. J. (2012).

1314 Strong rules for discarding predictors in lasso-type problems. Journal of the Royal
1315 Statistical Society, Series B (Statistical Methodology), 74(2), 245-266.
1316

1317  Tuo, S. (2015). The distributions and the mechanisms of the cyanobionts and their host diatoms

1318 in the northern South China Sea and the Kuroshio [Doctoral dissertation, National Sun
1319 Yat-sen University].
1320

66


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1321  Villareal, T., & Carpenter, E. (2003). Buoyancy regulation and the potential for vertical

1322 migration in the oceanic cyanobacterium 7richodesmium. Microbial Ecology, 45(1), 1-
1323 10.
1324

1325  Villareal, T. A., & Carpenter, E. J. (1989). Nitrogen fixation, suspension characteristics, and

1326 chemical composition of Rhizosolenia mats in the central North Pacific gyre. Biological
1327 Oceanography, 6(3-4), 327-345.
1328

1329  Walsby, A. (1978). The properties and buoyancy-providing role of gas vacuoles in
1330 Trichodesmium Ehrenberg. British Phycological Journal, 13(2), 103-116.
1331

1332 Ward, B. A., Dutkiewicz, S., Moore, C. M., & Follows, M. J. (2013). Iron, phosphorus, and

1333 nitrogen supply ratios define the biogeography of nitrogen fixation. Limnology and
1334 Oceanography, 58(6), 2059-2075.
1335

1336 Webb, E. A., Ehrenreich, I. M., Brown, S. L., Valois, F. W., & Waterbury, J. B. (2009).

1337 Phenotypic and genotypic characterization of multiple strains of the diazotrophic

1338 cyanobacterium, Crocosphaera watsonii, isolated from the open ocean. Environmental
1339 Microbiology, 11(2), 338-348.

1340

1341  White, A. E., Granger, J., Selden, C., Gradoville, M. R., Potts, L., Bourbonnais, A., Fulweiler, R.

1342 W., Knapp, A. N., Mohr, W., & Moisander, P. H. (2020). A critical review of the >N

67


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

1343 tracer method to measure diazotrophic production in pelagic ecosystems. Limnology and
1344 Oceanography: Methods, 18(4), 129-147.
1345

1346 White, A. E., Karl, D. M., Bjorkman, K. M., Beversdorf, L. J., & Letelier, R. M. (2010).

1347 Production of organic matter by Trichodesmium IMS101 as a function of phosphorus
1348 source. Limnology and Oceanography, 55(4), 1755-1767. <Go to

1349 ISI>://W0S:000283657000023

1350

1351  Wilson, S. T., Aylward, F. O., Ribalet, F., Barone, B., Casey, J. R., Connell, P. E., Eppley, J. M.,

1352 Ferron, S., Fitzsimmons, J. N., & Hayes, C. T. (2017). Coordinated regulation of growth,
1353 activity and transcription in natural populations of the unicellular nitrogen-fixing

1354 cyanobacterium Crocosphaera. Nature Microbiology, 2(9), 17118.

1355

1356  Wilson, S. T., Béttjer, D., Church, M. J., & Karl, D. M. (2012). Comparative assessment of

1357 nitrogen fixation methodologies, conducted in the oligotrophic North Pacific Ocean.
1358 Applied and Environmental Microbiology, 78(18), 6516-6523.
1359

1360  Wozniak, B., Dera, J., Ficek, D., Majchrowski, R., Ostrowska, M., & Kaczmarek, S. (2003).

1361 Modelling light and photosynthesis in the marine environment. Oceanologia, 45(2), 171-
1362 245.
1363

1364  Yoder, J. A., Ackleson, S. G., Barber, R. T., Flament, P., & Balch, W. M. (1994). A line in the

1365 sea. Nature, 371(6499), 689-692.

68


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446955; this version posted March 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

manuscript submitted to Global Biogeochemical Cycles

Zeev, E. B., Yogev, T., Man-Aharonovich, D., Kress, N., Herut, B., Béja, O., & Berman-Frank,
I. (2008). Seasonal dynamics of the endosymbiotic, nitrogen-fixing cyanobacterium
Richelia intracellularis in the eastern Mediterranean Sea. The ISME journal, 2(9), 911-

923.

Zehr, J. P., Waterbury, J. B., Turner, P. J., Montoya, J. P., Omoregie, E., Steward, G. F., Hansen,

A., & Karl, D. M. (2001). Unicellular cyanobacteria fix N> in the subtropical North

Pacific Ocean. Nature, 412(6847), 635-637.

69


https://doi.org/10.1101/2021.06.03.446955
http://creativecommons.org/licenses/by/4.0/

