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1. Abstract 1 

Mesoscale eddies have been shown to support elevated dinitrogen (N2) fixation rates 2 

(NFRs) and abundances of N2-fixing microorganisms (diazotrophs), but the mechanisms 3 

underlying these observations are not well understood. We explored relationships among NFRs 4 

and cyanobacterial diazotroph abundances in eddy pairs of opposite polarity sampled in the 5 

North Pacific Subtropical Gyre and compared our observations to seasonal trends from the 6 

Hawaii Ocean Time-series (HOT) program. Consistent with previous reports, we found that 7 

NFRs were anomalously high for this region (up to 3.7-fold above previous monthly HOT 8 

observations) in the centers of the sampled anticyclones, coinciding with elevated abundances of 9 

Crocosphaera in the summertime. We then coupled our field-based observations, together with 10 

transcriptomic analyses of nutrient stress marker genes and ecological models, to evaluate 11 

potential mechanisms controlling diazotroph abundance and activity at the mesoscale. 12 

Specifically, we evaluated the role of biological (via estimates of growth and grazing rates) and 13 

physical controls on populations of Crocosphaera, Trichodesmium, and diatom symbionts. Our 14 

results suggest that increased Crocosphaera abundances associated with summertime 15 

anticyclones resulted from the alleviation of phosphate limitation, allowing cells to grow at rates 16 

exceeding grazing losses. In contrast, distributions of larger, buoyant taxa (Trichodesmium and 17 

diatom symbionts) appeared less affected by eddy-driven biological controls. Instead, they 18 

appeared driven by physical dynamics along frontal boundaries that separate cyclonic and 19 

anticyclonic eddies. Together, the interplay of eddy-specific changes in bottom-up control, top-20 

down control, and the physical accumulation of cells likely explains the elevated diazotroph 21 

abundances and NFRs associated with anticyclones and eddy fronts.  22 
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2.  Introduction  23 

In the oligotrophic North Pacific Subtropical Gyre (NPSG), the supply of growth-limiting 24 

nutrients influences rates of photosynthesis in the sunlit surface ocean, determining the 25 

magnitude and variability of trophic transfer and the export of carbon (C) from the euphotic zone 26 

(Karl et al., 1996). Microorganisms with the ability to fix dinitrogen (N2) into bioavailable 27 

nitrogen (N), termed diazotrophs, introduce newly fixed N to otherwise N-limited phytoplankton 28 

(Karl et al., 2002). At Station ALOHA (A Long-term Oligotrophic Habitat Assessment, 22.75°N, 29 

158.00°W), the field site of the Hawaii Ocean Time-series (HOT) program, N2 fixation fuels up 30 

to half of new production and N export (Böttjer et al., 2017; Karl et al., 1997). Most N2 fixation 31 

is controlled by unicellular diazotrophs (typically smaller than 10 µm), including the 32 

cyanobacteria UCYN-A (symbionts of haptophytes), UCYN-B (Crocosphaera), and UCYN-C 33 

(Cyanothece-like organisms) (Church et al., 2009; Zehr et al., 2001). Other, larger cyanobacterial 34 

diazotrophs including filamentous Trichodesmium and diatom-diazotroph associations (DDAs) 35 

with the symbiotic, heterocyst-forming Richelia and Calothrix can also form episodic blooms 36 

and contribute appreciably to N2 fixation. Finally, non-cyanobacterial diazotrophs are also 37 

present in the NPSG (Church, Short, et al., 2005; Farnelid et al., 2011), but the contribution of 38 

these organisms to N2 fixation is uncertain (Moisander et al., 2017).  39 

N2 fixation rates (NFRs) at Station ALOHA are highly variable, ranging from ~0.3 to 21 40 

nmol N L–1 d–1 in near-surface waters (Böttjer et al., 2017). Some of this variability is seasonal: 41 

NFRs generally peak during the late summer (Böttjer et al., 2017), when an annual pulse of 42 

particle export to the deep ocean has also been putatively linked to blooms of DDAs (Karl et al., 43 

2012; Poff et al., 2021). However, several studies have also highlighted patchiness in both NFRs 44 

and diazotroph abundances over relatively small temporal (<2 days) and spatial (<30 km) scales 45 

(Gradoville et al., 2020; Robidart et al., 2014), suggesting that submesoscale and mesoscale 46 
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processes may influence diazotroph distributions in the NPSG. Such physical disturbances of the 47 

upper pelagic zone are regular features of this habitat (Rii et al., 2021); for example, over a 23-48 

year period of near-monthly sampling by the HOT program at Station ALOHA, 31% of the 49 

sampling occasions coincided with the presence of a trackable mesoscale eddy (Barone et al., 50 

2019).  51 

Through uplift or depression of the pycnocline, eddies perturb microbial populations by 52 

altering nutrient and light fields. As a result, mesoscale eddies, especially cyclonic eddies that 53 

drive upward displacement of isopycnal surfaces (together with associated nutrients) across the 54 

upper ocean light gradient, have been linked to elevated phytoplankton biomass and high rates of 55 

primary production in the open ocean (McGillicuddy Jr & Robinson, 1997). There is growing 56 

evidence that diazotrophic community structure and NFRs are also modified by mesoscale 57 

eddies. High NFRs have been observed in anticyclonic eddies in many ocean regions, including 58 

the South Pacific Ocean, Indian Ocean, South China Sea, and Mediterranean Sea (Holl et al., 59 

2007; Liu et al., 2020; Löscher et al., 2016; Rahav et al., 2013). At Station ALOHA, the highest 60 

NFRs have been observed under conditions of elevated sea surface height (characteristic of 61 

anticyclonic eddies) in summer months (Böttjer et al., 2017; Church et al., 2009). Elevated 62 

abundances of Trichodesmium, DDAs, and Crocosphaera have been reported associated with 63 

anticyclonic eddies in both the North Atlantic and North Pacific Oceans (Cheung et al., 2020; 64 

Davis & McGillicuddy, 2006; Fong et al., 2008; Olson et al., 2015; Taboada et al., 2010; Wilson 65 

et al., 2017). 66 

These studies have highlighted multiple processes that could influence N2 fixation in 67 

eddies of different polarities. For example, elevated NFRs and Crocosphaera abundances were 68 

linked to severe N-depletion in the surface waters of anticyclones, presumably driven by the 69 
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depression of isopycnal surfaces (Liu et al., 2020; Wilson et al., 2017). In addition, although 70 

poorly characterized, high rates of grazing on diazotrophs and their hosts have been reported 71 

within mesoscale eddies of both polarities (Dugenne et al., 2020; Landry et al., 2008; Wilson et 72 

al., 2017). Finally, the physical movement of water, both vertically and horizontally, due to 73 

mesoscale circulation, can lead to the physical accumulation of buoyant diazotrophs (e.g. 74 

Trichodesmium) (Guidi et al., 2012; Olson et al., 2015). All of these mechanisms are modulated 75 

by specific life traits (e.g. buoyancy, size, symbiosis) and potential adaptations of individual 76 

taxa, suggesting that understanding diazotrophic diversity and activity within eddies is 77 

prerequisite to identifying the mechanisms driving variability in bulk NFRs. Effectively, 78 

mesoscale and sub-mesoscale features can impact both bottom-up and top-down processes 79 

controlling diazotroph diversity and activity. The relative influence of these controls is important 80 

in determining diazotroph abundance as well as the magnitude of new N delivered to the system.  81 

In this study, we examined cyanobacterial diazotroph abundances and NFRs associated 82 

with two pairs of mesoscale eddies (cyclones and anticyclones) sampled in the NPSG and 83 

compared these data to trends from the HOT program for regional and seasonal context. We used 84 

these observations, together with environmental data, metatranscriptomes, and ecological 85 

models, to evaluate the importance of bottom-up, top-down, and physical control mechanisms in 86 

driving the mesoscale distribution and activity of diazotroph populations.  87 

 88 

3. Material and Methods 89 

3.1 Characterization and sampling of eddy pairs 90 

In 2017 and 2018, two field expeditions sampled mesoscale eddies in the region north of 91 

the Hawaiian Islands. Observations took place 26 June–15 July 2017 during the Microbial 92 
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Ecology of the Surface Ocean-Simons Collaboration on Ocean Processes and Ecology cruise 93 

(MESO-SCOPE, KM1709, R/V Kilo Moana) and 27 March–10 April 2018 during the Hawaiian 94 

Eddy Experiment (FK180310, R/V Falkor). Prior to each cruise, cyclonic and anticyclonic eddies 95 

were identified via satellite-derived sea level anomalies (SLA) distributed by the Copernicus 96 

Marine Service (marine.copernicus.eu/). Daily SLA maps (Fig. 1) were corrected for the multi-97 

year trend and seasonal cycle following Barone et al. (2019). Eddies were tracked back in time to 98 

determine the stage, age, and average SLA during the sampling period (Supporting Information 99 

S1 and Table S1). 100 

              101 

Figure 1: Sampling locations for nifH gene abundances (purple circles), hydrographical stations 102 
(blue circles), a Trichodesmium bloom (yellow star), and N2 fixation rates (triangles) across each 103 
pair of eddies during the 2017 (A) and 2018 (B) cruises. Note that surface diazotroph cell 104 
abundances were measured by autonomous flow cytometry at high spatial resolution along each 105 
cruise transect. Sampled cyclones are indicated by negative sea level anomalies (-0.1 m blue 106 
contour) and anticyclones by positive sea level anomalies (0.1 m red contour). Scale bars: 100 107 
km.  108 
 109 
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Both cruises included an eddy mapping phase, where sampling occurred along a transect 110 

spanning one eddy to the other to characterize the water column, quantify diazotrophs via nifH 111 

gene abundances and automated imaging flow cytometry cell counts, and measure NFRs. They 112 

also included time-resolved, Lagrangian surveys that sampled along the drift trajectories of 113 

Surface Velocity Program (Pacific Gyre) drifters in one or both eddy centers (drogue centered at 114 

15 m), with continuous imaging of near surface plankton communities to assess high resolution 115 

temporal dynamics. 116 

Photosynthetically active radiation (PAR) at the sea-surface was measured using a 117 

shipboard cosine collector LI-190 (LI-COR Environmental, Lincoln, NE, USA). Downwelling 118 

PAR was measured at 1 m-intervals using a free-falling optical profiler (Satlantic HyperPro, Sea-119 

Bird Scientific, Bellevue, WA, USA), and corrected by a factor of 1.2 to convert downwelling 120 

irradiance into scalar irradiance (Letelier et al., 2017; Wozniak et al., 2003). Both sea surface and 121 

downwelling PAR measurements were used compute the fraction of incident PAR (%) at 122 

discrete depths.  123 

A Conductivity, Temperature, and Depth (CTD, Sea-Bird Scientific) sensor attached to a 124 

rosette sampler was used to measure depth profiles of temperature, salinity, and derived potential 125 

density. Mixed layer depth (MLD) was calculated using a 0.03 potential density offset relative to 126 

10 m (de Boyer Montégut et al., 2004). Seawater samples collected from discrete depths using 24 127 

´ 10 L Niskin® bottles mounted to the rosette frame were used to measure soluble reactive 128 

phosphorus (hereafter phosphate, PO43-) concentrations (precision of ± 1 nmol L-1 and detection 129 

limit of 3 nmol L-1) (Karl & Tien, 1992) and nitrate + nitrite (NO3-+NO2-) concentrations 130 

(detection limit of 1 nmol L-1) (Foreman et al., 2016).  131 
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Dissolved Fe (dFe) for the 2017 cruise was collected using a trace metal clean sampling 132 

rosette with external spring bottles (Ocean Test Equipment). For the 2018 cruise, samples for 133 

dFe were collected in Go-Flo® bottles mounted on a non-metallic line and triggered with a 134 

PTFE messenger. Dissolved iron concentrations were determined by inductively coupled plasma 135 

mass spectrometry (ICP-MS) using isotope dilution (Hawco et al., 2021; Pinedo-González et al., 136 

2020). The accuracy of these measurements was confirmed by analyzing reference seawater 137 

samples, GS (0.55 ± 0.01 nM Fe, n = 3) and GSP (0.19 ± 0.03 nM Fe, n= 3), provided by the 138 

GEOTRACES community (www.geotraces.org/standards-and-reference-materials). 139 

3.2 N2 fixation rates 140 

NFRs were measured on all cruises using a modification of the 15N2 uptake method of 141 

Montoya et al. (1996), in which the 15N2 tracer was added as 15N2-enriched seawater to avoid 142 

incomplete dissolution of 15N2 gas (Mohr et al., 2010; Wilson et al., 2012). Prior to each cruise, 143 

surface seawater was collected from Station ALOHA, filtered through a 0.2 µm in-line filter 144 

(AcroPak 1000 capsule, Pall Corporation, Port Washington, NY, USA) and transported in the 145 

dark to the laboratory. There, the seawater was degassed, injected with ~13 mL 15N2 gas (99 146 

atom %, Cambridge Scientific, Watertown, MA, USA) per L seawater, and manually agitated to 147 

dissolve the gas bubble, as described by Wilson et al. (2012). The resulting 15N2-enriched 148 

seawater was dispensed into crimp-sealed, glass serum bottles, stored at 4°C for less than one 149 

week, and brought to sea. To initiate incubations, 100 mL of seawater was withdrawn from each 150 

full 4.4 L incubation bottle and replaced with 100 mL of 15N2-enriched seawater. The 15N/14N 151 

ratio of each batch of 15N2-enriched seawater was measured using membrane inlet mass 152 

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

atom % of 15N2 for each incubation. A recent study by White et al. (2020) indicates that 154 
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measuring the 15N2 atom % of the enriched seawater rather than the final inoculum may lead to 155 

inaccurate initial 15N2 atom % values, which for the enriched seawater preparation method used 156 

for the eddy and HOT observations reported in this study could have led to a <20% 157 

underestimation of final calculated rates. 158 

NFRs were measured using free-drifting, in situ arrays deployed at eddy centers (Fig. 1). 159 

Seawater was collected pre-dawn from 5, 25, 45, 75, 100, and 125 m depths using the CTD 160 

rosette Niskin® sampling bottles. Seawater was subsampled into triplicate 4.4 L acid-washed, 161 

seawater-rinsed polycarbonate bottles which were spiked with 15N2 tracer (see above), attached 162 

to the free-floating arrays, and incubated for 24 h at the depth from which they had been 163 

collected. Incubations were terminated by filtering (via a peristaltic pump or vacuum filtration) 164 

through pre-combusted (5 h at 450°C) 25 mm glass fiber filters (GF/F, Whatman, Maidstone, 165 

UK). Additional 4.4 L seawater samples were collected from each sampling depth for d15N 166 

natural abundance measurements; these samples were immediately filtered at the start of each 167 

incubation. All filters were frozen at -20°C or -80°C and transported to the laboratory, where 168 

they were dried at 60°C overnight and pelleted into tin capsules (Costech Analytical Tech Inc, 169 

Valencia, CA, USA). Concentrations and isotopic composition (d15N) of particulate N were 170 

analyzed via continuous-flow isotope ratio mass spectrometry using a Carlo-Erba EA NC2500 171 

coupled with Thermo Finnigan DeltaPlus XP at the University of Hawaiʻi Biogeochemical 172 

Stable Isotope Facility. NFRs and detection limits were calculated according to Montoya et al. 173 

(1996) (Table S2).  174 

Time-series NFRs measured at Station ALOHA are also presented to provide context for 175 

the two eddy cruises. A subset of the time-series (2012-2014) has previously been published by 176 

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

(2017). 179 

3.3 Diazotroph abundances 180 

3.3.1. DNA extraction and nifH gene quantification 181 

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

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

subsequent ddPCR analyses was collected from depth profiles at the same locations sampled for 184 

15N2 incubations. During the 2017 cruise, seawater for ddPCR was collected from depth profiles 185 

within each eddy, but from separate locations than those used for the 15N2 arrays (Fig. 1). For 186 

both cruises, seawater samples were collected from a rosette sampler and subsampled into 187 

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

peristaltic pump was used to filter 4 L of seawater through 0.2 µm pore-size Supor® membranes 189 

(Pall), which were placed into microcentrifuge tubes containing mixtures of 0.1‐ and 0.5‐mm 190 

glass beads (Biospec Products, Bartlesville, OK, USA), flash-frozen in liquid N2, and stored at -191 

80°C until analysis. 192 

DNA was extracted from filters with a QIAcube instrument (Qiagen, Venlo, Netherlands) 193 

using the DNeasy Plant Mini Kit. Extractions followed the manufacturer’s protocol with 194 

additional steps of three flash freeze/thaw cycles, bead-beating for two min, and a Proteinase K 195 

treatment, as described by Moisander et al. (2008). The final DNA elution volume was 100 µL. 196 

DNA extracts were stored at -20°C prior to ddPCR. Duplicate ddPCR reactions were performed 197 

for each sample using primers and probes targeted the following groups: Trichodesmium 198 

(Church, Jenkins, et al., 2005), UCYN-A (targeting the small UCYN-A1 sublineage, Church, 199 

Jenkins, et al., 2005), Crocosphaera (UCYN-B, Moisander et al., 2010), Cyanothece-like 200 
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organisms, (UCYN-C, Foster et al., 2007), Richelia associated with Rhizosolenia (Het-1, Church, 201 

Short, et al., 2005), Richelia associated with Hemiaulus (Het-2, Foster et al., 2007), and 202 

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

reaction setup, droplet generation, thermocycling, thresholding, and detection limit calculations 204 

are provided in Gradoville et al. (2021). 205 

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

Trichodesmium, Het-1, Het-2, and Het-3, measured at Station ALOHA between 2004 and 2017 207 

(dataset doi: 10.5281/zenodo.4477269). For these measurements, nifH gene abundances were 208 

determined using quantitative PCR (qPCR); details on sample collection, DNA extraction, and 209 

qPCR are provided in Church et al. (2009). All qPCR assays except for Het-2 and Het-3 used the 210 

same primer/probe sets as the corresponding ddPCR assays for the eddy cruises. Het-2 was 211 

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

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

on the 3’ end.  214 

3.3.2. Diazotroph cell and filament enumeration by autonomous flow cytometry 215 

Concentrations of large (>4 µm in diameter or length, imposed by the size detection limit 216 

of the instrument) free-living and filamentous diazotrophs, including Trichodesmium (single 217 

filaments), Richelia (free and symbiotic heterocyst-containing filaments), Calothrix (unattached 218 

and epiphytic heterocyst-containing filaments), and large-size Crocosphaera-like organisms 219 

(free-living, hereafter referred as Crocosphaera), were estimated by automated imaging flow 220 

cytometry equipped with a 635 nm red laser (Imaging FlowCytobot [IFCb], McLane, East 221 

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

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

.CC-BY 4.0 International licenseavailable under a
(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 

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

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


manuscript submitted to Global Biogeochemical Cycles 
 

 12 

from a visual Trichodesmium bloom were also analyzed on the IFCb in 2017 (Fig. 1). During the 224 

analysis, individual images of single or colonial cells were collected along with their optical 225 

fingerprints: light scattering and red fluorescence (680±30 nm), emitted by chlorophyll and 226 

phycocyanin pigments. The latter is characteristic of N2-fixing cyanobacteria (Boatman et al., 227 

2018; Webb et al., 2009; Zeev et al., 2008). A training set of images was used to classify 228 

organisms to the genera level based on morphological traits, as described in Dugenne et al. 229 

(2020). The output of the random forest classifier (Sosik & Olson, 2007) was corrected by 230 

manually annotating misclassified images to provide accurate estimates of cell and filament 231 

concentration of individual genera. To compare the cell counts of rare filamentous diazotrophs 232 

with nifH abundances, we binned consecutive samples in 2-h-intervals (in order to integrate a 233 

larger volume and lower the detection limit) and manually estimated the number of cells per 234 

filament. 235 

Small-size Crocosphaera (2-4 µm) were enumerated using an autonomous SeaFlow flow 236 

cytometer (Ribalet et al., 2019). Briefly, the SeaFlow was used to continuously sample surface 237 

seawater from the ship’s uncontaminated underway system, acquiring optical measurements of 238 

light scatter, red fluorescence, and orange fluorescence (characteristic of the phycoerythrin-239 

containing Crocosphaera) at 3 min intervals. The population of small-size Crocosphaera was 240 

gated over time to estimate its abundance during time points close (less than 2 h) to collection 241 

times of the discrete nifH gene abundance samples.  242 

3.4. Metatranscriptomic analysis of stress-marker genes 243 

             For insight into possible diazotroph growth limitation by P and Fe in eddy centers, we 244 

examined transcriptional patterns in P- and Fe-stress marker genes from samples collected during 245 

the 2017 cruise. Metatranscriptome samples were collected within the mixed layer (15 m) and 246 
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the deep chlorophyll maximum (DCM, located at depths of 106±5 m and 123±5 m in the cyclone 247 

and anticyclone, respectively) at ~4 h intervals for three days during the Lagrangian sampling of 248 

the cyclonic and anticyclonic eddies (n=18 for each eddy). Seawater samples were collected 249 

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

Supor® membranes (Pall) housed in SwinnexTM units (MilliporeSigma) using a peristaltic pump. 251 

Filtration times were limited to 15-20 min. Immediately following filtration, filters were placed 252 

in RNALater (Invitrogen, Waltham, MA, USA) and stored at -80°C until processed.  253 

Sample and data processing were performed using the methods described by Gifford et 254 

al. (2016) and Wilson et al. (2017). Briefly, sample processing steps included RNA extraction, 255 

spiking with internal controls, cDNA synthesis, and sequencing using Illumina NextSeq 500 v2. 256 

Approximately two million 150 bp paired-end reads were produced for each sample; raw 257 

sequences are available on NCBI SRA under project number PRJNA596510. Reads were 258 

screened for quality, trimmed, and assembled after removing sequencing primers. Genes were 259 

mapped to the ALOHA 2.0 gene catalog (Luo et al., 2020), and annotated using the Genome 260 

Taxonomy Database (GTDB, Parks et al., 2018). Raw sequence reads are available on NCBI 261 

SRA under project number PRJNA596510. Transcript counts were normalized to internal 262 

standards to account for methodological biases among samples, including library preparation and 263 

sequencing, and also normalized to the volume of water filtered for each sample as previously 264 

described (Wilson et al., 2017). Values above detection limits were further normalized to the 265 

total sample expression sum within each genus-level annotation. This step was required in order 266 

to compare eddy differential gene expression based on cellular regulation rather than based on 267 

the total number of cells. Transcripts of P- and Fe-stress marker genes (genes with higher 268 

expression levels under low P and Fe concentrations, as reviewed by Stenegren (2020) and Snow 269 

.CC-BY 4.0 International licenseavailable under a
(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 

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

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


manuscript submitted to Global Biogeochemical Cycles 
 

 14 

et al. (2015) were extracted from the dataset according to functional annotations assigned by 270 

comparison to the Kyoto Encyclopedia of Genes and Genomes. 271 

Several genes exhibited diel expression patterns. To account for the expression 272 

periodicity and evaluate the differences in gene transcript abundances between eddies, we 273 

normalized the abundance of transcripts above detection limits within each eddy to the overall 274 

average of each gene transcript from the entire time-series (time points with undetected gene 275 

transcripts were excluded from this analysis). This step facilitated comparisons of different gene 276 

transcripts having large variations in their diel baseline and maximum transcript expression 277 

levels.  278 

The statistical significance of the relative change in expression was tested using a 279 

Kruskal-Wallis test (R function ‘kruskal.test’). All gene transcripts from UCYN-A and 280 

Calothrix, as well as the transcripts of several genes from Richelia and Trichodesmium, were 281 

excluded from analyses as their abundances always fell below the detection limit in at least one 282 

eddy, especially in samples collected at the DCM.  283 

3.5. Diazotroph populations models 284 

3.5.1. Bottom-up control on diazotroph populations 285 

We used an ecophysiological model (Follett et al., 2018; McGillicuddy Jr, 2014; Stukel et 286 

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

temperature) may have influenced diazotroph intrinsic growth rates (µ; per day) across the pairs 288 

of eddies. Predictions are based on the ecophysiological parameters of cyanobacterial diazotroph 289 

taxa derived from laboratory culture studies examining the effect of temperature (T), average 290 

instantaneous scalar PAR (E), PO43-, and dFe concentrations on growth rates (Table S3). Model 291 

assumptions and caveats are described in Supporting Information S2. 292 
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 We integrated the effects of abiotic factors on population growth rates by scaling the 293 

theoretical maximum growth rate of each taxon (µmax) to the relative change in growth rate (fµ) 294 

predicted by the main limiting factor, according to Liebig’s law of the minimum: 295 

(Eq. 1) µ(T,E, PO43-,dFe) = µmax×min(fµ(T),fµ(E),fµ(PO43-),fµ(dFe)) 296 

where fµ designate unitless limiting functions (Eq. 2-3, 5) representing the changes of diazotroph 297 

growth rates relative to their maximum. The change in relative growth rate as a function of T 298 

followed Eq. 2: 299 

(𝐸𝑞. 2)	𝑓!(T) = 𝑄"#
$%$!"#
"#  300 

with Topt (°C) the optimal temperature for which fµ (Topt)=1, and Q10, the Arrhenius coefficient 301 

corresponding to the change of growth rate over a 10°C temperature increase (reported in Table 302 

S3 for individual diazotroph taxa).  303 

The change in relative growth rate as a function of E (µmol quanta m-2 s-1) was predicted 304 

using a modification of the hyperbolic tangent function described in Jassby and Platt (1976):  305 

(𝐸𝑞. 3)	𝑓!(𝐸) = 𝑡𝑎𝑛ℎ 1
𝛼(𝐸 − 𝐸	')
𝜇()*

5 306 

with Ec (µmol quanta m-2 s-1), the compensation light intensity. The light saturation parameter, Ek 307 

(µmol quanta m-2 s-1), is then derived using the maximum growth rate, µmax, reported in Table S3 308 

and the initial slope of µ-E curve presented in the literature, α, as: 309 

(𝐸𝑞. 4)	𝐸+ =
𝜇()*
𝛼 +	𝐸' 310 

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

rate as a function of both PO43- and dFe concentration (nmol L-1): 312 

(𝐸𝑞. 5)	𝑓!(𝑃𝑂,-%) =
𝑃𝑂,-%

𝑃𝑂,-% + 𝑘./$%&
, 𝑓!(𝑑𝐹𝑒) =

𝑑𝐹𝑒
𝑑𝐹𝑒 + 𝑘01

				 313 

.CC-BY 4.0 International licenseavailable under a
(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 

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

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


manuscript submitted to Global Biogeochemical Cycles 
 

 16 

All models were fitted to published culture data using the nonlinear least-squares R 314 

function ‘nls’. We tested the differences in intrinsic growth rate estimates between eddies of 315 

opposite polarity by generalized linear regression, assuming a quasi-Binomial distribution 316 

(which is typically assumed for biological rates), weighted by the uncertainties of the estimates 317 

with the R function glm(μ~Eddy, family=quasibinomial(link = ‘logit’),weights=1/ σ2(μ(T,E, 318 

PO43-,dFe))), where the explanatory variable ‘Eddy’ corresponds to eddy polarity. 319 

3.5.2. Predation control on diazotroph populations 320 

We explored how mesoscale eddies affected estimates of diazotroph grazing rates using a 321 

standard predator-prey model. The predation model relied on co-occurrence interactions between 322 

a given diazotroph (i.e. Crocosphaera, Richelia, Calothrix, Trichodesmium) and potential 323 

predators, based on abundance data from the IFCb (Dugenne et al., 2020). More specifically, we 324 

leveraged the IFCb images to (1) determine significant interactions within a generalized 325 

predator-prey model (Eq. 6) and (2) visualize ingested diazotrophic prey. We relied on the 326 

temporal dynamics of diazotrophic prey (xi, cells or filaments L-1) and putative predators (xj, 327 

cells L-1), measured in the eddy centers throughout the Lagrangian surveys (hence assuming that 328 

population dynamics are only driven by growth and loss rates), to identify significant interactions 329 

(aij):  330 

(𝐸𝑞. 6)	
𝑑𝑥2
𝑑𝑡 = 𝑥2(𝑟2 +C𝑎23𝑥3

3

) 331 

The term r comprised a linear intrinsic growth rate and a linear loss rate due to processes not 332 

explicitly accounted for with the biological interactions tested (e.g. viral lysis, programmed cell 333 

death, additional grazers not imaged by the IFCb, vertical migration, mixed layer entrainment, 334 

and/or sinking). A similar model has previously been used to assess the short-term variability of 335 
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grazing rate estimates (Dugenne et al., 2020); however, here we simplified this model to have 336 

fixed parameters in each eddy center (e.g. throughout each Lagrangian survey) in order to 337 

compare grazing rates between eddies. 338 

In the current model, the strength of the interaction between populations i and j is 339 

determined by the coefficient aij and by population abundances; aij can be interpreted as different 340 

biological rates depending on the type of the interaction. When coefficients aij and aji are 341 

negative and positive respectively, j grows at i’s expense, as would a putative grazer of the 342 

diazotroph i. All pairs of interaction coefficients were estimated by a linear multi-regression 343 

model fitted to the changes in population abundances throughout the Lagrangian sampling period 344 

within individual eddies as follows: 345 

(𝐸𝑞. 7)	
Δln	(𝑥2)
Δ𝑡 = 𝑦 = 𝑟2 +C𝑎23𝑥3

3

 346 

with Δt, a 1 h interval based on the sensitivity analysis presented in Supporting Information S3, 347 

yielding an average uncertainty, calculated as the ratio of the standard error over the estimate for 348 

the regression coefficient, of 12±6% of aij, the linear coefficient for the interaction with 349 

population j, and ri, the intercept of the linear regression. Since the regression included a large 350 

number of coefficients, accommodating 103 populations in 2017 and 89 populations in 2018, we 351 

used a regularized Lasso regression implemented in the ‘glmnet’ R package to penalize non-352 

significant interactions (Tibshirani et al., 2012). We also looked for visual evidence of 353 

diazotrophic prey ingestion using the IFCb images from 2017 and 2018 to confirm the significant 354 

interaction between diazotrophs and their putative grazers. Significant coefficients were sorted to 355 

determine the importance of individual protists based on gj (d-1), the product of coefficient aij and 356 

the abundance of grazer population j. The overall rates of grazing on a diazotroph taxon, g (d-1), 357 

was calculated as the sum of all the individual grazing rates: 358 
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(𝐸𝑞. 8)			𝑔 = 	C𝑔3
3

=C𝑎23𝑥3
3

 359 

with aij negative and aji positive. The uncertainty of g was estimated by propagating errors from 360 

aij and 𝑥3. 361 

4. Results  362 

4.1  Mesoscale patterns in environmental conditions, NFRs, and diazotroph abundances 363 

4.1.1 Physical and biogeochemical setting 364 

 Sampled eddies varied by age and phase, as well as by in situ light, temperature, and 365 

nutrient concentrations. At the time of sampling, both anticyclones were in a stable phase 366 

(defined by the fluctuations of SLA amplitude in the eddy centers, Table S1) and both cyclones 367 

were in a weakening phase. The two pairs of eddies were sampled in different seasons: summer 368 

(July) in 2017 and early spring (March-April) in 2018. Physical variables generally followed 369 

expected seasonal trends, with higher sea surface temperature and daily incident light in the 2017 370 

cruise (Fig. 2) and the deepest mixed layer observed in the 2018 cruise (2018 anticyclone MLD 371 

= 50.3 ± 17.8 m; mean MLD in other eddies ranged 17.8-30.6 m, Table S1). Temperature and in 372 

situ light flux decreased with depth, except in the 2018 anticyclone, where temperature was  373 
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 374 

nearly constant within the upper 150 m (Fig. 2). Near-surface temperatures were similar between 375 

eddies within each cruise; however, temperatures were lower in the lower euphotic zone of the 376 

cyclonic eddies (Fig. 2), consistent with the uplift of deeper isopycnals. Daily integrated light did 377 

Figure 2: Depth profiles of 
temperature (A-B, linear scale), 
PAR (C-D, linear scale), PO43– 
concentrations (E-F, log scale), and 
dFe concentrations (G-H, log scale) 
on the 2017 (left) and 2018 (right) 
cruises. Red and blue indicate 
observations from the anticyclonic 
and cyclonic eddies, respectively. 
Profiles of temperature and PAR 
are from the days and locations of 
the N2 fixation measurements (note 
that N2 fixation rates were 
measured twice within the 2018 
cyclone); PO43- and dFe 
concentrations were measured at 
nearby stations within the same 
eddy. 
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not vary between eddies during the 2017 cruise, while in the 2018 cruise, lower daily-integrated 378 

light was observed in the anticyclone due to cloud cover on the day of sampling (Fig. 2). 379 

PO43- concentrations varied with depth and eddy polarity. PO43- concentrations were 380 

lowest at the surface and increased with depth, except for the 2018 anticyclone, in which 381 

concentrations were relatively stable within the upper 150 m, consistent with the near-382 

homogenous temperature profile (Fig. 2) and deep downwelling intensified by winter mixing 383 

(Table S1). At depth (100-150 m), PO43- concentrations were always higher in cyclones than in 384 

anticyclones (Fig. 2) due to eddy-induced changes in the depths of isopycnal surfaces. In 385 

contrast, during the 2017 cruise, PO43- concentrations in the upper 45 m were greater in the 386 

anticyclone (42 ± 2 nmol L–1) than in the cyclone (21 ± 4 nmol L–1) (Fig. 2). Consequently, the 387 

surface [NO3- + NO2-]:[PO43-] ratio was lower in anticyclone (0.12 ± 0.03 mol:mol at 15 m, n=3) 388 

than in the cyclone (0.37 ± 0.4 mol:mol at 15 m, n=2) during 2017; all surface ratios were well 389 

below Redfield stoichiometry (N:P <1). During the 2018 cruise, PO43- concentrations (range: 35-390 

42 nmol L–1) and inorganic [NO3- + NO2-]:[PO43-]  ratios (0.15-0.34 mol:mol) in the upper 45 m 391 

did not differ between the cyclonic and anticyclonic eddies (Fig. 2). 392 

Dissolved Fe concentrations ranged from 0.06 to 1.36 nmol L–1 within the upper 150 m 393 

across all eddies (Fig. 2). Concentrations were typically highest at the surface and decreased with 394 

depth into the lower euphotic zone; in the 2017 cyclone, dFe concentrations reached a minimum 395 

near the deep chlorophyll maximum and increased in deeper waters alongside the increase in 396 

macronutrients (Hawco et al., 2021). In the 2018 anticyclone, dFe concentrations did not vary 397 

within the upper 150 m, consistent with the deeper mixed layer and downwelling of surface 398 

waters in this eddy. Concentrations were generally higher in the 2018 cruise than in the 2017 399 

cruise, and near-surface dFe patterns between eddies also varied on the two cruises. During the 400 
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2017 cruise, dFe in the upper 45 m ranged from 0.17 to 0.31 nmol L–1 and were slightly higher in 401 

the anticyclone (0.30 ± 0.08 nmol L–1) than in the cyclone (0.23 ± 0.06 nmol L–1). During the 402 

2018 cruise, elevated dFe concentrations were observed in the mixed layer of the cyclone (1.24 ± 403 

0.11 nmol L–1 in the upper 45 m) but not in the anticyclone (0.39 nmol L–1 at 40 m, within the 404 

mixed layer). Concentrations greater than 1 nmol L–1 in the 2018 cyclone are anomalously high 405 

compared to the existing measurements for Station ALOHA (typically between 0.2–0.5 nmol L–1 406 

in the mixed layer (Fitzsimmons et al., 2015)). In the weeks prior to sampling, the path of 2018 407 

cyclonic eddy deflected off the northern coast of Maui, possibly leading to input of dFe from 408 

coastal sources along the Hawaiian Islands.  409 

4.1.2. N2 fixation rates and diazotroph abundances 410 

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

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

occurring in the 2017 anticyclone (up to 18.6 nmol N L–1 d–1, Fig. 3). There were strong 413 

differences in NFRs between eddies sampled during the 2017 cruise: depth-integrated rates (0-414 

125 m) were ~6 times higher in the anticyclonic eddy (670 µmol N m-2 d-1) than in the cyclonic 415 

eddy (115 µmol N m-2 d-1). During the 2018 cruise, depth-integrated NFRs were ~1.7-fold higher 416 

in the anticyclone (428 µmol N m-2 d-1) than the cyclone (240-267 µmol N m-2 d-1) (Fig. 2). In all 417 

four sampled eddies, NFRs were highest at the surface and decreased with depth. 418 
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Figure 3: N2 fixation rates 
(NFRs, A-B, linear scale) and 
nifH gene abundances (C-N, log-
scale), measured in the center of 
eddies during the 2017 (left) and 
2018 (right) cruises. Note that 
NFRs and nifH gene abundances 
were measured twice within the 
2018 cyclone. ´ represent rates 
below detection limits; shaded 
areas indicate the detection limits 
of each ddPCR assay. Error bars 
represent the standard deviation 
among biological replicates (n=3 
for NFR data, n=2 for 2018 
ddPCR data, not available for 
2017 ddPCR data). nifH gene 
abundances of UCYN-C were 
relatively low (maximum 2.2 ´ 
104 L–1) and are not presented 
here; they can be found in 
Supporting Information Table S4. 
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We estimated diazotroph abundances by quantifying the nifH genes of seven 420 

cyanobacterial taxa and by enumerating Trichodesmium, Calothrix, Richelia, and Crocosphaera 421 

cells/filaments using automated flow cytometry. Depth profiles of nifH gene abundances were 422 

measured in eddy centers (Fig. 3, Table 1, Table S4) and along a high-resolution sampling 423 

transect spanning the two eddies during the 2017 cruise (Fig. 4). Automated flow cytometry cell 424 

counts were measured continuously in the surface layer and four consecutive samples (~2 h 425 

sampling time) corresponding to the nearest nifH samples were binned to provide estimates of 426 

cell abundances in eddy centers (Table 1). Together, the nifH gene- and cell-based datasets 427 

indicate that the small diazotrophs UCYN-A and UCYN-B (Crocosphaera) were numerically 428 

dominant over large diazotroph taxa in all sampled eddies.  429 

Table 1: Average nifH gene (genes L-1) and cell abundances (cells L-1) of diazotroph taxa 430 

measured by ddPCR (15 m for 2017 cruise; 25 m for 2018 cruise) and automated flow cytometry 431 

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

 UCYN-A1 UCYN-B/ Crocosphaera  
Trichodesmium 

Het-1&2 
Richelia 

Het-3 
Calothrix 

Units 

  (Small-size 
class) 

(Large-size 
class)     

2017:        

Anticyclone 1.3×104 3.9×105 2.2×103 1.5×103 BD genes L–1 
 NA (2.1 × 105) (2.9 × 104) 2.2×103 6.3×102 BD cells L–1 
 

Cyclone 1.6×104 1.1×105 3.3×103 2.4×103 1.4×102 genes L–1 

 NA (1.2×105) (8.9 × 102) 1.5×103 6.9×102 1.4×102 cells L–1 
2018:        

Anticyclone 3.1×105 2.9×102 1.5×103 9.7×102 5.5×101 genes L–1 

 NA (BD) (2.2×102) BD BD 2.5×102 cells L–1 

 
Cyclone 
 (array 1) 

 
3.9×105 

NA 

3.2×103 

(BD)           ( BD) 
7.7×102 

7.1×102 
2.1×102 

2.7×102 
2.5×103 

1.9×103 

genes L–1 
cells L–1 

Cyclone 
 (array 2) 

3.4×105 

NA 
9.4×102 

    (BD)          ( 9.3×102) 
1.4×102 

2.2×102 
3.3×101 

BD 
2.8×103 

1.6×103 
genes L–1 
cells L–1 

 433 
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During the 2017 cruise, nifH gene abundances of UCYN-A (up to 1.4×106 nifH genes L-434 

1) and UCYN-B (up to 6.2×105 nifH genes L–1) were higher in the anticyclone center than in the 435 

cyclone center (Table 1, Fig. 3). Independent measurements of Crocosphaera cells via flow 436 

cytometry likewise showed higher average concentrations in the anticyclone (2.4×105 cells L–1) 437 

than in the cyclone (1.2×105 cells L–1) and included the presence of both small and large sub-438 

populations (Table 1). Abundances of other taxa were lower (maximum 5.1×103 nifH genes L–1 439 

and 2.2×103 cells L–1 in surface waters of eddy centers, Table 1) and did not differ between 440 

eddies, except for Het-3, which had higher abundances in the cyclone than in the anticyclone. 441 

Abundances of most groups decreased with depth, although UCYN-A, UCYN-B, UCYN-C, Het-442 

2, and Het-3 all displayed subsurface maxima (Fig. 3, Table S4).  443 

On the transect spanning the two 2017 eddies, large and small diazotroph taxa displayed 444 

different spatial patterns relative to isopycnal displacements (Fig. 4). Abundances of 445 

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

northern edge of the anticyclone and in surface waters on the cyclonic side of the front separating 447 

the two eddies, where a visual bloom of Trichodesmium was also observed (Fig. 4). Bucket 448 

samples were analyzed with the IFCb to measure the concentration of filaments at the bloom 449 

location (148 ± 44 filaments mL–1). Het-3 abundances were highest in subsurface (45 m) waters 450 

of the cyclonic eddy, at the base of the isopycnal uplift. In contrast, abundances of UCYN-B and 451 

UCYN-A were highest in the anticyclonic eddy, with maximal abundances from 15-45 m for 452 

UCYN-B and 45-75 m for UCYN-A (Fig. 4). 453 

During the 2018 cruise, UCYN-A had the highest nifH gene abundances of all groups 454 

quantified (maximum abundance of 6.2 × 105 nifH genes L–1, Table 1). UCYN-A abundances 455 

within the upper 75 m did not vary between eddy centers, while in the lower euphotic zone (100-456 
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125 m), abundances decreased but were higher in the anticyclone (4.6 × 103 ± 5.6 × 103 nifH 457 

genes L–1) than in the cyclone (1.2 × 102 ± 4.7 × 101 nifH genes L–1) (Fig. 3).  458 

 459 

Abundances of other groups were lower (maximum 3.8×104 nifH genes L–1 and 1.9×103 cells L–1 460 

in surface waters of eddy centers, Table 1) and generally decreased with depth (Fig. 3). nifH 461 

abundances of Het-1 did not display consistent differences between eddies (Fig. 3, Table S4). In 462 

comparison, UCYN-B, UCYN-C, Trichodesmium, Het-2, and Het-3 were all higher in the 463 

 
Figure 4: Interpolated nifH gene 
abundances of UCYN-A1 (A), 
UCYN-B (Crocosphaera, B), Tricho 
(Trichodesmium, C), Het-1&2 
(Richelia, D), and Het-3 (Calothrix, 
E) across the high resolution 2017 
eddy transect. The contours of 
potential density anomaly (kg m-3) in 
A-E depict the vertical displacement 
of isopycnal surfaces associated with 
mesoscale eddies. A surface bloom of 
Trichodesmium (yellow star, 
positioned in the contour based on its 
latitude between Stations 10 and 11) 
was visually detected and sampled 
with imaging flow cytometry.  
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cyclonic eddy than the anticyclonic eddy, despite higher NFRs in the latter. IFCb cell count data 464 

from 2018 likewise show that abundances of large diazotrophs were generally lower than in 465 

2017, and more abundant in the cyclone. Notably, Crocosphaera cells all belonged exclusively 466 

to the large-size phenotype and Calothrix was mainly found free-living and not attached to their 467 

diatom hosts.  468 

4.2 Growth and grazing of diazotrophs at the mesoscale 469 

We investigated potential bottom-up and top-down controls on diazotroph populations to 470 

understand the mechanisms driving observed differences in abundances and NFRs between 471 

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

function of limiting factors (Section 4.2.1) and examining patterns in diazotroph P- and Fe-stress 473 

marker gene expression in eddies (Section 4.2.2). Top-down controls were explored by 474 

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

the sampled eddies (Section 4.2.3).   476 

4.2.1. Modeled diazotroph growth rates and limiting factors 477 

Diazotroph growth rates and the factors limiting growth were predicted for the euphotic 478 

zone along eddy transects. This was accomplished using a physiological model forced with mean 479 

in situ PAR, temperature, PO43-, and dFe concentrations and parameterized using taxa-specific 480 

ecophysiological parameters gleaned from culture studies in the existing literature (Table S3). 481 

Due to their dependence on light and/or temperature, growth rate predictions were generally 482 

higher within the mixed layer and decreased with depth, with the exception of DDAs, for which 483 

the effect of temperature has not been tested in cultures (Supporting Information S2). Growth 484 

rates of UCYN-A could not be modeled due to a lack of available culture data and growth 485 

parameterization.  486 

487 
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Figure 5: Estimates of the growth rates and limiting factors for Crocosphaera (A, D, G, J), 489 
Trichodesmium (B, E, H, K), and Richelia/Calothrix (C, F, I, L) in eddy cruises. Predictions of 490 
growth rates (A-C, G-I) and limiting factors (D-F, J-L) across the eddy transect are based on 491 
parameters provided in Table S3 combined with interpolated cross-sections of temperature 492 
(Temp.), average scalar irradiance (PAR), and inorganic nutrient concentrations (PO43-, dFe). 493 
Since parameters for limiting resources were identical for Richelia and Calothrix, with the 494 
exception of respective maximum growth rates reflected in the top (Richelia) and bottom 495 
(Calothrix) scales, predictions showed similar patterns. The locations of the observations with 496 
the lowest resolution (nutrient concentrations) are indicated by the black dots.  497 
 498 
Table 2: Predictions of diazotroph biological rates in eddy centers during the 2017 and 2018 499 
cruises. Biological rates were derived from population models applied to diazotrophs imaged by 500 
the IFCb (large Crocosphaera, Trichodesmium, Richelia, and Calothrix). Intrinsic growth rates, 501 
µ(T,E, PO43-,dFe), were predicted across the euphotic zone based on culture adaptations to 502 
temperature (T), instantaneous light (E), phosphate (PO43-) concentration, and dissolved iron 503 
(dFe) concentration (Fig. 5). Here, we report growth rates predictions (µ(T,E, PO43-,dFe) ± 504 
standard deviation derived from the uncertainty of parameters) matching estimates of surface (7 505 
m) diazotroph growth rates (r ± standard deviation) and grazing rates (g ± standard deviation) 506 
based on Lagrangian time-series of diazotroph and protistan populations. The grazing pressure 507 
(g:µ) is reported to indicate whether a diazotroph population grew faster than it was grazed upon 508 
(g<µ), allowing for potential accumulation. Note that r is generally lower than the intrinsic 509 
growth rates µ(T,E, PO43-,dFe), as this parameter accounts for additional losses from other 510 
grazers, viruses, programmed cell death, vertical migration, and/or sinking. NA: Not Available 511 

Eddy Rates (d-1) Crocosphaera Trichodesmium Richelia Calothrix 
2017: 

 
Cyclone 

µ(T,E,PO43-,dFe)  
r  
g  
g :µ (%) 
 

0.64 ± 0.07 
0.24 ± 0.06 
0.50 ± 0.14 

78 ± 3 

0.29 ± 0.07 
0.18 ± 0.03 

NA 
NA 

0.09 ± 0.00 
0.12 ± 0.05 
0.08 ± 0.02 

88 ± 25 

0.04 ± 0.00 
0.11 ± 0.07 
0.02 ± 0.01 

50 ± 2 

Anticyclone 

µ(T,E,PO43-,dFe) 
r 
g 
g :µ (%) 

0.81 ± 0.20 
0.42 ± 0.10 
0.39 ± 0.11 

48 ± 7 

0.28 ± 0.05 
0.16 ± 0.01 

NA 
NA 

0.13 ± 0.00 
0.16 ± 0.04 
0.09 ± 0.04 

69 ± 44 

0.05 ± 0.00 
0.15 ± 0.10 
0.18 ± 0.03 
360 ± 16 

 2018: 
 
 Cyclone 

µ(T,E,PO43-,dFe)  
r  
g 
g :µ (%) 

0.43 ± 0.07 
0.19 ± 0.60 
0.40 ± 0.16 

93 ± 43 
 

0.18 ± 0.07 
0.09 ± 0.00 

NA 
NA 

 

0.25 ± 0.00 
0.06 ± 0.01 
0.12 ± 0.02 

48 ± 17 

0.13 ± 0.00 
0.18 ± 0.06 
0.04 ± 0.01 

31 ± 25 

Anticyclone 

µ(T,E,PO43-,dFe) 
r 
g 
g :µ (%) 

0.35 ± 0.08 
0.26 ± 0.10 
0.24 ± 0.09 

68 ± 43 

0.18 ± 0.01 
0.002 ± 0.001 

NA 
NA 

0.24 ± 0.00 
0.02 ± 0.00 

NA 
NA 

0.13 ± 0.00 
0.20 ± 0.07 
0.10 ± 0.01 

77 ±10 
 512 
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In general, the compilation of growth parameters highlighted large differences in 513 

theoretical maximum growth rates among taxa, with values of 0.86 d-1, 0.6 d-1, 0.26 d-1, and 0.33 514 

d-1 for large-size Crocosphaera, Richelia, Calothrix, and Trichodesmium, respectively. Growth 515 

rate predictions across eddy transects were always highest for Crocosphaera, with maximum 516 

rates of 0.81 ± 0.20 d-1 and 0.43 ± 0.07 d-1 within the mixed layer in 2017 and 2018 respectively 517 

(Fig. 5A, G, Table 2). Trichodesmium appeared to grow at rates that were near its theoretical 518 

maximum in 2017 (0.28-0.29 d-1) and slower rates in 2018 presumably due to lower observed 519 

temperatures (Fig. 2, Fig. 5K, L). In comparison, predictions for DDAs were consistently lower 520 

than their theoretical maximum, with maximum growth rates of 0.25 d-1 and 0.13 d-1 for Richelia 521 

and Calothrix respectively. DDA growth rates were generally higher in 2018, when nutrient 522 

concentrations were elevated, and at depth (~50-75 m) in 2017, when subsurface nutrient 523 

concentrations were well above that of the stratified surface layer (Fig. 2). 524 

Predicted dominant limiting factors varied among taxa and between sampling periods 525 

(Fig. 5D-F, J-L). Given the relatively low affinity of Crocosphaera for PO43- (k!"!"#=75 ± 12 526 

nmol L-1) and the large differences in surface concentrations observed in 2017 (Fig. 2), predicted 527 

surface growth rates (£50 m) appeared PO43--limited in the cyclone and not limited by any factor 528 

in the anticyclone (based on a limitation threshold of 80% of the maximum theoretical growth 529 

rate). Consequently, predicted Crocosphaera growth rates were significantly higher in the 2017 530 

anticyclone (0.81 ± 0.20 d-1) than in the 2017 cyclone (0.64 ± 0.07 d-1). This represents the only 531 

significant difference in predicted surface growth rates between eddies across all taxa examined. 532 

However, predicted dominant limiting factors did vary by taxa and year. In 2017, Trichodesmium 533 

appeared non-limited at the surface and equally limited by PO43- between 50-100 m and by PAR 534 

below 100 m, while Richelia/Calothrix appeared PO43- -limited at the surface (£50 m) and dFe-535 
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limited at depth (³75 m) in both eddy centers. In 2018, the dominant limiting factors for 536 

Crocosphaera and Trichodesmium were predicted to be temperature above 100 m and PAR at 537 

deeper depths, while DDAs were predicted to be PO43--limited throughout the water column. 538 

None of the surface or deep growth rate estimates differed between eddies, as all abiotic factors 539 

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

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

We analyzed patterns of diazotroph expression of known P- and Fe-stress marker genes 542 

using metatranscriptomes collected within the mixed layer and deep chlorophyll maximum 543 

during the 2017 cruise. Transcripts of six P-stress genes and three Fe-stress genes were detected 544 

for Crocosphaera in surface waters (Fig. 6). Fewer gene transcripts were detected for 545 

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

diazotrophic cyanobacterial groups were minimal at the DCM, as expected given their lower 547 

abundances (Fig. 6). No genes examined in UCYN-A or Calothrix had transcript levels above 548 

detection limits. Crocosphaera transcript abundances of all six P-stress marker genes were 549 

significantly higher within the mixed layer of the cyclonic eddy, where PO43- concentrations 550 

were significantly lower (Fig. 2), as compared to the anticyclonic eddy (Fig. 6). Transcripts for 551 

two Richelia P-stress genes were detected at the surface: the sulfolipid biosynthase (sqdB) 552 

abundances were significantly higher in the cyclonic eddy, while the high-affinity phosphate 553 

transporter (pstS) abundances did not differ between eddies. The only Trichodesmium P-stress 554 

gene transcript detected, a phosphonate transporter (phnE), did not differ in abundance between 555 

eddies.  556 

 557 
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 558 

Figure 6: Relative expression of P- (A-F) and Fe-stress (G-L) marker genes (according to 559 
Stenegren (2020) and Snow et al. (2015)) of Crocosphaera, Trichodesmium, and Richelia within 560 
the mixed layer (15 m) and at the deep chlorophyll maximum (DCM) in 2017. Individual bars 561 
represent the average (± standard errors) standardized transcript abundances for each stress 562 
marker gene in a specific eddy. P-stress markers include genes related to dissolved inorganic 563 
(ppk: polyphosphate kinase, sqdB: sulfolipid biosynthase (substitution of P-lipids), pstS/sphX: 564 
high-affinity phosphate transporter) and organic (phoD: Alkaline phosphatase, phnE: 565 
phosphonate transporter) P acquisition/transport. Fe-stress markers include genes related to 566 
dissolved inorganic iron acquisition/transport (feoB: ferrous iron transporter, idiA: iron 567 
deficiency-induced protein) and the substitution of enzymes involved in electron transport (isiA: 568 
flavodoxin). P-values: ** (<0.005) * (<0.01) † (not significant) 569 
 570 
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Of the three Crocosphaera Fe-stress genes with transcripts detected in the mixed layer, 571 

only one (feoB, related to Fe(II) acquisition/transport) had higher transcripts levels in the 572 

cyclonic eddy (Fig. 6G). The other two detected gene transcripts (idiA, the putative periplasmic 573 

Fe(III) binding protein, and isiA, encoding the iron-free electron transfer protein flavodoxin) had 574 

no significant difference in transcript abundance between eddies (Fig. 6G, J). The only additional 575 

diazotroph Fe-stress gene transcript detected was the iron deficiency-induced protein (idiA) gene 576 

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

6H,K).    578 

4.2.3. Diazotroph grazer community structure and estimated grazing rates 579 

 We tracked the abundances of several putative grazers of cyanobacterial diazotrophs 580 

using the IFCb. Diazotroph grazers were identified by analyzing protists co-occurring with 581 

Crocosphaera, Trichodesmium, or DDAs, and via microscopic visual evidence of diazotroph 582 

ingestion in IFCb images (Fig. 7). Putative grazers included the dinoflagellates Gymnodinium, 583 

Cochlodinium, Protoperidinium, Katodinium, and Prorocentrum, the ciliates Strombidium and 584 

Uronema, as well as large copepods and nauplii, most of which were imaged with ingested 585 

diazotrophs during the eddy cruises (Fig. 7A-I). Results of a predator-prey model provide 586 

estimates of grazing rates on specific diazotrophs during the two eddy cruises (Fig. 7J-K). The 587 

grazing rates of copepods were not accounted for in this analysis, as their low abundance 588 

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

Information S3). Also, grazing by small protists (<4 µm) or upon small diazotrophs (<4 µm, 590 

including UCYN-A) could not be assessed using this method due to the size constraints of IFCb 591 

imaging. 592 
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The community structure of putative grazers varied across cruises and between eddies. 593 

Abundances of Gymnodinium (435 ± 100 cells L-1 in 2017 and 202 ± 29 cells L-1 in 2018), 594 

Uronema (239 ± 40 cells L-1 in 2017 and 22 ± 0 cells L-1 in 2018), Cochlodinium (123 ± 4 cells 595 

L-1 in 2017 and 31 ± 4 cells L-1 in 2018), Amphidinium (560 ± 78 cells L-1 in 2017 and 364 ± 29 596 

cells L-1 in 2018), and copepods/nauplii (8 ± 3 cells L-1 in 2017 and 1.6 cells L-1 in 2018) were 597 

higher in the 2017 cruise, while abundances of Strombidium (162 ± 46 cells L-1 in 2018 and 95 ± 598 

27 cells L-1 in 2017), Katodinium (2,958 ± 373 cells L-1 in 2018 and 438 ± 15 cells L-1 in 2017), 599 

and Gyrodinium (1,994 ± 430 cells L-1 in 2018 and 379 ± 90 cells L-1 in 2017) were higher in the 600 

2018 cruise (Fig. 7J-K). Abundances of some taxa also varied with eddy polarity: Prorocentrum, 601 

Uronema, Gymnodinium, and Strombidium were generally more abundant in cyclones while 602 

Gyrodinium, Amphidinium, Protoperidinium, and copepods were more abundant in both 603 

anticyclones (Fig. 7). During the 2017 cruise, the community structure of grazers was also 604 

assessed by analyzing sequences (ribotags) from near the V4 region of the18S rRNA gene from 605 

metatranscriptomes (methods and results described in Supporting Information S5). These data 606 

likewise show different community structures of putative diazotroph grazers between eddies; for 607 

instance, the relative abundance of Protoperidinium ribotags was higher in the anticyclonic eddy, 608 

while Strombidium and Cochlodinium ribotags had higher relative abundances in the cyclone 609 

(Supporting Information Fig. S3). 610 

 Results of the predator-prey model provide estimates of grazing rates on specific 611 

diazotrophs during the two eddy cruises (Fig. 7). Maximum grazing rates ranged between 0.08-612 

0.23 d-1 for heterotrophic dinoflagellates, between 0.12-0.22 d-1 for mixotrophic dinoflagellates, 613 

and 0.02-0.16 d-1 for ciliates (Fig. 7J-K). Predicted grazing rates varied between eddies 614 

according to grazer abundances, with the exception of Cochlodinium, Katodinium, and 615 
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Gyrodinium, whose apparent abundances determined with the IFCb and metatranscriptome 616 

sequencing did not differ significantly (Fig. 7 J-K, Supporting Information S5). A few taxa had 617 

higher grazing rates in cyclones, including Gymnodinium (0.12 ± 0.04 d-1 in the cyclone and 618 

0.001 ± 0.04 d-1 in the anticyclone) and Prorocentrum (0.18 ± 0.06 d-1 in the cyclone and 0.05 ± 619 

0.06 d-1 in the anticyclone). IFCb analysis indicated that these appeared to graze mainly upon 620 

Crocosphaera, with a mean grazing pressure (the ratio of predicted grazing rate to growth rate) 621 

of 85 ± 46 % and higher grazing pressures in cyclonic eddies than anticyclonic eddies (Table 2). 622 

Grazers responsible for higher grazing rates in anticyclones included Protoperidinium (0.20 ± 623 

0.04 d-1 in the anticyclone and 0.004 ± 0.006 d-1 in the cyclone), Gyrodinium (0.05 ± 0.06 d-1 in 624 

the anticyclone and 0.02 ± 0.03 d-1 in the cyclone), and Amphidinium (0.07 ± 0.004 d-1 in the 625 

anticyclone and 0.007 ± 0.01 d-1 in the cyclone). These grazers were associated with a high 626 

grazing pressure (mean 218 ± 13 %) in anticyclonic eddies upon Calothrix (Table 2). Predicted 627 

losses due to grazing of the large/endosymbiotic diazotroph Richelia were always below 0.1 d–1, 628 

resulting in a grazing pressure of 68 ± 45% in cyclones and 69% in anticyclones (Table 2). 629 

 630 
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 631 

Figure 7: Evidence of diazotroph grazing in eddy cruises from images of co-occurring protists 632 
with ingested prey (A-I) and grazing rate estimates based on predator-prey dynamics (J-K). 633 
Grazing rates were predicted from protist abundances and interaction coefficients. Diazotrophic 634 
prey (indicated by arrows) were imaged inside copepods/nauplii (A), Katodinium (B), 635 
Strombidium (C), Amphidinium (D), Prorocentrum (E), Gymnodinium (F), Gyrodinium (H), 636 
Uronema (I), and Cochlodinium (J). Scale bars: 10 µm. 637 
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5. Discussion 638 

5.1 NFRs and diazotroph abundances at the mesoscale 639 

Mesoscale eddies add variability to the biogeochemistry and microbial community 640 

structure in the NPSG (Barone et al., 2022; Barone et al., 2019), but the effects of eddies on N2 641 

fixation are not fully understood. We sampled two pairs of eddies in spatial proximity, providing 642 

a unique opportunity to explore the effects of anticyclonic and cyclonic eddies on diazotrophy 643 

independent of seasonal changes. Since samples were collected in the vicinity of Station 644 

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

historical and seasonal context to our observations. 646 

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

previous measurements at Station ALOHA. Surface (25 m) rates in these eddies exceeded all 648 

previous NFRs from the time-series (2012-2019), with values 3.7- and 1.8-fold above the highest 649 

previous HOT observations from the months of sampling (July and April, respectively) (Fig. 8). 650 

Between 2012 and 2019, 13 trackable eddies occupied Station ALOHA during a HOT cruise, yet 651 

no NFR measurements from these cruises occurred close to the eddy center (data not shown); 652 

hence, it is possible that we observed high NFRs in anticyclones because we specifically targeted 653 

the center of mesoscale eddies. In contrast, rates in both cyclones were within the range of 654 

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

eddies, sampled 5 days and ~2° latitude apart, exceeded the range in monthly mean NFRs from 656 

the time-series measurements (~100-400 µmol N m–2 d–1, Böttjer et al. 2017). Our results are 657 

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

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

of 8.6 and 10.9 nmol N L–1 d–1, respectively). The March-April 2018 cruise data also highlights 660 
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that elevated NFRs in anticyclones are not necessarily restricted to warm (>25°C) summer 661 

months, as previously observed by Church et al. (2009).  662 

 663 

Figure 8: Eddy observations 
(cyclones [blue] and anticyclones 
[red]) of N2 fixation rates at 25 m 
depth (A, linear scale) and depth-
integrated (0-125 m) nifH gene 
abundances (B, log scale) 
superimposed on historical HOT 
data. Boxplots illustrate ~monthly 
measurements observed at Station 
ALOHA from 2012-2019 for N2 
fixation rates (Böttjer et al., 2017) 
and from 2004-2017 for qPCR-
derived nifH gene abundances 
(dataset doi: 
10.5281/zenodo.4477269). Medians 
are shown as thick horizontal lines, 
25-75% quantiles as boxes, the 
minimum and maximum values (up 
to 1.5 times the interquartile range) 
as whiskers, and outliers as black 
dots. Observations below detection 
limits are represented by colored ´. 
Shading is used to differentiate 
vertical panels. 
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The high NFRs observed in the 2017 and 2018 anticyclones appear to be driven by 664 

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

quantified during the spring (2018) cruise and UCYN-A and Crocosphaera (UCYN-B) were 666 

most abundant in the summer (2017) cruise (Fig. 3, Fig. 8). This is consistent with the known 667 

seasonal succession of nifH gene-based diazotroph abundances at Station ALOHA: abundances 668 

of Trichodesmium, Crocosphaera, and DDA nifH genes peak in the summer or early fall, while 669 

abundances of UCYN-A peak during the spring (Böttjer et al., 2014; Church et al., 2009). 670 

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

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

anticyclone exceeded all previous measurements in the region from the months of June and July 673 

(Fig. 8). The high abundances of Crocosphaera in the 2017 anticyclone were verified by 674 

independent cell counts via automated flow cytometry (Table 1). Although UCYN-A abundances 675 

were also high in the 2017 anticyclone, they only slightly exceeded the seasonal mean (Fig. 8). 676 

We infer that Crocosphaera likely played a major role in driving the high NFRs observed in the 677 

2017 anticyclone. High Crocosphaera abundances have been recently linked to high NFRs in 678 

another anticyclonic eddy of the NPSG during July (Wilson et al., 2017). 679 

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

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

quantified; however, abundances were near the monthly mean and did not differ between eddies 682 

(Fig. 3, Fig. 8). No diazotroph taxa quantified via nifH gene abundances or automated flow 683 

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

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

diazotroph abundances and NFRs. NFRs vary as a function of both diazotroph abundance and 686 
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cell-specific activity; hence, difference in rates between eddies could be due to differences in 687 

cell-specific activity rather than abundance. These differences were investigated for known 688 

cyanobacterial diazotrophs and are discussed in Section 5.2.1 below. Our ddPCR assays may 689 

also miss important diazotrophic taxa, such as non-cyanobacterial diazotrophs, whose 690 

importance in marine ecosystems are not well-understood (Moisander et al., 2017), or could 691 

misrepresent organismal abundances due to polyploidy (Sargent et al., 2016), low DNA 692 

extraction efficiency (Boström et al., 2004), or other methodological biases. Finally, the pattern 693 

observed in 2018 may be driven by patchiness of diazotroph communities (e.g. Robidart et al., 694 

2014). We next examine evidence for eddy modulation of bottom-up, top-down, and physical 695 

control on diazotroph abundance and activity to better understand the mechanistic underpinnings 696 

of the observed patterns (Section 5.2). Finally, we address the challenges in generalizing the 697 

effects of eddies on N2 fixation due to confounding effects of season, diazotroph community 698 

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

5.2  Mechanisms leading to high NFRs in anticyclonic eddies  700 

5.2.1. Bottom-up control 701 

Mesoscale eddies can modulate several factors that control diazotroph growth rates. Eddy 702 

dynamics can affect sea surface temperature via isopycnal uplift, resulting in cold core cyclones 703 

(McGillicuddy Jr & Robinson, 1997), and can affect light attenuation via nutrient injection and 704 

subsequent particle formation (Benitez-Nelson et al., 2007). Temperature and light both control 705 

cyanobacterial diazotroph growth rates (Supporting Information Table S3), and global NFRs 706 

correlate positively to both parameters (Luo et al., 2014). Eddies also influence nutrient 707 

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

(Letelier et al., 2019) and are able to coexist with non-diazotrophic phytoplankton under low N:P 709 
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and N:Fe supply ratios (Ward et al., 2013). The uplift of isopycnals in cyclonic eddies can inject 710 

N, P, and Fe into the lower euphotic zone, where most of these nutrients are rapidly assimilated 711 

by the plankton community (McGillicuddy Jr & Robinson, 1997). Conversely, isopycnal 712 

downwelling in anticyclonic eddies can result in extreme N-depletion in surface waters, which 713 

has previously been used to explain observations of high NFRs in a NPSG anticyclone (Wilson 714 

et al., 2017).  715 

In the present study, we have employed a suite of techniques that allowed us to address 716 

the potential limiting factors of diazotroph growth and modulation of these factors by mesoscale 717 

physical forcing. We found that strong differences in NFRs between the anticyclone and cyclone 718 

during the 2017 cruise may be partially driven by differences in PO43- availability. Surface PO43- 719 

concentrations and NFRs were significantly higher in the anticyclonic eddy than in the cyclonic 720 

eddy (Fig. 2). This pattern is consistent with a recent analysis of long-term trends at Station 721 

ALOHA documenting the depletion in PO43- concentrations in surface waters under low SLA 722 

(Barone et al., 2019). In our 2017 (summertime) cruise, surface PO43- in both 2017 eddies fell 723 

below 50 nmol L–1, the empirical threshold for P-limitation of diazotrophs in the NPSG reported 724 

by Letelier et al. (2019), and PO43- concentrations in the cyclone were below 30 nmol L–1, an 725 

apparent threshold for severe diazotroph P-limitation (Letelier et al., 2019). We hypothesize that 726 

the higher PO43- in the 2017 anticyclone partially relieved P-limitation, allowing for higher rates 727 

of diazotroph growth and N2 fixation by diazotrophic taxa, specifically Crocosphaera.  728 

Eddy-driven reduction in P-limitation in the 2017 anticyclone is further supported by 729 

results from our ecophysiological model, patterns in nutrient stress marker gene expression, and 730 

previous studies. The ecophysiological model predicted that during the 2017 cruise, 731 

Crocosphaera was PO43--limited in the cyclone but not in the anticyclone, driving higher 732 
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predicted growth rates in the anticyclone (Fig. 5). Indeed, in a complementary study that 733 

surveyed the 2017 eddies on the same expedition, Crocosphaera populations had higher intrinsic 734 

growth rates in the anticyclonic eddy than in the cyclonic eddy (Dugenne et al., 2020). Another 735 

study from the same 2017 expedition reported lower bulk alkaline phosphatase activity in the 736 

2017 anticyclone (Harke et al., 2021), supporting the postulated reduced P-limitation there.  737 

The metatranscriptome data provide additional evidence that PO43- availability helped 738 

drive the difference in Crocosphaera growth rates between eddies: all six Crocosphaera genes 739 

related to P acquisition and transport (commonly used as P-stress markers, Dyhrman & Haley, 740 

2006; Pereira et al., 2016) had lower normalized transcript abundances in the 2017 anticyclone, 741 

consistent with a reduction in P-limitation relative to the cyclonic eddy (Fig. 6). We view the 742 

combined datasets presented here and in previous studies of the 2017 eddies as strong evidence 743 

that increased PO43- availability resulted in higher Crocosphaera growth rates in the anticyclone. 744 

This may ultimately help explain the higher Crocosphaera nifH gene abundances, biomass, and 745 

bulk NFRs observed in the anticyclone relative to the cyclone (Table 1, Fig. 3-4).  746 

The higher concentrations of nutrients measured in 2018 did not seem to affect NFRs 747 

between cyclonic and anticyclonic eddies. Our ecophysiological model predicted that most 748 

diazotrophs were limited by low temperature, with the exception of DDAs, for which the thermal 749 

adaptation has not been tested in cultures. While data on the physiological adaptations of UCYN-750 

A in culture are not available, a complementary study by Gradoville et al. (2021), which sampled 751 

eddies on the same 2018 expedition as the present study, reported no significant difference 752 

UCYN-A cell-specific NFRs between eddies, suggesting that bottom-up forcing did not differ 753 

between the 2018 eddies for this organism.  754 
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It is less likely that the differences in NFRs between cyclonic and anticyclonic eddies 755 

were driven by light, temperature, or dFe concentrations on either cruise. There were only small 756 

differences in near-surface light flux or temperatures between cyclones and anticyclones, except 757 

for the 2018 cruise, where lower daily-integrated light was observed in the anticyclone due to 758 

cloud cover (Fig. 2). Since higher NFRs were observed in the eddy with lower light levels, the 759 

opposite trend as expected (Luo et al., 2014), it is very unlikely that temperature or light drove 760 

the observed differences in NFRs between eddies, though they may help explain observed 761 

differences in NFRs between seasons (see Section 5.3) as well as variation in growth rates of 762 

distinct taxa (Fig. 5). Likewise, based on existing parameterization of Fe-uptake and Fe-stress 763 

marker genes expression, patterns in NFRs between eddies did not appear to be primarily driven 764 

by dFe. In the 2018 cruise, surface dFe concentrations were anomalously high in the cyclonic 765 

eddy, where lower NFRs were observed. In the 2017 cruise, dFe concentrations were slightly 766 

higher in the anticyclone, where rates were higher (Fig. 2). However, ecophysiological model 767 

results suggest that Fe was less limiting than PO43- at the surface for any diazotroph group on 768 

either cruise (Fig. 5). In addition, all surface dFe concentrations fell above the hypothesized Fe-769 

limitation threshold for diazotrophs (0.13 nmol L–1), estimated from the empirical P-limitation 770 

threshold for diazotrophs in the NPSG (Letelier et al., 2019) coupled to diazotroph cell 771 

stoichiometry. There are caveats linked to testing the effect of iron concentration in culture and 772 

extrapolating these experiments to field populations, as described in Supporting Information S2. 773 

Nevertheless, expression patterns of Fe-stress marker genes (available for 2017 only) support our 774 

model results since most transcripts did not differ between cyclonic and anticyclonic eddies (Fig. 775 

6). Collectively, these data are not consistent with an overriding control by Fe on NFR in our 776 

experiments. 777 
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We cannot exclude the possibility that there are other bottom-up control factors not 778 

analyzed here that could have potentially driven differences in diazotroph growth, and ultimately 779 

in bulk NFRs, between eddies. For example, some diazotrophs, such as Trichodesmium, use 780 

dissolved organic P (DOP) in P-depleted environments (Dyhrman et al., 2006; Orchard et al., 781 

2010; White et al., 2010). Growth of symbiotic diazotrophs can also depend on the bottom-up 782 

control factors of their hosts, such as silica for the diatom hosts of Richelia and Calothrix. We 783 

did not report concentrations of DOP, silica, or any micronutrients other than dFe in this study 784 

due to a lack of data linking growth rates of cultured diazotrophs to the availability of these 785 

nutrients. As such, nutrients/micronutrients not assessed in our model could theoretically have 786 

driven differences in NFRs. In sum, of those potentially limiting abiotic factors measured, we 787 

find the strongest evidence of differential P limitation. While not exhaustive, our combined 788 

datasets, along with model results and long-term trends at station ALOHA (Barone et al. 2019), 789 

suggest that P may be the main abiotic factor driving the differences of NFRs in mesoscale 790 

eddies of the NPSG. 791 

5.2.2. Top-down control  792 

Little is known about the identity of diazotrophic grazers, or the extent to which grazing 793 

controls diazotroph abundances and NFRs in the NPSG (Landolfi et al., 2021). Early reports 794 

identified mesoplanktonic copepods grazing on Trichodesmium (Azimuddin et al., 2016; O'Neil 795 

et al., 1996; O'Neil, 1998), and later on UCYN-C (Hunt et al., 2016), UCYN-A (Scavotto et al., 796 

2015), UCYN-B, Het-1, and Het-2 (Conroy et al., 2017). Recently, small nano/microplanktonic 797 

species (e.g. dinoflagellates and ciliates) were shown to prey on the large population of 798 

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

nano/microzooplankton biomass most of the year (Pasulka et al., 2013).  800 
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 We identified numerous putative predators of diazotrophs using a predator-prey model 801 

and direct IFCb images of ingested prey: putative grazers spanned various sizes, from large 802 

copepods and nauplii imaged after having ingested Trichodesmium filaments, to nanoplanktonic 803 

ciliates and dinoflagellates mostly preying on Crocosphaera or Calothrix. Predicted rates varied 804 

between cyclonic and anticyclonic eddies (Fig. 7). Most of the grazers known to be mixotrophs 805 

(Jeong et al., 2010), such as Prorocentrum, Gymnodinium, and Strombidium, were more 806 

abundant in cyclones, while the heterotrophs Protoperidinium, Amphidinium, and Katodinium 807 

had higher abundances in anticyclones. Although understanding the drivers of grazer 808 

communities at the mesoscale is beyond the scope of this study, these differences in grazer 809 

abundances resulted in clear differences in predicted grazing rates upon specific diazotrophs in 810 

eddies of specific polarity and may help explain the observed patterns in diazotroph abundances 811 

and NFRs. During the 2017 cruise, Het-3 (Calothrix) nifH gene abundances measured within the 812 

mixed layer were 2-4 orders of magnitude greater in the cyclone then the anticyclone (Fig. 3) yet 813 

predicted growth rates did not differ between eddies (Fig. 5). Our predator-prey model predicts 814 

that rates of grazing upon Calothrix for the 2017 cruise were significantly higher in the 815 

anticyclone (0.18 ± 0.03 d–1, Table 2) than the cyclone (0.02 ± 0.004 d–1); thus, the observed 816 

differences in Calothrix abundance between eddies can simply be explained by differences in 817 

grazing pressures. In contrast, estimated rates of grazing upon Crocosphaera were higher in the 818 

cyclonic eddies for both cruises (Table 2). Therefore, the high abundance of Crocosphaera in the 819 

2017 anticyclone appears driven by both enhanced growth rates and reduced grazing pressure, 820 

which ultimately helped to drive higher bulk NFRs (Fig. 3).  821 

Results presented here and in previous studies (Dugenne et al., 2020; Landry et al., 2008; 822 

Wilson et al., 2017) show that grazing can be a significant loss term for small unicellular 823 
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diazotrophs, but less so for larger diazotrophs such as Richelia and Trichodesmium (Table 2). 824 

Indeed, Trichodesmium has few known grazers (O’Neil & Roman, 1992), and losses are more 825 

often thought to be driven by viral lysis (Mulholland, 2007). While we did not directly assess 826 

viral lysis in this study, visual inspection of Trichodesmium filaments from the bloom at the edge 827 

of the 2017 cyclone (Fig. 4) suggests that Trichodesmium losses in the bloom may have been 828 

driven by programmed cell death or viral lysis (Berman-Frank et al., 2004; Hewson et al., 2004), 829 

as a majority of the filaments contained cells which were shrunken or lacking thylakoids and 830 

bloom filaments had significantly lower chlorophyll per cell than filaments imaged within the 831 

2017 eddy centers (Supporting Information S4, Fig. S2). The fraction of dimly-fluorescing 832 

Trichodesmium filaments did not differ between eddies of specific polarity. We view this 833 

fraction as a proxy for senescence but other sources of diazotroph mortality, including viral lysis 834 

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

5.2.3. Physical control  836 

Buoyant plankton can be concentrated in areas of surface convergence, where cells are 837 

horizontally advected to the site of convergence and then acted upon by the opposing forces of 838 

downwelling and upward buoyancy (D’Asaro et al., 2018; Yoder et al., 1994). The buoyancy of 839 

diazotrophic taxa varies greatly: smaller diazotrophs (e.g. Crocosphaera and Calothrix-840 

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

diazotrophs (Trichodesmium and Richelia associations) can regulate their buoyancy, sometimes 842 

becoming positively buoyant and ascending the water column at high rates (Hoppe, 2013; 843 

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

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

(Aldeco-Ramírez et al., 2009; Benavides et al., 2011; Guidi et al., 2012; Yoder et al., 1994), 846 
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presumably due to frontal downwelling and strong positive cell buoyancy. In mesoscale eddies, 847 

downwelling can occur in intensifying anticyclones and weakening cyclones (McGillicuddy Jr, 848 

2016), cyclones under constant wind (Gaube et al., 2015), and at the cyclonic side of eddy fronts 849 

(Mahadevan, 2016). The downwelling-induced physical accumulation of cells has been used to 850 

explain the occurrence of surface Trichodesmium slicks (Olson et al., 2015) and Rhizosolenia 851 

mats (Villareal & Carpenter, 1989) in eddies of both polarities. 852 

The fine-scale distribution of diazotrophs across the pair of adjacent eddies measured in 853 

2017 shows evidence for the physical accumulation of Trichodesmium and Richelia (Fig. 4). The 854 

highest nifH gene abundances of Trichodesmium and Richelia were observed near the surface at 855 

the cyclonic side of the front separating the two eddies, consistent with accumulation via surface 856 

downwelling caused by frontal dynamics. A surface bloom of Trichodesmium was also visually 857 

observed at the cyclonic side of the front, likely also driven by frontal downwelling. These 858 

results are consistent with a previous survey of Trichodesmium in an eddy dipole of the NPSG, 859 

which also reported maximal abundances at the front between eddies (Guidi et al., 2012).  860 

 Our observations are insufficient for determining the importance of physical 861 

accumulation on NFRs across the full eddy-eddy transect. NFR measurements were conducted in 862 

the center of each eddy but not on the cyclonic side of the eddy-eddy front where Trichodesmium 863 

and DDAs appeared to be physically accumulated during the 2017 cruise. Thus, while the eddy-864 

induced physical accumulation of large diazotrophs likely explains elevated NFRs and 865 

abundances of large diazotrophs in some previous studies (e.g. Fong et al., 2008; Olson et al., 866 

2015), our eddy observations were likely driven by differences in biological control—the 867 

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

Our finding of high NFRs in anticyclonic eddies agrees with other recent observations of 870 

high NFRs in anticyclones from many ocean regions (Fong et al., 2008; Holl et al., 2007; Liu et 871 

al., 2020; Löscher et al., 2016; Rahav et al., 2013; Wilson et al., 2017). However, there have also 872 

been reports of high diazotroph abundances associated with cyclonic eddies (Olson et al., 2015), 873 

and on a different cruise that sampled a cyclone-anticyclone eddy pair in the NPSG, surface 874 

NFRs were significantly higher in the cyclonic eddy than in the anticyclonic eddy (dataset doi: 875 

10.5281/zenodo.5565560). At Station ALOHA, the correlation between NFR and SLA measured 876 

between 2012-2019 has remained non-significant (Spearman correlation, r=0.08, p-value=0.58, 877 

n=48, data not shown), yet high rates of N2 fixation are more prevalent in warm summer months 878 

often coincident with high SLA.  879 

Despite this relative predictability, several taxa showed inconsistent patterns with eddy 880 

polarity during our cruises. Our data suggest that effects of eddies vary strongly among 881 

diazotroph taxa. Our ecophysiological model predicted bottom-up effects of mesoscale eddies to 882 

vary among diazotrophs, driven by the different adaptations of taxa to light, temperature, and 883 

nutrient concentrations. Likewise, eddy-specific grazing varied among diazotroph taxa, with 884 

some taxa being grazed upon more in cyclones and others being grazed upon more in 885 

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

abundance of Trichodesmium and Richelia at the cyclonic side of the eddy-eddy front in 2017, 887 

but apparently did not affect the abundances of smaller, less buoyant taxa. Unfortunately, we 888 

were not able to assess eddy-driven mechanisms for some potentially important diazotroph taxa, 889 

including UCYN-A, whose growth and grazing could not be predicted due to the lack of culture 890 

data and the size constraints of IFCb imaging. Nevertheless, our results suggest that eddy effects 891 
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on small diazotrophs like Crocosphaera are mostly due to biological effects (the net effects of 892 

growth and grazing), while eddy effects on large diazotrophs (Trichodesmium and DDAs) may 893 

be more affected by physical mechanisms. 894 

Finally, changes in the properties of eddies through age and stage further complicates 895 

generalizing eddy effects. Mesoscale eddies are evolving features that intensify (with 896 

increasingly positive or negative SLA), reach a stable phase, and finally decay over the 897 

timescales of months (Sweeney et al., 2003). Though cyclonic and anticyclonic eddies are 898 

commonly associated with isopycnal uplift/depression and nutrient injection/dilution in the lower 899 

euphotic zone, respectively, in reality, vertical motions and nutrient fluxes vary with eddy age 900 

and stage (McGillicuddy Jr & Robinson, 1997). Our eddy observations, sampled over the 901 

timescales of days, represent snapshots of evolving features; we expect the eddy-induced 902 

mechanisms discussed above to vary through the lifetime of an eddy. At the time of sampling, 903 

both anticyclones were in a stable phase and both cyclones were in a weakening phase (Table 904 

S1), so these four observations are insufficient to deduce effects of eddy stage on NFRs.  905 

 906 

6. Conclusions 907 

Here we report anomalously high NFRs in two anticyclonic eddies in the NPSG. We 908 

coupled diverse datasets and ecological models to explore the mechanisms driving this pattern. 909 

Our analyses suggest that the 2017 anticyclone modulated bottom-up (via a reduction in PO43- 910 

limitation) and top-down (via eddy-specific grazing) control, allowing for the net accumulation 911 

of Crocosphaera cells, and ultimately, high NFRs. This mechanism may drive high NFRs in 912 

other anticyclonic eddies in the NPSG, where surface PO43- concentrations are significantly 913 

higher in anticyclones than in cyclones (Barone et al., 2019), especially during the summer 914 

months of peak Crocosphaera abundance. However, no drivers we tested appear to explain the 915 
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results of our 2018 expedition, for which the high NFR observed in the anticyclonic eddy 916 

remains enigmatic. The biological and physical mechanisms through which eddies influence 917 

NFRs vary with season, diazotroph community composition, and eddy age/stage. Future efforts 918 

may benefit from assessing the ecological controls of uncultivated diazotrophs and from 919 

temporal measurements throughout the lifetime of eddies to better understand how eddies might 920 

affect successional patterns of diazotrophic communities and measured bulk NFRs.  921 
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