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Examining ecological succession of diatoms in California Current System
cyclonic mesoscale eddies
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Tyler H. Coale ©,? P. Dreux Chappell ©'*
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3]. Craig Venter Institute, La Jolla, California

Abstract

The California Current System is a diatom-dominated region characterized by seasonal coastal upwelling and
additional elevated mesoscale activity. Cyclonic mesoscale eddies in the region trap productive coastal waters
with their planktonic communities and transport them offshore with limited interaction with surrounding
waters, effectively acting as natural mesocosms, where phytoplankton populations undergo ecological succes-
sion as eddies age. This study examines diatom community composition within two mesoscale cyclonic eddies
that formed in the same region of the California Current System 2 months apart and in the California Current
waters surrounding them. The diatom communities were analyzed in the context of shifting environmental gra-
dients and through a lens of community succession to expand our understanding of biophysical interactions in
California Current System cyclonic eddies. Diatom communities within each eddy were different from non-
eddy communities and varied in concert with salinity and dissolved iron (Fe) concentrations. The younger,
nearshore eddy displayed higher macronutrient and dissolved Fe concentrations, had higher values for diatom
Shannon diversity and evenness, and had nutrient ratios indicative of either eventual silicic acid (Si) or Fe limi-
tation or possibly co-limitation. The older, offshore eddy displayed low macronutrient and dissolved Fe concen-
trations, was likely nitrate-limited, and had lower diatom Shannon diversity and evenness indices. Sequences
from the genus Rhizosolenia, some of which form vertically migrating mats to bypass nitrate limitation, domi-
nated in the older eddy. This is of potential significance as the prevalence of Rhizosolenia mats could impact
estimates of carbon cycling and export in the wider California coastal area.

As a region with elevated mesoscale activity, including
extensive seasonal coastal upwelling resulting in frequent
delivery of nutrients to the surface ocean, the California Cur-
rent System is one of the most biologically productive regions
in the world (Capone and Hutchins 2013). In many areas of
the California Current System, silicic acid (Si) concentrations
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far exceed dissolved nitrogen (nitrate + nitrite, N) concentra-
tions, allowing for a diatom-dominated phytoplankton com-
munity (Hood et al. 1990; Venrick 2009). Diatoms are
unicellular eukaryotes that contribute ~ 25% of the global pri-
mary production, and ~ 40% of the primary production in
the oceans (Round et al. 1990; Sumper and Brunner 2006).
Because of their cellular structure, diatoms have an obligate Si
requirement and are known to dominate phytoplankton com-
munities in waters with elevated Si:N ratios, where they are
important contributors to primary production and
catbon (C) export (Sommer 1994; Dugdale et al. 1995;
Smetacek 1999). Diatoms are the most abundant and diverse
of eukaryotic marine phytoplankton groups, and their produc-
tivity is believed to significantly control fixed C availability for
other trophic levels (Falkowski et al. 1998; Kooistra et al. 2007;
Lewitus et al. 2018). The flux of organic C from sinking dia-
tom blooms fuels the “biological C pump” that exports atmo-
spheric C to the ocean interior (Smetacek 1999). Nutrient-rich
coastal waters in the California Current System are home to
elevated proportions of large diatoms (Hood et al. 1990).
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Nearshore dynamics, including coastal upwelling, mixing
from opposing currents, and river outflows, have been shown
to impact diatom community composition (e.g., Du and Peter-
son 2013). As diatom community composition is known to
influence the magnitude of C export by varying Si:C ratios,
cell size, and morphology (Treguer et al. 2018 and references
therein), it is important to understand how diatom communi-
ties respond to environmental forcing.

The California Current System is characterized by a collec-
tion of currents, up/downwelling, and mesoscale activity typi-
cal of eastern boundary upwelling systems (Kurian et al. 2011;
Combes et al. 2013). Upwelling events in such systems are
known to be especially productive (Cushing 1971; Iles
et al. 2012). Because of the elevated frequency of nutrient
delivery due to these upwelling events, eastern boundary
upwelling systems can support both larger abundances of phy-
toplankton biomass (blooms) and larger phytoplankton cells
than other regions of the ocean, and reportedly support 50%
of global fish production (Hood et al. 1990). This is in contrast
to open ocean regions, which have lower frequencies of nutri-
ent delivery, are commonly in a nutrient-limited state, and
generally support lower phytoplankton biomass and cell sizes
(Bibby et al. 2008; Brown et al. 2008). Vertical transport of
nutrients into the euphotic zone occurs via two primary
mechanisms—shoaling of isopycnals and coastal upwelling
(Owen 1980; Biller and Bruland 2014). Seasonal shifts in wind
direction control the presence and absence of upwelling,
impacting nutrient distributions at the surface. In the sum-
mer, winds blow equatorward, leading to Ekman transport off-
shore and coastal upwelling; contrastingly, in the winter,
prevailing winds switch to a poleward direction, causing
Ekman transport onshore and downwelling along the coast
(Du and Peterson 2013). Coastal upwelling in response to
equatorward winds in the summer delivers waters with N, Si,
and phosphate concentrations that range from 15-35, 15-45,
and 1.3-2.6 umol L™}, respectively, which stimulate Chloro-
phyll a (Chl a) values between 10 and 35 ug L™ ! at the surface
(Bruland et al. 2001). These wind-driven upwelling events in
the California Current System are typically dominated, at least
initially, by diatoms, which are especially suited to respond to
nutrient delivery associated with high turbulence (Benoiston
et al. 2017). In addition, some diatoms in upwelling environ-
ments also appear to “frontload” the expression of genes
related to N uptake, which is likely also a factor that influ-
ences their ability to outcompete other phytoplankton
(Lampe et al. 2018). Following nutrient drawdown post
upwelling, phytoplankton community succession in the
California Current System can progress to a non-diatom domi-
nated community (Wilkerson et al. 2006; Krause et al. 2020).

In addition to upwelling and downwelling, the California
Current System is also subject to other vigorous mesoscale and
submesoscale activity, with eddies and filaments playing a sig-
nificant role in the movement of water and creating many
sharp salinity and nutrient fronts (Nagai et al. 2015; Chenillat
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et al. 2016). Eddy formation occurs from baroclinic instability
(Bibby et al. 2008; Kurian et al. 2011), which can result from
many different factors, including coastline irregularities,
upwelling filaments, seafloor topography, wind forcing, shear-
ing from opposing currents, or a combination of these
(Batteen et al. 2003). The complex bathymetry attributed to a
triple junction results in elevated eddy kinetic energy and a
high frequency of filament and eddy formation near Cape
Mendocino (Nagai et al. 2015; Hoover and Tréhu 2017). Cali-
fornia Current System eddies are highly nonlinear compared
to eddies globally, meaning that their rotational speed is
much faster than their speed of propagation, severely limiting
exchange with surrounding waters (Kurian et al. 2011;
Chenillat et al. 2018). California Current System eddies are
highly efficient in trapping parcels of coastal water and
transporting them offshore (Combes et al. 2013; Chenillat
et al. 2016). These eddy-trapped water parcels often contain
upwelled waters high in nutrient concentrations, and diatom
communities with elevated diversity (Venrick 2009; Kurian
et al. 2011). Upwelled nutrients are also advected offshore via
filaments—responsible for most of the nutrient transport up
to 100 km offshore—and surface and subsurface eddies—
responsible for transport up to 200-800 km offshore (Combes
et al. 2013; Nagai et al. 2015). In fact, 50% of the total trans-
port of N in the California Current System has been attributed
to mesoscale eddies (Chenillat et al. 2016, 2018). Because of
this, mesoscale cyclonic eddies have been shown to support
elevated productivity that is close to coastal levels for
extended periods up to 1year and up to 800 km offshore,
increased phytoplankton photosynthetic efficiency, and play
a substantial role in controlling the C cycling and export
(Bibby et al. 2008; Brown et al. 2008; Chenillat et al. 2016).
An appreciation of the various physical influences on phy-
toplankton growth that eddies can impart, including how ver-
tical movement changes light and nutrient availability and
how those movements may change throughout an eddy’s
duration, has been known for some time (Flierl and
McGillicuddy 2002 and references therein). More recent
advances such as the ability to run eddy resolving models with
multiple phytoplankton species (Clayton et al. 2013), have
highlighted the need to gain a better understanding of how
eddies influence phytoplankton diversity and community
composition (McGillicuddy 2016 and references therein), yet
there remains limited information regarding ecological succes-
sion of phytoplankton communities in eddies particularly in
the California Current System. As regional differences in eddy
dynamics have been well established (McGillicuddy 2016 and
references therein), it is critical to perform regionally specific
studies of how eddies influence phytoplankton communities.
In the California Current System, the entrapment of coastal
waters, combined with longer lifespans of cyclonic eddies,
allows for coastal diatom communities within cyclones to
undergo ecological succession as the eddies age and travel off-
shore (Owen 1980; Kurian et al. 2011). Coastal diatoms are
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known to have higher macro- and micronutrient requirements
than oceanic species, making them more susceptible to nutri-
ent limitation and more likely to draw nutrients down rapidly
(Marchetti et al. 2006). Thus, ecological succession within an
aging eddy may result in a community adapted to the niche
created by nutrient drawdown. There is some evidence to sup-
port this in a previous spatial study in the California Current
System, which found diatom communities of similar composi-
tion in concentric circles around the center of an eddy, with
each circle in a different stage of succession (Owen 1980). A
temporal study of a cyclonic eddy near Hawaii also found that
after the nutrients in the surface mixed layer had been
depleted, the larger-celled, coastal diatoms were succeeded by
smaller-celled, open ocean diatoms (Brown et al. 2008).
Because of the wide spatial and temporal variability in com-
munity structures within eddies, there is a need to better
understand the processes that drive community shifts within
them as they propagate (Brown et al. 2008).

The combination of high frequency mesoscale activity,
strong seasonality, and an extensive presence of diatoms
makes the California Current System an ideal region to exam-
ine how eddy dynamics impact diatom communities. In this
study, we examine a suite of ecological factors in two cyclonic
California Current System eddies—an inshore eddy that was
22 d old at time of sampling having formed in mid-June and
an offshore eddy that was 80 d old having formed in mid-
April, both of which formed near Cape Mendocino. Our study
combines measurements of hydrographic parameters, macro-
and micronutrient concentrations, and an examination of dia-
tom community composition using a high-throughput
sequencing technique targeting diatoms (Chappell et al.
2019). The main hypotheses tested were: (1) diatom commu-
nities in the eddies are distinct from those of non-eddy sur-
rounding waters; and (2) diatom community composition
shifts associated with the two eddies of different ages correlate
with changing physicochemical variables such as salinity and
nutrient concentrations. We also include a discussion of our
results in the context of ecological succession under the
assumption that examining the diatom community composi-
tion of two eddies that originated from the same region
2 months apart can serve as a proxy for an in situ study of eco-
logical succession of diatoms within a single California
Current System eddy.

Methods

Environmental data

Sampling occurred 13-14 July 2014 on R/V Melville cruise
MV1405 (Fig. 1). The cruise track began 430 km from the
coastline of Northern California, traveled northeast, and
pivoted midway to allow for sampling through the centers of
two cyclonic eddies. This synoptic survey took 26 h, making it
as close to a snapshot of the system as possible. Sea surface
temperature (SST) and salinity were measured using an SBE

Diatom succession in CA current system eddies

21 Thermosalinograph (SeaBird Electronics) and Chl
a fluorescence was measured using a Turner 10 AU fluorome-
ter from the flowthrough intake, the values of which were cali-
brated via chemical extraction of Chl a on board at the start
of the cruise (data not shown). Wind speed was measured
using a WindmasterPro Anemometer (Gill Instruments). Salin-
ity, SST, Chl a, and wind speed data were smoothed into half-
kilometer bins using the interp function of the NumPy toolkit
(Harris et al. 2020) in Python (version 3.7.6). Potential density
(0e) was calculated using the Python implementation of the
Gibbs SeaWater Oceanographic Toolbox of TEOS-10
(McDougall and Barker 2011).

In order to identify the location of the mesoscale eddies,
we used 1/4° x 1/4° gridded daily sea level anomaly products
that merge data from multiple satellites to obtain a high-
resolution view of the dynamics of the upper ocean (the
Ssalto/Duacs altimeter products produced and distributed by
the Copernicus Marine and Environment Monitoring Service,
CMEMY). In addition, we used the AVISO Mesoscale Eddy Tra-
jectories Atlas (META 2.0) in order to track the trajectory of
the eddies, and determine the time and location where they
were initially formed.

Sample collection

A trace metal clean surface tow-fish system (Bruland
et al. 2005) was used to collect water from 3-5 m depth at
roughly 1-h intervals (n = 20 samples total) while the ship
was underway (traveling at ~ 10 knots). One to two liters of
water were filtered for DNA analysis onto 25-mm diameter,
3 um polyester filters using a Masterflex peristaltic pump. Fil-
ters were placed in 2 mL screw-cap tubes with 400 uL of
Qiagen RLT Plus Buffer (Qiagen), frozen in liquid N, and
stored at —80°C until extraction. Concurrent water samples
for macronutrient, dissolved iron (Fe), and dissolved manga-
nese (Mn) analyses were filtered through an acid-cleaned,
seawater-flushed 0.2 ym Acropak filter capsule (Pall 500; Fisher
Scientific). Nitrate + nitrite (N), phosphate, and Si were ana-
lyzed onboard using a Lachat QuickChem 8000 Flow Injection
Analysis  System following standard spectrophotometric
methods (Parsons 1984). Surface dissolved Fe and dissolved
Mn were pre-concentrated and analyzed as in Biller and
Bruland (2012) with the adaptations in Parker et al. (2016).
Briefly, seawater samples were acidified at sea to pH ~ 1.7
using quartz-distilled HCl and stored in acid cleaned LDPE
bottles for at least 2 months. Prior to analysis, acidified seawa-
ter was buffered to pH 6 and dissolved Fe and dissolved Mn
were preconcentrated onto Nobias-chelate PA1 resin and then
eluted off the column using quartz-distilled HNO3. The eluent
was then analyzed using a Thermo-Element high resolution XR
ICP-MS, which was run in counting mode. One third of samples
were analyzed in duplicate to assess precision. Based on replicate
values of the particular samples reported in this work, the preci-
sion for Mn was 0.16 + 0.10 nmol kg !, and the precision for Fe
was 0.07 + 0.07 nmol kg~'. Accuracy was also assessed by
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40°N

g.: Latitude

N

126°W
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Chlorophyll (mg m~3)

124°W

Fig. 1. Geographical location of the study site. Gray contours show sea level anomaly differences of 25 cm ranging from +2.5 m to —1 m from the Aviso
dataset for satellite altimetry data for 13 July 2014, with negative sea level anomalies as dashed contours and positive sea level anomalies as solid con-
tours. Stations are numbered in succession, beginning with Sta. 1 at the most-western point to Sta. 20 at the most-eastern point. Background color
shows the monthly composite of Chlorophyll a for July 2014 from the MODIS instrument.

analyzing SAFe S and D2 reference samples. Over several ICPMS
runs with this method, our lab obtained values for Mn of
0.81 + 0.07 and 0.37 + 0.04 nmol kg !, compared with consen-
sus values of 0.79 & 0.06 and 0.35 £ 0.05 nmol kg . For Fe, our
lab obtained 0.095 + 0.014 and 0.94 + 0.17 nmol kg ', com-
pared with consensus values of 0.093 +£0.008 and
0.93 + 0.02 nmol kg~! (SAFe May 2013 Consensus values). Cal-
culations of Fe:N and Si:N were performed to identify the poten-
tial for nutrient limitation at the sampled stations with Fe:N of
0.2 and 0.07 nmol:umol used to define the Fe vs. N limitation
cutoff for coastal and open ocean diatoms, respectively, and Si:N
of 1 used as the Si vs. N limitation cutoff (Levasseur and
Therriault 1987; Biller and Bruland 2014). The potential for defi-
ciency of dissolved Mn relative to dissolved Fe for phytoplank-
ton growth (Mn*) was calculated following the equation in
Browning et al. (2021) such that Mn* = Mn — (Fe/2.67).

DNA extraction and amplicon sequencing and processing
DNA was extracted from filters using the Qiagen Allprep
RNA/DNA co-extraction with an additional bead-beating step
and homogenization using the QIAshredder column (Qiagen).
The V4 region of the 18S rDNA was amplified and sequenced

using the general procedure described in Chappell et al.
(2019) with modifications described in Oliver et al. (2021).
Briefly, the diatom 18S rDNA V4 region was amplified from
each sample in triplicate using polymerase chain reaction and
diatom specific primers (Chappell et al. 2019), triplicates were
gel purified and pooled and then samples were multiplexed
using a Nextera DNA Library Preparation Kit (Illumina) and
sequenced on the Illumina MiSeq platform (Illumina) using
the Illumina v3 2 x 300 cycle kit. Diatom 18S rDNA amplicon
sequences were de-multiplexed and analyzed using the
DADA?2 pipeline (version 1.16.0; Callahan et al. 2016) with
modifications described in Oliver et al. (2021), which produces
amplicon sequence variants (ASVs). Taxonomic assignment of
the ASVs followed the protocol of Chappell et al. (2019) using
a nucleotide BLAST (Altschul et al. 1990) against an in-house
database that combined Stramenopile 18S sequences from
NCBI (downloaded as of 23 June 2020) and the SILVA 18S
database. Only ASVs with a diatom top hit were included in
subsequent analyses. ASVs were classified to the species level if
they had a > 99% identity to a diatom sequence, as species-like
(akin to the cf. designation) if they had 98-99% identity, and
classified to the genus level when identity was < 98%. As
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classifying down to ASVs may look at intraspecies variability
rather than interspecies variability (Caron and Hu 2019), ASV
clustering into operational taxonomic units (OTUgg) was per-
formed using the CD-HIT algorithm (Li and Godzik 2006) if
they had < 1% percent identity difference. Raw sequence data
has been submitted to NCBI SRA under the BioProject Acces-
sion PRJINA743307.

Community composition analyses

Analysis of alpha diversity indices, specifically the calcula-
tion of species richness (S) and Shannon entropy (H') was per-
formed on both ASV and OTUy count data in R version 4.1.1
(Shannon 1948; R Core Team 2021) using packages designed
to account for the compositional nature of high-throughput
amplicon sequencing datasets (Gloor et al. 2017), specifically
“Breakaway” and “DivNet” (Willis and Bunge 2015; Willis and
Martin 2022), which provide standard error/variance esti-
mates. These values were then used to calculate Pielou’s even-
ness (J') (Pielou 1966) using the eq. ]/ = H'/In(S). Shannon
entropy (H') was converted to the exponential Shannon diver-
sity index (*D) using the equation 'D = exp(H') (Jost 2006).
Analysis of beta diversity, specifically the calculation of Bray—
Curtis dissimilarity (Bray and Curtis 1957), was only per-
formed on OTUgy count data and was calculated using
“DivNet” (Willis and Martin 2022) for compositional data.
Bray-Curtis was chosen over a presence-absence statistic spe-
cifically because of concerns with sequencing depth variation
between samples that is also associated with high throughput
sequencing data (Gloor et al. 2017 and references therein).
Diatom and dinoflagellate 18S copy number per cell is known
to vary in relation to biovolume (Godhe et al. 2008). As
attempting to scale our analyses using estimates of each dia-
tom species’ biovolume would likely introduce more error into
our analyses, we present these data as is.

Statistical analyses

Kruskal-Wallis tests were conducted comparing variables at
molecular sampling locations among three groups: eddy I,
eddy II, and non-eddy (Kruskal and Wallis 1952). Kruskal-
Wallis test was chosen because the number of sampling points
in each group was uneven and variables either had a
non-normal distribution or the residuals from ANOVA were
non-normally distributed. Dunn’s post hoc tests were then
performed to obtain detailed differences between each set of
groups: eddy I vs. eddy II, eddy I vs. non-eddy, and eddy II
vs. non-eddy (Dunn 1964).

To determine the single environmental factor or group of
environmental factors that best explained the dissimilarity dis-
tribution of these data, scaled environmental data and the
OTUygy Bray—Curtis dissimilarity matrix were analyzed using
the BIOENV algorithm in the R package “vegan” using the
Spearman rank correlation method and 1000 permutations
(Clarke and Ainsworth 1993; Oksanen et al. 2020). Environ-
mental factor multivariate statistical analyses could only be
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performed on the subset of stations where all factors were
measured, thus Stas. 1, 13, and 18 were omitted from the BIO-
ENV and subsequent factor-associated statistical analyses. The
statistical significance of the BIOENV results were subse-
quently assessed by performing Mantel tests using the
factor(s) highlighted in BIOENV results (Mantel 1967). Follow-
ing BIOENV/Mantel analysis, permutational multivariate
ANOVA (PERMANOVA) tests were performed to confirm
whether Bray-Curtis distances significantly correlated with the
environmental factors identified in BIOENV analyses using
the adonis2 function and 1000 permutations in the R pack-
age “vegan” (Oksanen et al. 2020). As PERMANOVA is an
alternative non-parametric multivariate statistical test that
can also evaluate differences based on categorical groupings,
a separate PERMANOVA analysis was performed using the
full diatom community dataset to test whether eddy station
classifications correlated significantly with Bray-Curtis dis-
tances. Finally, canonical analysis of principal coordinates
analysis was performed using the Bray—Curtis distances and
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Fig. 2. Underway measurements of sea surface (a) temperature (SST),
(b) salinity, (c) potential density (ce), and (d) Chlorophyll a. Numbers
above the circles are the station numbers for discrete sample collection.
Gray boxes represent the boundaries of eddies | and Il.
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the subset of environmental factors that significantly corre-
lated with them by BIOENV/Mantel/PERMANOVA analysis
using the “CAP” method in the ordinate function of the
“Phyloseq” R package (Anderson and Willis 2003; McMurdie
and Holmes 2013).

Results

Environmental data

Sampling locations are shown superimposed on gridded sea
level anomaly for July 13, 2014 over a monthly composite of
Chl a for July 2014 (Fig. 1). The highest values for satellite chl
a were found along the coast (10 mg m~3) and lowest values
were offshore (0.1 mg m~3). Based on a combination of closed
contours of sea level anomaly centered around a negative sea
level anomaly and in situ water mass characteristics (SST,
salinity, and op), we defined the boundaries of the eddies.
From this point on, Stas. 14-20 (nearshore) will be referred to
as “eddy I” and Stas. 2-8 (offshore) will be referred to as “eddy
II.” The negative sea level anomaly was —1 m at the center of
eddy II and —0.75 m at the center of eddy I. The positive sea
level anomaly was 1.75m in the center of the transect
between the two eddies. The age, track, and diameter of the
individual eddies was determined using the Aviso Mesoscale
Eddy Trajectory Atlas (SSALTO/DUACS n.d.), which is based
on remotely sensed sea surface height data. Eddy I was first
identified on 18 June 2014 at 124.9°W 39.5°N, 22 d before it
was sampled, and eddy II was first identified on 21 April
2014 at 125.5°W 39.2°N, 80 d before it was sampled. The
eddies were formed within 50 km and 58 d of each other, with
eddy II traveling offshore and eddy I remaining closer to the
coast (the eddy tracks are shown in Fig. S1). At the time of
sampling, eddy I had a diameter of 116 km and eddy II had a
diameter of 212 km.

Diatom succession in CA current system eddies

Elevated salinity data from both eddies indicates that
deeper waters had upwelled to the surface at some time in the
past (Fig. 2). Environmental parameters are reported as
averages + standard deviation by region throughout the man-
uscript. The average SST in eddy I was 13.5 &+ 0.6°C, whereas
the average SST in eddy II and the non-eddy region were simi-
lar (16.3 £ 0.2°C and 16.3 + 0.4°C, respectively; Fig. 2a). This
lower SST in eddy I combined with the wind speed data
(Fig. S3A) suggests that parts of eddy I may still have been
experiencing upwelling at the time of sampling. Surface salin-
ity was elevated in eddies I and II (32.96 +0.11 and
32.83 £ 0.08, respectively) compared to non-eddy regions
(32.44 £ 0.07, Fig. 2b). Surface oq values ranged from 23.48 to
2490kgm > (Fig. 2c) with higher values in eddy I
(24.59 + 0.13 kg m %) and lower values in both eddy II and
the non-eddy region (23.90 + 0.08 and 23.61 + 0.07 kg m 3,
respectively). As SST, salinity, and o¢ differences were used to
define eddy boundaries, statistics are not reported for those
parameters. Chl a ranged from 0.21 to 3.06 ug L' (Fig. 2d)
and was found to be significantly different across the three
regions with post hoc tests revealing that elevated fluores-
cence in eddies I and II (1.15 + 0.63 and 1.15 + 0.63 ug L™},
respectively) were significantly different from fluorescence at
the non-eddy stations (0.37 + 0.16 ug L™') but not from one
another (Table 1).

Macronutrient concentrations including N (Fig. 3a), phos-
phate (Fig. 3b), and Si (Fig. 3c) were significantly higher in
eddy T (5.18 +1.93, 0.62 +0.12, and 3.11 + 0.78 yumol kg *,
respectively) compared to those measured in either eddy II
(0.91 +0.84, 0.33 £0.03, and 1.73 + 0.53 umol kg‘l, respec-
tively) or the non-eddy region (0.28 £+ 0.30, 0.31 £+ 0.02, and
1.55 £ 0.33 ymol kg~ !, respectively) with nutrient concentra-
tions in the latter two regions not being statistically different
from one another (Table 1). Si:N ratios were generally below
one in eddy I, slightly above one in eddy II, and well above

Table 1. Kruskal-Wallis (KW) test results for groups defined as eddy |, eddy I, non-eddy and results of Dunn’s post hoc test to deter-

mine which groups are significantly different.

KW: Between KW: # of KW H KW p Dunn’seddy ! Dunn’seddylvs. Dunn’s eddy Il vs.
Factor groups df observations statistic value vs. eddy Il non-eddy non-eddy
Fluorescence 2 18 7.7 p<0.05* p=1 NS p=0.05* p<0.05*
N 2 18 14.5 p<0.001* p<0.05* p<0.01* p=0.38 NS
Si 2 18 12.2 p<0.01* p<0.01* p<0.05* p=1 NS
Phosphate 2 18 13.3 p<0.005* p<0.05* p<0.005* p=1 NS
Fe 2 16 10.7 p<0.005* p<0.005* p=1 NS p=0.14 NS
Mn 2 17 7.9 p<0.05* p=1NS p<0.05* p=0.12 NS
Rhizosolenia_6 2 18 12.2 p<0.01* p<0.01* p=1 NS p<0.05*
OTU 'D 2 18 14 p<0.001* p<0.05* p=0.34 NS p<0.001*
OoTuU/ 2 18 14.9 p<0.001* p<0.05* p=0.30 NS p<0.001*
AV 'D 2 18 14.5 p<0.001* p<0.05* p=0.38 NS p<0.005*
ASV J 2 18 14.5 p<0.001* p<0.05* p=0.38 NS p<0.001*
*Significant results.
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Fig. 3. Measurements of surface macronutrient concentrations along the
cruise track (a) N, (b) Si, (c) phosphate, and (d) calculated Si:N ratio with
dotted line placed at a value of 1. Numbers above the datapoints and
gray boxes as described in Fig. 2.

one in non-eddy regions (Fig. 3d). Dissolved Fe concentrations
(Fig. 4a) were significantly different between the three regions
with post-hoc analysis revealing that the only truly significant
differences in dissolved Fe concentrations were between
eddy I, which had the highest dissolved Fe concentrations
(0.41 + 0.07 nmol kg™ '), and eddy 1I (0.11 + 0.08 nmol kg '),
which had the lowest dissolved Fe concentrations (Table 1).
Values in the three non-eddy stations with dissolved Fe data
showed high variability (0.21 + 0.17 nmol kg~ '). Dissolved
Mn concentrations were highest at the non-eddy stations
(2.78 + 0.39 nmol kg™') and lower at stations in both eddy I
and eddy II (1.92 +0.13 and 1.98 + 0.16 nmol kg~ !, respec-
tively; Fig. 4b). Overall, dissolved Mn concentrations were sig-
nificantly different between groups, but post hoc analysis
revealed that only the differences between eddy I and the
non-eddy region were significant (Table 1). Mn* was signifi-
cantly above zero for the entire transect (Fig. 4c). Dissolved Fe:
N ratios were below 0.2 nmol:xumol in both eddies and above
0.2 nmol:ymol in non-eddy regions (Fig. 4d).

Diatom succession in CA current system eddies

Alpha diversity measures

Alpha diversity analysis on both ASV and OTUg data con-
firmed that overall trends were similar and that condensing to
OTUye did not mask any important differences in diatom
sequence distributions between stations or regions (Figs. 5 and
S2A; Tables S1 and S2). Species richness, which is a measure of
the number of ASVs/OTUgg in each sample, showed no spe-
cific trends by region though, not surprisingly, richness values
were higher when ASV data were used in analysis (Fig. S2A)
than when OTUge data were used (Fig. 5a). Exponential Shan-
non diversity (Figs. Sb and S2B), which is a diversity metric
that combines information on species richness and how much
the relative abundance of individual species diverge from
being equally represented, and Pielou’s evenness (Figs. Sc and
S2C), which is an estimation of how equal the representation
of individual species is in a sample, were both significantly
lower in eddy II than in eddy I or the non-eddy regions
regardless of whether OTUgg or ASV data were used in analysis
(Table 1). This drop in Exponential Shannon diversity and
evenness was likely driven by the changing relative abun-
dance of an OTUge from the genus Rhizosolenia (Fig. S5d;
Table S2), which increased significantly in relative abundance
in eddy II compared to eddy I and non-eddy regions (Table 1).

Diatom community composition and multivariate
analyses

The non-metric multidimensional scaling (NMDS) plot of
Bray—Curtis dissimilarity (Fig. 6a) shows that samples from
each of the two eddies and the non-eddy regions clustered
together. PERMANOVA analysis found that eddy classification
(eddy I, eddy II, non-eddy) explained 59% of the variability
observed in the Bray-Curtis distance matrix (p < 0.01). Subse-
quent PERMANOVA analyses comparing Bray—Curtis distances
between stations associated with each region (essentially a
post hoc analysis) revealed that all differences were significant
(all adjusted p <0.01). Multivariate statistical analyses per-
formed on the subset of stations where all environmental fac-
tors were measured were used to explore how variations in
environmental factors correlated with diatom community
shifts, in other words, how the physicochemical properties of
the different regions could potentially be driving these com-
munity differences. While there were some differences in the
R? values based on the different tests, which are generally
interpreted as representing the percentage of the Bray-Curtis
distance that can be explained by a factor or group of factors
based on each test, the overall patterns in the multivariate
analyses were the same (Table 2). The single environmental
factor that explained the most variability in the diatom com-
munity regardless of the statistical test used was dissolved Fe
and the “pair” of factors that combined could explain 68% of
the variability was dissolved Fe and salinity. Other factor pairs
that produced significant correlations were dissolved Fe and
dissolved Mn, dissolved Fe and SST, and SST and salinity. The
canonical analysis of principal coordinates analysis found that

2592

85US01 SUOLWILLIOD BA IR0 3|qedi|dde 8y Aq pausenoh ae 3o ie O ‘8sn JO sa|nJ oy AriqiT auliuO A3|1IAA UO (SUO T IPUOD-PUR-SLLB)WOD A3 1M Aelq 1P UO//SANL) SUORIPUOD pUe SWB | 8Y)33S *[2202/2T/vT] uo Arigiauliuo A|IM ‘AisieAlun uoluiwod plO A #2221 0ul/200T OT/10p/wod" A3 1M Areiq 1 pul|uosqndose//:sdny woly papeojumoq ‘TT ‘2202 ‘065S6E6T



Abdala et al.

0.6

0.4 4 | 141# . 1
| :

9.
g ¢ 13
40 6. 7 I

0.2 1

Fe (nmol/kg)

0.0 =

3.0 1

2.0 A

Mn (nmol/kg)

15 T T T T T T T T

Mn*
L))

Fe:N (nmol:umol)

2
14 56 7 8 14.15.1617 190
0 4 e ey o o SO e e
T T T T T T T T

0 50 100 150 200 250 300 350
Distance along transect (km)

Fig. 4. Measurements of trace metal micronutrient concentrations along
the cruise track (a) dissolved Fe, (b) dissolved Mn, (c) calculated Mn*,
and (d) calculated Fe:N ratio (datapoints) with tightly dotted line placed
at Fe:N value of 0.2 nmol:umol and loosely dotted line placed at Fe:N
value of 0.07 nmol:umol. Numbers above the datapoints and gray boxes
as described in Fig. 2. Error bars in (a) and (b) represent the standard
deviation of duplicate measurements, which was only for seven of the
stations.

48% of variability in the Bray-Curtis distances could be
explained by coordinate 1 (CAP1) with an additional 17%
could be explained by coordinate 2 (CAP2; Fig. 6b). Overlay-
ing the environmental variables on the plot shows that CAP1
is most closely associated with variations in dissolved Fe and
SST with CAP2 being most closely associated with variations
in salinity and dissolved Mn.

Only diatom genera that represented at least 10% of the
sequencing reads in at least one sample are identified in the
relative abundance columns (Fig. 6c¢). Rhizosolenia genus
sequence reads clearly dominated in eddy II, while the compo-
sition of the core of eddy I was dominated by a mix of the
genera Actinocyclus and Fragilariopsis. At the stations on the
outer edges of eddy I, Thalassiosira, Chaetoceros, and
Asteromphalus reads also became elevated in relative abun-
dance. A table with all OTUge and ASV identities and read

Diatom succession in CA current system eddies
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Fig. 5. Diversity indices based on OTUgg groupings. (a) Species richness,
(b) Exponential Shannon diversity, (c) Pielou’s evenness, (d) relative abun-
dance of the Rhizosolenia genus. Numbers above the datapoints and gray
boxes as described in Fig. 2. Error bars in (a) represent + 2 standard
errors in species richness as estimated by “Breakaway.” Error bars in (b)
and (c) are based on error propagation of the richness and Shannon
entropy errors (from “DivNet”) as used to calculate evenness and expo-
nential Shannon.

counts are provided in the supplemental materials (Tables S1
and S2). The OTUyo with the highest read count, which domi-
nated the reads from the eddy II stations, was most similar in
sequence to that of Rhizosolenia shrubsolei, however, the
sequence match between this OTUgg and R. shrubsolei was
only 91% (Table S1). For this reason, this sequence is only
classified to the genus level (Rhizosolenia sp. 6). The top five
species in 18S gene abundance along the transect (based on
read counts) were Rhizosolenia sp. 6, Actinocyclus sp. MPA-
2013, Thalassiosira diporocyclus, Asteromphalus sp. TN-2014,
and an OTUgyo with > 98% similarity to Fragilariopsis doliolus.

Discussion

This study sampled two eddies that formed in roughly the
same region (Cape Mendocino) ~ 2 months apart, allowing us
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Fig. 6. Diatom community composition and multivariate analyses. (a) Non-metric multidimensional scaling (NMDS) plot of Bray—Curtis dissimilarity of
diatom community composition based on OTUgo data for all stations. NMDS stress was 0.13. (b) Plot of the first two axes of the canonical analysis of
principal coordinates (CAP) comparing Bray—Curtis dissimilarity of OTUgg for the subset of stations where all environmental factors were measured with
the environmental factors used in the analysis plotted as directional vectors associated with the two axes plotted. Environmental factor abbreviations:
Sal = salinity, dFe = dissolved Fe, dMn = dissolved Mn. Legend in b refers to the coloring of stations based on eddy grouping in both a and b. (c) Bar
plot showing the relative abundance of reads associated with different diatom genera at each station with the stations grouped by eddy classification.
Only diatom genera that accounted for at least 10% of the reads at a station are named. All other diatom genera reads are combined in the “other”
category.

Table 2. Results from BIOENV/Mantel and PERMANOVA tests comparing variability in Bray-Curtis distance with variability in scaled
environmental factors individually or assessed as pairs. PERMANOVA (add) “R” values is the sum of variability explained by the two fac-
tors without additional variability of any significant interaction. PERMANOVA (mult) “R” values add the interaction component if the
interaction was significant.

Variable Mantel p PERMANOVA PERMANOVA p PERMANOVA PERMANOVA p
(s) Mantel R value R (add) value (add) R (mult) value (mult)
Fe 0.59 p<0.001* 0.39 p<0.001* NA NA
Salinity 0.36 p<0.005* 0.17 p<0.001* NA NA

SST 0.34 p<0.005* 0.33 p<0.001* NA NA

Mn 0.22 p<0.05* 0.17 p<0.005* NA NA

Fe-Sal 0.68 p<0.001* 0.57 p<0.005* 0.69 p<0.01*
Fe-Mn 0.65 p<0.001* 0.56 p<0.001* 0.67 p<0.01*
Fe-SST 0.59 p<0.001* 0.55 p<0.01* NA p=0.3
Sal-SST 0.58 p<0.001* 0.61 p<0.005* NA p=0.6

NA, not applicable.
*Significant results.
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to examine California Current System eddies through the lens
of diatom community structure, geochemical measurements,
and hydrography. Our analyses revealed strong differences
among the three regions (eddies I, II, and non-eddy) in both
physicochemical properties and diatom community composi-
tion that are consistent with an understanding of the nature
of eddy formation and dynamics.

California Current System eddy structuration

The formation and development of cyclonic mesoscale
eddies in the California Current System have been studied
and modeled in depth (Chenillat et al. 2016, 2018). The outer-
most ring of an eddy is the youngest and latest addition and is
composed of water from a variety of regions including
recently upwelled waters (Chenillat et al. 2018), which creates
a strong front on the western boundary of the eddy, especially
in newly developed California Current System eddies. In
examining the physicochemical measurements from eddy I, it
is likely that newly upwelled waters had recently wrapped
around eddy I at the time of sampling, resulting in the dra-
matic shifts in temperature, salinity, and nutrient concentra-
tions crossing from California Current water (Sta. 13) into
eddy I (Sta. 14). Chlorophyll measurements at Stas. 14 and
15 (sampled at 18:00 h and 19:00 h PST, respectively) were
surprisingly low for their macronutrient concentrations.
There are three possible hypotheses to explain the low
observed chlorophyll fluorescence at these stations: (1) Non-
photochemical quenching, a protective mechanism that pho-
tosynthetic organisms including diatoms use to protect
photosystems from high light (Kiefer 1973), which has been
shown to reduce fluorescence yields measured in ocean set-
tings by 50% when PAR is >1000 gmol quantam * s '
(Behrenfeld and Boss 2006); (2) Micronutrient limitation, such
as low availability of dissolved Fe, which could explain why
phytoplankton were not able to draw down macronutrients at
these stations (Bruland et al. 2001); or (3) sampling occurred
in a prebloom stage where nutrient drawdown had yet to
occur (Engel et al. 2002). Because it was still daylight when
these stations were sampled, it is possible that they were
impacted by the non-photochemical quenching effect, how-
ever it seems unlikely that this is solely responsible for the low
values as PAR values measured at Sta. 15 were low (~ 200) yet
chlorophyll fluorescence was still reduced. Even with a 50%
increase that might have occurred with PAR > 1000
(Behrenfeld and Boss 2006) as it was at Sta. 14, chlorophyll
fluorescence values would still be low at these stations. The
second hypothesis can likely also be dismissed as dissolved Fe
and dissolved Mn concentrations were elevated at these two
stations, thus it seems unlikely that micronutrient limitation
was limiting phytoplankton growth and macronutrient
uptake. Based on this reasoning, we suggest that the third
hypothesis, that we sampled a prebloom stage, is the most
likely because the lowest SSTs and highest macronutrient con-
centrations in these samples suggest upwelling was recent if

Diatom succession in CA current system eddies

not ongoing at the time of sampling. In addition, the diatom
communities at the two stations were distinct from the rest of
eddy 1. The NMDS plot showing Bray—Curtis dissimilarity for
eddy I reflects that diatom community structure varies both
with distance from the center of the eddy and the hydro-
graphic structure of the eddy. Stas. 14 and 15 diatom commu-
nities group together, which is likely because this station
includes recently upwelled waters indicated by low SST and
elevated salinity as discussed above. The community from Sta.
19 is also grouped with Stas. 14 and 15, which may also indi-
cate greater exposure to upwelling as it is in the outer ring of
eddy [, though SST was not as low and salinity was not as high
as at Stas. 14 and 15. Sta. 20, while also on the outer ring, has
a diatom community composition that is separated from the
rest of the eddy I stations, which may reflect additional inter-
actions with the nearshore environment including access to
additional runoff to the coast. Finally, the diatom communi-
ties from Stas. 16-18 grouped together, likely defining the
originally trapped parcel of water and center of eddy I, having
undergone a 22 d succession since formation. Indeed, the SST
is elevated at these three stations compared to the other eddy
I stations, suggesting upwelling did not occur recently. Previ-
ous work has suggested it takes up to 3 d of relaxation post
upwelling for diatom communities to fully develop in
response to California Current System upwelling events
(Wilkerson et al. 2006; Closset et al. 2021). The elevated chlo-
rophyll, reduced nutrient concentrations, and grouping of dia-
tom communities at Stas. 16-18 could reflect a similar
dynamic whereby an upwelling influenced community had
been able to grow in at these stations.

Eddy II was 2 months older and had propagated further off-
shore than eddy I at the time of sampling leading to differ-
ences in both physicochemical and biological characteristics.
Eddy II had higher SST than eddy I, which is not surprising
considering that these surface waters had been exposed to
extensive solar radiation since their last encounter with cold
upwelled waters. The salinity measurements in eddy II resem-
bled a tiered structure. Based on this structure, we defined
Stas. 5 and 6 as the center of eddy II, with Stas. 4 and 7 as part
of a circle around Stas. 5 and 6. The outer circle was composed
of Stas. 2 and 3 on the western side of the eddy and Sta. 8 on
the eastern side of the eddy. Overall, the diatom communities
in the eddy II stations group together more tightly than those
in eddy I. That said, diatom communities at some stations
grouped closer together than others and these groupings did
not always line up perfectly with the groupings of stations by
salinity. We note that while salinity and oy could support
grouping Sta. 9 as part of eddy II, remotely sensed SLA does
not place this station in a closed contour around a negative
SLA anomaly. In addition, there was a significant drop in SST
and a slight increase in salinity between Stas. 8 and 9 that
may be a signature of localized, small-scale upwelling, which
could also explain the increase in Chl a and N in the same
region. For these reasons, Sta. 9 is not considered to be part of

2595

85UB01 7 SUOLUWIOD @A 11810 8|ceoldde ayy Aq peuenob aJe sojoiie YO ‘8sn JO SNl 1o Aleid18UIIUQ AB]IAA UO (SUO I IPUOO-PUR-SLULIB)LIOY AS | 1M Afed| Ul [UO//SChIY) SUORIPUOD pue SWs 1 84} 88S *[220z/2T/yT] uo Akeiqiauliuo A8|im ‘AiseAluN uoluiwod PIO Ag ¥2Z2T 0ul/200T 0T/I0p/w0d A8 M Aeiq puljuo'sqndose//sdny Wwolj pepeojumod ‘TT ‘2202 ‘06556E6T



Abdala et al.

eddy II. Indeed, Sta. 9 diatom community composition
grouped most closely with the communities in eddy I. At the
western boundary of eddy II, we saw dramatic changes in dia-
tom community composition and decreases in both diatom
diversity and evenness between Sta. 1, outside of eddy II, to
Sta. 2, inside eddy II. The eddy II boundary between Stas.
1 and 2 was also associated with an increase in salinity and a
significant increase in chlorophyll (noting that Sta. 1 was sam-
pled at midnight). As for the non-eddy stations, there was less
similarity of the diatom communities among the non-eddy
stations compared to the community similarities seen within
the eddies.

Nutrient ratios and multivariate analyses

Eddy I was high in both macro- and micro-nutrients,
though nutrient ratios (Si:N < 1; Fe:N < 0.2 nmol:ymol) sug-
gest the potential for these waters to progress towards Fe
and/or Si limitation. The broad shelf area off Cape Mendocino
has previously been described as an Fe-replete region (Bruland
et al. 2001). However, the potential for Fe-limitation in a nor-
mally Fe-replete region was shown during the same cruise in a
moderate shelf region off Cape Blanco, Oregon, just 300 km
north (Till et al. 2019). It is also worth noting that while Si
has not typically been thought to be a limiting nutrient for
diatoms in the NE Pacific (Wilson and Qiu 2008), recent work,
including analyses from this cruise, have found evidence of Si
limitation in the California Current System (McNair
et al. 2018; Closset et al. 2021). The Si:N ratios from eddy I
suggest that eventual Si limitation was possible during macro-
nutrient drawdown and that non-siliceous phytoplankton
may also have been important contributors to the commu-
nity, which our analyses would not capture. It has also been
shown in some regions of the California Current System that
diatoms experiencing Fe limitation can become more silicified
by increasing their Si:N uptake ratios (Hutchins and
Bruland 1998; Hutchins et al. 1998). This could lead to an
eventual Fe and Si co-limitation scenario as eddy I waters age,
though at the time of sampling macro- and micro-nutrient
concentrations were still high in eddy I, so we do not think
diatoms were currently growth limited by either Fe or Si.

Nutrient concentrations in eddy II were much lower than
eddy I, which is not surprising given the likelihood that eddy
II trapped a coastal phytoplankton community when it
formed, and experienced limited exchange with non-eddy
waters as it transited offshore. Thus, reduced access to
nutrient-rich coastal waters and sustained photosynthetic
activity by a nutrient-demanding coastal phytoplankton com-
munity would have led to the depletion of nutrients. Looking
at Si:N ratios, eddy II had the potential to be limited by N (Si:
N > 1) at all stations except Sta. 8. This shift in nutrient ratios
from Si:N < 1 to Si:N > 1 between the two eddies would sug-
gest preferential drawdown of N over Si, which would require
the presence of a phytoplankton community that included
non-diatoms, as the lowest Si:N drawdown observed in Fe

Diatom succession in CA current system eddies

replete waters has been found to be 1 (Brzezinski et al. 2002)
or an elevated ratio of Si:N in the initial parcel of water that
was trapped by the eddy when it formed. Assuming the eddy
II diatom communities were coastal and had a Fe:N limitation
threshold of 0.2 nmol:ymol (Biller and Bruland 2014), the Fe:
N ratios of suggest that the surface waters in eddy II had the
potential to be limited by N at Sta. 2 and limited by Fe at the
remaining stations. If the diatom community had progressed
to one that includes open ocean diatoms that have a Fe:N lim-
itation ratio of 0.07 nmol:ymol (Biller and Bruland 2014), dia-
tom communities in the surface waters at Stas. 4 and 6 may
have also been N-limited. The potential role of Fe in shaping
diatom community structure in the region is further
supported by multivariate correlation analyses that found dis-
solved Fe to be among the environmental factors that, either
alone or when combined with salinity or SST, had statistically
significant correlations with diatom community composition.
We note that multivariate analyses also found dissolved
Mn to correlate with changes in diatom community composi-
tion when combined with changes in dissolved Fe. Like Fe,
Mn is a bioactive trace metal required in elevated quantities
by phytoplankton for their photosynthetic machinery (Raven
et al. 1999). Generally, surface drawdown of dissolved Mn is
not as prevalent as has been observed for dissolved Fe (Morel
et al. 2003) with an exception being the Southern Ocean,
where dissolved Mn concentrations have been found to be
exceedingly low (e.g., Martin et al. 1990; Middag et al. 2011,
2013). Lab culture experiments have found evidence that both
temperate and Southern Ocean diatoms can experience dis-
solved Mn limitation of primary production (Sunda and
Huntsman 1983, 1996; Pausch et al. 2019). It is only recently,
however, that Fe-Mn co-limitation has been observed in the
field and this has only been observed in incubation experi-
ments with Southern Ocean phytoplankton communities
from the Drake Passage in spring (Browning et al. 2021). Con-
sidering that the dissolved Mn concentrations observed in our
study are roughly an order of magnitude higher than those
measured in the Southern Ocean where Mn-Fe co-limitation
was observed, and Mn* values were all above 1.5, it is unlikely
that Mn limitation would have been an important driver
shaping phytoplankton communities here. Both dissolved Fe
and dissolved Mn have similar coastal sources with dust (Duce
and Tindale 1991; Guieu et al. 1994; Baker et al. 2016) and
reducing sediments (Homoky et al. 2016) being especially
important, thus the dissolved Mn may be acting as a tracer of
past dissolved Fe (and other dissolved metal) inputs. In other
words, the fact that dissolved Mn concentrations are similar
in both eddies could be indicative of eddy II initially having
had dissolved Fe concentrations of the same magnitude of
those observed in eddy I when it originated near Cape
Mendocino. Viewed in this light, the increase in the correla-
tion coefficient when dissolved Mn is included as a factor
could reflect that the biological community is influenced not
only by being in an eddy (salinity, SST) and dissolved Fe
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limitation status (dissolved Fe), but by the initial dissolved
metal inputs when the parcel was near coastal sources (dis-
solved Mn). However, with only correlations to support this
hypothesis, it is merely speculative.

Rhizosolenia dominance of eddy II

We note that Rhizosolenia, a genus of diatoms with high Si
requirements known to have strategies that help overcome N
limitation (Villareal et al. 1996), was the most abundant dia-
tom genus recovered from the eddy II stations. One OTUgg
(Rhizosolenia sp. 6) accounted for 40% or more of the diatom
community at all seven eddy II stations, with three of these
stations having communities dominated by more than 70%
Rhizosolenia sp. 6. The two eddy II stations with marginally
reduced Rhizosolenia sp. 6 relative abundance, 4 and 8, also
had the lowest observed Si : N ratios in eddy II, indicating a
potential shift towards Si limitation. Interestingly, Sta. 20 in
eddy I exhibited the highest Si concentration across the entire
transect, the highest Si:N ratio within eddy I (> 1), and the
highest relative abundance of Rhizosolenia sp. 6 outside of
eddy II. We acknowledge that 18S copy number per cell is
known to vary in response to biovolume in diatoms (Godhe
et al. 2008) and Rhizosolenia spp. tend to have high bio-
volumes (Olenina et al. 2006). Thus, in terms of cell counts,
Rhizosolenia may not have been numerically dominant in
eddy II, but it nonetheless dominated the diatom biomass in
these samples.

Some species within the Rhizosolenia genus can form mats
that migrate vertically to access deep N pools using a buoy-
ancy mechanism regulated by cellular carbohydrate ballasting
(Villareal et al. 1996). Isotopic and optical methods have
shown that Rhizosolenia can access N from as deep as 305 m
(Pilskaln et al. 2005). Vertical migration of Rhizosolenia mats is
asynchronous, non-diurnal migration (Villareal et al. 1996). In
contrast to upwelling events, which bring both C and N to
the surface, when Rhizosolenia mats migrate vertically, they
access new N below the euphotic zone and then return to the
surface to carry out photosynthesis, removing C from sur-
face waters more efficiently than nonvertically migrating
phytoplankton (Wilson and Qiu 2008). Thus, a dominant,
recurring presence of Rhizosolenia mats in California Cur-
rent System eddies could impact regional C cycling and
export estimates. Mat accumulation at the surface occurs for
several days at a time (Richardson et al. 1998), especially
during low-wind periods (Villareal et al. 1996). Eight species
of Rhizosolenia have been identified in mats in the NE
Pacific, including R. castracanei, R. debyana, R. acuminata,
R. formosa, R. ostenfeldii, R. decipiens, R. fallax, and
R. shrubsolei (Carpenter et al. 1977; Villareal and Carpen-
ter 1989). Unfortunately, the majority of the Rhizosolenia
species previously identified as mat formers are not yet rep-
resented in NCBI 18S sequences, including R. castracanei,
R. debyana, R. acuminata, R. ostenfeldii, and R. decipiens. The
absence of these 18S sequences could explain the low match
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percentages (~ 90%) of our Rhizosolenia 18S sequences to
the R. shubsholei 18S sequence (Tables S1 and S2). One spe-
cies of Rhizosolenia, R. clevei, which is also not in the
sequence library, is known to host the cyanobacterium
Richelia intracellularis as an endosymbiont in a diatom-
diazotroph assemblage (DDA) (Villareal and Carpenter 1989)
where R. intracellularis fixes dinitrogen (N,) into a bioavail-
able form of nitrogen transferring as much as 97.3% of the
total fixed nitrogen to its diatom host (Foster et al. 2011).
While most of the Rhizosolenia sequences from our study
cannot be unequivocally confirmed as either a vertically
migrating species or the DDA species, several lines of evi-
dence suggest that the sequences observed belong to mat-
forming, vertically migrating Rhizosolenia species. The top
BLASTN hits were that of a previously identified mat-former
and vertical migrator, R. shrubsolei. The presence of two dis-
tinct OTUge of Rhizosolenia with elevated relative abun-
dances in eddy II, suggests the possibility that they formed
a multi-species mat, as has been found in previous studies
(Villareal and Carpenter 1989). In addition, the low wind
speed conditions (8-12 m s™') in eddy II (Fig. S3) would be
suitable, though near the upper limit, for Rhizosolenia mats
to remain intact (Villareal and Carpenter 1989; Villareal
et al. 1996). Finally, the process of N, fixation for
diazotrophs is energetically expensive and dependent on
sufficient Fe bioavailability (Falkowski et al. 1998). Because
eddy II surface waters had very low dissolved Fe concentra-
tions, N, fixation may have been Fe-limited at the time of
sampling.

Community succession framework, study limitations, and
remaining questions

Given the unique situation in that we were able to sample
two eddies that formed in roughly the same region 2 months
apart, one way to interpret our dataset is to view it as a study
of diatom succession in California Current System eddies.
Viewed as such, our data suggest that once an eddy evolves
over time into a later-stage, offshore eddy, the phytoplankton
communities are substantially distinct from the originally
trapped coastal communities because of ecological succession
driven by the aging eddy’s shifting physicochemical proper-
ties. We have provided a schematic to illustrate this diatom
community progression showing that high-nutrient, high-
diversity coastal waters are initially dominated by coastal
diatoms known to have high macro- and micro-nutrient
requirements and that as surface nutrient concentrations
within the eddy are drawn down over time, species equipped
with low-nutrient adaptations can become dominant, altering
diatom community diversity (Fig. 7). We do need to acknowl-
edge potential limitations of interpreting our study using this
framework. Eddy I formed 1 month prior to sampling around
mid-June while eddy II formed 3 months prior to sampling
around mid-April. Phytoplankton communities in the Califor-
nia Current System region have been shown to undergo
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Fig. 7. Schematic representation of diatom ecological succession during eddy aging and propagation offshore. Eddy | is the cylindrical feature spinning
counterclockwise on the right side; the eastern boundary of this eddy is located above the continental shelf, shown here as the beige boxes. On the sur-
face of eddy |, there is a diverse community of diatoms. The three boxes on the front of eddy | represent the high-nutrient coastal environment with
replete levels of nitrate, silicate, and phosphate. Eddy Il is the cylindrical shape on the left side, also spinning counterclockwise, and represents a time-
lapse of 2 months after eddy I. On the surface of eddy I, there is a low-diversity community of diatoms dominated by Rhizosolenia (blue mats) in a
low-nutrient environment. Mats access nutrient-replete waters below the euphotic zone by vertically migrating, as shown by the arrows.

consistent seasonal shifts in composition (Du and Peter-
son 2013; Peterson et al. 2017). That said, a study in the
upwelling region near Bodega Bay found nearly identical
coastal diatom communities, including elevated relative
abundances of Chaetoceros and Rhizosolenia, in yearly intervals
in the mid-May to late-June timeframe despite high turbu-
lence and mixing (Lassiter et al. 2006). Given that eddy for-
mation was separated by only 2 months, it seems unlikely
that differences in the timing of eddy formation led to the
marked differences in diatom community observed in eddies I
and II. However, as there were no samples obtained at the
time of either eddy formation, the degree of influence of sea-
sonality in ecological succession in aging eddies will remain
unknown. In addition, while diatoms are known to dominate
in waters with Si:N >1 (Sommer 1994, 1998), some of our
sampling stations did have Si:N < 1, which could suggest the
importance of other phytoplankton. Indeed, it is well-
established that upwelling influenced phytoplankton com-
munities in the California Current System do often progress
to be dominated by nondiatom groups (Wilkerson et al. 2006;
Krause et al. 2020). As we only examined diatom communi-
ties, we are unable to make any conclusions related to overall
phytoplankton succession within eddies in the California
Current System.

To enable us to generate a high-resolution, synoptic view
of the diatom community composition across two cyclonic
eddies of differing age, our study sampled only from the sur-
face. That said, we acknowledge that collecting depth-resolved
data could have helped to clarify the vertical physicochemical
structure of the water column throughout the transect. To
provide a comprehensive view of biological activity and
export in California Current System eddies, capable of resolv-
ing evidence of vertical migration of Rhizosolenia (a non-trivial
task), future studies should incorporate long-term, Lagrangian
sampling of cyclonic eddies that include measurements of C

export associated with mats. In the case of this study, we are
limited in our ability to assess export or the potential for
Rhizosolenia migration as we did not make any measurements
of biogenic silica or particulate organic C or nitrogen and did
not do Lagrangian analyses. While we did not make any asso-
ciated measurements that could quantify this in our study,
diatom community diversity is known to influence C export
(Treguer et al. 2018 and references therein).

Conclusions

This study provides valuable insights into the impact of
mesoscale cyclonic eddy dynamics on diatom communities in
the California Current System, where the high nonlinearity of
the eddies severely limits their ability to mix with or incorpo-
rate surrounding waters. Our results suggest that both the
physicochemical and diatom community structure within
cyclonic eddies evolve during propagation offshore. The com-
bined effect of transport by, and ecological succession within
the eddies is likely a key factor in mediating C cycling and
export across the wider California Current System region.
Incorporation of ecological succession in studies of biophysi-
cal interactions of eddies can help to clarify C cycling and C
export estimates as well as the estimate of total N transported
by eddies across the California Current System. In addition,
our results suggest that while there may initially be elevated
biological activity within a cyclonic eddy, it will eventually
plateau following the depletion of nutrients by coastal com-
munities. Finally, the estimates for C cycling and export in
the region may need to be revisited to account for vertically-
migrating Rhizosolenia mats.

Data availability statement

The data repository for this manuscript is hosted at the Bio-
logical & Chemical Oceanography Data Management Office
(https://www.bco-dmo.org/dataset/876590). Sequencing data
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can be found in the NCBI Sequence Read Archive (Bioproject
accession # PRJNA743307): https://www.ncbi.nlm.nih.gov/
bioproject/PRINA743307. Access to the complete dataset from
the underway system for the MV1405 cruise is available via
the Rolling Deck Repository: rvdata.us/search/cruise/MV1405.
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