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Abstract

Marine eastern boundary current ecosystems, such as the California Current System (CCS), involve produc-
tive, mesotrophic transition zones. The CCS exhibits highly variable primary production (PP), yet factors driving
the variability and underlying phytoplankton communities remain poorly understood. We integrated physico-
chemical and biological data from surface waters sampled during 10 CCS expeditions, spanning 13 yr, and
resolved regimes with distinct phytoplankton communities. Additional to an oligotrophic regime (OR), mesotrophic
waters beyond the coastal area partitioned into Meso-High and Meso-Low regimes, differing in nitrate concentra-
tions and PP. The OR was dominated by Prochlorococcus High-Light I (HLI), and eukaryotic phytoplankton were
largely predatory mixotrophs. Eukaryotes dominated Meso-Low and Meso-High phytoplankton biomass. Within the
Meso-Low, Pelagomonas calceolata was important, and Prochlorococcus Low-Light I (LLI) rose in prominence. In the
Meso-High, the picoprasinophyte Ostreococcus lucimarinus was abundant, and Synechococcus Clade IV was notable.
The Meso-High exhibited the highest PP (38 + 16 mg C m > d~'; p < 0.01) and higher growth rates for photosyn-
thetic eukaryotes (0.84 = 0.02 d™') than for Prochlorococcus (0.61 + 0.01 d™*) and Synechococcus (0.31 + 0.05 d™Y).
An experiment simulating seasonal oligotrophic seawater intrusion into the Meso-High resulted in growth rates
reaching 1.18 £ 0.10 d~! (0. lucimarinus), 0.75 + 0.21 d~* (Prochlorococcus LLI), and 0.50 + 0.04 d* (Synechococcus
EPC2). Thus, variable PP is underpinned by distinct phytoplankton communities across CCS mesotrophic regimes,
and their dynamic nature is influenced by the rapidity with which specific taxa respond to changing environmental
conditions or possibly transient nutrient release from viral encounters. Future work should assess whether these
dynamics are consistent across eastern boundary current ecosystems and over temporal variations.

Marine phytoplankton are responsible for approximately
50% of global primary production (PP; Field et al. 1998;
Huang et al. 2021) and are sensitive to both natural perturba-
tions and climate-induced ecosystem changes (Doney
et al. 2012; Arteaga and Rousseaux 2023). Shifts in dominant

phytoplankton taxa due to climate change have already been
observed in some high latitude regions (Li et al. 2009). At
lower latitudes, predicted increases in water temperature and
stratification are expected to result in expansion of low nutri-
ent regions and colonization of these areas by oligotrophic
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phytoplankton, such as the cyanobacterium Prochlorococcus
(Flombaum et al. 2013), with likely ramifications for overall
PP and marine food chains.

While knowledge of phytoplankton community dynamics
in open ocean and nearshore coastal areas is relatively robust
(Alexander et al. 2015; Dai et al. 2023; Messié et al. 2023), com-
prehension of communities in the spatially dynamic transition
zones observed in eastern boundary current ecosystems remains
limited. However, eastern boundary current regions have dis-
proportionate ecological importance, comprising only 1% of
the global ocean by surface area but contributing 5% of marine
primary production and supporting ~ 20% of global fish catch
(Messié and Chavez 2015). The eastern North Pacific Ocean
California Current System (CCS) connects to a complex transi-
tion zone characterized by meandering currents, jets, fronts,
and eddies, and is influenced by variations in upwelling
strength and penetration of stratified oligotrophic waters
(Checkley and Barth 2009; Kessouri et al. 2020). Despite exten-
sive knowledge of the CCS, shifts in phytoplankton communi-
ties that might underpin variations in PP are not well
understood (Landry et al. 2009; Taylor et al. 2015; Kranz
et al. 2020). In the mesotrophic transition zone, nutrient con-
centrations and supply rates are lower than in coastal upwelling
zones. Previous measurements of both PP and phytoplankton
growth rates exhibit high variability in these areas (Landry
et al. 2009; Li et al. 2010; Taniguchi et al. 2014). This variabil-
ity, combined with complex physical oceanography, presents
challenges for identifying forcing factors and environmental
parameters that shape resident phytoplankton communities.

Phytoplankton community composition in the CCS
region is best characterized near the coast, where diatoms
and dinoflagellates are important (Dupont et al. 2015; Choi
et al. 2020; Closset et al. 2021; Abdala et al. 2022). Studies
spanning coastal to oligotrophic offshore stations in the CCS
region show clear patterns of phytoplankton distributions,
with the cyanobacterium Prochlorococcus High-Light I (HLI)
dominating the more off-shore oligotrophic regions and the
cyanobacterium Synechococcus becoming more prominent in
mesotrophic stations across the transition zone (Sudek
et al. 2014; Ribalet et al. 2015; Kolody et al. 2019). Changes
in the relative abundances of Prochlorococcus and Syn-
echococcus ecotypes along mesotrophic sites have also been
linked to the strength of upwelling influence in this area. In
years with lower upwelling transport offshore, relative abun-
dances of both Prochlorococcus ecotypes HLI and low-light I
(LLI) were highest, while in years with stronger upwelling,
Prochlorococcus HLI remained, and Synechococcus clades I and
IV became dominant (Sudek et al. 2014). Both Synechococcus
clades I and IV are known to co-occur and are more abundant
in colder, mesotrophic waters (Sohm et al. 2015). The Syn-
echococcus Eastern Pacific Clade 2 (EPC2) is also important in
the mesotrophic region and maintains stable relative abun-
dances that seem to be less affected by temporal differences
in the strength of upwelling (Sudek et al. 2014).

Mesotrophic regimes shape algal communities

Several groups of photosynthetic eukaryotes are promi-
nent in the CCS transition zone. These include
picoeukaryotes, particularly the Class II prasinophytes
Ostreococcus lucimarinus (also termed Clade OI), isolated off
the California, USA coast (Worden et al. 2004), and several
Micromonas and Bathycoccus clades (Simmons et al. 2016;
Limardo et al. 2017; Kolody et al. 2019). Additionally, the
stramenopile alga Pelagomonas calceolata exhibits high rela-
tive abundances, as do dictyochophytes further offshore
(Dupont et al. 2015; Kolody et al. 2019; Choi et al. 2020).
How these taxa coalesce and respond via changes in growth
and PP during shifts in biotic and abiotic factors encoun-
tered in transition zones is not well understood, providing
challenges for predicting future scenarios.

To understand factors driving phytoplankton communities
and PP in the transition zone, we performed 10 autumn cruises
over 13 yr in the eastern North Pacific Ocean that crossed the
CCS. Four of these cruises included additional sampling for phy-
toplankton enumeration, community composition and nutrient
measurements, as well as dilution experiments to determine
growth rates. Our study reveals that the transition from the edge
of the gyre (800 km from shore) toward the coast partitions
into three ecological regimes, as identified by physiochemical
measurements, phytoplankton communities, and overall PP. The
North  Pacific  Subtropical Gyre populations define
an Oligotrophic Regime (OR) which transitions into an interme-
diate Mesotrophic Low water (Meso-Low) and Mesotrophic
High water (Meso-High), both of which are beyond a coastal
regime. Nitrate concentrations in these regimes align with early
studies of the Mauritanian eastern boundary current system,
defining > 10 4M nitrate as eutrophic, ~ 0.5 to 2 yM or higher
as mesotrophic, and approaching detection limits (typically
3-10 nM) as oligotrophic (Babin et al. 1996; Morel 1996). Here,
each regime was characterized by different contributions and
growth rates of cyanobacterial and photosynthetic eukaryotic
taxa, with nitrate availability appearing to be a key factor. The
resulting differentiation of phytoplankton assemblages across
these three biomes contribute to observed variations in PP in
the CCS.

Materials and methods

Oceanographic sampling

This study integrates data from 10 autumn research expedi-
tions in the Northeastern Pacific Ocean from 2000 to 2013. Sea-
water was collected from between O and 15 m using a CTD
Niskin Rosette or, in some cases, a GO-FLO water sampler, at
six major stations along CalCOFI line 67 (67-60, 67-65, 67-70,
67-135, 67-145, and 67-155) and coastal Sta. H3, and around
these stations when following a drifter (Dataset S1). Nutrient
samples (NO;~, NO,~, PO,*~, and SiO4*") were collected and
analyzed as in Pennington and Chavez (2000). Samples for flow
cytometry analysis were collected in 2007-2013 and preserved
with glutaraldehyde (0.25% final concentration), fixed at room
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temperature in the dark for 20 min, flash-frozen in liquid nitro-
gen, and stored at —80°C until further use. Seawater for DNA
sequencing was collected from a subset of samples (n = 20),
including those from dilution experiments, by filtering 1 L of
sample onto 0.2 um pore size Supor filters (Pall Scientific),
which were then frozen and stored at —80°C until further use.

Primary production measurements and dilution
experiments

Primary production measurements by the '*C-bicarbonate
method (Steemann Nielsen 1952) were performed in most
years from 2000 to 2013 from surface samples (5-15 m)
using incubators simulating in situ conditions, following
Pennington and Chavez (2000). Depth-specific total carbon
fixation (expressed as mg C m > d ™!, i.e., the same as ug C L™
d~!) was estimated for the 100%, 50%, 30%, 15%, 5%, 1%,
and 0.1% light penetration depths estimated by Secchi disk
following Parsons et al. (1984), with net primary production
(NPP) reflecting the average of the 100% and 50% depths.

To determine growth rates and estimate biomass produc-
tion six dilution experiments were performed with modifica-
tions from previous studies (Landry and Hassett 1982;
Worden and Binder 2003) as detailed below. Two experiments
were conducted at Sta. 155 (in 2009; 155-2009) and Sta.
135 (in 2011; 135-2011). Four experiments were performed at
Sta. 70 (in 2009, 2011, and 2013; 70-2009, 70-2011, and
70-2013) and Sta. 60 (in 2012; 60-2012). Incubations were per-
formed in 4 L polycarbonate bottles in on-deck incubators
with light and temperature adjusted to that of the station and
depth of water collection (5-15 m) using neutral density filters
with quantification of photosynthetically active radiation and
a heat exchanger/water recirculator, respectively.

All materials used in dilution experiments were acid-cleaned
with 4% trace metal clean HCI in MilliQ water. Whole and fil-
tered seawater were distributed to bottles as: 100% whole
(undiluted—i.e., with grazers) and 80% filtered (0.2 ym sterile cap-
sule filters) plus 20% whole (80% filtered—i.e., reduced grazers—
providing the minimum growth rate after reducing grazing mor-
tality; see Text S1 for additional details). Treatments were
conducted in triplicate except in experiments 70-2011 and
60-2012, where four biological replicates were used. Incubations
were performed for 48 h with sampling at the 0, 24, and 48 h
timepoints, except for experiments 70-2009 and 135-2011, which
were sampled at O and 24 h. Sampling occurred just before dawn
and bottles were sacrificed at each timepoint.

Additionally, a 70-2011 experiment conducted at Sta. 70 in
2011 evaluated the impact of naturally occurring oligotrophic
water intrusion (such as from Sta. 135) into the mesotrophic
waters, hereafter referred to as a perturbation experiment.
Treatments and controls were performed in quadruplicate and
included whole seawater from Sta. 70 (undiluted), 20% whole
seawater from Sta. 70 with 80% Sta. 70 diluent (0.2 ym capsule
filter as above; control), 20% whole seawater from Sta. 70 with
80% Sta. 135 diluent (“oligo,” collected and filtered 4 d before
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experiment start), or 20% whole seawater from Sta. 70 with 80%
Sta. 135 diluent amended with 5 ymol NO3; ™~ (“oligo + NO3 ™).

For all dilution experiments, theoretical true growth rate, in
the absence of grazering, and mortality rates were calculated as
in Landry and Hassett (1982) using flow cytometry data (see
below). For species- or clade-specific growth and mortality cal-
culations an approach was derived from Worden and Binder
(2003) using qPCR or flow cytometry data combined with
amplicon data (see below). Prochlorococcus, Synechococcus, and
photosynthetic eukaryote biomass production was calculated
using equations from (Landry et al. 2000; Cuvelier et al. 2010).
For details see Text S1.

Flow cytometry and biomass estimates

Flow cytometry samples collected from the in situ sampling
and dilution experiments were analyzed on an Influx flow
cytometer (BD Biosciences) as described previously (Cuvelier
et al. 2010) (Dataset S1). Fluoresbrite yellow-green 0.75 ym
diameter beads (Polysciences Inc.) were used as internal stan-
dards. Fach sample was run at a rate of 25 L min~' for 8 min
following a 2 min pre-run, with volume determined by
weighing. Cytograms were analyzed using WinList 7.0 (Verity
Software House). Prochlorococcus, Synechococcus, and photosyn-
thetic eukaryotes were distinguished based on forward angle
light scatter (FALS), chlorophyll-derived red autofluorescence
(692/40 nm bandpass), and phycoerythrin-derived orange
fluorescence (572/27 nm bandpass) from Synechococcus.
Prochlorococcus, Synechococcus, and photosynthetic eukaryote
abundances were then used with established carbon conver-
sion factors to estimate biomass, specifically 39, 82, and
530 fg C cell !, respectively (Worden et al. 2004).

DNA extraction, V1-V2 16S rRNA gene amplicon analyses,
and qPCR

DNA was extracted using a protocol modified from the
DNeasy Plant Kit (Qiagen; Demir-Hilton et al. 2011) and quan-
tified with the Qubit dsDNA high-sensitivity assay kit (Life
Technologies). V1-V2 16S rRNA amplicon sequencing was
performed as in Sudek et al. (2014), and detailed in Text S1.
Quality control of reads and the amplicons generated—as well
as taxonomical classification of amplicons using a maximum
likelihood approach and full-length 16S rRNA gene reference
alignments via the PhyloAssigner pipeline (v6.166)—were per-
formed as in Choi et al. (2020).

Phytoplankton community composition analyses based on
V1-V2 16S tRNA amplicons were performed in a subset of
samples (n = 12, years 2009, 2011-2013; Dataset S2). Relative
abundance of each cyanobacteria taxa was calculated out of
the total number of amplicons assigned to cyanobacteria. Syn-
echococcus amplicon values were divided by two as the
genomes typically contain two copies of the 16S rRNA gene,
whereas Prochlorococcus genome sequences typically contain
one (Fuller et al. 2003; Vétrovsky and Baldrian 2013). For pho-
tosynthetic eukaryotes, relative abundance of each taxon was
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calculated relative to the total number of reads assigned to plas-
tid 16S rRNA and calculated out of the total number of reads
assigned to each specific alignment/phylogenetic tree: Vir-
idiplantae (green algae), pelagophytes, and dictyochophytes.

Quantitative PCR (qPCR) primer-probe sets specific for
Ostreococcus Clade OI, Bathycoccus (Demir-Hilton et al. 2011),
and P. calceolata (Choi et al. 2020) were used to quantify 18S
rRNA genes from these taxa in the same samples as used for
amplicon sequencing, as well as for 2011-2013 dilution exper-
iment samples. Standard curves were generated as described
by Demir-Hilton et al. (2011). See Text S1 for details.

Statistical analyses

To compare environmental factors across samples, principal
component analysis (PCA) was performed on the physicochemi-
cal measurements (temperature, salinity, NO3~, NO, ", PO,
Si04*") associated with surface seawater samples (0-15 m) using
the PCA function in the FactoMineR package with
scaling = TRUE (Lé et al. 2008). To group samples according to
environmental factors, hierarchical clustering, using Euclidean
distance matrix and Ward’s minimum variance method for clus-
tering, was performed based on the PCA scores using the HCPC
function in FactoMineR. Clusters were validated with a pairwise
permutational multivariate ANOVA  test (PERMANOVA,
permutations = 9999) using Bray-Curtis distance matrix via the
pairwiseAdonis function in the vegan package in R (Oksanen
et al. 2024). Post clustering, averages were developed for the bio-
logical data (as below) according to the regime/cluster in which
the samples were placed and statistical differences were deter-
mined via t-tests using the function t_test in R.

Differences in phytoplankton community composition
between samples were analyzed using Bray—Curtis distance
matrix with Non-metric Multi-dimensional Scaling (NMDS) and
analysis of similarities (ANOSIM) test (permutations = 9999)
from the R package vegan. Taxonomy input for both analyses
was the relative abundances of cyanobacterial clades out of total
cyanobacteria 16S rRNA amplicons and eukaryotic taxa out of
total plastid amplicon sequences (to the genus and species level
where possible). Environmental data (as above) was fitted to
NMDS scores with 9999 permutations and Bonferonni correc-
tion using the envfit function in the R package vegan.

Results

Surface ocean characteristics, phytoplankton abundances,
and PP

To characterize phytoplankton communities across an east-
ern boundary current system, autumn-time cruises were con-
ducted transecting from coastal California to 800 km offshore
(Fig. 1a; Dataset S1). The cruises took place between 2000 and
2013, with the most intensive biological sampling (e.g., flow
cytometry, sequencing) and dilution experiments performed
between 2009 and 2013. Since our goal was to examine phyto-
plankton community assembly in relation to the
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physicochemical parameters, the latter period served as the pri-
mary focus. Hierarchical clustering based on PCA of abiotic fac-
tors (i.e., nutrient concentrations, temperature, and salinity) in
surface waters distinguished four significant clusters (p < 0.01,
PERMANOVA, n =155; Figs. 1, S1; Dataset Sla). These were
coastal (H3 and vicinity), oligotrophic regime (OR, Sta.
135, 145, 155), and two mesotrophic water types, Mesotrophic-
Low (Meso-Low) and Mesotrophic-High (Meso-High), that
came from Sta. 60 to 70 (as termed herein; see Fig. 1b).

The Meso-High and Meso-Low regions were not fixed geo-
graphically but were 96-170 km from shore, based on the
sampling herein. At these sites, water densities were relatively
consistent, and, like temperature, were differentiated from the
coastal zone and OR (Figs. 1b, Sla,b; Dataset S1). NO3;~ con-
centration averaged 0.07 £ 0.07 uM in OR surface waters,
vs. 0.33 +0.23 uM and 1.95 £+ 0.69 uM in the Meso-Low and
Meso-High, respectively. In the Meso-Low, NO;3~, PO,
and salinity were significantly lower (p < 0.05), and tempera-
ture was higher (p <0.001) than in the Meso-High (Fig. 1b).
Both mesotrophic regimes were significantly different from
the coastal cluster which had NO3;~ concentrations > 6 uM
and was used only as a reference point for defining offshore
waters. Net primary production (NPP) was measured in a sub-
set of samples and was highest in the Meso-High regime
38+ 16mg C m~3d~', 95% conf. interval, p<0.01, n=18).
In the Meso-Low and OR, NPP was 21 +15mg C m > d !
m=13) and 4+1mg C m > d' (n=12), respectively
(Fig. 1¢). Thus, both mesotrophic regimes were distinct based
on physiochemical parameters from the colder, higher nutri-
ent coastal waters and from the warm, low-nutrient oligotro-
phic water. The PCA captured 75% of the variation between
the 55 samples (Fig. S1c). To develop a more nuanced view,
we also analyzed these samples without the coastal data. In
this case, PC1, which was most closely associated with NO3~,
explained 45.7% of the variance that separates Meso-High
from Meso-Low and OR (Fig. S1d).

Broad scale physiochemical patterns were mirrored by differ-
ences in the phytoplankton community structure. Both abso-
lute abundances and relative contributions of Prochlorococcus,
Synechococcus, and photosynthetic eukaryotes determined by
flow cytometry differed across the regimes (Fig. 1d; Dataset S1).
Prochlorococcus had highest contributions in the OR, averaging
155,180 + 23,058 cells mL™' and comprising 86 + 3% of the
phytoplankton biomass, followed by photosynthetic eukary-
otes (11 £ 2%). Synechococcus had the lowest biomass contribu-
tions in the OR (p<0.001) and equivalent biomass
contributions (p > 0.05) in the Meso-Low (4.0 + 2.4 mg C m3)
and Meso-High (7.0 + 3.1 mg C m~3). The highest photosyn-
thetic eukaryotic biomass was observed in Meso-High, with
abundance averaging 37,100 + 9171 cells mL™' and forming
75 £ 5% of phytoplankton biomass, and 16,283 + 5602 cells
mL~! in the Meso-Low (62 + 5% of the phytoplankton bio-
mass). Photosynthetic eukaryotes standing stock biomass
(as opposed to relative contributions per sample) was
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Fig. 1. Distinct regimes in the eastern North Pacific. (@) Map of oligotrophic (155, 145, and 135), mesotrophic (70, 65, and 60; both high and low),
and coastal (H3) stations correspond to locations of sampling and drifter deployment along line-67 (Pennington et al. 2007) in the eastern North Pacific
California Current System (CCS) offshore Monterey Bay, California, USA. The inset shows the location of Line-67 relative to Hawaii. Background shows
sea surface temperature from October 2011. (b) Average and standard deviation for environmental parameters of surface samples (0-15 m) distinguish
four significant (p < 0.01) regimes: coastal (shown as a reference, n = 4), oligotrophic (OR), Mesotrophic-Low (Meso-Low), and Mesotrophic-High
(Meso-High). The heat map reflects the z-score for the indicated sample computed using all 55 samples, shown here only for the subset with
corresponding flow cytometry data. Cruise year and stations (or drifters [d] around station) are indicated by shape and color, respectively. The schematic
topology of hierarchical clustering reflects the results of the PCA (Fig. S1a). (c) Net primary production ('“C-Bicabonate uptake-method) averages and
standard deviations per regime. **p < 0.01 and ***p < 0.0001 (t-test). (d) Cell abundance and estimated biomass contributions of the three major phyto-

plankton groups based on flow cytometry data.

significantly (p <0.001) greater in both mesotrophic regimes
than that of either Prochlorococcus or Synechococcus in the OR,
Meso-Low, and Meso-High (Dataset S1b). Altogether, estimated
total phytoplankton biomass declined from 27.6 + 5.5 mg C
m* (Meso-High) to 15.5+6.2mg C m * (Meso-Low) and
7.0 £ 1.0 mg C m 3 (OR) (p < 0.05).

Phytoplankton community composition

Phytoplankton community composition was character-
ized in detail using V1-V2 16S rRNA gene amplicons, which
allowed identification of cyanobacteria and eukaryotic phy-
toplankton (based on plastid-derived 16S rRNA gene for the
latter). Relative abundances were computed in three ways,
depending on the group under consideration: out of total
cyanobacterial amplicons, out of total plastid-derived

amplicons, or out of total phytoplankton amplicons
(cyanobacterial plus plastid amplicons).

Consistent with flow cytometry data, Prochlorococcus domi-
nated in the OR (91 £+ 2% of total phytoplankton V1-V2 16S
rRNA amplicons, Fig. S2a), with Prochlorococcus HLI having the
highest relative abundance (98 £0% of cyanobacterial
amplicons, Fig. 2a). Photosynthetic eukaryotes were the sec-
ond most abundant OR group (7 £+ 2% of total phytoplankton
amplicons), out of which stramenopiles dominated (72 + 6%
of plastid amplicon abundances; Fig. S2b), largely represented
by dictyochophytes (Fig. 2b).

In mesotrophic regimes, Prochlorococcus relative abundances
decreased significantly compared to the OR (p < 0.05), forming
31 + 4% in Meso-High (primarily HLI), and 5 + 3% in Meso-
Low (largely HLI followed by LLI) of total phytoplankton
amplicons (Fig. 2a). Relative contributions of Synechococcus to
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phytoplankton amplicons was not significantly different
between the Meso-Low and Meso-High (15 £2% and
17 + 8%, respectively) but dominated cell abundance
and cyanobacterial amplicons (75 £+ 4%) in Meso-High. In
the Meso-Low, Synechococcus Clades IV and EPC2 formed
13 +£ 4% and 11 £+ 4% of cyanobacterial amplicons, respec-
tively. In the Meso-High, Clade IV was the most abundant
(56 £ 14%) cyanobacterium, followed by Synechococcus
Clade I and Clade EPC2 (10 + 2% and 7 £+ 1%, respectively).
Photosynthetic eukaryotes comprised 40 &+ 0% and 62 + 16% of
total phytoplankton V1-V2 16S rRNA amplicons in Meso-Low
and Meso-High, respectively.

Eukaryotic phytoplankton transitioned from stra-
menopile dominance of plastid 16S tRNA amplicon relative
abundances in the OR (68.0 +7.2%) to prasinophytes
in the Meso-High (64 +10%). In the Meso-Low, stra-
menopiles and green algae contributed 58 + 12% and
26 £ 12%, respectively. Highest prymnesiophyte relative
abundances occurred in the OR (17 + 6%) and decreased in
the Meso-Low and Meso-High (Figs. 2b, S2). As expected,
diatoms had high relative abundances in the reference
coastal sample distinguishing it from the three regimes
above (Figs. 2b, S2d).

Due to their prevalence, stramenopiles and green algae
were analyzed at higher taxonomic resolution using phyloge-
netic approaches (Fig. 2b; Text S2). Among stramenopiles,
P. calceolata dominated mesotrophic regimes, with higher
relatively abundance in Meso-Low (32 + 7% total plastid
amplicons) than Meso-High (17 £5%) (Fig. 2b). Dic-
tyochophytes were more diverse and dominated plastid rela-
tive abundances in the OR (57 + 10%), where pelagophytes
were < 5%. Within green algae, prasinophyte Class VIL.B
(Chloroparvula) had the highest relative abundances in Meso-
Low (19 £+ 11%), while Meso-High samples were dominated
by prasinophyte Class II (60 4+ 15%), more specifically
Ostreococcus Clade OI (52 £ 18%). All Ostreococcus amplicons
were from O. lucimarinus, thus we use the genus species
naming henceforth rather than Clade OI.

Phytoplankton community composition was significantly
different across the three regimes (ANOSIM, R=0.94 and
p =0.004; Fig. S3). Temperature (R*=0.94, p =0.004) was
the strongest factor separating OR from both Meso-High and
Meso-Low, while NO3;~ concentrations separated the two
Mesotrophic regimes (R*=0.72, p=0.038). Additionally,
two approaches were used to verify 16S rRNA amplicon-based
inferences about phytoplankton communities. The first com-
pared contributions based on flow cytometric enumeration to
relative contributions in 16S rRNA amplicon data. Correlation
between contributions of Prochlorococcus, Synechococcus,
and eukaryotes to total phytoplankton amplicons and cell
abundances was weaker (Fig. 2¢) than correlation to flow
cytometry-based biomass estimates (Fig. 2d).

The second approach involved using an absolute method
for quantifying the eukaryotic taxa that were identified as

Mesotrophic regimes shape algal communities

being dominant via relative amplicon abundances in the
Meso-Low (P. calceolata), and the Meso-High (O. lucimarinus),
as well as a taxon that was notable in both regimes
(Bathycoccus spp.). Comparison of the ratios of the two pic-
oprasinophytes enumerated by 18S rRNA qPCR to 16S rRNA
amplicon ratios supported patterns seen across regimes via
amplicons (R® = 0.88; Fig. S4b; Datasets S2 and S3; Fig. S4).
Additionally, P. calceolata had higher qPCR gene counts
than the picoprasinophytes in the Meso-Low. All three had
higher abundances in the Meso-High than Meso-Low
(p < 0.05). This was most notable for O. lucimarinus, which
reached 119,441 + 5835 18S rDNA gene copies mL™! in the
Meso-High, greater than Meso-Low counts by two orders of
magnitude.

Phytoplankton growth rates and biomass production

Growth rates and biomass production contributions from
Prochlorococcus, Synechococcus, and photosynthetic eukaryotes
were estimated from dilution experiments. All three groups
reached their highest growth rates in the Meso-High, with
photosynthetic eukaryote growth rates the highest of the
three (0.84 +£0.02 d°'), followed by Prochlorococcus
(0.63 + 0.03 d™ ') and Synechococcus (0.46 + 0.01 d ') (Fig. 3a).
Grazing mortality was also estimated, with photosynthetic
eukaryotes showing the highest average mortality rates, which
occurred in the OR and Meso-High (Dataset S4). Grazing mor-
tality was more variable in the Meso-Low, whereas growth
rates for all three major phytoplankton groups were most
similar to each other in this region.

Next, we estimated Prochlorococcus, Synechococcus, and photo-
synthetic eukaryote daily biomass production (mg C m™3 d )
using carbon conversion factors for picophytoplankton and
the experiment-derived growth rates (Fig. 3b). The greatest
overall biomass production (23+8mg C m 3 d!) was
observed in Meso-High experiments, which was 5 times
higher than Meso-Low experiments (5+1mg C m > d')
and 11 times higher than experiments in oligotrophic waters
(2+0mg C m* d'). In oligotrophic experiments,
Prochlorococcus accounted for 70% of the total biomass produc-
tion, and in mesotrophic experiments, photosynthetic eukary-
otes accounted for 85% and 73% in Meso-Low and Meso-High
experiments, respectively.

In addition to the estimates of growth rates of
Prochlorococcus, Synechococcus, and photosynthetic eukary-
otes, species-specific daily growth rates were determined for
O. lucimarinus, P. calceolata, and Bathycoccus using qPCR on
DNA from mesotrophic regime experiments (Table 1).
Growth rates of O. lucimarinus and P. calceolata increased
nearly threefold from the Meso-Low to Meso-High, reaching
0.85+006 d ' and 0.67+0.06 d' respectively.
Bathycoccus spp. had the lowest growth rates < 0.49 + 0.01
d~'. All three grew faster in the Meso-High than the Meso-
Low, similar to trends observed for the whole eukaryotic phy-
toplankton community using flow cytometry (Fig. 3).
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Fig. 2. Phytoplankton assemblages in CCS regimes and relationships between amplicon and flow cytometry data. (a) Pie charts representing
Prochlorococcus and Synechococcus ecotype relative abundances computed out of total cyanobacteria V1-V2 16S rRNA gene amplicons. (b) Pie charts rep-
resenting relative abundances (computed out of all plastid V1-V2 16S rRNA gene amplicons) for the most abundant eukaryotic phytoplankton belonging
to prasinophyte and stramenopile species and clades, and other major lineages. Taxa with relative abundances averaging < 3% in samples from within a
regime are shown as “Others” (including other species of some of the shown genera) in black. Averages + standard deviations represent data from
two different years in each mesotrophic regime and 3 yr in the OR. An unreplicated coastal zone sample depicts common upwelling communities in this
system and one mesotrophic sample (Sta. 70, 2009) considered as a transition sample was excluded in this analysis. Note the relative abundance of
each green algal taxon (to total plastid amplicons) was < 3% in the OR (and hence not shown). Together green algae accounted for 9.0 + 1.2% of OR
plastid amplicons. Of these, 2.1 £ 0.7% putatively assigned to the green algae could not be clearly identified. Also shown is the relationship between
contributions of Prochlorococcus, Synechococcus, and photosynthetic eukaryotes to total phytoplankton 16S rRNA amplicons vs. (c) cell abundance by flow
cytometry and (d) estimated biomass (using flow cytometry data and conversion factors). Result of a linear regression model (R? and p-value) are shown
for all phytoplankton (bold) and for each group.

Effect of reduced nutrient availability on phytoplankton
growth rates

We next simulated the impact of naturally occurring oligo-
trophic water intrusion into the Meso-High, specifically the
effect of mixing in water from the oligotrophic station, where
nitrogen concentrations were significantly lower than in
mesotrophic stations. NO3~ was the major factor separating
the Meso-High and Meso-Low regimes in our analyses.

Standing stock concentrations of NO3;~ were 5.9 times higher
in Meso-High than Meso-Low (p < 0.05) and 30 times higher
than in the OR (Fig. 1; Dataset S1). Therefore, NO3~ amend-
ment was also examined in the simulated intrusion to test the
hypothesis that nitrogen availability alone affects phytoplank-
ton community composition and growth rates in the CCS
(Fig. 4). Water from oligotrophic Sta. 135 (< 0.01 uM NO3")
was the diluent for Meso-High communities at Sta. 70, both
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Fig. 3. Growth rates and biomass production in the oligotrophic and mesotrophic regimes of the CCS. (a) Dilution experiment-based growth rates via
linear regression analysis (theoretical true growth in the absence of grazers; u, d~") of Prochlorococcus, Synechococcus, and photosynthetic eukaryotes, ana-
lyzed with flow cytometry, with two oligotrophic experiments and two experiments for each mesotrophic water type. Each experiment was performed in
triplicated incubations (except for 70-2011 performed in quadruplicated incubations). Error bars represent the standard error of triplicated or quadrupli-
cated experimental treatments (Dataset S4). (b) Dilution experiment-based mean biomass production by Prochlorococcus, Synechococcus, and photosyn-
thetic eukaryotes (mg C m~> d~") in two experiments per regime. The mean and standard deviation (error bars) were calculated from biomass
production of all bottles corresponding to the two experiments per regime (so that biological replicates per regime correspond to OR (n = 7), Meso-Low

(n = 6), and Meso-High (n = 7)).

with and without NO3;~ amendment, alongside a control (i.e.,
diluent from Sta. 70).

For the three eukaryotic phytoplankton species examined,
growth rates were highest in the oligo + NO;~ treatment (Fig. 4a;
Table 2). Ostreococcus lucimarinus and P. calceolata had the highest
growth rates, 1.18 + 0.10 and 1.13 + 0.15 d"*, respectively, in the
oligo + NO; ™ treatment, up to 1.5-fold higher than respective con-
trol growth rates. Pelagomonas calceolata showed lower growth rates
(0.68 + 0.11 d ') in oligo treatment, whereas for O. lucimarinus
and Bathycoccus lowest growth rates were observed in the control
and oligo treatment (Fig. 4a; Table 2).

Table 1. Field growth rates of key picoeukaryote genera and/or
species. Rates are given as u d~' for picoeukaryotes based on
gPCR analysis of the 18S rRNA gene in dilution experiments after
48 h incubations. Significance of the linear regression based on
model t-test is also given with n.s. indicating p > 0.01.

Growth rate Significance

Regime Site/yr w+sbd™ p<
Ostreococcus lucimarinus

Meso-low 70/2013 0.54£0.12 0.01

Meso-high 70/2011 1.00 + 0.06 0.01

Meso-high 60/2012 0.68 +0.03 0.05
Bathycoccus spp.

Meso-low 70/2013 0.29 £0.11 0.05

Meso-high 70/2011 0.61 £0.07 0.01

Meso-high 60/2012 0.50 £ 0.02 n.s.
Pelagomonas calceolata

Meso-low 70/2013 0.45+0.10 0.05

Meso-high 70/2011 0.90 £0.11 0.01

Meso-high 602,012 0.76 £ 0.05 0.05

Prochlorococcus HLI was the more abundant Prochlorococcus
ecotype in this experiment and showed no difference in
growth rates between control and oligo, and a slightly higher
growth rate in the oligo + NO3~ treatment (Fig. 4b). The
Prochlorococcus  LLI growth rate was twofold higher in
the oligotrophic treatment (0.75+0.21 d'), and slightly
more so in the oligo + NO3~ treatment (0.85 £ 0.11 dh,
than the control (0.36 + 0.06 d™1).

Control growth rates for Synechococcus Clade IV (the most
abundant Synechococcus clade in the experiment) also mir-
rored the flow cytometry-based measurement (Figs. 3, 4c;
Table 2). Differences were not observed between treatments
for Synechococcus Clade I and EPC1, while Clade V/VI/VII
growth declined in the oligo treatment compared to the con-
trol and oligo + NOj3 ™ treatment (Fig. 4c; Table 2). In contrast,
Synechococcus Clade EPC2 did not grow in the control and
exhibited higher growth rates in the oligo and oligo + NO3~
treatments than in the control. Collectively, these results
show the distinctive responses of individual ecotypes or spe-
cies in a simulated push toward a more Meso-Low condition
vs. ambient Meso-High conditions.

Discussion

Oceanographic studies have identified areas where high pri-
mary productivity occurs, including the eastern boundary cur-
rent system investigated here (Messié and Chavez 2015;
Chavez et al. 2017). Still, data on the activities of specific phy-
toplankton groups, species, or ecotypes are largely unavailable,
despite how evolutionarily and ecologically different these
taxa are (Worden et al. 2015). Here, we incorporated data from
multiple approaches to investigate phytoplankton communi-
ties present in the CCS and how they connect to primary
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Fig. 4. In situ growth rates of key members of the Meso-High phytoplankton community and responses to oligotrophic water intrusion. Rates for four
treatments performed at Sta. 67-70 (2011) over a 24-h period are shown: with grazers (Undiluted; Sta. 70 seawater), and in treatments with reduced
grazing pressure (by 80% dilution; i.e., minimum growth rates) with native seawater (control), oligotrophic Sta. 135 water, and oligotrophic water
+ NO5;~ (water amended with 5 M NO;3~, final concentration) as diluents. Treatments were performed and analyzed in quadruplicate. Growth
responses (4, d~') based on qPCR are shown for (a) Ostreococcus lucimarinus, Bathycoccus spp., and Pelagomonas calceolata using 185 rRNA qPCR data,
and (b) Prochlorococcus and (c) Synechococcus ecotype growth rates based on V1-V2 16S rRNA amplicons combined with flow cytometry-based cell abun-
dances. Error bars represent the standard deviation, see also Table 2.

production variability in this important region of the eastern Distinctive offshore regimes in the mesotrophic ocean

North Pacific Ocean. Distinct phytoplankton communities Prior measurements of PP in the CCS have been highly
were delineated in offshore CCS surface waters based on abi-  variable, with the highest rates often attributed to upwell-
otic factors, with NO3™ standing stocks appearing to be partic- ing. Upwelling is known to provide massive supplies of
ularly important to community assembly. inorganic nutrients—fueling blooms of diatoms and other

Table 2. Picoplankton responsiveness to perturbation. Specific growth rates for key picoeukaryotic taxa and cyanobacterial ecotypes in
the Meso-High (70-2011) under experimentally simulated intrusion of oligotrophic water (and controls). Picoeukaryote rates are based
on 18S rRNA gene gPCR analysis (in situ initial cell abundances correspond to mean and error of triplicated qPCR runs). Estimated rates
for Cyanobacteria use V1-V2 16S rRNA amplicon data combined with flow cytometry data. For all, the conservative 2-points analysis
approach is used (see Methods). The mean and standard deviation of growth rates was calculated from biological duplicates of the qua-
druplicated treatments.

Minimum growth rate (u d~', 80% diluent)

Species/ecotype Method In situ (cells mL™") Control Oligo diluent Oligo + NO3™
Picoeukaryotes
Ostreococcus lucimarinus qPCR 44,438 + 1228 0.84 +0.17 0.95 + 0.01 1.18 £ 0.10
Bathycoccus qPCR 18,838 £ 560 0.46 +£0.19 0.45 £+ 0.11 0.89 £0.12
Pelagomonas calceolata qPCR 11,709 £+ 560 0.82 +£0.14 0.68 +0.11 1.13+£0.15
Synechococcus
Clade | 16S/Flow 9327 0.84 £ 0.06 0.66 +0.08 0.86 +0.06
Clade IV 16S/Flow 61,538 0.32+£0.03 0.60 +0.02 0.69 + 0.01
Clade EPC1 16S/Flow 229 0.57 +£0.26 0.55+0.45 0.48 £ 0.01
Clade EPC2 16S/Flow 10,101 —0.01 £ 0.03 0.33 £0.05 0.50 £ 0.04
Clades V/VI/VII 16S/Flow 2221 1.03+0.03 0.81 +£0.10 0.97 £0.02
Prochlorococcus
Ecotype HLI 16S/Flow 31,353 0.55+0.08 0.53 +£0.03 0.69 + 0.01
Ecotype LLI 16S/Flow 1402 0.36 + 0.06 0.75 +0.21 0.85+0.11
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algae (Kudela et al. 2006; Kahru et al. 2009; Li et al. 2010;
Kranz et al. 2020). Such studies show rates of depth-integrated
NPP in the range of 120-718 mmol C m > d ™' (1.44-8.16 g C
m 2 d7') in coastal and freshly upwelled CCS waters south-
wards of the region studied here (Kranz et al. 2020). Along Line
67, where our study took place, coastal surface water NPP aver-
aged 140 mg C m 3 d ! at sites shoreward of our mesotrophic
transition zones sites (Chavez et al. 2011). Molecular analysis of
the same shoreward stations (coastal/~ 8 km from the inner
most point of Monterey Bay) showed a predominance of dia-
toms (Choi et al. 2020), akin to our unreplicated sampling at
Sta. H3, 10 km from shore (Fig. 2b). In our study, neither the
Meso-Low, nor the Meso-High with its higher NPP (23 + 8 mg
C m2 d7}, albeit lower than coastal values), showed a strong
influence of newly upwelled water, which can be tracked via
salinity characteristics (Pennington and Chavez 2000). Rather,
we found that differentiated communities with significantly
different biomass and primary production rates may underpin
variability in CCS PP.

High variability in NPP in the core of CCS, offshore from
the coastal regime, has been reported before. However, mea-
surements were typically based on chlorophyll concentrations,
making it unclear what the biological drivers might be
(Munro et al. 2013; Taylor et al. 2015; Kranz et al. 2020). In
one such study, NPP ranged between 18 and 48 mmol C m 2
d~! with the latter value connecting to waters influenced by
wind-stress curl driven upwelling (Kranz et al. 2020). Here,
physicochemical characteristics of the Meso-High and Meso-
Low regimes were significantly different from each other
(Fig. 1). This partitioning was reflected in significant differ-
ences in NPP, providing a platform for investigating phyto-
plankton community assembly. The results point to there
effectively being two mesotrophic biomes that are distinct
from each other, as well as from classically characterized
coastal/upwelling waters and oligotrophic waters.

Transitions in phytoplankton communities from
mesotrophic regimes to open ocean

We observed generalized differences across the regimes using
phylogenetically parsed 16S rRNA gene amplicon data. Addi-
tionally, the results suggest that 16S rRNA amplicon contribu-
tions of photosynthetic taxa can serve as a proxy for relative
biomass of Prochlorococcus, Synechococcus, and photosynthetic
eukaryotes, at least based on the primers used and populations
encountered (generally picoplanktonic) in the offshore waters
in the CCS. This analysis showed that Prochlorococcus HLI
(eMED4) dominated in the OR, as expected based on inferences
from prior 16S rRNA amplicon data from the Pacific Ocean
(Sudek et al. 2014) and quantitative data from the Atlantic
Ocean (Johnson et al. 2006). However, the relative contribu-
tions of Prochlorococcus to OR phytoplankton abundance and
biomass were higher than averaged global Prochlorococcus con-
tributions at this latitude (Johnson et al. 2006; Flombaum
et al. 2013). This is likely due to the influence of the North

10

Mesotrophic regimes shape algal communities

Pacific Subtropical Gyre at our OR sites, which has high
Prochlorococcus abundances relative to latitudinally similar envi-
ronments (Karl and Church 2014).

Higher abundance of Prochlorococcus LLI (eNATL2A) in the
Meso-Low added nuances to reported surface water patterns,
that emphasize it has higher abundance than other LL adapted
strains as a function of deep photic-zone mixing (Biller
et al. 2015). Here, Prochlorococcus LLI showed higher growth
rates than HLI, specifically in the oligo + NO3;~ treatment,
potentially in connection to nitrate use (Martiny et al. 2009).
In contrast, laboratory growth rates of strains belonging to
Prochlorococcus HL clades are normally higher than those of LL
clades (0.8 and 0.6 d !, respectively; Zinser et al. 2007; Moore
et al. 2007; Biller et al. 2015). The in situ Prochlorococcus growth
rates in this study region are lower than those reported in
warmer, more oligotrophic ecosystems (see Grone et al. 2024
and references therein).

Generally, some Synechococcus clade patterns matched prior
work from North Pacific oligotrophic and mesotrophic waters,
where Synechococcus Clades 1II, 111, and X dominated in the oli-
gotrophic open ocean and Clade I and IV dominated in col-
der, mesotrophic stations (Sohm et al. 2015). However, in our
study, Synechococcus EPC2 (Sudek et al. 2014) played an impor-
tant role in defining the Meso-Low, reducing relative contribu-
tions of Synechococcus clades I and IV (Fig. 2a). Additionally,
Synechococcus Clade X was found only at low relative abun-
dance (< 0.05%) in the OR. Synechococcus biomass production
only exceeded that of Prochlorococcus in the Meso-High,
although having greater standing stock biomass in both Meso
regimes (Fig. 1d). This result is consistent with Synechococcus
being less well adapted to lower nutrient environments than
Prochlorococcus (Scanlan et al. 2009; Biller et al. 2015).

Most of the major eukaryotic algae in the mesotrophic
regimes identified here have been reported in mesotrophic envi-
ronments, including studies focusing on Ostreococcus Clade OI
(Demir-Hilton et al. 2011; Clayton et al. 2017; Kolody
et al. 2019), prasinophyte Class VIL.B (Chloroparvula) (Gutiérrez-
Rodriguez et al. 2022; Lin et al. 2022), and Pelagomonas (Shi
et al. 2011; Worden et al. 2012; Dupont et al. 2015). Here, these
taxa partition between the regimes, with Pelagomonas and
prasinophyte Class VII.B relatively more abundant in the Meso-
Low and Class II picoprasinophytes, particularly O. lucimarinus,
dominating in the Meso-High (Fig. 2b).

We also observed specific eukaryotic phytoplankton taxa
in the water regimes where they have been rarely docu-
mented or have only recently been reported (Choi
et al. 2020). For example, pelagophyte Env. Clade A (Choi
et al. 2016) was observed in the OR and Meso-Low. Addi-
tionally, the dictyochophyte Florenciella, a predatory
mixotroph (Li et al. 2021) was found in the Meso-Low, and
cryptophytes emerged in the Meso-High (Fig. 2b).

In the OR, predatory mixotrophic dictyochophytes were
prominent among eukaryotes, as seen in stratified summer
surface waters in the Sargasso Sea (Choi et al. 2020). Predatory
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phytoplankton have advantages over other eukaryotic phyto-
plankton in oligotrophic regions because they can avoid direct
competition with Prochlorococcus for inorganic nutrients by
consuming prey (Ward and Follows 2016). The same groups of
uncultivated dictyochophytes that were observed herein have
recently been shown to consume Prochlorococcus, via stable
isotope probing (SIP) (Frias-Lopez et al. 2009; Wilken
et al. 2023) and cell sorting (Wilken et al. 2019; Choi
et al. 2020) studies in the Pacific Ocean.

Finally, contributions from the different genera within
Class II prasinophytes showed variations from those in prior
eastern boundary current studies from other locations. We
note that in contrast to an early report that Micromonas polaris
can consume bacterial cells (McKie-Krisberg and Sanders 2014),
neither M. polaris, nor other Class II species that have been
examined are capable of predation or predatory mixotrophy
(Wilken et al. 2019; Jimenez et al. 2021). Further examination
of the initial study results showed that very few cells had been
observed, so that statistics could not be performed. Addition-
ally, DAPI-stained dots coinciding with plastids were consider
proof of bacterial consumption, although plastids do not con-
tain phagosomes. In the upwelling region off coastal Chile
both Micromonas and Ostreococcus appear to be important (Shi
et al. 2009; Rii et al. 2016). Our samples, which lacked a strong
signal of upwelling, contained Micromonas ABC-C (and less
abundant Micromonas lineages assigned to the ‘other’ cate-
gory) but only at low relative abundances. In contrast,
O. lucimarinus abundance was high in the Meso-High, and
O. lucimarinus and Bathycoccus spp. were present in the Meso-
Low, but at lower abundance. Collectively, our results under-
score the complexity and variation of eastern boundary
current transitions zones, as well as potential seasonal differ-
ences that have not been systematically studied.

A highly active picoeukaryotic community underlies
Meso-High productivity hotspots

Significantly higher primary and biomass production occurred
in the Meso-High than the Meso-Low and OR. Ostreococcus, the
smallest picoeukaryotic genus known (~ 1 ym in diameter), was
the dominant eukaryotic phytoplankter in the Meso-High, with
lower Meso-Low relative abundances. This is surprising given
smaller taxa are predicted to have a competitive advantage when
inorganic nutrient availability is low due to larger surface area to
volume ratios that support nutrient uptake (Chisholm 1992). Pre-
sumably, genera with larger cell sizes, for example those at
coastal upwelling sites (Choi et al. 2020; Closset et al. 2021),
thrive when nutrient availability is high. Here we see larger taxa,
although clearly genera that are smaller than those in coastal
environments, dominate in the Meso-Low, possibly indicating
predatory mixotrophy as a mechanism for nutrient acquisition
by prymnesiophytes and uncultivated Pelagophyte Env. Clade A,
or potentially uptake of dissolved organic sources (Fig. 2a). Inter-
estingly, Prochlorococcus, Synechococcus, and picoeukaryotes
reached their highest in situ growth rates in the Meso-High
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(Fig. 3). The Meso-High community was enriched in Syn-
echococcus Clade 1V, O. lucimarinus, and cryptophytes relative to
the OR and Meso-Low, and predatory mixotrophs disappeared
(Fig. 2). Overall, rapid phytoplankton growth rates, alongside par-
ticularly high picoeukaryote abundances, contributed to high
Meso-High PP and biomass production by photosynthetic
eukaryotes (Figs. 2b, 3).

Rapid growth of O. lucimarinus likely resulted in the high PP
observed in the Meso-High regime (Fig. 4a; Table 2). Growth rates
reached 1.00 + 0.06 d™! or higher (perturbation experiments, see
below) exceeding those from cultures in replete medium with dif-
ferent nitrogen forms (ammonium, nitrate, or urea) in experi-
ments using CCS seawater as a base (Worden et al. 2004). The
highest known O. lucimarinus laboratory growth rate is
1.52 £ 0.09 d~! at 20°C, a higher temperature than in the Meso-
High or Meso-Low (Guyon et al. 2018). The results align with data
from the northern Chilean eastern boundary current where
Ostreococcus dominated among picoeukaryotes in stations with
higher productivity (128-137 mmol C m 2 d~! depth integrated
PP), Prochlorococcus was also important at these stations (Rii
et al. 2016). Moreover, frontal regions of the Kuroshio current
stimulate high concentrations of Ostreococcus, although in that
case the more gyre-like Ostreococcus Clade OII was the more abun-
dant species (Clayton et al. 2017). In colder waters, during the
western North Atlantic bloom, O. lucimarinus is one of the domi-
nant phytoplankton (Bolafios et al. 2020). Collectively, these
results indicate that this genus is stimulated by dynamic condi-
tions, and that Meso-High regimes elsewhere may well be domi-
nated by O. lucimarinus.

Finally, growth rates from the dilution approach generally
match those from diel measurements of cell division of cyano-
bacteria (Worden and Binder 2003), and are considered robust
(Landry et al. 2009). It should be noted that losses due to lysis of
cells infected by viruses during the experiments could diminish
the growth signal from either method. With this caveat in mind,
our measurements likely represent minimum growth rates,
because viruses of (e.g.) Bathycoccus and Ostreococcus species have
been reported via metagenomics (Kolody et al. 2019) and isola-
tion (Derelle et al. 2006) in CCS waters. Assuming viruses were
present, actual in situ growth rates will have exceeded those
reported herein. Collectively, stimulation of Class I
prasinophytes appears to underpin high Meso-High productiv-
ity, and the overall community responsible is different from
those that dominate in coastal zones, the OR, and the
Meso-Low.

Rapid growth rate changes of specific picophytoplankton
lineages under regime shifts

Oligotrophic waters can penetrate inshore in this system,
disrupting nutrient and community dynamics (Limardo
et al. 2017). Our perturbation experiment simulated this type
of intrusion, shifting the Meso-High to a more Meso-Low-like
regime, alongside “non-perturbed” controls. Because phos-
phate concentrations are fairly stable across the regimes
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(Fig. 1; Dataset S1; Text S3), the experiment is oriented toward
changes in NO3 ™~ availability which appear to underpin phyto-
plankton community composition.

Three major phytoplankton response patterns were observed
in the perturbation experiments. One generalized response to
simulated intrusion of oligotrophic waters was depression of
growth rates, likely due to reduced NO;~ availability.
Pelagomonas calceolata and Synechococcus Clades 1 and V/VI/VII
exhibited this response, while the oligo + NO3;~ treatment
restored their growth rates to control levels or higher (Fig. 4).
Pelagomonas calceolata growth rates were comparable to, or
exceeded, the highest culture-based literature value, 0.61 £+ 0.06
d~! (Dimier et al. 2009). The second response reflected potential
benefits of being shifted to conditions more akin to the particular
taxon’s optimal niche. Growth rates of Prochlorococcus LLI and
Synechococcus Clade EPC2, both of which were more abundant in
the Meso-Low than Meso-High, increased markedly with “intru-
sion” of oligotrophic water.

The third response occurred for Synechococcus Clade 1V,
with growth rates increasing twofold in the oligotrophic intru-
sion treatments. However, unlike LLI and EPC2, Clade IV was
4-times lower in abundance in the Meso-Low than Meso-High
(both by relative abundance and flow cytometry counts
adjusted by Clade-specific amplicon data), and the increased
growth rates do not appear to reflect response to a more ideal
niche. We hypothesize that instead this result may stem from
a reduction in encounter rates with Clade-specific phages. As
an abundant species in the Meso-High Synechococcus Clade IV
would presumably be impacted by high encounter rate with
its phages, while such phages may largely be absent from the
oligotrophic water used as a diluent. If this hypothesis is cor-
rect, the growth rates seen under the oligotrophic intrusion
simulation represent a “truer” estimate of the in situ growth
rate of Clade IV.

Other responses were seen for Ostreococcus, Bathycoccus,
Prochlorococcus HLI, and more minor community members.
Ostreococcus lucimarinus showed similar growth in the control
and oligo treatments, and was stimulated (resulting in a
growth rate of 1.18 d™') under the oligo + NO;~ treatment.
Bathycoccus spp. and Prochlorococcus HL1 were largely unaf-
fected by the oligotrophic water “intrusion” and diverged in
response to oligo + NO3~, with Bathycoccus spp. showing a
1.9-fold increase in growth rate, while HLI was only mildly
stimulated. Overall, these responses indicate differences in
phytoplankton preferences for nitrate availability or shifts in
competition for other nutrient sources (e.g., due to the influx
of nitrate), or possible influences of differences in taxon-
specific phage encounters.

The rapid change in growth rate in response to shifts from
Meso-High to (simulated) Meso-Low conditions was especially
remarkable. The Prochlorococcus LLI growth rate was 2.1 and
2.4-fold (to 0.75 and 0.85 d~!) faster within 24 h in the oligo
and oligo + NO3~ treatments compared to the Meso-High
rates. Synechococcus EPC2 exhibited negligible growth in
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controls and increased to 0.33 and 0.50 d~! in oligo and oligo
+ NO;3~ treatments. Finally, the 1.4 and 1.9-fold increases in
growth rates of the Class II prasinophytes (O. lucimarinus and
Bathycoccus spp., respectively) within 24 h highlight the
responsiveness of these organisms to environmental shifts,
and likely underpin the decades of research reporting high
variability in PP in the mesotrophic ocean.

Conclusions

By integrating data from multiple years, we identify distinct
regimes in mesotrophic waters that are not geographically
bound and are dynamic in space and time. Collectively, our
data indicate that specific Class II prasinophytes are stimu-
lated by Meso-High conditions, leading to high primary pro-
duction contributions. O. lucimarinus dominates in the most
productive (Meso-High) regime, whereas in the Meso-Low
regime other generally larger eukaryotic phytoplankton are
more relatively abundant. Moreover, several taxa—including
Prochlorococcus LLI and O. lucimarinus showed markedly higher
growth rates within a day of shifts in water conditions. The
identification of distinct regimes highlights that phytoplank-
ton communities respond rapidly to environmental change
with shifts in growth rate and community reassembly. This
study provides a biological and mechanistic basis for high var-
iability in NPP in the eastern North Pacific transition zone.
Future studies will be needed to address how common these
regimes are in eastern boundary current systems, potential sea-
sonal and interannual patterns, as well as impacts of changing
ocean conditions.

Data availability statement

All data generated and used for this study is provided
either in the Datasets S1-S4 which is deposited in figshare
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