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Abstract
The composition of the marine phytoplankton community has been shown to impact many biogeochemical

processes and marine ecosystem services. A variety of methods exist to characterize phytoplankton community
composition (PCC), with varying degrees of taxonomic resolution. Accordingly, the resulting PCC determinations
are dependent on the method used. Here, we use surface ocean samples collected in the North Atlantic and North
Pacific Oceans to compare high-performance liquid chromatography pigment-based PCC to four other methods:
quantitative cell imaging, flow cytometry, and 16S and 18S rRNA amplicon sequencing. These methods allow
characterization of both prokaryotic and eukaryotic PCC across a wide range of size classes. PCC estimates of many
taxa resolved at the class level (e.g., diatoms) show strong positive correlations across methods, while other groups
(e.g., dinoflagellates) are not well captured by one or more methods. Since variations in phytoplankton pigment
concentrations are related to changes in optical properties, this combined dataset expands the potential scope of
ocean color remote sensing by associating PCC at the genus- and species-level with group- or class-level
PCC from pigments. Quantifying the strengths and limitations of pigment-based PCC methods compared to
PCC assessments from amplicon sequencing, imaging, and cytometry methods is the first step toward the
robust validation of remote sensing approaches to quantify PCC from space.

Phytoplankton encompass tens of thousands of species and
their composition varies broadly across spatiotemporal scales
(e.g., Caron et al. 2012; de Vargas et al. 2015). The vast diversity
of phytoplankton structures marine food webs, impacts biogeo-
chemical cycling of nutrients, and influences the magnitude of
carbon sequestration in the deep ocean by the biological pump
(Martiny et al. 2013; Guidi et al. 2016). Phytoplankton diversity
also impacts the flux of particulate organic carbon to depth and
its vertical remineralization length scale, both of which are
important controls on the efficiency of the biological pump
(Guidi et al. 2015; Trudnowska et al. 2021; Durkin et al. 2022;
Siegel et al. 2023). Furthermore, phytoplankton diversity is cor-
related with ecosystem productivity and resilience
(e.g., Behrenfeld 2014; Vallina et al. 2017). Quantifying surface
ocean phytoplankton community composition (PCC) is essen-
tial for a complete understanding of present-day marine
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ecosystems and the biological pump, and for forecasting future
changes in the ecosystem services provided by phytoplankton.

Many methods exist to characterize PCC from field sam-
ples, with varying taxonomic resolution, quality control and
standardization criteria, and scales of observation (Sosik
et al. 2014; Johnson and Martiny 2015; Lombard et al. 2019).
Common methods include microscopy (Karlson et al. 2010),
high-performance liquid chromatography (HPLC) pigments
(e.g., Mackey et al. 1996; Uitz et al. 2015; Kramer and
Siegel 2019; Hayward et al. 2023), flow cytometry (FCM;
e.g., Zubkov et al. 1998; Sosik et al. 2010), quantitative cell
imaging (e.g., with the Imaging FlowCytobot [IFCB]; Olson
and Sosik 2007), and amplicon sequencing of “barcode” genes
(e.g., Needham and Fuhrman 2016; Catlett et al. 2020). This
list is not exhaustive and does not include optical proxy
methods developed for use with in situ and remote sensing
approaches (Thibodeau et al. 2014; Uitz et al. 2015). Typically,
the appropriate method for targeting PCC relates to the goals
of a given study. For instance, approaches that require broad
spatial coverage often rely on ocean color methods from satel-
lite remote sensing data to cover the necessary scales (Bracher
et al. 2017 and references therein). Alternately, approaches
that require high taxonomic resolution favor methods that
provide genus- to species-level characterization of PCC, such
as amplicon sequencing (Sommeria-Klein et al. 2021).

HPLC pigments are widely used for creating and validating
ocean color remote sensing algorithms. HPLC measurements
are widespread in the global surface ocean (Kramer and
Siegel 2019), quality-controlled (Hooker et al. 2012), and have
clear links to satellite ocean color observations due to the direct
impact of phytoplankton pigments on the spectral shape and
magnitude of light absorption, and thus remote sensing reflec-
tance (Chase et al. 2013, 2017; Kramer et al. 2022). However,
HPLC pigments have significant limitations in describing PCC.
The maximum number of groups identified by HPLC pigments
depends on the dataset and scale of observation, with typically
between 4 and 7 distinct groups separated by a given HPLC
dataset (Catlett and Siegel 2018; Kramer and Siegel 2019;
Kramer et al. 2020a). There are also several caveats to pigment-
based taxonomy. Pigment concentration and composition can
be affected by light history and nutrient limitation (Schlüter
et al. 2000; Henriksen et al. 2002). Species or even strains
within a single species can have varying pigment compositions
(Zapata et al. 2004; Neeley et al. 2022). Most notably, nearly all
phytoplankton groups share some accessory pigments due to
their evolutionary history or their feeding strategies (or both),
leading to similarities in pigment composition that make statis-
tical chemotaxonomic methods that assume independence
between pigments, such as the widely applied CHEMTAX
approach, frequently invalid for assessing PCC when the
assumptions of these methods are not supported by the pig-
ment dataset in question (Jeffrey et al. 2011; Catlett and
Siegel 2018; Kramer and Siegel 2019).

Given the widespread use of HPLC pigments for ocean
color PCC algorithm development and validation, it is impor-
tant to characterize and quantify the information content of
HPLC pigments compared to other methods without these
same limitations. Here, a dataset of surface ocean HPLC pig-
ment samples is compared to PCC assessments from 18S and
16S rRNA gene amplicon sequencing, quantitative imaging
from IFCB, and FCM. Each PCC method has strengths and
weaknesses (Table 1; Johnson and Martiny 2015; Lombard
et al. 2019). For instance, nearly all methods capture only part
of the phytoplankton community size range, as determined
by filter pore size, volume of seawater sampled, and/or resolu-
tion of the instrument. Similarly, each method has a (quantifi-
able or unquantifiable) fraction of “unknown” or
“unidentified” phytoplankton. For instance, 16S SSU rRNA
gene amplicon sequencing (hereafter, 16S) cannot reliably
identify dinoflagellate plastids (Lin et al. 2019) and prokary-
otic plankton do not have the 18S SSU rRNA gene (hereafter,
18S). Most smaller cells (< 5 μm) are unmeasured or
unidentifiable by the IFCB due to image resolution and detec-
tion sensitivity (Sosik and Olson 2007), while FCM is limited
to separating broad groups of cells (� 1–65 μm). Some of these
properties are not inherent to the measurement but change as
new iterations of the methods are introduced. For instance,
the coverage of phytoplankton diversity by rRNA gene
sequencing (both 16S and 18S) is subject to biases caused by
natural variations in DNA sequences at the primer-binding
sites, which have been continually refined and improved
upon by expanded sequencing and by new primer designs.

The strength of each method to describe the “abundance” or
“biomass” of a given phytoplankton group can be assessed by
both absolute (i.e., cell counts, cell biovolume concentrations)
and relative (i.e., relative pigment concentrations, relative
amplicon sequence abundances) metrics. The assumptions inher-
ent in some methods limit the interpretation of the results, such
as the challenge of unequal copy numbers of the 16S and 18S
genes across taxa (e.g., Godhe et al. 2008; de Vargas et al. 2015;
Needham and Fuhrman 2016). Comparisons between and
among PCC methods are relatively rare and reveal variability
when different methods are compared (e.g., Not et al. 2008;
Coupel et al. 2015; Gong et al. 2020; Campbell et al. 2022; Cat-
lett et al. 2022; Chase et al. 2022; Nardelli et al. 2023). In one
example, amplicon sequencing and light microscopy each pro-
vide high-resolution taxonomic information for larger phyto-
plankton, but abundance patterns did not agree in genus- to
species-level comparisons (Abad et al. 2016). In another example,
phytoplankton pigment concentrations correlate with relative
abundances of amplicon sequencing data for some groups
(e.g., cryptophytes) but not for others (e.g., diatoms; Lin
et al. 2019). While method comparisons often highlight aspects
of agreement, differences between methods can also be useful to
highlight limitations, strengths, and weaknesses and can reveal
novel insights into microbial ecology (Catlett et al. 2022).
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Here, we compared PCC among methods on samples col-
lected in the western North Atlantic as part of the North
Atlantic Aerosols and Marine Ecosystems Study (NAAMES;
Behrenfeld et al. 2019, Behrenfeld et al. 2021) and in the Sub-
arctic North Pacific as part of the EXport Processes in the
Ocean from RemoTe Sensing (EXPORTS; Siegel et al. 2021)
field campaigns. Combining two oceanographic regions and
multiple PCC methods with diverse measurement strengths
and limitations allows for an evaluation of pigment-based
PCC assessments relative to other, higher-resolution methods.
Our analysis highlights the importance of integrating PCC
methods to extend phytoplankton community information
beyond the capabilities provided by one method alone.

Materials and procedures
Near-surface samples were selected for this analysis to maxi-

mize the number of comparisons among the five PCC
methods considered. However, the analysis was performed
separately across two datasets, each with three methods avail-
able to assess PCC, to maximize the number of observations
available for comparison. The 1st dataset focuses on PCC met-
rics for eukaryotic phytoplankton: HPLC pigments, 18S
amplicon sequencing, and quantitative cell imaging by IFCB.
After averaging replicate samples, this dataset includes 45 sam-
ples in total. Twenty-four of these samples were collected in
the eastern North Pacific Ocean in August–September 2018 as
part of EXPORTS (Supporting Information Fig. S1A), where
each sampling site has collocated HPLC, 18S, and IFCB data.
The remaining 21 samples were collected in the western North
Atlantic Ocean in May–June 2016, August–September 2017,
and March–April 2018 as part of NAAMES (Supporting Infor-
mation Fig. S1B), where each sampling site has collocated
HPLC and 18S data, and 18 sites also include IFCB data.

The 2nd dataset compares PCC metrics for prokaryotic and
eukaryotic phytoplankton from HPLC pigments, 16S
amplicon sequencing, and cell counts from FCM. This dataset
includes 65 concurrent HPLC and 16S samples, 34 of which
have coincident FCM samples. All samples were collected in
the western North Atlantic Ocean as part of NAAMES,
in November 2015, May–June 2016, August–September 2017,
and March–April 2018 (Supporting Information Fig. S1C).

It is important to note that both HPLC pigment concentra-
tions and identified cell abundances can be compared to other
metrics in absolute terms or as relative compositions if nor-
malized to the total pigment concentration or number of cells
in the sample. However, for the 16S and 18S amplicon
sequencing methods employed here, only relative data are
available, as the total number of sequence counts for a given
sample or sequencing run are influenced by the sample analy-
sis procedures (Lin 2011; Gloor et al. 2017; Caron and
Hu 2019). We therefore refer to 16S and 18S amplicon results
as “relative sequence abundances” throughout.

HPLC phytoplankton pigments
Surface water samples for HPLC pigment analysis were col-

lected either from Niskin bottles on a CTD rosette or from the
ship’s underway flow-through system (≤ 5 m depth), which
used a diaphragm pump to minimize impacts on cells (Cetini�c
et al. 2016). Two-liter whole seawater samples were filtered
onto pre-combusted (450�C for 4 h) 25-mm Whatman® GF/F
filters. After combustion, the filter pore size has been esti-
mated to be � 0.3 μm (Nayar and Chou 2003). Filters were
stored in foil packets and frozen in liquid nitrogen immedi-
ately after sampling and then kept in liquid nitrogen or at
�80�C until analysis. HPLC samples were processed at the
NASA Goddard Space Flight Center following Van Heukelem
and Hooker (2011) and Hooker et al. (2012).

Degradation pigments (chlorophyllide, phaeophytin, and
phaeophorbide) and accessory pigments with limited distinct
taxonomic utility (monovinyl chlorophyll a [Chl a], total chloro-
phyll b [Chl b], total chlorophyll c [Chl c], alpha-beta carotene,
diatoxanthin, and diadinoxanthin) were removed from our anal-
ysis following Kramer and Siegel (2019). Lutein (an accessory pig-
ment in green algae) was also not considered since it was below
detection in > 80% of the samples in this dataset. Concentrations
of the remaining 15 pigments were used in this analysis. These
pigments are total Chl a (Tchla, a sum of monovinyl Chl a,
divinyl Chl a, chlorophyllide, and assorted Chl a allomers and
epimers), 190-hexanoyloxyfucoxanthin (19HexFuco), 190-
butanoyloxyfucoxanthin (19ButFuco), alloxanthin (Allo), fuco-
xanthin (Fuco), peridinin (Perid), zeaxanthin (Zea), divinyl Chl
a (DVchla), monovinyl Chl b (MVchlb), divinyl Chl b (DVchlb),
Chl c1 + c2 (Chlc12), Chl c3 (Chlc3), neoxanthin (Neo),
violaxanthin (Viola), and prasinoxanthin (Pras). Pigment values
below the NASA Ocean Biology Processing Group method detec-
tion limits (Van Heukelem and Thomas 2001) were set to zero.

Most accessory pigments are shared between phytoplankton
groups (Jeffrey et al. 2011 and references therein), making “bio-
marker” pigments imprecise identifiers for taxonomy. However,
some pigments are used as biomarkers throughout the literature
despite extensive documentation that these pigments are not lim-
ited to one taxonomic group (e.g., Fuco for diatoms; e.g., Jeffrey
et al. 2011 and references therein; Chase et al. 2020, 2022). In the
presentation to follow, we used commonly applied pigment-
based taxonomic designations to compare these biomarker
approaches to other, higher-resolution methods. These designa-
tions are as follows: Fuco (diatoms), Perid (dinoflagellates),
19HexFuco (prymnesiophytes), 19ButFuco (dictyochophytes,
pelagophytes), Allo (cryptophytes), DVchla (Prochlorococcus), Zea
(other cyanobacteria), and MVchlb (chlorophytes). The ratios of
these accessory pigments to Tchla were used to create phyto-
plankton composition metrics for comparison with other PCC
methods (Table 2), with a goal of assessing the degree of corre-
spondence between pigment-based PCC and higher taxonomic
resolution observations. It should be noted here that conven-
tional HPLC methods do not measure some pigments that can be
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used for taxonomic classification (e.g., phycobilin pigments found
in cyanobacteria).

16S amplicon sequencing
Samples for 16S amplicon sequencing were collected at the

same time as HPLC pigment samples on NAAMES, either from
the flow-through system or from Niskin bottle sampling.
Detailed methodology for sample collection and preparation can
be found in Bolaños et al. (2020, 2021). In brief, each whole sea-
water sample was filtered onto a Sterivex filter with a 0.22 μm
pore size, 1 mL of sucrose lysis buffer was added to the filter, and
then filters were stored at �80�C until further processing. The
methods used here targeted the V1–V2 region of the 16S rRNA
gene. All samples were prepared following a standard Illumina
16S sequencing preparation protocol. Sequencing was conducted
at the Center for Quantitative Life Sciences (Oregon State Univer-
sity, Corvallis, Oregon, USA).

Sequences were trimmed, amplicon sequence variants (ASVs)
were determined, and chimeras were removed with the DADA2
(v. 1.2) package for R (Callahan et al. 2016). Taxonomy was then
assigned to sequences with the assignTaxonomy command in
DADA2 and the SILVA gene database (v. 123; Quast et al. 2012;
Yilmaz et al. 2014). Taxonomy was also assigned and confirmed
from phylogenetic tree placement via Phyloassigner (v. 089;
Vergin et al. 2013). The 1594 resulting phytoplankton and bacte-
rial ASVs were then condensed into 45 phytoplankton
groups. Fourteen of those groups were > 1% abundant in at
least 1 of the 65 matchup samples and subsequently were used
in analyses. These taxonomic groups included Prochlorococcus

sp., Synechococcus sp., Bacillariophyceae (diatoms), Bolidophyceae,
Chrysophyceae, Prymnesiophyceae, Rappemonads, Dictyo-
chophyceae, Pelagophyceae, Cryptophyceae, Bathycoccus sp.
(chlorophyte), Micromonas sp. (chlorophyte), Ostreococcus sp.
(chlorophyte), and Prasinophyceae (chlorophyte). 16S amplicon
sequencing detects many prokaryotic and chloroplast-containing
eukaryotic taxa, but notably does not capture photosynthetic
dinoflagellates, which have acquired plastids relatively recently
in evolutionary history via successive endosymbioses (Lin 2011;
Table 2). All 16S data considered here were examined in composi-
tional space. 16S copy numbers tend to vary less than some other
genes (Needham and Fuhrman 2016) and instead tend to covary
with the number of chloroplast genomes per cell, which can
impact comparisons to other methods.

18S amplicon sequencing
All 18S amplicon sequencing samples from NAAMES and

EXPORTS were collected concurrently with surface HPLC sam-
ples. The NAAMES 18S amplicon samples (N = 21) were
sequenced from DNA extracted for the 16S samples. The
EXPORTS 18S samples (N = 24) were collected similarly to
the NAAMES samples. Specifically, whole seawater samples
were collected from the flow-through system and filtered on
Sterivex filters with a 0.22 μm pore size at low pressure. One
milliliter sucrose lysis buffer was added to each filter before
storing at �80�C. Subsequent processing targeted the V9
region of the 18S gene. All samples were prepared following
the methods presented in Catlett et al. (2020). Samples were
sequenced in three batches between July 2020 and December

Table 2. Major phytoplankton groups addressed in this analysis and their corresponding metrics from biomarker pigments, amplicon
sequencing methods, and FCM methods. Note that in many cases, biomarker pigments are not exclusively found in the listed phyto-
plankton classes and groups (see tables in Catlett and Siegel 2018; Kramer and Siegel 2019 for more detail). The colors used to desig-
nate the phytoplankton group in column 1 are consistent with the colors used in other figures and tables throughout this work.

Pigment-based
phytoplankton group Pigment 18S class(es) 16S class(es) IFCB group FCM group

Fuco Bacillariophyceae Bacillariophyceae Diatoms N/A

DVchla N/A Prochlorococcus N/A Prochlorococcus

Zea N/A Synechococcus N/A in this

analysis

Synechococcus

Perid Dinophyceae N/A Dinoflagellates N/A

19ButFuco Dictychophyceae, Pelagophyceae Dictychophyceae, Pelagophyceae Dictyochophytes N/A

19HexFuco Prymnesiophyceae Prymnesiophyceae, Rappemonad Prymnesiophytes N/A

MVchlb Chlorarachniophyceae*,

Chloropicophyceae,

Mamiellophyceae,

Pyramimonadophyceae

Bathycoccus, Micromonas,

Ostreococcus, Prasinophyceae

Chlorophytes N/A

Alio Cryptophyceae Cryptophyceae Cryptophytes N/A

*Chlorarachniophyceae are Rhizaria that contain MVchlb. For the purposes of this analysis, they are grouped with other MVchlb-containing taxa.
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2020. Each batch included negative control and mock com-
munity positive control samples (Catlett et al. 2020) to ensure
consistency between sequencing runs. Sequencing was con-
ducted with a MiSeq PE150 v2 kit (Illumina) at the DNA Tech-
nologies Core of the University of California Davis Genome
Center (Davis, California, USA).

The DADA2 (v. 1.12) package was used to trim sequences,
infer ASVs, and remove chimeras. Taxonomy was assigned
to ASVs with the ensembleTax method developed by
Catlett et al. (2021a), which combines the results of the
assignTaxonomy function in the DADA2 pipeline (Callahan
et al. 2016) with the results of the IDTAXA function from the
DECIPHER Bioconductor package (v. 2.2; Murali et al. 2018)
and considers both the Protist Ribosomal Reference (PR2;
v. 4.14; Guillou et al. 2013) and SILVA (v. 138; Quast
et al. 2012; Yilmaz et al. 2014) databases. The PR2 taxonomic
nomenclature is used below. EnsembleTax results in a collec-
tion of relatively high-resolution taxonomic assignments for
each ASV. All ASVs of non-protistan origin were removed
(Catlett et al. 2022), leaving 2433 unique ASVs. Phytoplank-
tonic ASVs were then separated from other protists after assig-
ning putative feeding strategies based on the ensemble
taxonomy predictions for each ASV (Catlett et al. 2022).

Of the 2433 protistan ASVs, 635 were identified as phyto-
plankton. ASVs were then aggregated to the class level to con-
sider classes with > 1% abundance in any sample. The present
analysis focuses on those 13 classes, comprised of 135 ASVs:
Bacillariophyceae (diatoms), Dinophyceae (dinoflagellates),
Bolidophyceae, Chrysophyceae, MOCH-2 (red algae), Prym-
nesiophyceae, Dictyochophyceae, Pelagophyceae, Crypto-
phyceae, Chloroarachniophyceae (MVchlb-containing
Rhizaria), Chloropicophyceae (chlorophyte), Mamiellophyceae
(chlorophyte), and Pyramimonadophyceae (chlorophyte).
While 18S reliably separates many eukaryotes, this gene is not
found in prokaryotes (Table 2).

Because total sequence counts vary based on methodology
and sample processing approaches, all 18S data considered
here are compared to other methods in relative space. 18S rela-
tive sequence abundances scale with cell size for many taxa
and often show good qualitative agreement with biomass frac-
tions from other methods (Zhu et al. 2005; Godhe et al. 2008;
de Vargas et al. 2015).

Quantitative cell imaging (IFCB)
During both the NAAMES and EXPORTS field campaigns,

an IFCB (McLane Research Laboratories, Inc.) was used to
evaluate community composition in samples from the ship’s
flow-through system (intake ≤ 5m). IFCB was configured to
analyze a new 5-mL sample taken automatically every 20–
25min. Precise sample volume varies as a function of cell con-
centration, and the volume is recorded to allow for calculation
of quantitative cell concentrations (Olson and Sosik 2007).
Matched samples were selected based on the time and location
of sample collection (< 0.1� latitude or longitude apart, �2h

apart). If multiple IFCB samples were collected within the
hour of and at the same location (based on latitude and longi-
tude) as discrete sample collection (HPLC pigments, 18S
amplicon sequencing), then multiple (up to 3) IFCB samples
were aggregated to create one matchup sample. IFCB imaged
all cells and particles (�6–150 μm diameter) that triggered a
signal above a defined threshold in fluorescence or scattering
(Olson and Sosik 2007; Haëntjens et al. 2022). These images
were automatically classified, followed by manual verification
and error correction as described below. For both field cam-
paigns, cell biovolume concentrations were estimated follow-
ing Moberg and Sosik (2012) and updates to that method
(https://github.com/hsosik/ifcb-analysis/tree/features_v3).

Detailed methodology for the taxonomic assignment of
IFCB imagery on NAAMES can be found in Chase et al.
(2020). In summary, the 250,660 images used here were
exported to the web platform EcoTaxa (Picheral et al. 2017). A
supervised random forest machine learning approach was used
to predict the classification of each image into
84 pre-determined sets, and the automated classification
was confirmed or corrected manually. Nonliving and detrital
particles were separated from living cells, and living cells were
annotated with the most detailed taxonomic designation pos-
sible. Following the automated and manual classification and
validation, the diversity of living phytoplankton cells was con-
densed into seven taxonomic categories selected to match the
pigment-based phytoplankton groups as closely as possible:
diatoms, dinoflagellates, dictyochophytes, prymnesiophytes,
cryptophytes, euglenoids, chlorophytes, and “other” (which
includes unidentifiable living cells, some of which may poten-
tially belong to one of those seven categories, as well as all
other taxonomic groups not described by the prior categories).

The EXPORTS images were automatically classified with a
supervised convolutional neural network of Inception v3 archi-
tecture (Szegedy et al. 2015). This network was initialized with
pre-trained weights from ImageNet (Russakovsky et al. 2015)
and then fine-tuned with a 49-category training set of IFCB
images. This machine learning approach separated 177,161
images into the 49 pre-determined categories, including detri-
tus or non-phytoplankton (which were removed from further
analysis) and many classes of living phytoplankton cells. The
results of the automated classifier were confirmed or corrected
via sequential (2�) manual verification. Once all images were
classified and validated, the EXPORTS images were aggregated
into the same seven groups as the NAAMES dataset. There were
no euglenoids or green algae identified in the EXPORTS
matchup dataset. However, these groups are still included for
comparison. As configured on these cruises, IFCBs did not com-
prehensively image cells smaller than � 6 μm diameter; hence,
most small nano- and all pico-phytoplankton are not assessed.

Flow cytometry
Full methodological details of flow cytometric analysis on

NAAMES can be found in Graff and Behrenfeld (2018). Briefly,
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FCM was performed by a calibrated BD Influx Cell Sorter on
whole, unpreserved surface seawater samples collected from
Niskin bottles and from the ship’s flow-through system
(≤5 m). In each sample, a minimum of 7000 total cells were
interrogated. The counts per sample were transformed into cell
concentrations based on calculated sample flow rates (Graff and
Behrenfeld 2018). Data were classified into a mixture of four
taxonomic and size-based categories: Prochlorococcus sp., Syn-
echococcus sp., picoeukaryotes, and nanoeukaryotes (limited to
diameters ≤ 64 μm, determined in lab and at sea from cultures).
While some micro-sized eukaryotes are included in the defini-
tion of nanoeukaryotes from FCM, those cells were not large
contributors to this dataset (Haëntjens et al. 2022). The FCM-
derived groups were defined by the scattering and fluorescence
properties associated with each category, which allows cells
to be separated from one another. As with the IFCB samples,
matchups between FCM and other discrete samples were
defined by collocation in space and time. A matchup sample
was defined if FCM samples were collected in the same place
(e.g., same latitude and longitude) within � 2 h of
concurrent HPLC and 16S amplicon sequencing samples.
Nano- and micro-sized phytoplankton are not taxonomically
separable by FCM.

Environmental data
Environmental data recorded during NAAMES and

EXPORTS included determinations of sea surface temperature
(SST), salinity, mixed layer depth (MLD), and incident photo-
synthetically active radiation (PAR). All environmental data
were matched with the closest PCC sample in space and time
(with no matches greater than 15 min apart). SST and salinity
were collected from the ships’ underway systems. MLD was
calculated for all samples where there were coincident CTD
profiles (details in Della Penna and Gaube 2019 for
NAAMES; Siegel et al. 2021 for EXPORTS). Finally, PAR was
measured with a LICOR cosine sensor, mounted to avoid
the impact of ship shadow as much as possible (further
details available on NASA’s SeaBASS repository for both field
campaigns: https://seabass.gsfc.nasa.gov/archive/OSU/
NAAMES/ and https://seabass.gsfc.nasa.gov/archive/OSU/
behrenfeld/EXPORTS/EXPORTSNP). The average surface
PAR value for the 24 h prior to each HPLC sample was used
to represent the time scale relevant to cell physiology and
pigment production.

Statistical methods
Correlation matrices were constructed following Kramer

et al. (2020a), where correlations between variables (relative
abundances of phytoplankton taxa) were weighted following
the Weighted Gene Co-Expression Network Analysis (Zhang
and Horvath 2005) to maximize within-group correlations and
minimize between-group correlations, thereby highlighting the
strongest connections between methods. Chord diagrams
(Gu et al. 2014) were constructed with the “circlize” package in

R (v. 4.1.2) applied to the weighted correlation matrices among
pigments and PCC metrics for relative sequence abundances
aggregated to the most abundant group for both (1) 18S and
relative cell biovolume concentrations from the IFCB and
(2) 16S and relative cell counts from FCM. These diagrams
show the relative strength of the weighted correlation coef-
ficient between each pigment and all classes identified by
the higher-resolution methods based on the width of the
line connecting the pigment to the other method. A net-
work graph was constructed from the weighted correlation
matrices (for graph applications, referred to as “adjacency
matrices”) with the “graph” function in MATLAB. Here, the
variables (nodes) are connected based on the strength of
their correlation (edges). Variables were also colored by the
results of a network-based community detection analysis
following Kramer et al. (2020a), with the “modularity_und”
function for MATLAB (Rubinov and Sporns 2010; Brain
Connectivity Toolbox, https://sites.google.com/site/bctnet/
Home). Notably, all analyses are limited by the uncertainties
associated with each PCC method, which can be large for
some approaches (see Chase et al. 2022).

Assessment
Trends in PCC from HPLC pigments, 18S amplicons, and
IFCB cell biovolume concentrations

Our comparison of pigment-based PCC to other methods
across the aggregated eukaryotic dataset reveals varied rela-
tionships across taxonomic groups (Figs. 1, 2; Table 2). Median
Fuco concentrations, diatom relative sequence abundance,
and diatom biovolume concentrations are consistently high
across all three methods and across cruises (Figs. 1, 2). While
median Perid concentrations are low compared to other acces-
sory pigments (and lower on EXPORTS than NAAMES; Fig. 1A,-
B), median dinoflagellate relative sequence abundances and
dinoflagellate biovolume concentrations are high for all sam-
ples (Fig. 1C–F). We observe that median 19HexFuco concen-
trations are relatively high compared to other accessory
pigment concentrations, particularly during the NAAMES
campaigns (Fig. 1A), which is consistent with high
prymnesiophyte relative sequence abundances (Fig. 1C) but
not with biovolume estimates from the IFCB, which show rel-
atively lower median prymnesiophyte biovolume concentra-
tions compared to other groups measured by the IFCB
(Fig. 1E). Similarly, there are consistent fractions of
cryptophyte markers across datasets (2–4%), including median
relative Allo concentrations, relative cryptophyte sequences,
and relative cryptophyte biovolume concentrations. When
cryptophytes are absent, they are absent across all methods.
Median 19ButFuco concentrations are similar between
NAAMES and EXPORTS (Fig. 1A,B), but dictyochophyte and
pelagophyte relative sequence abundances are much higher
during EXPORTS than NAAMES (Fig. 1C,D). There were very
few dictyochophytes observed in the EXPORTS IFCB imagery,
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Fig. 1. Pigment concentrations measured on (A) NAAMES and (B) EXPORTS; 18S relative sequence abundances on (C) NAAMES and (D) EXPORTS; and
cell biovolume concentrations on (E) NAAMES and (F) EXPORTS. The box shows the median value and encompasses the upper and lower quartiles; whis-
kers span the non-outlier minimum and maximum values; outliers (black dots) are any samples that fall greater than 1.5� the interquartile range from
the top or bottom of the box. Boxes are colored similarly for shared groups: diatoms in brown, prymnesiophytes in dark blue, cryptophytes in purple,
chlorophytes in bright green, and dictyochophytes + pelagophytes in gold. Gray boxes indicate the “other” fraction for each group.
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with higher dictyochophyte biovolume concentrations in the
NAAMES data (Fig. 1E,F). The relative fraction of “other” acces-
sory pigments and “other” cell biovolume concentrations is
higher than the relative fraction of “other” sequences.

Rather than as a composite for the dataset as a whole, the
compositional trends described above can also be viewed across
samples (Fig. 2). For each of the three PCC methods, the phyto-
plankton community is much more consistent between sam-
ples during EXPORTS than NAAMES, which is expected given
the broader spatiotemporal range of the NAAMES sampling.
Pigment concentrations were normalized to the sum of all
accessory pigments (which is highly correlated with Tchla in
this dataset; R2 = 0.96 and hereafter referred to as

P
pigs) for

comparison with the other two methods. Perid ratios to
summed accessory pigments are notably lower than relative
dinoflagellate sequence abundance, which are in turn lower
than relative dinoflagellate biovolume concentrations deter-
mined by IFCB. In contrast, the 19HexFuco=

P
pigs ratio is

always greater than the relative fraction of prymnesiophyte
sequences and both are always higher than the fraction of
prymnesiophyte biovolume concentrations. Fuco=

P
pigs

ratios, relative diatom sequence abundance, and relative dia-
tom biovolume concentrations are similar across samples, as
are 19ButFuco=

P
pigs ratios and relative dictyochophyte

+pelagophyte sequence abundance. Cryptophytes are consis-
tently a small fraction of PCC from all three methods, with
the exception of a few samples during NAAMES exhibiting
higher relative cryptophyte biovolume concentrations
(Fig. 2C). Finally, at NAAMES3 Stas. 1 and 2, there is a notable
maximum in the relative fraction of Zea=

P
pigs (a pic-

ophytoplankton and cyanobacteria marker pigment; Fig. 2A),
which could not be revealed by the other two methods, as this
group is not quantified by the IFCB or 18S methods.

The above noted qualitative comparisons of absolute values
(except 18S amplicons) across the dataset (Fig. 1) and relative
values between samples (Fig. 2) demonstrate broad similarities

Fig. 2. Relative fractions of (A) phytoplankton pigments to summed accessory pigments; (B) 18S sequences; and (C) IFCB biovolume concentrations
from NAAMES and EXPORTS. Samples are organized from left to right in the order collected, from NAAMES 2–4 on the left half and EXPORTS on the
right half. Bars are colored similarly for shared groups: diatoms in brown, prymnesiophytes in dark blue, cryptophytes in purple, chlorophytes in bright
green, and dictyochophytes + pelagophytes in gold. Gray bars indicate the “other” fraction for each group.
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and notable differences among the three methods. However,
these comparisons consider only the component of the
dataset that includes known information relating to phyto-
plankton groups: the methods also measure other pigments
(Figs. 1A, 2A), sequences (Figs. 1B, 2B), and imaged cells (Figs. 1C,
2C). The “other” accessory pigments from HPLC (Chlc12, Chlc3,
DVchla, DVchlb, Neo, Viola, Pras; most of which are expressed
by the taxa already resolved by other biomarker pigments) are a
consistent fraction of the total pigment concentration (32–48%;
mean = 37%; median = 36%). Similarly, the “other” sequences
from 18S (including unclassified sequences) are a small fraction
of the total sequence abundance (2–18%; mean = 9%;
median = 8%). Conversely, the “other” cells from IFCB compose
a sometimes large fraction of the total IFCB biovolume concen-
tration including unclassified or unidentified images (20–83%;
mean = 45%; median = 41%) that covaries with the total IFCB
biovolume concentration for a given sample (R2 = 0.90).

Covariation of PCC from pigments, 18S amplicons, and
IFCB group biovolume concentrations

Relationships between relative pigment ratios and relative
sequence abundances are significant (p � 0.001), positive, and
strong for diatoms (Supporting Information Fig. S2A; Table 3;
R2 = 0.57), dictyochophytes + pelagophytes (Supporting Infor-
mation Fig. S2C; R2 = 0.60), and chlorophytes (Supporting Infor-
mation Fig. S2E; R2 = 0.59). Relationships are also significant
(p < 0.001) and positive for prymnesiophytes (Supporting Infor-
mation Fig. S2D; R2 = 0.37) and cryptophytes (Supporting Infor-
mation Fig. S2F; R2 = 0.41). Dinoflagellates have the weakest
positive relationship of the groups considered here (Supporting
Information Fig. S2B; R2 = 0.13; p = 0.01).

Qualitatively, there are some similarities between the relative
IFCB biovolume concentrations and the relationships between
relative pigment concentrations and relative sequence abun-
dances. For instance, in most cases, the highest relative diatom
biovolume concentrations correspond to the highest Fuco/
Tchla concentrations and largest relative diatom sequence
abundance (Supporting Information Fig. S2A). However, statisti-
cal relationships between relative pigment concentrations and
biovolume concentrations for these same groups (Supporting
Information Fig. S3) are either weak (for diatoms and
cryptophytes) or statistically insignificant (for all other groups).

A chord diagram (Gu et al. 2014) demonstrates the relative
strength of the correlations of pigment ratios with class-level rela-
tive sequence abundances and relative IFCB biovolume concen-
trations (Fig. 3). The “other” fraction of the IFCB is also included,
to consider relationships between pigments and unidentifiable
cells. The width of the edge between each pigment and 18S class
or IFCB group describes the relative strength of the correlation
between those groups. Many biomarker pigments share edges
with the class or group that they are expected to represent. For
instance, Fuco is strongly associated with relative diatom
sequence abundance and IFCB diatom biovolume concentration.
Allo is associated with relative cryptophyte sequence abundance
and IFCB cryptophyte biovolume concentration. 19ButFuco
shares edges with relative pelagophyte and dictyochophyte
sequence abundances, while 19HexFuco shares edges with rela-
tive prymnesiophyte sequence abundance. MVchlb and other
chlorophyte accessory pigments (Neo, Viola, Pras) share edges
with most MVchlb-containing classes (Chloropicophyceae,
Chorarachniophyceae, and Mamiellophyceae), as well as with
relative IFCB chlorophyte biovolume concentrations.

Table 3. Pearson’s correlation coefficient (R2) between ratios of pigments to Tchla and other PCC methods (18S, IFCB, 16S, and
FCM). Shades indicate to the relative strength of the relationship: green for R2 > 0.5, yellow for 0.5 > R2 > 0.25, red for 0.25 > R2 > 0.10,
and gray for R2 < 0.10. N/A indicates that the PCC method does not have a corresponding measurement for that pigment.

Pigment 18S IFCB 16S FCM

0.57 (diatoms) 0.36 (diatoms) 0.75 (diatoms) 0.50 (nano-euks)

N/A N/A 0.81 (Prochlorococcus) 0.52

(Prochlorococcus)

0.13 (dinoflagellates) 0.04

(dinoflagellates)

N/A 0.11

(picoeukaryotes)

0.60 (pelagophytes + dictyochophytes) 0.03

(dictyochophytes)

0.26 (pelagophytes +

dictyochophytes)

0.38

(nanoeukaryotes)

0.37 (prymnesiophytes) 0.00

(prymnesiophytes)

0.14 (prymnesiophytes) 0.30

(nanoeukaryotes)

0.59 (Chlorarchniophyceae

+ Chloropicophycea

+ Mamiellophycea

+ Pyramimonadophyceae)

0.02 (chlorophytes) 0.55 (Bathycoccus + Micromonas

+ Ostreococcus + Prasinophyceae)

0.11

(picoeukaryotes)

0.41 (cryptophytes) 0.18 (cryptophytes) 0.30 (cryptophytes) 0.30

(picoeukaryotes

The colors used to designate the phytoplankton group in column 1 are consistent with the colors used in other figures and tables throughout this work.
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The chord diagram (Fig. 3) also reveals significant covariation
between taxa, often with unexpected associations among pig-
ments and higher-resolution PCC methods. For instance, the
picoplankton biomarker pigments (Zea, DVchla, DVchlb) are
unexpectedly associated with one green algal class
(Pyramimonadophyceae) and with chrysophyte relative
sequence abundance. Similarly, Perid is strongly associated with
bolidophytes, which are pico-phytoplankton known to contain
Fuco but not Perid and thus more often associated with diatom
biomarkers (Kuwata et al. 2018), though not in this dataset.
19ButFuco and 19HexFuco are both associated with the relative
IFCB dinoflagellate biovolume concentration, though dinofla-
gellates are not known to contain either of these pigments
unless acquired through mixotrophy (e.g., Nascimento
et al. 2005). Finally, MOCH-2 (a red algal class) and IFCB “other”
biovolume concentrations both share an edge with 19HexFuco.

The information contained in the chord diagram can be
further visualized with an unweighted graph that considers
the strongest connections among variables and across
methods while still prioritizing the strongest within-group
connections (Fig. 4). This unweighted graph separates pigment
ratios, relative 18S sequence abundances, and relative IFCB
biovolume concentrations by highlighting positive

connections between groups and demonstrating relative dis-
tances between broad communities. Six communities separate
on the basis of network-based community detection analysis.
The 1st community (brown diamonds in Fig. 3) includes Fuco,
diatom sequence abundance, and IFCB diatoms. The 2nd com-
munity (light blue circles) is made up of cyanobacterial pig-
ments (Zea, DVchla, DVchlb) and two 18S classes:
Pyramimonadophyceae (a green algal class) and chrysophytes
(a red algal class). This association in the 2nd (light blue circles)
community is not surprising given the consistently strong corre-
lations among these variables across analyses (Fig. 3). The 3rd

community (light green triangles) is mostly composed of pig-
ments and 18S classes in the cryptophyte and green algal
groups: Allo, 18S cryptophytes, and IFCB cryptophytes; MVchlb,
Neo, Viola, Pras, Mamiellophyceae, Chloropicophyceae, and
IFCB chlorophytes. This 3rd community also unexpectedly
includes IFCB dictyochophytes, but this group is also arranged
closely, and more expectedly, to the 4th community (dark blue
squares), which includes dictyochophytes + pelagophytes,
prymnesiophytes, and some dinoflagellate markers. The 4th

community (dark blue squares) comprises: 19HexFuco, Chlc12,
Chlc3, and 18S prymnesiophytes; 19ButFuco, 18S dic-
tyochophytes, and 18S pelagophytes; and 18S dinoflagellates

Fig. 3. Chord diagram constructed from the weighted adjacency matrix of HPLC pigments (normalized to Tchla), class-level 18S amplicon sequencing
(relative sequence abundances), and IFCB groups (relative biovolume concentration) from NAAMES and EXPORTS. The diagram is directed from pig-
ments to other methods; line colors correspond with pigments. The width of the line connecting pigments to 18S classes or IFCB groups is based on the
weighted correlation coefficient among these parameters (max = 0.87 from DVchlb to Pyramimonadophyceae; min = 0.006 from Perid to Chloro-
picophyceae). Label colors are consistent with Fig. 1.
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and IFCB dinoflagellates. MOCH-2 and Chlorarachniophyceae
are also associated with this community, which is expected
given the correlations between these 18S classes and 19HexFuco
in other statistical analyses (Fig. 3). The 5th community (dark
green five-point stars) contains IFCB prymnesiophytes and IFCB
euglenoids. These two latter classes are relatively sparse within
the dataset and cluster closely across analyses. Finally, the 6th

community (red six-point stars) is composed of IFCB “other,”
along with Perid and 18S bolidophytes, mirroring a surprising
association between the latter two groups found in the chord
diagram. IFCB “other” is also connected to Chlc12 in the dark
blue squares community.

Trends in PCC from HPLC pigments, 16S amplicons, and
FCM cell counts

A similar comparison was performed for the dataset made
up of HPLC pigments, 16S amplicon sequencing, and FCM
from the NAAMES cruises showing a mix of good and poor
correspondence across methods. Median relative abundances
of Prochlorococcus sp. are similar across all three methods
(Fig. 5A,C,E). However, the relative fraction of DVchla is often
lower than the relative sequence abundance or cell counts of
Prochlorococcus from the other two methods (Fig. 5B,D,F).
There are also similar median fractions of Zea, Synechococcus
sp. from 16S, and Synechococcus sp. from FCM, though Zea is
not unique to Synechococcus. In some samples (e.g., early tran-
sit on NAAMES 4; see Fig. 5F axis labels), the relative Zea con-
centration is much higher than the fraction of Synechococcus
from 16S or FCM. In other samples (e.g., mid-cruise transit
during NAAMES 4; see Fig. 5F axis labels), the opposite trend is

observed. There are similar contributions to PCC by green
algae, diatom, prymnesiophyte, and dictyochophyte
+ pelagophyte markers between pigments and 16S (Fig. 5A,C,
E). However, the relative fractions of these groups across indi-
vidual samples are often quite different. For example, the rela-
tively low fraction of prymnesiophyte sequences compared to
the relatively high fraction of 19HexFuco to other accessory
pigments is particularly notable (Fig. 5B,D).

Covariation of PCC from pigments, 16S amplicons, and
FCM cell counts

As with the HPLC, 18S, and IFCB dataset, the qualitative
comparisons among HPLC pigment ratios, 16S relative
sequence abundances, and FCM cell count fractions show
broad patterns of agreement among groups and across
methods (see Table 1 for assumed group assignments with
each method). Pigment concentrations were normalized to
their sum here (which is highly correlated with Tchla in this
dataset; R2 = 0.93) for comparison with the other two
methods. The direct quantitative comparison between
pigment-based PCC and 16S amplicon sequencing reveals sig-
nificant relationships (p � 0.001) for some groups (Table 3;
Supporting Information Fig. S4). Diatoms (Supporting Infor-
mation Fig. S4A; R2 = 0.75), green algae (Supporting Infor-
mation Fig. S4E; R2 = 0.57), and Prochlorococcus (Supporting
Information Fig. S4F; R2 = 0.81) are highly positively corre-
lated across methods. Correlations between pigment and 16S
relative PCC contributions for cryptophytes (Supporting
Information Fig. S4C; R2 = 0.30) and dictyochophytes
+ pelagophytes (Supporting Information Fig. S4D; R2 = 0.26)

Fig. 4. Unweighted graph built from the adjacency matrix of HPLC pigments (normalized to Tchla), 18S (relative sequence abundances), and IFCB (rela-
tive biovolume concentration) from NAAMES and EXPORTS. Node colors and shapes are determined by the community assignment from network-based
community detection analysis. Label colors are consistent with Fig. 1.
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are statistically significant (p < 0.001) and positive, but with
poorer linear regression fit statistics. Besides dinoflagellates,
the weakest positive relationship of the groups considered
here is found for prymnesiophytes (Supporting Information
Fig. S4B; R2 = 0.14; p = 0.002). There are also strong positive
relationships between Fuco/Tchla and nanoeukaryote cell
fractions from FCM (R2 = 0.50) and between DVchla/Tchla
and Prochlorococcus from FCM (R2 = 0.52). To a lesser degree,
Allo/Tchla and picoeukaryote cell fractions from FCM are
also positively correlated (R2 = 0.30). Zea/Tchla and Syn-
echococcus are only weakly correlated (R2 = 0.10) and there
are no other notable correlations between FCM cell fractions
and pigment-based PCC (Tables 1, 2).

A chord diagram was constructed to show the relative
strength of the weighted correlations among pigment-based
PCC and PCC from 16S and FCM (Fig. 6). Many of the
connections in this diagram are expected based on the
distribution of pigments in major phytoplankton groups.
Prochlorococcus from 16S and from FCM are strongly correlated
with DVchla, DVChlb, and Zea. As expected, we also find that
Fuco shares an edge with 16S diatoms, 19HexFuco shares an
edge with 16S prymnesiophytes, 19ButFuco shares an edge
with 16S pelagophytes, and Allo shares an edge with 16S
cryptophytes. All four green algal pigments are correlated with

the chlorophyte classes from 16S. There are also unexpected
correlations between groups (Fig. 6). For instance, Zea is
strongly correlated with 16S chrysophytes (as in the HPLC
and 18S dataset; Fig. 3) and with 16S dictyochophytes. Like-
wise, Perid shares edges with 16S bolidophytes (as in the HPLC
and 18S dataset; Fig. 2) and with rappemonads (a red algal
class that contains Fuco, 19HexFuco, and Chl c; Kawachi
et al. 2021), but we have found no evidence in the literature
that members of these classes contain Perid. Interestingly, we
find that Synechococcus from 16S is correlated with 19HexFuco,
Chlc12, and Chlc3, while Synechococcus from FCM is corre-
lated with Zea, as expected. The picoeukaryote fraction of the
FCM dataset shares edges with green algal pigments, Allo, and
Fuco, while the nanoeukaryote fraction shares edges with Allo,
prymnesiophyte pigments, and Fuco.

As a final analysis, a graph was constructed to visualize the
relative correlations among communities of pigments, 16S
groups, and FCM groups (Fig. 7). Five broad communities sep-
arated from a network-based community detection analysis.
The 1st community (cyan circles) comprises cyanobacterial
markers: Zea, DVchla, DVchlb, and Prochlorococcus from 16S
and from FCM. This community also includes 16S chryso-
phytes and dictyochophytes, presumably due to their strong
correlations with Zea (Fig. 6). The 2nd community (green

Fig. 5. (A) Concentrations and (B) relative fractions of phytoplankton pigments; (C, D) relative sequence abundances from 16S; and (E) cell counts and
(F) relative fractions of cells measured by FCM, all from NAAMES. Samples are organized from left to right in the order collected, from NAAMES 2 and
3 on the left half and NAAMES 4 on the right half. Boxes and fractions are colored similarly for shared groups: diatoms in brown, prymnesiophytes in dark
blue, cryptophytes in purple, chlorophytes in bright green, dictyochophytes + pelagophytes in gold, Synechococcus in light blue, and Prochlorococcus
in cyan.
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triangles) is composed of chlorophyte and cryptophyte pig-
ments and 16S groups: Allo and cryptophytes; MVchlb, Neo,
Viola, Pras, Micromonas spp., Bathycoccus spp., and Ostreococcus
spp. This 2nd community is highly connected to
picoeukaryotes, which belong to the 3rd community (brown
diamonds) along with nanoeukaryotes and diatom pigments
(Fuco, Chlc12) and 16S diatoms. Chlc12 links the brown dia-
monds community to the dark blue squares community, which
includes prymnesiophyte, dictyochophyte, and pelagophyte pig-
ments and 16S groups (19HexFuco, 19ButFuco, Chlc3,
prymnesiophytes, pelagophytes). The dark blue squares commu-
nity also includes Prasinophyceae (a chlorophyte class) and Syn-
echococcus from 16S and FCM. Finally, the 6th community (red
six-point stars) includes Perid, 16S bolidophytes, and 16S rap-
pemonads, similarly to the chord analyses (Fig. 6).

Discussion
Overview

The goal of this study was to assess the correspondence of
pigment-based PCC with PCC metrics determined by other

methods, often with higher taxonomic resolution. Taken
together, these analyses reveal broad correspondence among
pigment-based PCC and other methods at the class- to
group-level for most cases examined (Table 3; Supporting
Information Figs. S2, S4). The ratio of the expected biomarker
pigments to Tchla was well correlated with the relative
sequence abundance of the associated class, with the notable
exceptions of dinoflagellates from 18S and prymnesiophytes
from 16S. Strong positive correlations were found between
pigment ratios and relative IFCB biovolume concentrations for
diatoms (Supporting Information Fig. S3) and between relative
pigment concentrations and fractions of FCM cell counts for
Prochlorococcus. While these results reveal many of the
expected correlations among accessory pigments and other
PCC methods, we also observed unexpected correlations
between other pigments and phytoplankton groups.

In the sections that follow, we use examples from the cur-
rent datasets to investigate some sources of inconsistencies
among methods that may be associated with uncertainty in
pigment-based PCC analyses. Inconsistencies among methods
can provide opportunities to further quantify the challenges of

Fig. 6. Chord diagram constructed from weighted adjacency matrix of HPLC pigments (normalized to Tchla), group level 16S (relative sequence abun-
dances), and FCM (relative fraction of cells) from NAAMES. The diagram is directed from pigments to other methods; line colors correspond to pigments.
The width of the line connecting pigments to 16S or FCM groups is based on the weighted correlation coefficient among these parameters (max = 0.59
from Zea to Prochlorococcus; min = 0.007 from 19HexFuco to Prasinophyceae). Label colors are consistent with Fig. 4.
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pigments as biomarkers for specific phytoplankton groups
(e.g., the outliers of the Perid vs. 18S dinoflagellates relation-
ship; Supporting Information Fig. S2B) or to describe the co-
occurrence of some groups in their environment (e.g., the asso-
ciations of DVchla and DVchlb with some 18S classes; Figs. 2A,
4, 5). We discuss the major strengths and weaknesses for each
method highlighted by this analysis and provide some recom-
mendations for PCC method selection in particular use cases.
Finally, we review the challenges and impediments to integrat-
ing PCC methods, particularly for calibration and validation of
ocean color models, for which HPLC pigments remain the most
common approach. Of the methods considered here, no single
approach provides “perfect” PCC assessment. The hope is that
when methods are combined, however, a more robust charac-
terization of PCC can be achieved. We note that the observa-
tions of PCC and relationships between methods are specific to
this dataset and may vary for other datasets collected over dif-
ferent spatiotemporal regimes.

Comments on challenges with pigment-based PCC
determinations

There are various reasons why different PCC methods can
produce disparate results. Here, we summarize four possible
sources of inconsistencies between pigment-based PCC and
other PCC determinations. We use correlation analysis of

ASVs with environmental parameters and pigments to demon-
strate the complexities in interpreting PCC dynamics due to
these sources of inconsistency.

First, intra-group variations in phytoplankton pigment
composition and concentration arise when different phyto-
plankton species from the same class express different suites
or amounts of accessory pigments (e.g., Irigoien et al. 2004;
Zapata et al. 2004, 2012; Neeley et al. 2022). While there
might be broad agreement between pigments and relative
sequence abundances or relative biovolume concentrations at
the class level, many of these relationships change or vanish
at the genus- to species-level, making biomarker pigments a
limited taxonomic resource. Second, there are inter-group vari-
ations in phytoplankton pigment composition and concentra-
tion (Jeffrey et al. 2011 and references therein) since many
groups share accessory pigments. For example, Fuco is often
used as a biomarker for diatoms but is also found in
prymnesiophytes, chrysophytes, and pelagophytes, as well as
some dinoflagellates, dictyochophytes, pelagophytes, and
bolidophytes. Feeding strategies such as mixotrophy, through
which a phytoplankter might acquire pigments that are not
typically found in that group (Stoecker et al. 2017; Li
et al. 2022), can also drive inter-group variation in pigment
composition. Third, some genera or species may co-occur in
the environment, leading to the covariation of unexpected

Fig. 7. Unweighted graph from adjacency matrix of HPLC pigments (normalized to Tchla), 16S (relative sequence abundances), and FCM (relative cell
counts). Node colors and shapes are set by the community assignment from network-based community detection analysis. Label colors are consistent
with Fig. 4.
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taxa with a pigment that they may not contain, but others in
the group do. Finally, phytoplankton pigments may vary
in composition and concentration due to phytoplankton
physiological responses to the physical environment
(Thompson et al. 2007), which includes light history (particu-
larly as many pigments have photoprotective functions,
including Allo and Zea) and nutrient availability (Schlüter
et al. 2000; Henriksen et al. 2002; Catlett et al. 2022).

To explore intra-group variations in pigment expression,
we examine correlations of individual ASVs with pigments in
the 18S dataset (Fig. 8). This approach contrasts with the anal-
ysis of aggregate class- or group-level taxonomy (as shown in
Figs. 3, 4). Here, we compare the relative abundance of the
135 ASVs that each comprise > 1% of the total sequences in
any given sample in this dataset with pigment ratios to Tchla.
While there are broad patterns that mirror the positive class-
level correlations between pigments and relative sequence

abundances, correlations are highly variable within classes.
For instance, about half of the prymnesiophye ASVs are posi-
tively correlated with 19HexFuco (including 8 of the 10 most
abundant ASVs), while the other half are negatively correlated
(Fig. 8D). Similarly, despite the strong relationship between
Fuco/Tchla and relative diatom sequence abundance (Table 3;
Supporting Information Fig. S2A), there are many diatom
ASVs that are insignificantly or weakly negatively correlated
with Fuco. The variability in these relationships highlights the
difficulty of comparing relative abundances in correlation
space. Relative abundances of one ASV are necessarily depen-
dent on the rest of the community in the sample or dataset.
This analysis used all ASVs that were > 1% abundant in the
dataset, meaning that some ASVs were only present in a small
fraction of the samples (Fig. 8B) or only ever reached a very
low overall abundance in the dataset (Fig. 8C). The dominant
ASVs drive the relationship at the group level between

Fig. 8. (A) Presumed feeding strategy for each > 1% abundant ASV (teal = known phototroph, orange = known mixotroph, white = unknown). (B)
The relative frequency of each ASV on NAAMES vs. EXPORTS. (C) Mean relative percent abundance of each ASV in the dataset. (D) Pearson’s correlation
coefficient (R) between relative pigment concentrations and ASVs from 18S (relative sequence abundances, sorted by mean abundance within each class).
The strength of the correlation is shown on a scale from �1 (blue) to 1 (red). Correlations with environmental variables (temperature, salinity, MLD, PAR)
are also shown.
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pigments and ASVs, but not all ASVs within a group will be
correlated with the expected biomarker pigment. Thus, it is
perhaps unsurprising that the correlations between pigments
and relative sequence abundances are variable across all ASVs,
as the relative abundances themselves are highly variable.

Many of the ASVs in the 18S dataset were classified as
mixotrophs (Fig. 8A) or have undocumented feeding strategies
but are members of groups with mixotrophic representatives.
Members of many of the classes represented in this dataset
have demonstrated mixotrophy in nature or in culture. For
instance, a recent study demonstrated the phagocytosis of
Prochlorococcus sp. by dictyochophytes, prymnesiophytes,
chlorophytes, chrysophytes, bolidophytes, and dinoflagellates
(Li et al. 2022). Some of the ASVs in these classes have strong
correlations with DVchla and DVchlb, which are marker pig-
ments for Prochlorococcus (Fig. 8D). Of the 16 ASVs that are
highly correlated with DVchla and DVchlb (R > 0.7), 8 were clas-
sified as phototrophs, 2 as mixotrophs (a chlorophyte, Cym-
bomonas tetramitiformis, and a prymnesiophyte, Chrysochromulina
acantha), and 6 have undocumented feeding strategies but are
members of groups known to include mixotrophs (specifically,
three dinoflagellate ASVs and three prymnesiophyte ASVs). This
dataset only indicates correlations between these ASVs and pig-
ments and there may be other reasons for this correspondence,
but mixotrophic assimilation of Prochlorococcus pigments is one
possibility.

There is also the possibility of environmental co-occurrence
between taxa. Some unlikely correspondences between pig-
ments and other PCC determinations may arise from a near-
random sampling of an evolving PCC distribution. PCC can
be highly variable in space and time. Each sample represents a
snapshot of the specific environment at one moment in time
and one position in space, and thus can be limited in its abil-
ity to capture the broader context (e.g., Siegel et al. 2001;
Estapa et al. 2015). The correlative analyses applied here iden-
tify statistical relationships between pigments and taxa that
co-occur, not necessarily within a taxonomic group but within
a covarying community. The associations, for instance, of
Perid with bolidophytes from both 18S and 16S or Zea with
chrysophytes from both 18S and 16S (Figs. 4, 7) are not attrib-
utable to any documented pigment-based taxonomy and thus
possibly reflects environmental covariation in these analyses
that leads to a high correlation among these parameters. Envi-
ronmental data can also provide further insights into relation-
ships between PCC methods. Prochlorococcus relative sequence
abundance is highly positively correlated with its marker pig-
ments DVchla and DVchlb, but also with SST (Supporting
Information Fig. S5). Many of the 18S ASVs that have strong
positive correlations with DVchla and DVchlb (but are not
expected to contain these pigments) are also positively corre-
lated with SST (Fig. 8D), suggesting a co-occurrence of these
18S ASVs with Prochlorococcus in the environment, as
evidenced by the biomarker pigments and the warm ocean
temperature. In this anecdote, the combined PCC methods

validate the pigment-based PCC, but also draw upon environ-
mental co-variability to inform a more complete picture of
PCC. These relationships among disparate parameters are also
useful for considering these datasets in the context of commu-
nity ecology, where interactions between phytoplankton
shape the ecosystem as a whole (e.g., Lima-Mendez
et al. 2015; Zhou and Ning 2017). However, correlations
between pigments and other methods are unable to separate
the mechanism of covariation (e.g., whether it represents a
common response to the environment or a biological
interaction).

The oceanographic context from which the samples were
collected can also inform associations between taxonomic
groups. In this study, MLD and PAR were typically weakly cor-
related with individual 18S ASVs (Fig. 8D), though relative dia-
tom sequences from 16S were positively correlated with MLD
and PAR (Supporting Information Fig. S5), as were some
chlorophyte classes. As the PCC methods compared here
included cell-specific measurements from the IFCB and FCM,
the impact of environmental conditions could be indirectly
interrogated by examining changes in pigment-per-cell or
pigment-per-biovolume concentration over the dataset that
might be associated with variability in the light environment.
For instance, when the outliers from the Perid/Tchla
vs. relative dinoflagellate sequence abundance relationship
(Supporting Information Fig. S2B; highest outlier circled in
red) are considered as a function of pigment-per-biovolume,
there is anomalously high Perid-per-biovolume in those sam-
ples (Supporting Information Fig. S6A), while the Tchla-
per-biovolume for the outlier samples is consistent with the
mean value for the dataset (Supporting Information Fig. S6B).
Together, this result suggests that these samples comprise
Perid-containing dinoflagellates with higher Perid per cell
than the rest of the dataset. This trend in the outlier samples
may also be due to intra-group variability in pigment concen-
tration or to responses of dinoflagellate pigmentation to envi-
ronmental stimuli, with some dinoflagellate ASVs in those
outlier samples containing higher ratios of Perid/Tchla than
the mean in the dataset. The most abundant ASVs in this sam-
ple include two dinoflagellates (Biechelaria sp. and
Prorocentrum sp.), but we could not find evidence in the litera-
ture to support these genera having considerably larger Perid/
Tchla ratios than other Perid-containing phototrophic
dinoflagellates.

Ultimately, inconsistencies in the correlations between pig-
ments and other PCC methods in this study may have arisen
as a combination of factors in the environment and ecosystem
(due to physical mixing, mixotrophy, co-occurrence with
other groups, etc.) that cannot be easily disentangled in the
present dataset. It is also important to note that correlation-
based analyses may be poorly suited for compositional
datasets, such as the ones used here, and spurious correlations
may confuse the interpretation of the results for ecological
data (Gloor et al. 2017; Hunter-Cevera et al. 2021). Finally,
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each method has errors and uncertainties associated with sam-
ple collection, processing, analysis, and taxonomic assignment
which introduce uncertainties into the PCC metrics as defined
and thus will impact the associations between groups. A com-
plete propagation of all possible sources of error for each
method would potentially impact the correlations and com-
parisons between observations and methods.

Recommendations for measuring PCC
The results of this analysis suggest that the most complete

picture of PCC will be achieved with a combination of
methods, particularly given the complementary strengths and
limitations of the common methods for describing and quan-
tifying phytoplankton communities. Thus, the choice of
method(s) to be used for a given application is a function
of the desired taxonomic and spatiotemporal resolution, the
purpose of the study, the cost of the analysis, and the time
scale for analytical results. For instance, the IFCB has been
used successfully to detect (Campbell et al. 2010) and monitor
the development (Brosnahan et al. 2015) of harmful algal
blooms (HABs; e.g., Anderson et al. 2012) in varying ecosys-
tems. IFCB data are available in near real-time, which allows
for quick detection and timely warnings when a harmful
bloom develops (as opposed to methods such as pigments or
amplicon sequencing, which require weeks to months of
processing and analysis after sample collection). Alternatively, at
a time-series observatory where the goal is long-term monitoring
of the seasonal succession of phytoplankton and changes in
PCC over time with environmental change, a combination of
methods could be appropriate. Pigments allow for comparison
with ongoing optical measurements alongside a record of PCC
(Zhang et al. 2015; Catlett et al. 2021b), while amplicon
sequencing focuses on high taxonomic resolution at the site
(Needham and Fuhrman 2016; Yeh and Fuhrman 2022). Con-
tinuous flow-through phytoplankton imaging systems, such as
IFCB, could also be used in combination with other methods,
such as FCM, to acquire high-resolution PCC across a large range
of cell sizes with samples collected approximately every 20 min
(e.g., Peacock et al. 2014; Hunter-Cevera et al. 2016). Sometimes,
the impact of an environmental disturbance on the phytoplank-
ton community may be the focus of an investigation. In these
cases, a combination of real-time imaging approaches, amplicon
sequencing, and/or pigment data can confirm the impact of a
disturbance on the function or optical properties of the phyto-
plankton community (e.g., Laney and Sosik 2014; Kramer
et al. 2020b). Across timescales, a combination of methods can
offer a more nuanced picture of PCC.

Standardized PCC information is essential for models of
carbon export or the biological pump, which typically include
phytoplankton size and/or community composition terms to
constrain the export of phytoplankton carbon from the sur-
face ocean to the deep ocean (e.g., Guidi et al. 2015; Durkin
et al. 2022; Siegel et al. 2023). Many Earth system models use

satellite data to achieve global ocean coverage, and pigment
concentrations are currently the only PCC metric derived
from ocean color data (Kramer et al. 2022). Thus, pigment
measurements remain important to link ocean color estimates
of PCC to in-water data. Methods that directly measure cell
biovolume concentration (IFCB, FCM) are also useful to estimate
carbon-per-cell (Menden-Deuer and Lessard 2000). Direct com-
parisons between satellite remote sensing observations, pigment
concentrations, and higher-resolution PCC methods are rare, but
will be essential to constrain model outputs (Chase et al. 2022),
particularly as sequencing methods improve and become more
quantitative in the future (Pierella Karlusich et al. 2022).

Improved global-scale PCC estimates will also include new
approaches developed for hyperspectral remote sensing. HPLC
is used to develop and validate algorithms that detect pig-
ments and/or PCC from space (Uitz et al. 2015; Chase
et al. 2017; Kramer et al. 2022), and the current study presents
some encouraging considerations for pigment-based PCC. In this
study, we find that for many important phytoplankton groups
(diatoms, green algae, Prochlorococcus, prymnesiophytes), pig-
ments are strongly and positively correlated with PCC from
methods with higher taxonomic resolution. This result implies
that global PCC assessments may be achievable with the upcom-
ing hyperspectral global ocean color data from NASA’s Plankton
Aerosol Cloud and ocean Ecosystem (PACE) mission, planned for
launch in 2024 (Werdell et al. 2019). The hyperspectral capability
of PACE’s Ocean Color Instrument will allow more detailed
decomposition of pigment types (Wolanin et al. 2016; Kramer
et al. 2022; Cetini�c et al. 2024).

If accessory pigments can be accurately modeled from sat-
ellite measurements and the comparisons between pigments
and amplicon sequencing or IFCB datasets continues on
broader spatiotemporal scales, more comprehensive relation-
ships can be developed between pigments and phytoplank-
ton groups determined via other methods throughout the
global ocean (Catlett et al. 2022; Chase et al. 2022). By com-
paring performance across methods, we also encourage con-
sistency in sampling approaches, laboratory analysis, and
method development. Including more PCC data types can
improve estimates of PCC so long as those data are quality
controlled and provide useful information. The analysis
performed here on a relatively small dataset suggests that
there are still needs for improvement in many of these
comparisons among pigment-based PCC and other methods.
For instance, dinoflagellates are an important phytoplankton
group (particularly in coastal regions, where they may form
toxic blooms), but changes in their relative abundance was
not well explained using Perid/Tchla in the current
study. Datasets that have collected samples across a broader
range in biomass and under varying physical and biogeo-
chemical conditions, including both coastal (Lin et al. 2019;
Catlett et al. 2022) and open ocean systems (Chase
et al. 2022) will be ideal for further comparison.
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The results shown here are also highly dependent on the
relatively small datasets used in our analyses. The relation-
ships among methods will vary based on the region and scale
of the comparison. In the datasets used here, certain groups
were represented in high relative abundances (e.g., diatoms
throughout, Prochlorococcus in the NAAMES dataset), resulting
in strong relationships among methods despite different sam-
pling approaches. Similar results were found in the West Ant-
arctic Peninsula, where high relative contributions from
cryptophytes, diatoms, and prymnesiophytes resulted in sig-
nificant positive relationships between pigments and 18S (Lin
et al. 2019), and in the Neuse River Estuary, where relatively
high chlorophyte sequence abundances from 18S correlated
well with pigments (Gong et al. 2020). Alternately, in regions
with highly dynamic phytoplankton communities and year-
round monitoring, the relationships between pigments and
other PCC methods were not as clearly defined, due in part to
the variability in accessory pigment composition and concen-
tration across the seasonal cycle (Catlett et al. 2022). The
capacity of pigments to separate different phytoplankton
groups is similarly very dataset dependent (Kramer and
Siegel 2019), with more and different groups occurring on
local scales than global scales. As more high-quality data are
collected to further consider the relationships between pig-
ments and other, higher-resolution PCC methods, the scope
and scale of those data will necessarily impact the results.

Ultimately, a comprehensive understanding of global sur-
face ocean PCC is essential for better describing relationships
between the ocean and global climate, the strength of the bio-
logical pump, changes to marine food webs over time, and the
cycling of nutrients throughout the oceans. Constraining PCC
information from satellites and from discrete water samples is
an important and necessary step toward this broader goal.
Each PCC method provides one lens through which to view
phytoplankton communities, but each view is subject to the
constraints of the method. The results shown here suggest
that PCC methods provide more information when they are
combined and that complementary methods with varied
strengths and limitations should be considered wherever pos-
sible to provide the most comprehensive understanding
of PCC.

Data availability statement
• HPLC pigments, 18S, 16S, and EXPORTS IFCB data are on

SeaBASS: https://seabass.gsfc.nasa.gov/experiment/NAAMES
and https://seabass.gsfc.nasa.gov/cruise/EXPORTSNP.

• NAAMES IFCB data are available on EcoTaxa: https://
ecotaxa.obs-vlfr.fr.

• Code for IFCB image analysis can be found at: https://
github.com/OceanOptics/ifcb-tools (NAAMES) and https://
github.com/hsosik/ifcb-analysis (EXPORTS).

• Code for 16S data prep and taxonomic assignment can be
found at: https://www.github.com/lbolanos32/NAAMES_2020.

• Code for 18S data prep and taxonomic assignment can be
found at: https://github.com/sashajane19/PCCmethods.
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