
Biogeosciences, 22, 4743–4761, 2025
https://doi.org/10.5194/bg-22-4743-2025
© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Phytoplankton community succession and biogeochemistry in a
bloom simulation experiment at an estuary–ocean interface
Jenna A. Lee1, Joseph H. Vineis1,a, Mathieu A. Poupon1,2, Laure Resplandy1,3, and Bess B. Ward1,3

1Department of Geosciences, Princeton University, Princeton, NJ 08544, USA
2Atmospheric and Oceanic Sciences Program, Princeton University, Princeton, NJ 08544, USA
3High Meadows Environmental Institute, Princeton University, Princeton, NJ 08544, USA
acurrent address: Marine Biological Laboratory, University of Chicago, Woods Hole, MA 02543, USA

Correspondence: Jenna A. Lee (jennaal@princeton.edu)

Received: 3 March 2025 – Discussion started: 13 March 2025
Revised: 17 June 2025 – Accepted: 18 June 2025 – Published: 17 September 2025

Abstract. Phytoplankton blooms, especially diatom blooms,
account for a large fraction of marine carbon fixation.
Species succession and biogeochemical parameters change
rapidly over a bloom, and determine the resulting biologi-
cal productivity. This study implemented daily sampling of
a 24 L microcosm bloom simulation experiment to assess
changes in assemblage and biogeochemical processes while
excluding changes due to advection. 15NO−3 and H13CO−3
tracer incubations were performed alongside pigment and
DNA sampling to compare temporal trends in community
composition and primary productivity (nitrogen (N) and car-
bon (C) transport rates). Rapid drawdown of nutrients and
maximum C and N transport rates corresponded with peak
chlorophyll a and fucoxanthin pigment concentrations. Fu-
coxanthin, typically associated with diatoms, was the domi-
nant diagnostic pigment, with very low peridinin (dinoflag-
ellate) and zeaxanthin (cyanobacteria) concentrations, indi-
cating a diatom bloom. 18S rRNA gene analysis showed
clear community succession throughout the duration of the
bloom and multiple species of diatoms co-occurred, includ-
ing during the bloom peak. The presence of metazoan 18S,
high carbon-to-chlorophyll ratios, and a model analysis pro-
vide evidence of grazing in the latter half of the bloom. A
traditional bloom framework suggests that species succes-
sion occurs as the bloom progresses and that phytoplank-
ton diversity reaches a minimum of just one or two domi-
nant species when phytoplankton productivity is at its max-
imum. However, this study produced a negatively mono-
tonic productivity–diversity relationship (PDR) with rela-
tively high minimum diversity values. This 18S-based anal-

ysis therefore presents a more complex relationship between
bloom progression and phytoplankton diversity.

1 Introduction

Marine primary productivity is dominated by phytoplank-
ton and accounts for nearly half of global net carbon fixa-
tion (Field et al., 1998). Phytoplankton blooms are of partic-
ular importance because their communities are often domi-
nated by large phytoplankton (e.g., diatoms) which can grow
rapidly. Diatoms are unique phytoplankton not only because
of their large size and high maximum growth rates, but also
because they have silica cell walls which may reduce graz-
ing pressure (Grønning and Kiørboe, 2020) and increase their
sinking rate (Legendre and Le Fèvre, 1995), leading them to
contribute significantly to marine carbon export from the sur-
face ocean (Jin et al., 2006). Diatoms that do not escape graz-
ing become important food sources which support produc-
tive fisheries (Jackson et al., 2011) through highly efficient
trophic energy transfer, either via large zooplankton (Som-
mer et al., 2002) or directly to fish (Ryther, 1969; Van Der
Lingen, 2002; Costa and Garrido, 2004).

Much of the research on diatom blooms is focused on up-
welling systems, but the shallow, high nutrient environment
of estuaries also supports annual diatom blooms and large
fisheries (Marshall et al., 2005; Harding et al., 2015; Bilkovic
et al., 2019). Estuarine systems serve as a buffer between
land and the open ocean, modulating the type and amount of
carbon that is exported to continental shelves, regions which
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are responsible for high carbon burial and export to the deep
ocean (Bauer et al., 2013). Thus, understanding phytoplank-
ton communities and productivity in estuarine systems is key
to understanding global nutrient cycling.

The productivity–diversity relationship (PDR) is used to
investigate complex mechanisms such as species interac-
tions, coexistence, and overall drivers of community com-
position. However, the PDR of marine microbial commu-
nities varies greatly between studies and is heavily depen-
dent on study region and methods used for determining di-
versity and productivity (Smith, 2007; Graham and Duda,
2011). The canonical view of bloom diversity and succes-
sion is that initial high nutrient conditions allow fast-growing
phytoplankton to outcompete other species, leading to a min-
imum community diversity when phytoplankton biomass or
rates of productivity are at their peak (Irigoien et al., 2004).
Blooms are then terminated by a combination of bottom-up
factors like nutrient depletion, and top-down factors such as
grazing and viral and parasitic infection, transitioning into a
more diverse microbial community.

Chesapeake Bay is the largest estuary in the United States
(Bilkovic et al., 2019) and is often used as a model system for
a broader understanding of coastal environments. Many stud-
ies have documented the seasonal succession of the phyto-
plankton community in the bay, primarily using pigment- and
microscopy-based analyses (Marshall et al., 2005; Adolf et
al., 2006; Harding et al., 2015). Such studies generally agree
on the year-round importance of diatoms; diatoms domi-
nate the phytoplankton community in the spring and fall
while a more diverse phytoplankton community composed
of diatoms, dinoflagellates, and cyanobacteria is present in
the summer. Though there have been 18S-based studies in
the tributaries of Chesapeake Bay, especially of harmful di-
noflagellate bloom communities, there are very few reported
metabarcoding studies of the eukaryotic community in the
main stem of Chesapeake Bay (Cram et al., 2024; Wang et
al., 2024). Molecular techniques like metabarcoding can de-
tect a much greater diversity of marine eukaryotes than mi-
croscopy or pigment analyses, including species that are not
possible to detect or distinguish visually (López-García et al.,
2001; Massana and Pedrós-Alió, 2008; Xu et al., 2023).

Here we compare the composition and PDR of an estuar-
ine diatom bloom with both the historical trends in Chesa-
peake Bay and with patterns observed globally in the open
ocean. We utilized daily sampling of 18S amplicons, pig-
ment concentrations, carbon (C) and nitrogen (N) transport
rates, and particulate organic matter (POM) accumulation
in carboy incubations to follow a single community and its
associated biological processes. Observations were comple-
mented by a biogeochemical model to address unmeasured
nutrient pools and potential grazing-related processes. This
study provides a deeper understanding of the relationship be-
tween eukaryotic community and productivity in a bloom
by (1) coupling direct measurements of primary productiv-
ity rates with high resolution metabarcoding techniques for

community analysis and (2) comparing metabarcoding to
historical methods of community analysis.

2 Methods

2.1 Bloom simulation and sampling

24 L microcosm bloom simulation experiments were carried
out in August 2021 in the Chesapeake Bay aboard the R/V
Hugh Sharp. Surface water (2–5 m) was collected from the
study site (37.27° N, 76.09° W), located near the mouth of the
bay. All materials used to set up and sample the microcosms
were cleaned with 1 M HCl and rinsed with MilliQ water.
The incubation medium was prepared by pumping surface
water (∼ 5 m) directly from the sample site through a series
of nylon mesh and glass fiber filters, ending with a 0.3 µm fil-
ter, using a double diaphragm pump into three 24 L translu-
cent polycarbonate (PC) carboys. Surface water inoculum
was collected using a rosette system with 12 L Niskin bot-
tles and a conductivity, temperature, and depth profiler from
2–4 m depth and pre-filtered through 210 µm nylon mesh be-
fore being added to the carboys. A filtered surface medium
(21.6 L) and pre-filtered surface water inoculum (2.4 L) were
added to each carboy to produce a 10 % inoculation. An ad-
ditional 0.3 µm filtered medium and 210 µm pre-filtered sur-
face water inoculum were collected for DNA analysis. Fi-
nally, NaNO3, NaH2PO4, and Na2SiO3 solutions were added
to each carboy to achieve final concentrations of approxi-
mately 40, 5, and 50 µM, respectively. 40 µM NO−3 was cho-
sen to replicate historical observations of nutrient loading in
Chesapeake Bay (Harding et al., 2019; Malone et al., 1996)
and promote a diatom bloom. A nitrogen : silica : phosphorus
ratio of ∼ 10 : 10 : 1 is compatible with ambient nutrient ra-
tios observed in lower Chesapeake Bay (Fisher et al., 1992)
and with diatom nutrient quotas (Brzezinski, 1985; Lomas
et al., 2019). Carboys were incubated for 8 d without further
nutrient additions in an on-deck water bath, using a seawater
flow-through system drawn from surface water and a plas-
tic screen shade covering to keep incubation temperature and
light similar to in situ conditions. Continuous light and tem-
perature measurements were recorded between 18:00 on day
1 and 18:00 on day 7 using two Onset HOBO Pendant Tem-
perature/Light data loggers suspended approximately 10 cm
below the surface of the on-deck water bath.

Samples for nutrient concentrations were collected from
each carboy three times per day, at approximately 06:00,
12:00, and 18:00 local time. Samples were filtered through
a 0.22 µm syringe filter into 50 mL plastic conical tubes and
stored at −20 °C until analysis.

Samples for pigment analysis were collected twice daily at
12:00 and 18:00 starting on day 2. Duplicate samples (100–
400 mL) were filtered onto pre-combusted (500 °C for ∼ 5 h)
0.3 µm 25 mm GF-75 filters using pigment-dedicated filter-
holders. Pigment samples were not collected from carboys
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prior to day 2 due to low biomass concentrations and sample
volume restrictions. Instead, two pseudo day 0 samples were
produced by filtering approximately 1 L each of a 10 % in-
oculum dilution in 0.3 µm filtered medium immediately after
inoculation and without receiving any additional nutrients.
Filters were stored individually at −80 °C.

DNA samples were taken from each carboy concurrently
with the 12:00 pigment and nutrient samples. Three samples
were collected in duplicate for carboy C (on days surround-
ing the expected bloom transition and peak) and two DNA
samples were collected from the surface water inoculum.
Sample water was collected from each carboy and filtered
onto 0.22 µm Sterivex filters (320–1290 mL of sample water
per filter) using a peristaltic pump. Filters were flash-frozen
in liquid nitrogen and stored at −80 °C until DNA extrac-
tion. For more detail on sampling protocols, see Supporting
Information, Methodology.

2.2 Nutrient and pigment concentrations

Reactive nitrite (NO−2 ) and silicate (silicic acid, H4SiO4)
concentrations were measured on a ThermoScience
Genesys150 UV-Vis spectrophotometer using colorimetric
methods (sulfanilamide+N -(1-naphthyl)-ethylenediamine
and metol sulfite, respectively) modified from Strickland and
Parsons (1972). NO−2 +NO−3 concentration was measured
via chemiluminescent detection using a Teledyne NOx ana-
lyzer (NOxBox) according to Braman and Hendrix (1989).
NO−3 concentrations were calculated by subtracting the
colorimetrically derived NO−2 concentrations from their
paired NO−2 +NO−3 NOxBox concentrations. Detection
limits and measurement precision are listed in Table S1.

Pigment samples were analyzed using high-performance
liquid chromatography (Pinckney et al., 1996, 2001). Ef-
fective detection limits are listed in Table S2 and detailed
methodology is available in Hooker et al. (2010).

2.3 15N and 13C labeled sub-incubations and isotopic
analysis for nutrient uptake measurements

Sub-incubations to measure nitrogen and carbon uptake rates
using 15N-NO−3 and 13C-HCO−3 were carried out once per
day. Sample water (150–200 mL) was aliquoted into PC bot-
tles for triplicate sub-incubations for each carboy (9 sub-
incubations per tracer per day). 15N-NaNO−3 (1.5–2.67 mL
of a 0.3 mM solution) and 13C-NaHCO−3 (1–1.3 mL of a
30 mM solution) were added to each PC bottle to attain iso-
topic enrichments of ∼ 8 %–93 % and approximately 10 %,
respectively, and gently inverted five times to mix. Bottles
were then placed into mesh bags to simulate surface water
light intensities and incubated for 4 h (approximately 10:00
to 14:00 local time) in a similar water bath system as the car-
boys. Sub-incubations were terminated by filtration onto pre-
combusted 0.3 µm 25 mm GF-75 filters using label-specific
filter-holders, followed by a 2.5 mL 0.3 µm filtered seawater

rinse (from original medium collection). Filters were stored
individually at −20 °C until analysis.

2.4 POM concentrations and uptake rate
measurements

POM filters were fume acidified for 4–6 h in a desiccator
with concentrated HCl, packed into tin capsules, and mea-
sured using a Sercon ANCA-SL Elemental Analyzer and a
Europa 20/20 Isotope Ratio Mass Spectrometer (EA-IRMS).
Standards were prepared from a stock solution of urea and
measurements were calibrated using an aminocaproic acid
(ACA) standard. All detection limits and measurement pre-
cisions are listed in Table S1. Transport rates (ρ) were cal-
culated according to equations modified from Dugdale and
Goering (1967):

At%C =
mol13C

mol13C + mol12C
× 100%, (1)

At%N =
mol15N

mol15N + mol14N
× 100%, (2)

C transport [µMCd−1
] = ρHCO−3

=
At%POCexp − At%POCbaseline

At%DICexp − At%DICnatural

×
[POC]
h
×

12 lighth
d

, (3)

N transport
[
µMNd−1

]
= ρNO−3

=
At%PONexp − At%PONbaseline

At%DINexp − At%Nair

×
[PON]
h
×

12 lighth
d

. (4)

At % C and At % N are the atom per cent for car-
bon and nitrogen terms and particulate organic carbon
([POC]) and particulate organic nitrogen ([PON]) are in
units of µM C and µM N, respectively. Because 13C and 15N
labeled sub-incubations were done separately and concur-
rently each day, it was possible to compare paired labeled-
unlabeled incubations, i.e., one set of sub-incubations re-
ceived either 13C or 15N and the other did not. There-
fore, At % POMexp–At % POMbaseline was used instead of
At % POMfinal–At % POMinitial for transport rate calcula-
tions. At % POCexp is the “experimental” At % POC (i.e., the
At % POC of the incubations enriched with 13C tracer) and
At % POCbaseline is the At % POC of the incubations which
received 15N tracer instead of 13C. The analogous com-
parison was used for At%PONexp and At%PONbaseline. A
constant dissolved inorganic carbon (DIC) concentration of
1.8 mM was assumed according to the relationship between
DIC concentration and salinity in Chesapeake Bay (Lee et
al., 2015) and an average natural abundance 13C of −25 ‰
(PDB) was used for all C-uptake calculations (Spiker, 1980;
Guo et al., 1996). A natural abundance of 0.365 % was used
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for At % Nair and assumed to be the same in the unlabeled
dissolved inorganic nitrogen (DIN). Uptake per hour was
converted to uptake per day assuming 12 light hours per day.
Specific uptake rates (V ) were calculated as

VHCO−3
[d−1
] =

ρHCO−3
[POC]

, (5)

VNO−3
[d−1
] =

ρNO−3
[PON]

. (6)

2.5 Nutrient–phytoplankton–zooplankton (NPZ)
model

A detailed description of the model is available in the Sup-
porting Information, Methodology. Briefly, a simplified ver-
sion of the biogeochemical model Carbon, Ocean Biogeo-
chemistry and Lower Trophics version 2 (COBALTv2, Stock
et al., 2020) was implemented to investigate potential graz-
ing rates and grazing-associated changes in biogeochemical
parameters during the bloom simulation incubations. This
model includes a single nutrient (nitrate), and biological
components are parameterized based on a large open ocean
dataset to represent a single phytoplankton community (di-
atoms) and a single zooplankton community (medium-sized
copepods).

The model assumes a mass balance of five nitrogen pools:
DIN in the form of nitrate (NNO3 ), PON in the forms of
phytoplankton (NPhyto), zooplankton (NZoo), and detritus
(NDetritus), and dissolved organic nitrogen (DON; NDOM).
The model simulates the temporal evolution of the system as-
suming no spatial variations. The initial nitrogen pools were
determined from the observed day 1 nitrate concentration
([NO−3 ]avg ≈ 45 µmol kg−1), an estimation of day 1 NPhyto
(5 µmol kg−1) from observed day 2 Chl a concentrations, and
an assumed average 1 : 100 biomass ratio of zooplankton to
phytoplankton on day 1. The average starting concentration
of NPhyto was chosen to balance an initial phytoplankton pop-
ulation which was large enough to trigger a bloom, but small
enough to approximately match day 2 chlorophyll concen-
trations. The Redfield ratio of 106C : 16N (Redfield, 1934)
was used to convert PON and DON into their respective car-
bon (C) pools and a CPhyto : Chl a ratio of 200 was used to
convert between POC and Chl a concentrations. Sensitivity
testing was performed by independently and randomly vary-
ing the initial NPhyto, NZoo, and NNO3 by± 20 % across 1000
model iterations.

2.6 DNA extraction and 18S V4 sequencing

DNA extraction and cleanup was performed using the Zymo-
BIOMICS DNA/RNA miniprep kit (Zymo Research, Irvine
CA). Universal primer set 515F (Caporaso et al., 2011) and
951R (Mangot et al., 2013; Lepère et al., 2016) were used
for PCR to amplify the V4 region of the 18S rRNA gene.
(See Supporting Information, Methodology and Table S3 for
PCR details). The purified amplicons were indexed using an

Illumina indexing kit, pooled, and sequenced for paired-end
2× 250 bp sequences on an Illumina MiSeq platform at the
Princeton University Genomics Core Facility.

2.7 18S sequence clustering and quality control

Demultiplexed sequences were trimmed using prinseq
v0.20.4 (Schmieder and Edwards, 2011) to remove primers
and low-quality read ends. Paired-end reads were merged us-
ing the Illumina utilities package v2.6 (Eren et al., 2013) with
default parameters. Merged pairs were discarded if more than
one third of the first half of either read had a Q-score be-
low Q30, in accordance with Minoche et al. (2011), or if
the Q-score fell below Q15 for any base in the overlapped
region. Merged reads were then dereplicated and potential
chimeras were identified using uchime in vsearch v2.10.4
(Edgar et al., 2011; Rognes et al., 2016). Reads were clus-
tered into operational taxonomic units (OTUs) using swarm
v3 with a neighbor nucleotide difference of 1 (d = 1) (Mahé
et al., 2021). Taxonomy was assigned using usearch_global
(vsearch v2.10.4) and reference database PR2 v4.14.0 (Guil-
lou et al., 2012). OTUs were removed if: (1) the represen-
tative sequence had less than 10 reads, (2) the OTU repre-
sented < 0.01 % of total reads in all samples, (3) > 50 % of
reads within the OTU were identified as potentially chimeric,
or (4) the OTU was < 90 % identical to the associated PR2

reference sequence, resulting in 335 896 reads which passed
quality checks. Finally, OTUs with a < 97 % match to a
PR2 reference sequence were re-classified as “Other [Class]”
and combined according to class. E.g., the reads from all
OTUs with a 90 % to < 97 % match to a Bacillariophyta se-
quence in the PR2 database were combined into one OTU
classified as “Other Bacillariophyta.” All other OTUs with a
≥ 97 % match to a reference were combined if their associ-
ated PR2 reference sequence was the same, resulting in 150
total OTUs.

2.8 Relative abundance, alpha, and beta diversity
analyses

OTUs remaining after quality control were further manipu-
lated for downstream analysis. For relative abundance and
alpha diversity analyses (OTU richness and Shannon index),
carboy C duplicates were combined by day and the two in-
oculum samples were combined and used as “Day 0” for
all carboys. Finally, all OTUs identified by PR2 as meta-
zoan (4 OTUs after combination; 42.4 % of all sequences)
and bacterial (7 OTUs after combination; 10.4 % of all se-
quences) were removed for all relative abundance and diver-
sity analyses.

Diversity analysis was performed using the phyloseq
v1.44.0 (McMurdie and Holmes, 2013) and microViz
v0.12.1 (Barnett et al., 2021) R packages. The centered log-
ratio (clr) transformed Aitchison distance was used to calcu-
late beta diversity. A canonical analysis of principal coordi-
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nates (CAP) plot was used to compare beta diversity with
observations of environmental parameters using the vegan
v2.6-6 package in R (Oksanen et al., 2024).

2.9 Statistical analysis

Statistical analyses were performed using R v4.3.1 (R Core
Team, 2023) and the MATLAB Statistic and Machine Learn-
ing Toolbox v24.1 (MathWorks Inc., 2024). In order to as-
sess the significance of the daily variability of rate measure-
ments and alpha diversity, as well as the fit of PDR regression
curves, the car v3.1.3 (Fox and Weisberg, 2019) package in
R was used to check if residuals were normally distributed
using both a Shapiro–Wilk test (significant p-value< 0.01)
and a visual inspection of a quantile–quantile plot. Nor-
mally distributed data were compared using Pearson correla-
tion or a one-way ANOVA with a Tukey HSD family-wise
comparison, and non-normally distributed data were com-
pared using Spearman correlation or a Kruskal-Wallis test
with Bonferroni adjusted pairwise comparisons (significant
p-value< 0.05). Beta diversity clustering was assessed using
homogeneity of dispersion and PERMANOVA tests (signifi-
cant p-value< 0.05).

3 Results

3.1 Biogeochemical signatures indicate a diatom bloom

Light (photosynthetically active radiation (PAR)) and tem-
perature displayed typical diel cycles during the incubations,
ranging 22.5–29 °C with average daily temperaturemax =

28.0 °C and average daily PARmax = 77.2 W m−2 (me-
dian 59.3 W m−2) (Fig. S1). Daytime PAR was lowest
on day 3 and reached a maximum of 242.8 W m−2 at
14:00 on day 7. Temporal patterns of POM, ambient nu-
trient, and pigment concentrations in all three carboys
indicated a phytoplankton bloom that peaked on day 5
(Figs. 1, S2). POC and PON remained low in all car-
boys until day 4 (avg. [POCmin]= 22.8± 4.5 µM and avg.
[PONmin]= 1.8± 1.3 µM) (Figs. 1a, S2a–c). POM then
rapidly increased between days 4 and 5, remaining high be-
tween days 5 and 7 and reaching average maximum concen-
trations of 232.0± 18.1 µM ([POCmax]) and 24.5± 4.3 µM
([PONmax]).

The increases in POM through day 5 were mirrored by
nutrient drawdown, with all three carboys following sim-
ilar temporal trends. Nitrate (NO−3 ) and silicate (SiO4−

4 )
were supplemented initially to average starting concentra-
tions of 42.6± 1.0 µM and 46.9± 1.0 µM, respectively, and
remained high until day 4 in all carboys (Figs. 1b, S2d–f).
Between noon day 4 and 18:00 day 5, [NO−3 ] and [SiO4−

4 ]
were rapidly drawn down to 1.1± 0.2 and 1.0± 0.2 µM, re-
spectively, and remained low for the remainder of the in-
cubations. Phosphate (PO3−

4 ) concentrations decreased more
consistently between days 1 and 5 from an initial average

of 4.0± 0.4 to 0.6± 0.1 µM by 18:00 day 5 (Fig. S3). Ni-
trite (NO−2 ) remained low throughout the bloom, increasing
slightly on day 4 to an average [NO−2,max] of 1.2± 0.06 µM
on day 5, possibly due to incomplete NO−3 assimilation by
phytoplankton (Collos, 1998; Lomas and Lipschultz, 2006).
The small [NO−2 ] peak was then quickly depleted follow-
ing the exhaustion of [NO−3 ]. A mass balance of the mea-
sured nitrogen species revealed that total measured nitro-
gen ([NO−2 ]+ [NO−3 ]+PON) was approximately 45–50 µM
leading up to the bloom peak but was < 30 µM afterwards.
This “gap” in the total measured N may be attributable to
unmeasured N pools, such as ammonium or DON and is ad-
dressed in the NPZ model section below (see also Fig. S4g–
i).

Chlorophyll a (Chl a) concentrations also reached their
maximum at noon on day 5 for all carboys (avg. Chl amax =

15.0± 2.1 µg L−1) (Figs. 1c, S2g–i). Concentrations of fu-
coxanthin, a diagnostic diatom pigment, followed the same
pattern as Chl a, while peridinin (dinoflagellates) and zeax-
anthin (cyanobacteria) remained low, and divinyl chloro-
phyll a (cyanobacteria) remained below detection through-
out the bloom. Chl a and fucoxanthin concentrations both
decreased following day 5, signifying the decline of the phy-
toplankton population. Pigment accumulation trends along
with the concurrent consumption of SiO4−

4 indicate that
a diatom bloom occurred, and the late-bloom decrease in
Chl a : chlorophyll c may indicate a shift in phytoplankton
community following the bloom peak (Dursun et al., 2021).
In addition, the decoupling between Chl a and POM con-
centrations in the late bloom resulted in a large range of
POC : Chl a ratios. POC : Chl a reached a minimum during
the peak bloom with an average value of 58.6± 8.2, which
is within the typical range of approximately 10–200 for large
phytoplankton (e.g., Laws and Bannister, 1980; Schoemann
et al. 2005 and references therein). Late-bloom ratios were
much higher, reaching an average POC : Chl a > 1000 on
day 7, with maximum values of up to 1258.6± 247.2 in
carboy B (Fig. S4d–f), suggesting the accumulation of non-
phytoplankton biomass in the late bloom and a potential shift
in phytoplankton POC : Chl a.

3.2 Temporal patterns of nutrient transport and
specific uptake rates

Temporal patterns of absolute C and N transport rates
(ρHCO−3

, ρNO−3
) were consistent across all carboys. Trans-

port rates remained low prior to day 4 (Fig. 2). They
then increased slightly on day 4 and reached maximum
rates on day 5 with average rates for the three carboys of
186.0± 64.7 µM C d−1 and 27.1± 8.95 µM N d−1, before
quickly dropping again. Days 6 and 7 had transport rates
similar to those measured on day 4. The timing of max-
imum transport rates coincided with the day 5 peak ob-
served in POM and Chl a concentrations and the highest
rates of nutrient depletion. Despite similar patterns, day 5
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Figure 1. Biogeochemical data indicate a bloom. (a) Particulate organic carbon (POC) and nitrogen (PON) concentrations for all carboys over
the course of the bloom simulation. POC is in red/pink, PON is in blue, and line type denotes carboy. Error bars in (a) represent the standard
deviation of sample replicates. Average carboy concentrations are shown for (b) nutrients and (c) pigments (data for individual carboys are
presented in Fig. S2). (b) Nutrient measurements during the bloom simulation are presented as dark blue lines for nitrate ([NO−3 ]), light

blue lines for nitrite ([NO−2 ]), and green lines for silicate ([SiO4−
4 ]). (c) Pigment concentrations for chlorophyll a (Chl a), chlorophyll c

(Chl c1+ c2), and diagnostic pigments for diatoms (fucoxanthin), dinoflagellates (peridinin), and cyanobacteria (zeaxanthin). Error bars in
(b) and (c) represent the standard deviation between carboys. Day 0 pigment concentrations are from a separate 10 % inoculation “dilution”
(described in the methodology), rather than individual carboys. Time is shown as days since carboy inoculation where day 1 begins at 00:00
following inoculation. The gray-shaded region indicates the peak bloom (∼ noon day 5).

ρHCO−3
varied between carboys. Peak ρHCO−3

was highest in

Carboy C (229.3± 80.6 µM C d−1) and lowest in Carboy A
(141.6± 31.8 µM C d−1) (Table S4). However, peak ρHCO−3
were not statistically different between carboys (one-way
ANOVA, p = 0.28). ρNO−3

was less variable between carboys
than between triplicate measurements within a single carboy
(Table S4).

Biomass specific uptake rates for both C and N (VHCO−3
,

VNO−3
) peaked on different days, but both displayed a signifi-

cant (Kruskal-Wallis, p = 6.17×10−4 and p = 6.02×10−3,
respectively) increase between days 3 and 4, one day prior to
the increase in absolute transport rates (Figs. 2, S5). VHCO−3
and VNO−3

then remained high until nutrients were depleted,

decreasing on day 6. VHCO−3
peaked on day 4 with an average

rate for all three carboys of 1.0± 0.06 d−1, and VNO−3
peaked

on day 5 with an average rate of 1.1± 0.12 d−1 (Table S4,
Fig. S5).

3.3 NPZ model supports late-bloom grazing

An NPZ model was employed to investigate the gap in to-
tal measured N and the potential contribution of unmeasured
biogeochemical parameters. The model was able to accu-
rately simulate the observed magnitude and temporal evo-
lution of [NO−3 ], Chl a, and POM when including graz-
ing by zooplankton, with the best fit to [NO−3 ] (Fig. 3a–
d). The model slightly overestimated POM during the early
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Figure 2. Specific uptake rates sharply increase before the bloom peak. Carbon (C) and nitrogen (N) uptake rates are shown in red/pink
and blue, respectively for each carboy. Dark solid lines are absolute uptake rates (ρ) calculated from labeled 15N-NO−3 and 13C-HCO−3
sub-incubation experiments. Light dashed lines are specific uptake rates (V ), which are equal to ρ normalized to POC for VHCO−3

and PON
for VNO−3

. Error bars show standard deviation of triplicate samples. The light-gray-shaded region indicates the peak bloom (∼ noon day 5).

bloom, but matched observations from the peak bloom on-
ward. The modeled grazing rate reached an average maxi-
mum of 27.3 µM N d−1 and a combined non-phytoplankton
PON (NZoo+NDetritus) represented 67.5 % of total modeled
PON at the end of the bloom. Modeled grazing and respira-
tion rates resulted in an approximately 20 µM N accumula-
tion of DON on day 7, which is comparable to the 20–30 µM
N gap in the observed N mass balance (Fig. S4g–i).

3.4 Community succession resulted in distinct
temporally varying assemblages

Changes in the eukaryotic community composition were de-
tected during the bloom using amplicon sequencing of the
hypervariable V4 region of the 18S rRNA gene. Swarm clus-
tering (Mahé et al., 2021) and quality control resulted in 143
eukaryotic OTUs. While Metazoa such as copepods were
present in the 18S sequences (Fig. S6) and a potentially im-
portant portion of eukaryotic community, the multicellular
nature of Metazoa made it difficult to interpret their relative
abundances. Therefore, they were removed from community
analyses, leaving 139 non-metazoan eukaryotic OTUs for
further analysis.

OTU relative abundances in all three carboys showed suc-
cession of the bloom community, with the development of
three distinct, temporally driven assemblages: early- (days
2 and 3), mid- (days 4 and 5) and late-bloom (days 6 and
7) (metadata summarized in Table S5). Community com-
position in early-bloom samples was similar to inoculum
samples, with the exception of parasitic Syndiniales OTUs.
Syndiniales OTUs had a high relative abundance in inocu-
lum samples but remained low in carboy samples (Fig. 4a–
c). Most early-bloom sequences were from the green algae
Mamiellophyceae, diatoms (Bacillariophyta), dinoflagellates
(Dinophyceae), unclassified marine Stramenopiles (MAST-
1), and heterotrophic Spirotrichea OTUs. By the mid- and
late-bloom, relative abundances indicated that the commu-
nity was composed primarily of diatoms and dinoflagel-
lates, though the ratio of diatom and dinoflagellate rela-
tive abundances varied between carboys. At the class level,
the mid- and late-bloom assemblages are distinguished by
a late-bloom increase in the relative abundance of het-
erotrophic organisms like Filosa-Thecofilosea and, in Carboy
C, Spirotrichea OTUs. Their increase is consistent with graz-
ing and an accumulation of non-phytoplankton material in
the late-bloom.
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Figure 3. NPZ model outputs indicate potential grazing. Model outputs are plotted with observations for (a) chlorophyll a, (b) nitrate
concentration ([NO−3 ]), (c) particulate organic carbon (POC), and (d) particulate organic nitrogen (PON) concentrations. (b) Model-derived
nitrate limitation (1−Nlim, Eq. S6) is plotted alongside [NO−3 ], such that 0 indicates no growth limitation due to nitrate and 1 indicates
complete limitation of growth due to nitrate. Potential grazing rates are represented by (e) the modeled grazing rates and compared to
observations of POC : Chl a. And (f) the nitrogen mass balance shows the relative contribution of various nitrogen pools to the total nitrogen
budget of the modeled bloom. Observed data are shown as gray dots. The gray-shaded area indicates the peak bloom. Modeled data shown
as lines with error bars representing the standard deviation of sensitivity testing.

The early-, mid-, and late-bloom community shifts re-
sulted in three distinct clusters in the beta diversity analy-
sis (PERMANOVA, p = 0.001, R2

= 0.60) (Fig. 4g). Early-
bloom samples cluster with inoculum samples and late-
bloom samples cluster together regardless of carboy. Mid-
bloom samples showed the greatest variability between both
carboys and day, except for carboy C, which had relatively
similar communities on days 4 and 5. In addition, variability
between biological duplicates (inoculum and carboy C, days
3, 5 and 6) is of the same magnitude as variability between
samples from different carboys on the same day (Fig. 4g).
Both day and [NO−3 ] vary along CAP1. Therefore, CAP1,
which explains 42.2 % of community composition, probably
corresponds to a combination of time since inoculation and
nutrient availability.

The alpha diversity of the non-metazoan eukaryotic com-
munity peaked during the early bloom, decreased during the
mid-bloom, and did not significantly change between the
mid- and late-bloom. This pattern was most prominent in the
OTU richness (number of OTUs), which separated into two
statistically distinct groups: the high diversity early bloom
and the low diversity mid/late-bloom (Fig. S7a). Conversely,
the Shannon index (H) did not significantly vary throughout
the bloom despite sharing the same temporal trend (Figs. 4d–
f, S7b). H ranged from 0.5–3.4 with an average of 2.5. While
H decreased slightly in carboys A and C during the bloom
peak, it did not drop below 2. The mid-bloom decrease in H
was probably driven by carboy B’s∼ 40 % decline in H from

an early-bloom average of 3.02 to a mid/late-bloom average
of 1.24. Overall, while the alpha diversity did decrease lead-
ing up to the bloom peak, the peak was not characterized by
a significant or consistent diversity minimum.

3.5 High diversity and succession of the diatom bloom
assemblage

A more comprehensive analysis of the diatom assemblage
was performed because of their prominence among the phy-
toplankton community and because the biogeochemical data
indicated their dominance during the peak bloom. The rel-
ative abundance of diatom sequences generally increased
through the early bloom, reached a maximum of up to ap-
proximately 60 % (in carboy C) during the mid-bloom, and
then decreased during the late-bloom. The relative abun-
dance of diatoms in carboy B peaked slightly earlier and
had lower relative abundances than the other carboys during
the mid- and late-bloom, except for a day 6 peak of an ara-
phid pennate diatom OTU (Fig. 5a–c) identified as a Thalas-
sionema sp. via BLAST search. Succession was also evident
in the composition of the diatom assemblage. The highest
relative abundance diatom sequences were all cosmopolitan;
Chaetoceros dominated the early bloom, Thalassiosira the
mid-bloom, and Thalassionema the late-bloom. Ditylum se-
quences were also highly abundant, especially just preced-
ing the peak bloom. The relative abundances of most diatom
genera were dominated by a single OTU, except for Chaeto-
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Figure 4. Community succession and diversity during the bloom. (a–c) Relative abundance shown as the fraction of non-metazoan 18S-
derived eukaryotic OTUs for each carboy, colored by taxonomic class. Sequence counts for biological duplicates of inoculum and carboy C
samples were merged before analysis. “Day” corresponds to the number of days since inoculation, with day 0 for each carboy represented
by the same merged inoculum sample. (d–f) Shannon alpha diversity (blue) and the number of non-metazoan sequences (gray) on the same
“Day” scale. The gray-shaded region indicates the peak bloom. (g) Aitchison distance beta diversity measures. Color corresponds to the num-
ber of days since inoculation and shape corresponds to carboy. Beta diversity is plotted alongside relevant environmental parameters: NO3
(nitrate concentration), PAR (photosynthetically active radiation), Chl a (chlorophyll a concentration), Fuco (fucoxanthin concentration),
and POC : Chl a (carbon-to-chlorophyll a ratio).
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ceros, which had > 10 OTUs that were relatively evenly rep-
resented.

Diatom-specific alpha diversity was more consistent be-
tween carboys and displayed clearer temporal trends com-
pared to overall community alpha diversity. Diatom alpha
diversity increased during the early bloom and decreased
during the mid-bloom, with variable trends during the late-
bloom. However, diatom richness never dropped below 17 in
any carboy (Fig. 5g–i) and dozens of diatom OTUs, spanning
multiple genera, were present at the peak of the bloom.

4 Discussion

4.1 Diatom-driven peak bloom patterns

Maximum nutrient transport rates, Chl a accumulation, and
nutrient drawdown all occurred on day 5 and indicate that
a diatom bloom occurred (Fig. 6). While seasonal succes-
sion of the phytoplankton community is well documented in
Chesapeake Bay and predicts a highly diverse community
of diatoms, dinoflagellates, and cyanobacteria in the sum-
mer (Adolf et al., 2006; Harding et al., 2015; Marshall et al.,
2005), the pigment data did not indicate that dinoflagellates
or cyanobacteria contributed significantly to the biomass
(Figs. 1c, S2g–i). Light patterns could not explain the trend
in POC : Chl a observed in the carboy incubations (Fig. S1).
Instead, high nutrient conditions (Laws and Bannister, 1980;
Schoemann et al., 2005; Arteaga et al., 2016) and diatom-
dominated biomass (Tada et al., 2000; Sathyendranath et al.,
2009) resulted in low total community POC : Chl a during
the mid-bloom.

The observed maximum C and N transport rates in this
study were higher than previously reported summer rates in
the lower bay (e.g., Sellner, 1983; Glibert et al., 1995; Mar-
shall and Nesius, 1996; Bradley et al., 2010); ρNO−3

in partic-
ular was often higher than previous observations of total dis-
solved N transport (ρTDN, the sum of uptake of all forms of
N) (e.g., Glibert et al., 1995; Bradley et al., 2010). Similarly,
maximum Chl a-normalized C transport (VC_Chla, Fig. S8)
and VNO−3

rates were also higher than previous reports (Adolf
et al., 2006; Bradley et al., 2010) (additional information in
the Supporting Information, Analysis). High nutrient trans-
port rates and a stronger NO−3 preference are all associated
with diatom blooms, especially in the lower bay (Glibert et
al., 1995; Marshall and Nesius, 1996; Sellner, 1983). In ad-
dition, high summer VC_Chla is positively correlated to the
fraction of Chl a attributable to diatoms (Adolf et al., 2006)
and VNO−3

tends to be higher in larger (> 35 µm) size frac-
tions than total community (Bradley et al., 2010).

Although specific uptake rates were high compared to pre-
vious Chesapeake Bay measurements, they were similar to
those previously observed in a bloom mesocosm (Fawcett
and Ward, 2011) and the open ocean (Van Oostende et al.,
2017). Both VHCO−3

and VNO−3
significantly increased one day

prior to the bloom peak (Fig. S5). The observed increase in
specific uptake rates prior to absolute transport rates is con-
sistent with evidence that blooming phytoplankton (e.g., di-
atoms) are able to exploit nutrient-rich conditions by both
increasing and maintaining specific uptake rates. This ability
of diatoms to shift-up their nutrient uptake in response to a
sudden nutrient addition is a well-documented phenomenon
(e.g., Kudela and Dugdale, 2000; Fawcett and Ward, 2011;
Lampe et al., 2018), including in Chesapeake Bay (Malone
et al., 1996).

Both absolute transport and specific uptake rates may be
overestimated after day 5, as ambient [NO−3 ] became de-
pleted. However, it is unlikely that temporal patterns ob-
served in the transport or specific uptake rates were altered
by these factors (additional information in the Supporting In-
formation, Analysis and Table S6).

The depletion of nutrients by noon on day 5 and high nutri-
ent requirements for large blooming phytoplankton suggests
that the diatom community was unable to sustain growth,
leading to the bloom’s demise following day 5. We observed
a strong coupling between NO−3 and SiO4−

4 drawdown rates
(Fig. S9c), which matched average diatom N : Si quotas, be-
tween days 2–5 (Brzezinski, 1985; Fisher et al., 1992). How-
ever, following the combined kinetics- and stoichiometry-
based thresholds outlined in Liang et al. (2019), nutrients
were only transiently limiting during the latter half of the
bloom (Table S7). There were two time points when nutrients
were limited in more than one carboy: SiO4−

4 on the evening
of day 5 and NO−3 on the evening of day 6; however, nei-
ther of these nutrients were limited in back-to-back samples.
Additional analysis of the NPZ model revealed that nutri-
ents probably became partially limiting following the bloom
peak. Modeled nitrate limitation did not match the timing
of the threshold-based limitation, but did reach an average
maximum of ∼ 60 % at the end of the incubations (Fig. 3b).
The combination of incomplete or transient nutrient limita-
tion and consistently high POM during the late-bloom indi-
cate that factors other than nutrient availability probably con-
tributed to the bloom decline; the potential role of grazing is
further investigated below.

4.2 Late-bloom patterns were influenced by grazing

In addition to or instead of nutrient limitation, the bloom de-
cline may have been due to top-down factors such as graz-
ing, parasitism, and viral infection. Biogeochemical mea-
surements, an NPZ model, and 18S community analysis pro-
vide evidence for grazing.

In contrast to the low peak bloom POC : Chl a, the ex-
treme POC : Chl a values observed at the end of the car-
boy incubations far exceeded both the average phytoplankton
POC : Chl a of∼ 40–90 observed in Chesapeake Bay (Cerco,
2000 and the references therein) and previous observations of
maximum phytoplankton POC : Chl a < 500 (e.g., Laws and
Bannister, 1980; Jakobsen and Markager, 2016), with aver-
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Figure 5. Diatom community succession and alpha diversity. (a–c) Relative abundance of diatom OTUs (fraction of the total non-metazoan
eukaryote community) for each carboy, colored by genus with outlines around individual OTUs. “Day” corresponds to the number of days
since inoculation, with day 0 for each carboy represented by the same merged inoculum sample. y-axis range is variable. (d–i) Shannon alpha
diversity (blue), number of diatom OTUs present (i.e., richness) (green), and the number of diatom sequences (gray) on the same “Day” scale.
The gray-shaded region indicates the peak bloom.

age day 7 values over 10-fold greater than expected for the
region. Low available nutrients during the late-bloom proba-
bly contributed to an increase in phytoplankton POC : Chl a
(e.g., Behrenfeld et al., 2005; Arteaga et al., 2016 and the ref-
erences therein); however, an increase in non-phytoplankton
biomass was also necessary to explain the ratios > 1000 ob-
served in this study. High total community POC : Chl a is
primarily influenced by the ratio of phytoplankton POC to
zooplankton and detrital POC (Banse, 1977). Even though

the inoculum was prefiltered using a 210 µm mesh, meta-
zoan sequences were present in every DNA sample. There-
fore, it is likely that smaller Metazoa passed through the ini-
tial filter and grew in response to the bloom. Grazing would
also contribute to unmeasured N pools, as DON would be
released during grazing or parasitic and viral lysis (Bronk,
2002; Park et al., 2004). Given the timing and preparation of
the experiments, as well as the absence of Chlorophyllide a
(a Chl a degradation product) in all pigment samples, phy-
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Figure 6. Bloom summary. Schematic diagram of the temporal
trends in (a) diatom-specific 18S diversity, (b) whole non-metazoan
eukaryotic community 18S diversity, and (c) biogeochemical mea-
surements throughout the bloom experiments. Diversity is displayed
as the number of OTUs (richness) and Shannon Index (H). Partic-
ulate organic matter (POM), chlorophyll a concentration (Chl a),
transport rates (ρ) and specific uptake rates (V ) were chosen as
the primary biogeochemical parameters. Trends are averaged across
carboys and colored shaded regions represent deviations between
carboys. Gray-shaded region indicates the peak bloom. This figure
was created in BioRender.

toplankton detritus was unlikely to have contributed signifi-
cantly to POM.

To further investigate the potential role of copepods, we
used an NPZ model to simulate the transfer of N to differ-
ent pools during the bloom, mediated by diatom and cope-
pod processes. The model outputs for NO−3 , Chl a, and POM
matched observations (Fig. 3a–d), providing support for the
application of the model as a proxy for unmeasured N pools,
such as DON, and fluxes between N pools. The NPZ model,
despite being a simplification of the full community dynam-
ics, showed that grazer-phytoplankton interactions could ex-
plain the majority of observed biogeochemical patterns in the
carboy bloom simulations given the initial nutrient condi-
tions. Transfer of PON from phytoplankton into zooplank-
ton biomass and detritus match and explain the observed
high PON at the end of the bloom despite a decrease in
chlorophyll, and therefore phytoplankton biomass. In addi-
tion, DON released as a direct result of grazing in the model
can account for a significant portion of the observed N mass
balance gap (Fig. 3f).

Simplifications in the model prevented over-
parameterization, but led to slight deviations between
model outputs and observations (additional information

in the Supporting Information, Analysis). Despite these
minor deviations, the consensus between observations and a
simplified NPZ model demonstrates that even a diverse di-
atom assemblage acts in accordance with globally averaged
diatom behavior under blooming conditions. Furthermore,
the modeled grazing contrasts with previous studies which
found a decoupling of diatoms and copepods in the open
ocean (Lima-Mendez et al., 2015) and suggests that the
diatom community in a shallow, coastal environment can be
controlled both by bottom-up and top-down factors.

4.3 Replication of bloom timing and community
between carboys

Patterns of 18S-based community composition were similar
across carboys. Beta diversity analysis showed that between-
carboy dissimilarity was of comparable magnitude to the dis-
similarity between biological replicates for carboy C, ex-
cept on day 4 (Fig. 4g). Day 4 was a transitional period
between the early-bloom and peak bloom assemblages; all
three carboys appear to have been trending toward a sim-
ilar peak bloom assemblage, but rapid community succes-
sion and slight variability in the exact timing of the peak
may have caused the observed divergence between assem-
blages. Carboy C showed a similar assemblage on days 4
and 5, implying that the peak bloom community was present
slightly earlier than in other carboys, concurrent with the
uptick in specific uptake rates and decrease in alpha diver-
sity (Fig. 6). This indicates that the community being estab-
lished was responsible for the observed shift in nutrient ac-
quisition strategy. The variability in the timing of the bloom
peak may be due to minor differences in the starting com-
munity that each carboy received, as seen in the dissimilar-
ity present between replicate inoculum samples despite be-
ing filtered from the same stock of water (Fig. 4g). Regard-
less of community dissimilarities between inoculum dupli-
cates or between carboys during the mid-bloom, the early-
and late-bloom samples clustered very closely by day. Open
ocean processes, for example mixing, which allows for nu-
trient replenishment and the introduction of new organisms,
would probably cause closed system experiments to deviate
from the natural environment on longer time scales or larger
study regions. However, robust, short time-scale events like
blooms are less likely to be disrupted by mixing. The repli-
cability between incubations may indicate that so long as in-
oculum volume and percentage are high enough to ensure the
presence of the same potential blooming organisms, carboy
experiments can be replicable and good approximations of in
situ community dynamics.

4.4 Disentangling the bloom community: pigment- vs.
18S-based analyses and the role of dinoflagellates

Very few studies have performed 18S-based analyses in the
main stem of the Chesapeake Bay (Cram et al., 2024; Wang
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et al., 2024), but a comparison of microscopy- and 18S-based
community analysis revealed a strong correlation between
cell counts and relative abundance of major phytoplankton
groups (Wang et al., 2024). However, in the current study,
the high dinoflagellate 18S relative abundances in the mid-
and late-bloom (Fig. 4a–c) contradict the diatom-dominated
story suggested by the biogeochemical data and thus required
additional inspection.

Diatoms often dominate the Chesapeake Bay phytoplank-
ton community, but many studies have documented summer–
fall harmful dinoflagellate blooms in the bay (e.g., Li et
al., 2015 and references therein). A large portion of the di-
noflagellate sequences in this study belonged to Karenia
mikimotoi (Fig. S10) (previously Gymnodinium mikimotoi,
Gymnodinium cf. nagasakiense, and Gyrodinium aureolum)
(Hansen et al., 2000; Li et al., 2019). Karenia spp. are glob-
ally distributed dinoflagellates associated with harmful algal
blooms (e.g., Glibert et al., 2014; Li et al., 2019). A key fea-
ture of K. mikimotoi is that it contains fucoxanthin instead of
the typical dinoflagellate diagnostic pigment peridinin, mak-
ing it difficult to distinguish between K. mikimotoi and di-
atoms based on fucoxanthin vs. peridinin alone (Richardson
and Pinckney, 2004; Li et al., 2019). However, other Karenia-
associated accessory pigments were absent during the mid-
and late-bloom (Fig. S11) and K. mikimotoi’s growth strate-
gies make it most suited to lower nutrient environments com-
pared to this study (additional information in the Support-
ing Information, Analysis). Therefore, it is unlikely that K.
mikimotoi was a consequential component of the biomass.
Instead, we suggest that the apparent high relative abundance
of dinoflagellates is an issue of 18S gene copy number.

The 18S rRNA gene copy number (GCN) can vary be-
tween species and individuals, leading to bias in relative
abundance data (Guo et al., 2016; Martin et al., 2022). Both
diatom and dinoflagellate 18S GCNs can range over sev-
eral orders of magnitude, but dinoflagellates on average have
almost 30 times as many copies as diatoms (Martin et al.,
2022). Corrections to relative abundance data based on GCN
studies can improve the accuracy and inform the interpreta-
tion of 18S amplicon data, but implementation is limited due
to the low number of (and variability between) GCN studies.
Even though a previous Chesapeake Bay study showed that
relative abundances were correlated to cell counts at a high
taxonomic level (Wang et al., 2024), relative abundances af-
fected by GCN are not necessarily indicative of biomass or
community relevance. This study exemplifies the pitfalls of
relying solely on 18S relative abundance and reinforces that
multiple types of data should be implemented to assess com-
munity dynamics.

4.5 18S-based analyses reveal that high diversity is
maintained during the bloom

The average 18S-based H for the whole community (2.5)
was lower than previous non-bloom studies in Chesapeake

Bay, which found in situ H values of 4–6 (Cram et al., 2024;
Wang et al., 2024), but not as low as expected of a bloom.
The canonical phytoplankton PDR is characterized by a uni-
modal function with maximum diversity found in intermedi-
ately productive communities (indicated by cell abundances,
biomass, or productivity rates). Minimum diversity, as low
as one dominant species or H< 0.1, have been observed
and modeled in high productivity phytoplankton communi-
ties (e.g., Irigoien et al., 2004; Vallina et al., 2014). A phyto-
plankton bloom is expected to follow the same patterns, with
lowest diversity during the peak of the bloom and concurrent
with maximum productivity.

While the alpha diversity in this study did decrease dur-
ing or near the peak of the bloom (Figs. 6, S7), neither the
OTU richness nor H dropped as low as expected according to
the traditional bloom framework. Higher than expected OTU
richness during the bloom peak was largely due to the ability
of the molecular techniques to detect a larger portion of the
community at greater taxonomic resolution than microscopy
(López-García et al., 2001; Massana and Pedrós-Alió, 2008;
Xu et al., 2023). Whole community H did not vary signif-
icantly between days, partly because H and other diversity
measures which account for evenness tend to weaken the uni-
modal PDR (Skácelová and Lepš, 2014) and make it difficult
to observe a traditional diversity minimum during maximum
productivity. Neither H nor OTU richness were correlated
with sequencing depth (Pearson, p = 0.97 and p = 0.62, re-
spectively); however, H values can be heavily affected by the
variability of 18S rRNA GCN. H accounts for the community
evenness by using the relative abundance of OTUs, which
is biased due to the orders of magnitude difference in 18S
rRNA GCN between taxonomic groups in a whole commu-
nity analysis.

Even when comparing multiple microcosm and mesocosm
studies, both the magnitude and temporal trends of whole
community H were inconsistent (Fig. S7c). However, clearer
temporal patterns in alpha diversity, which more closely re-
flected the canonical unimodal PDR, were revealed when
isolating an individual taxonomic group. Diatom-specific H
in this study increased rapidly over the first few days of
the bloom and decreased during the mid-bloom (Figs. 5d–
i, 6a). While late-bloom diversity varied carboy-to-carboy,
the overall trend matched the decrease observed in other
bloom simulation experiments (Fig. S7d). The classic peak
bloom diversity minimum may be more easily observable
in the diatom community because the unimodal PDR has
typically been used to describe phytoplankton communities,
rather than whole communities, when applied to microbes.
Diatom-specific H values were also much closer to previ-
ous observations, regardless of whether H was determined by
microscopy or 18S, indicating that alpha diversity is directly
comparable between these methods so long as it is calculated
for groups with similar GCNs.
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Figure 7. Productivity–diversity relationship (PDR). Several studies were compared using 3 different PDRs. (a, b) The global (Sal et al.,
2013) and the Moss Landing (ML, Fawcett and Ward, 2011) diversity data were obtained via microscopy and the Bergen mesocosm data was
extracted from the global dataset. (c) The Atlantic (Wang et al., 2021) and Chesapeake Bay (CB, this study) diversity data were calculated
from 18S-based OTUs. The Atlantic Net Community Production rates were converted to Primary Production rates according to Li and
Cassar (2016, Eq. 7). Quadratic regression curves, representing a 2D simplification of the Irigoien et al. (2004) 3D model, and linear
regressions are plotted for select datasets. Shaded regions around linear regressions indicate the 95 % confidence interval and adjusted r2

and model significance are listed in the respective color of a given dataset. The gray curves in (a) and (b) are fitted to all microscopy-based
diversity data and the gray line in (c) is the linear regression for the combined Atlantic and Chesapeake Bay datasets.

4.6 Effect of regionality and methodology on
productivity–diversity relationship

This study’s PDR was compared to existing open ocean and
mesocosm-specific datasets in three ways: (1) richness vs.
POC, (2) H vs. POC, and (3) H vs. productivity rates. These
methods were chosen to compare our data to previous PDR
studies, as well as investigate the PDR in ways that are more
suited to molecular data and use true productivity measure-
ments such as C transport rates. Contrary to the classic uni-
modal PDR, all three PDRs for the Chesapeake Bay exper-
iments were monotonically negative, though H-based PDRs
were not significant (Fig. 7).

While a unimodal relationship, either expressed as a uni-
modal curve or a cloud of points whose upper bound is de-
fined by a unimodal curve (Smith, 2007; Skácelová and Lepš,
2014), may be observed in larger regional studies, it may not
apply to local diversity patterns, which can appear mono-
tonic (Rosenzweig, 1992). This can be seen when comparing
the combined global and local data as a whole to individ-
ual localized experiments (Fig. 7a, b). Excluding the much
higher 18S-derived diversity of this study, the upper bounds
of all microscopy-derived data clearly displayed unimodal
patterns and the data fit flatter, though still significant, uni-
modal curves. In addition, Irigoien et al. (2004) showed that

phytoplankton- or zooplankton-specific diversity was a func-
tion of both phytoplankton and zooplankton biomass as sep-
arate parameters, making the unimodal PDR curve of com-
bined factors less distinctly defined. Contrastingly, the indi-
vidual localized microcosm and mesocosm studies displayed
both positive and negative monotonic PDRs. The issue of
regionality may occur because a range of several orders of
magnitude in productivity is often needed to detect a true uni-
modal relationship or because taxa appear more cosmopoli-
tan at small scales (Smith, 2007). The latter effect may be
heightened in microcosm and mesocosm experiments where
diversity is bounded on both ends by the inoculum commu-
nity. It is also true for many generalist microbes regardless
of study scale and may also explain why unimodal, positive,
and negative monotonic relationships are all commonly re-
ported in aquatic microbial PDR studies (Smith, 2007; Gra-
ham and Duda, 2011; Skácelová and Lepš, 2014). Aside from
unimodal phytoplankton community PDRs, negative mono-
tonic relationships are the most common amongst general ob-
servations of natural aquatic microbial communities (Smith,
2007).

The consistently negative whole community PDR of this
study supported the common interpretation that competitive
exclusion, in this case driven by blooming diatoms, produce
the latter (negative) half of the canonical unimodal PDR.
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However, examining this study in isolation, it is unclear if the
negative relationship resulted from an absence of low pro-
ductivity observations or because 18S-based diversity mea-
surements reveal greater than expected diversity in the in-
oculum community, which should have been limited by the
low nutrient in situ conditions.

To address this, we compared our study to another whole
community 18S-based H vs. productivity rate study (Wang
et al., 2021) (Fig. 7c). Both studies produced negative PDRs,
despite including open ocean samples. The combined 18S-
based datasets resulted in the best fitting PDR which in-
cluded data from this study (Pearson, p = 3.55×10−13), with
greater significance than either dataset in isolation. This com-
bined dataset covered both a broad range of productivity rates
and regionality, but did not result in a clear unimodal PDR.
Therefore, while our data by themselves displayed the best
linear fit in the traditional Richness vs. POC PDR, the H
vs. productivity rate PDR may be representative of larger re-
gional PDR trends with 18S-based diversity.

5 Conclusions

This study provides a more direct approach to PDRs by mea-
suring productivity rates concurrent with DNA sampling.
Furthermore, it provides additional complexity by analyz-
ing a more comprehensive eukaryotic community, both by
using 18S-based diversity analyses and by including non-
phytoplankton taxa, over the time course of the bloom. Over-
all, carboy microcosms reached maximum diversity leading
up to the peak bloom, followed by a day 4 transition in the
community and increase in specific uptake rates, which led
to a day 5 peak in Chl a, fucoxanthin, and transport rates,
and finally resulted in a late-bloom reduction in all phyto-
plankton signatures and POM accumulation (summarized in
Fig. 6), as well as increased potential grazing rates.

The use of 18S amplicon sequencing to analyze the devel-
opment and waning of a phytoplankton bloom thus provides
a new lens through which to view the patterns of species suc-
cession and relationships between diversity and productivity.
Although the 18S data detected a larger portion of the com-
munity with more taxonomic resolution than was possible
with microscopy or pigments, a general pattern of lower di-
versity at the height of the bloom was still evident (Fig. 6).
Diatoms dominated the bloom, and therefore the patterns of
nutrient utilization and biomass production. The characteris-
tic relationships between productivity (at high levels of pri-
mary production) and diversity held for the diatom compo-
nent of the bloom, as well as for the entire community. The
most abundant group (diatoms), however, was represented by
multiple genera and multiple “species” within some genera,
rather than by one or a few major species. Many other phyto-
plankton genera, including dinoflagellates, persisted through
the bloom, clustering into assemblages that characterized
different (early, mid, late) phases of the bloom. It was not

possible to attribute the decline of the bloom to one factor,
since grazing and nutrient depletion coincided. Nutrient de-
pletion during the late-bloom caused growth rates to decrease
and contributed to the bloom’s demise, but late-bloom POM
accumulation, high POC : Chl a ratios, and modeled graz-
ing rates indicate that grazing was also necessary to explain
the observed trends. General reproducibility of the temporal
patterns of uptake rates and succession in the 24 L micro-
cosms, as well as successful simulation by an oceanic scale
model, suggest that these results provide insight into coastal
and oceanic phytoplankton bloom dynamics. Understanding
these dynamics along transition zones such as the lower bay
is increasingly important as rising sea level pushes high salin-
ity conditions and communities, known to be the most re-
sponsive to nutrient additions (Adolf et al., 2006), further up
the bay where they will be more susceptible to nutrient load-
ing (Bilkovic et al., 2019).

Data availability. The 18S data presented in the paper are available
at NCBI SRA, BioProject ID: PRJNA1222857 (https://www.ncbi.
nlm.nih.gov/bioproject/1222857, last access: 11 September 2025)
(National Library of Medicine, 2025). The biogeochemical data
presented in the paper are available at BCO-DMO, project number:
869541 (https://demo.bco-dmo.org/project/869541) (last access: 16
May 2025) (Ward, 2025).

Supplement. Detailed methodology and analyses, as well as
Supplement tables and figures, are available in the Supple-
ment. The supplement related to this article is available online
at https://doi.org/10.5194/bg-22-4743-2025-supplement.

Author contributions. All authors were responsible for writing - re-
view and editing (equal). Additional contributions: JAL was respon-
sible for conceptualization (supporting), data curation (lead), formal
analysis (lead), investigation (lead), methodology (equal), visual-
ization (lead), and writing – original draft (lead). JHV was respon-
sible for methodology/software (supporting) and supervision (sup-
porting). MAP was responsible for methodology/software (support-
ing) and writing – original draft (supporting). LR was responsible
for funding acquisition (supporting) and supervision (supporting).
BBW was responsible for conceptualization (lead), funding acqui-
sition (lead), methodology (equal), project administration (lead), re-
sources (lead), supervision (lead), and writing – original draft (sup-
porting).

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-

https://doi.org/10.5194/bg-22-4743-2025 Biogeosciences, 22, 4743–4761, 2025

https://www.ncbi.nlm.nih.gov/bioproject/1222857
https://www.ncbi.nlm.nih.gov/bioproject/1222857
https://demo.bco-dmo.org/project/869541
https://doi.org/10.5194/bg-22-4743-2025-supplement


4758 J. A. Lee et al.: Phytoplankton community succession and biogeochemistry

ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. We thank the captain and crew of the R/V
Hugh Sharp for assistance during the Chesapeake Bay cruise in
August 2021. Additional thanks go to Ashley Maloney for her as-
sistance in the set-up of the microcosm experiment. Figure 6 was
created in BioRender, Jenna A. Lee (2025), https://BioRender.com/
c17m525 (last access: 28 February 2025).

Financial support. This research was supported by NSF grant
OCE-2149606, awarded to Bess B. Ward. Additional support to
Mathieu A. Poupon was provided by NSF grant OCE-2023108,
awarded to Laure Resplandy.

Review statement. This paper was edited by Emilio Marañón and
reviewed by two anonymous referees.

References

Adolf, J. E., Yeager, C. L., Miller, W. D., Mallonee, M. E.,
and Harding, L. W.: Environmental forcing of phytoplank-
ton floral composition, biomass, and primary productivity in
Chesapeake Bay, USA, Estuar. Coast. Shelf Sci., 67, 108–122,
https://doi.org/10.1016/j.ecss.2005.11.030, 2006.

Arteaga, L., Pahlow, M., and Oschlies, A.: Modeled Chl:C ra-
tio and derived estimates of phytoplankton carbon biomass
and its contribution to total particulate organic carbon in the
global surface ocean, Global Biogeochem. Cy., 30, 1791–1810,
https://doi.org/10.1002/2016GB005458, 2016.

Banse, K.: Determining the carbon-to-chlorophyll ra-
tio of natural phytoplankton, Mar. Biol., 41, 199–212,
https://doi.org/10.1007/BF00394907, 1977.

Barnett, D., Arts, I., and Penders, J.: microViz: an R package for mi-
crobiome data visualization and statistics, J. Open Source Softw.,
6, 3201, https://doi.org/10.21105/joss.03201, 2021.

Bauer, J. E., Cai, W.-J., Raymond, P. A., Bianchi, T. S.,
Hopkinson, C. S., and Regnier, P. A. G.: The changing
carbon cycle of the coastal ocean, Nature, 504, 61–70,
https://doi.org/10.1038/nature12857, 2013.

Behrenfeld, M. J., Boss, E., Siegel, D. A., and Shea, D. M.:
Carbon-based ocean productivity and phytoplankton physiol-
ogy from space, Global Biogeochem. Cy., 19, 2004GB002299,
https://doi.org/10.1029/2004GB002299, 2005.

Bilkovic, D. M., Mitchell, M. M., Havens, K. J., and Hersh-
ner, C. H.: Chesapeake Bay, in: World Seas: an Environmental
Evaluation, Elsevier, 379–404, https://doi.org/10.1016/B978-0-
12-805068-2.00019-X, 2019.

Bradley, P. B., Lomas, M. W., and Bronk, D. A.: Inorganic and Or-
ganic Nitrogen Use by Phytoplankton Along Chesapeake Bay,
Measured Using a Flow Cytometric Sorting Approach, Estuar.
Coast., 33, 971–984, https://doi.org/10.1007/s12237-009-9252-
y, 2010.

Braman, R. S. and Hendrix, S. A.: Nanogram nitrite and nitrate de-
termination in environmental and biological materials by vana-

dium(III) reduction with chemiluminescence detection, Anal.
Chem., 61, 2715–2718, https://doi.org/10.1021/ac00199a007,
1989.

Bronk, D. A.: Dynamics of DON, in: Biogeochemistry of ma-
rine dissolved organic matter, edited by: Hansell, D. A. and
Carlson, C. A., Elsevier, Science & Technology, 153–247,
https://doi.org/10.1016/B978-012323841-2/50007-5, 2002.

Brzezinski, M. A.: The Si:C ratio of marine diatoms: Interspecific
variability and the effect of some environmental variables, J. Phy-
col., 21, 347–357, 1985.

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D.,
Lozupone, C. A., Turnbaugh, P. J., Fierer, N., and Knight, R.:
Global patterns of 16S rRNA diversity at a depth of millions
of sequences per sample, P. Natl. Acad. Sci., 108, 4516–4522,
https://doi.org/10.1073/pnas.1000080107, 2011.

Cerco, C. F.: Phytoplankton Kinetics in the Chesapeake Bay Eu-
trophication Model, Tech. Rep. January 2000 Chesap. Bay Pro-
gram Off. Annap. MD, Water Quality and Ecosystems Modeling,
Springer, 1, 5–49, https://doi.org/10.1023/A:1013964231397,
2000.

Collos, Y.: Nitrate uptake, nitrite release and uptake, and new
production estimates, Mar. Ecol. Prog. Ser., 171, 293–301,
https://doi.org/10.3354/meps171293, 1998.

Costa, P. and Garrido, S.: Domoic acid accumulation in the
sardine Sardina pilchardus and its relationship to Pseudo-
nitzschia diatom ingestion, Mar. Ecol. Prog. Ser., 284, 261–268,
https://doi.org/10.3354/meps284261, 2004.

Cram, J. A., Hollins, A., McCarty, A. J., Martinez, G., Cui, M.,
Gomes, M. L., and Fuchsman, C. A.: Microbial diversity and
abundance vary along salinity, oxygen, and particle size gradi-
ents in the Chesapeake Bay, Environ. Microbiol., 26, e16557,
https://doi.org/10.1111/1462-2920.16557, 2024.

Dugdale, R. C. and Goering, J. J.: Uptake of new and regenerated
forms of nitrogen in primary productivity1, Limnol. Oceanogr.,
12, 196–206, https://doi.org/10.4319/lo.1967.12.2.0196, 1967.

Dursun, F., Tas, S., and Ediger, D.: Assessment of phytoplankton
group composition in the Golden Horn Estuary (Sea of Mar-
mara, Turkey) determined with pigments measured by HPLC-
CHEMTAX analyses and microscopy, J. Mar. Biol. Assoc. UK,
101, 649–665, https://doi.org/10.1017/S0025315421000631,
2021.

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and
Knight, R.: UCHIME improves sensitivity and speed
of chimera detection, Bioinformatics, 27, 2194–2200,
https://doi.org/10.1093/bioinformatics/btr381, 2011.

Eren, A. M., Vineis, J. H., Morrison, H. G., and Sogin, M. L.:
A Filtering Method to Generate High Quality Short Reads Us-
ing Illumina Paired-End Technology, PLoS ONE, 8, e66643,
https://doi.org/10.1371/journal.pone.0066643, 2013.

Fawcett, S. and Ward, B.: Phytoplankton succession and nitrogen
utilization during the development of an upwelling bloom, Mar.
Ecol. Prog. Ser., 428, 13–31, https://doi.org/10.3354/meps09070,
2011.

Field, C. B., Behrenfeld, M. J., Randerson, J. T., and Falkowski,
P.: Primary Production of the Biosphere: Integrating Ter-
restrial and Oceanic Components, Science, 281, 237–240,
https://doi.org/10.1126/science.281.5374.237, 1998.

Biogeosciences, 22, 4743–4761, 2025 https://doi.org/10.5194/bg-22-4743-2025

https://BioRender.com/c17m525
https://BioRender.com/c17m525
https://doi.org/10.1016/j.ecss.2005.11.030
https://doi.org/10.1002/2016GB005458
https://doi.org/10.1007/BF00394907
https://doi.org/10.21105/joss.03201
https://doi.org/10.1038/nature12857
https://doi.org/10.1029/2004GB002299
https://doi.org/10.1016/B978-0-12-805068-2.00019-X
https://doi.org/10.1016/B978-0-12-805068-2.00019-X
https://doi.org/10.1007/s12237-009-9252-y
https://doi.org/10.1007/s12237-009-9252-y
https://doi.org/10.1021/ac00199a007
https://doi.org/10.1016/B978-012323841-2/50007-5
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1023/A:1013964231397
https://doi.org/10.3354/meps171293
https://doi.org/10.3354/meps284261
https://doi.org/10.1111/1462-2920.16557
https://doi.org/10.4319/lo.1967.12.2.0196
https://doi.org/10.1017/S0025315421000631
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1371/journal.pone.0066643
https://doi.org/10.3354/meps09070
https://doi.org/10.1126/science.281.5374.237


J. A. Lee et al.: Phytoplankton community succession and biogeochemistry 4759

Fisher, T., Peele, E., Ammerman, J., and Harding, L.: Nutrient lim-
itation of phytoplankton in Chesapeake Bay, Mar. Ecol. Prog.
Ser., 82, 51–63, https://doi.org/10.3354/meps082051, 1992.

Fox, J. and Weisberg, S.: An R Companion to Applied Regression,
Third., Sage, Sage Publications, Thousand Oaks CA, ISBN 978-
1-5443-3645-9, 2019.

Glibert, P. M., Conley, D. J., Fisher, T. R., Jr, L. W. H., and Malone,
T. C.: Dynamics of the 1990 winter/spring bloom in Chesapeake
Bay, Mar. Ecol. Prog. Ser., 122, 27–43, 1995.

Glibert, P. M., Icarus Allen, J., Artioli, Y., Beusen, A., Bouw-
man, L., Harle, J., Holmes, R., and Holt, J.: Vulnerabil-
ity of coastal ecosystems to changes in harmful algal bloom
distribution in response to climate change: projections based
on model analysis, Glob. Change Biol., 20, 3845–3858,
https://doi.org/10.1111/gcb.12662, 2014.

Graham, J. H. and Duda, J. J.: The Humpbacked Species Richness-
Curve: A Contingent Rule for Community Ecology, Int. J. Ecol.,
2011, 1–15, https://doi.org/10.1155/2011/868426, 2011.

Grønning, J. and Kiørboe, T.: Diatom defence: Grazer induc-
tion and cost of shell-thickening, Funct. Ecol., 34, 1790–1801,
https://doi.org/10.1111/1365-2435.13635, 2020.

Guillou, L., Bachar, D., Audic, S., Bass, D., Berney, C., Bittner,
L., Boutte, C., Burgaud, G., De Vargas, C., Decelle, J., Del
Campo, J., Dolan, J. R., Dunthorn, M., Edvardsen, B., Holz-
mann, M., Kooistra, W. H. C. F., Lara, E., Le Bescot, N.,
Logares, R., Mahé, F., Massana, R., Montresor, M., Morard,
R., Not, F., Pawlowski, J., Probert, I., Sauvadet, A. L., Siano,
R., Stoeck, T., Vaulot, D., Zimmermann, P., and Christen,
R.: The Protist Ribosomal Reference database (PR2): a cata-
log of unicellular eukaryote Small Sub-Unit rRNA sequences
with curated taxonomy, Nucl. Acids Res., 41, D597–D604,
https://doi.org/10.1093/nar/gks1160, 2012.

Guo, L., Santschi, P. H., Cifuentes, L. A., Trumbore, S. E., and
Southon, J.: Cycling of high-molecular-weight dissolved organic
matter in the Middle Atlantic Bight as revealed by carbon iso-
topic (13C and 14C) signatures, Limnol. Oceanogr., 41, 1242–
1252, https://doi.org/10.4319/lo.1996.41.6.1242, 1996.

Guo, L., Sui, Z., and Liu, Y.: Quantitative analysis of dinoflag-
ellates and diatoms community via Miseq sequencing of actin
gene and v9 region of 18S rDNA, Sci. Rep., 6, 34709,
https://doi.org/10.1038/srep34709, 2016.

Hansen, G., Daugbjerg, N., and Henriksen, P.: Comparative study
of Gymnodinium mikimotoi and Gymnodinium aureolum, comb.
nov. (=Gyrodinium aureolum) based on morphology, pigment
composition, and molecular data, J. Phycol., 36, 394–410,
https://doi.org/10.1046/j.1529-8817.2000.99172.x, 2000.

Harding, L. W., Adolf, J. E., Mallonee, M. E., Miller, W. D., Gal-
legos, C. L., Perry, E. S., Johnson, J. M., Sellner, K. G., and
Paerl, H. W.: Climate effects on phytoplankton floral composi-
tion in Chesapeake Bay, Estuar. Coast. Shelf Sci., 162, 53–68,
https://doi.org/10.1016/j.ecss.2014.12.030, 2015.

Harding, L. W., Mallonee, M. E., Perry, E. S., Miller, W. D., Adolf,
J. E., Gallegos, C. L., and Paerl, H. W.: Long-term trends, cur-
rent status, and transitions of water quality in Chesapeake Bay,
Sci. Rep., 9, 6709, https://doi.org/10.1038/s41598-019-43036-6,
2019.

Hooker, S. B., Thomas, C. S., Heukelem, L. V., Schlüter, L.,
Russ, M. E., Ras, J., Claustre, H., Clementson, L., Canuti, E.,
Berthon, J.-F., Perl, J., Normandeau, C., Cullen, J., Kienast,

M., and Pinckney, J. L.: The Fourth SeaWiFS HPLC Analysis
Round-Robin Experiment (SeaHARRE-4), No. NASATM-
2010-215857, https://ntrs.nasa.gov/api/citations/20110008482/
downloads/20110008482.pdf (last access: 8 September 2025),
2010.

Irigoien, X., Huisman, J., and Harris, R. P.: Global biodiversity
patterns of marine phytoplankton and zooplankton, Nature, 429,
863–867, https://doi.org/10.1038/nature02593, 2004.

Jackson, T., Bouman, H. A., Sathyendranath, S., and Devred,
E.: Regional-scale changes in diatom distribution in the Hum-
boldt upwelling system as revealed by remote sensing: im-
plications for fisheries, ICES J. Mar. Sci., 68, 729–736,
https://doi.org/10.1093/icesjms/fsq181, 2011.

Jakobsen, H. H. and Markager, S.: Carbon-to-chlorophyll ratio
for phytoplankton in temperate coastal waters: Seasonal pat-
terns and relationship to nutrients: C:Chl for phytoplankton in
temperate coastal waters, Limnol. Oceanogr., 61, 1853–1868,
https://doi.org/10.1002/lno.10338, 2016.

Jin, X., Gruber, N., Dunne, J. P., Sarmiento, J. L., and Arm-
strong, R. A.: Diagnosing the contribution of phytoplankton
functional groups to the production and export of particulate or-
ganic carbon, CaCO3, and opal from global nutrient and alkalin-
ity distributions, Global Biogeochem. Cy., 20, 2005GB002532,
https://doi.org/10.1029/2005GB002532, 2006.

Kudela, R. M. and Dugdale, R. C.: Nutrient regulation of phy-
toplankton productivity in Monterey Bay, California, Deep-
Sea Res. Pt. II, 47, 1023–1053, https://doi.org/10.1016/S0967-
0645(99)00135-6, 2000.

Lampe, R. H., Cohen, N. R., Ellis, K. A., Bruland, K. W., Mal-
donado, M. T., Peterson, T. D., Till, C. P., Brzezinski, M. A.,
Bargu, S., Thamatrakoln, K., Kuzminov, F. I., Twining, B. S., and
Marchetti, A.: Divergent gene expression among phytoplankton
taxa in response to upwelling, Environ. Microbiol., 20, 3069–
3082, https://doi.org/10.1111/1462-2920.14361, 2018.

Laws, E. A. and Bannister, T. T.: Nutrient- and light-
limited growth of Thalassiosira fluviatilis in con-
tinuous culture, with implications for phytoplankton
growth in the ocean1, Limnol. Oceanogr., 25, 457–473,
https://doi.org/10.4319/lo.1980.25.3.0457, 1980.

Lee, D. Y., Owens, M. S., Doherty, M., Eggleston, E. M., Hewson,
I., Crump, B. C., and Cornwell, J. C.: The Effects of Oxygen
Transition on Community Respiration and Potential Chemoau-
totrophic Production in a Seasonally Stratified Anoxic Estu-
ary, Estuar. Coast., 38, 104–117, https://doi.org/10.1007/s12237-
014-9803-8, 2015.

Legendre, L. and Le Fèvre, J.: Microbial food webs and the export
of biogenic carbon in oceans, Aquat. Microb. Ecol., 9, 69–77,
https://doi.org/10.3354/ame009069, 1995.

Lepère, C., Domaizon, I., Hugoni, M., Vellet, A., and De-
broas, D.: Diversity and Dynamics of Active Small Mi-
crobial Eukaryotes in the Anoxic Zone of a Freshwater
Meromictic Lake (Pavin, France), Front. Microbiol., 7, 130,
https://doi.org/10.3389/fmicb.2016.00130, 2016.

Li, J., Glibert, P. M., and Gao, Y.: Temporal and spa-
tial changes in Chesapeake Bay water quality and relation-
ships to Prorocentrum minimum, Karlodinium veneficum, and
CyanoHAB events, 1991–2008, Harmful Algae, 42, 1–14,
https://doi.org/10.1016/j.hal.2014.11.003, 2015.

https://doi.org/10.5194/bg-22-4743-2025 Biogeosciences, 22, 4743–4761, 2025

https://doi.org/10.3354/meps082051
https://doi.org/10.1111/gcb.12662
https://doi.org/10.1155/2011/868426
https://doi.org/10.1111/1365-2435.13635
https://doi.org/10.1093/nar/gks1160
https://doi.org/10.4319/lo.1996.41.6.1242
https://doi.org/10.1038/srep34709
https://doi.org/10.1046/j.1529-8817.2000.99172.x
https://doi.org/10.1016/j.ecss.2014.12.030
https://doi.org/10.1038/s41598-019-43036-6
https://ntrs.nasa.gov/api/citations/20110008482/downloads/20110008482.pdf
https://ntrs.nasa.gov/api/citations/20110008482/downloads/20110008482.pdf
https://doi.org/10.1038/nature02593
https://doi.org/10.1093/icesjms/fsq181
https://doi.org/10.1002/lno.10338
https://doi.org/10.1029/2005GB002532
https://doi.org/10.1016/S0967-0645(99)00135-6
https://doi.org/10.1016/S0967-0645(99)00135-6
https://doi.org/10.1111/1462-2920.14361
https://doi.org/10.4319/lo.1980.25.3.0457
https://doi.org/10.1007/s12237-014-9803-8
https://doi.org/10.1007/s12237-014-9803-8
https://doi.org/10.3354/ame009069
https://doi.org/10.3389/fmicb.2016.00130
https://doi.org/10.1016/j.hal.2014.11.003


4760 J. A. Lee et al.: Phytoplankton community succession and biogeochemistry

Li, X., Yan, T., Yu, R., and Zhou, M.: A review of
karenia mikimotoi: Bloom events, physiology, toxic-
ity and toxic mechanism, Harmful Algae, 90, 101702,
https://doi.org/10.1016/j.hal.2019.101702, 2019.

Li, Z. and Cassar, N.: Satellite estimates of net community
production based on O2 /Ar observations and comparison
to other estimates, Global Biogeochem. Cy., 30, 735–752,
https://doi.org/10.1002/2015GB005314, 2016.

Liang, Y., Zhang, G., Wan, A., Zhao, Z., Wang, S., and
Liu, Q.: Nutrient-limitation induced diatom-dinoflagellate
shift of spring phytoplankton community in an off-
shore shellfish farming area, Mar. Pollut. Bull., 141, 1–8,
https://doi.org/10.1016/j.marpolbul.2019.02.009, 2019.

Lima-Mendez, G., Faust, K., Henry, N., Decelle, J., Colin, S., Car-
cillo, F., Chaffron, S., Ignacio-Espinosa, J. C., Roux, S., Vincent,
F., Bittner, L., Darzi, Y., Wang, J., Audic, S., Berline, L., Bon-
tempi, G., Cabello, A. M., Coppola, L., Cornejo-Castillo, F. M.,
d’Ovidio, F., De Meester, L., Ferrera, I., Garet-Delmas, M.-J.,
Guidi, L., Lara, E., Pesant, S., Royo-Llonch, M., Salazar, G.,
Sánchez, P., Sebastian, M., Souffreau, C., Dimier, C., Picheral,
M., Searson, S., Kandels-Lewis, S., Tara Oceans coordina-
tors, Gorsky, G., Not, F., Ogata, H., Speich, S., Stemmann,
L., Weissenbach, J., Wincker, P., Acinas, S. G., Sunagawa, S.,
Bork, P., Sullivan, M. B., Karsenti, E., Bowler, C., De Var-
gas, C., and Raes, J.: Determinants of community structure
in the global plankton interactome, Science, 348, 1262073,
https://doi.org/10.1126/science.1262073, 2015.

Lomas, M. W. and Lipschultz, F.: Forming the primary nitrite
maximum: Nitrifiers or phytoplankton?, Limnol. Oceanogr., 51,
2453–2467, https://doi.org/10.4319/lo.2006.51.5.2453, 2006.

Lomas, M. W., Baer, S. E., Acton, S., and Krause, J. W.:
Pumped Up by the Cold: Elemental Quotas and Stoichiom-
etry of Cold-Water Diatoms, Front. Mar. Sci., 6, 286,
https://doi.org/10.3389/fmars.2019.00286, 2019.

López-García, P., Rodríguez-Valera, F., Pedrós-Alió, C., and
Moreira, D.: Unexpected diversity of small eukaryotes
in deep-sea Antarctic plankton, Nature, 409, 603–607,
https://doi.org/10.1038/35054537, 2001.

Mahé, F., Czech, L., Stamatakis, A., Quince, C., De Var-
gas, C., Dunthorn, M., and Rognes, T.: Swarm v3: towards
tera-scale amplicon clustering, Bioinformatics, 38, 267–269,
https://doi.org/10.1093/bioinformatics/btab493, 2021.

Malone, T. C., Conley, D. J., Fisher, T. R., Glibert, P. M., Hard-
ing, L. W., and Sellner, K. G.: Scales of Nutrient-Limited Phy-
toplankton Productivity in Chesapeake Bay, Estuaries, 19, 371,
https://doi.org/10.2307/1352457, 1996.

Mangot, J., Domaizon, I., Taib, N., Marouni, N., Duffaud, E.,
Bronner, G., and Debroas, D.: Short-term dynamics of diver-
sity patterns: evidence of continual reassembly within lacus-
trine small eukaryotes, Environ. Microbiol., 15, 1745–1758,
https://doi.org/10.1111/1462-2920.12065, 2013.

Marshall, H. G. and Nesius, K. K.: Phytoplankton composition in
relation to primary production in Chesapeake Bay, Mar. Biol.,
125, 611–617, https://doi.org/10.1007/BF00353272, 1996.

Marshall, H. G., Burchardt, L., and Lacouture, R.: A re-
view of phytoplankton composition within Chesapeake Bay
and its tidal estuaries, J. Plankton Res., 27, 1083–1102,
https://doi.org/10.1093/plankt/fbi079, 2005.

Martin, J. L., Santi, I., Pitta, P., John, U., and Gypens,
N.: Towards quantitative metabarcoding of eukaryotic
plankton: an approach to improve 18S rRNA gene copy
number bias, Metabarcoding Metagenomics, 6, e85794,
https://doi.org/10.3897/mbmg.6.85794, 2022.

Massana, R. and Pedrós-Alió, C.: Unveiling new microbial eukary-
otes in the surface ocean, Curr. Opin. Microbiol., 11, 213–218,
https://doi.org/10.1016/j.mib.2008.04.004, 2008.

MathWorks Inc.: MATLAB version: 24.1.0.2689473 (R2024a)
Update 6, Natick, Massachusetts, https://www.mathworks.com,
2024.

McMurdie, P. J. and Holmes, S.: phyloseq: An R Pack-
age for Reproducible Interactive Analysis and Graph-
ics of Microbiome Census Data, PLoS ONE, 8, e61217,
https://doi.org/10.1371/journal.pone.0061217, 2013.

Minoche, A. E., Dohm, J. C., and Himmelbauer, H.: Evaluation of
genomic high-throughput sequencing data generated on Illumina
HiSeq and Genome Analyzer systems, Genome Biol., 12, R112,
https://doi.org/10.1186/gb-2011-12-11-r112, 2011.

National Library of Medicine (US): Marine Phytoplankton Re-
lationships in an Estuarine Bloom, National Center for
Biotechnology Information [data set], BioProject ID PR-
JNA1222857, Bethesda, USA, https://www.ncbi.nlm.nih.gov/
bioproject/1222857 (last access: 11 September 2025), 2025.

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legen-
dre, P., Minchin, P. R., O’Hara, R. B., Solymos, P., Stevens,
M. H. H., Szoecs, E., Wagner, H., Barbour, M., Bedward, M.,
Bolker, B., Borcard, D., Carvalho, G., Chirico, M., Caceres, M.
D., Durand, S., Evangelista, H. B. A., FitzJohn, R., Friendly, M.,
Furneaux, B., Hannigan, G., Hill, M. O., Lahti, L., McGlinn, D.,
Ouellette, M.-H., Cunha, E. R., Smith, T., Stier, A., Braak, C.
J. F. T., and Weedon, J.: vegan: Community Ecology Package,
https://doi.org/10.32614/CRAN.package.vegan, 2024.

Park, M. G., Yih, W., and Coats, D. W.: Parasites and Phytoplank-
ton, with Special Emphasis on Dinoflagellate Infections, J. Eu-
karyot. Microbiol., 51, 145–155, https://doi.org/10.1111/j.1550-
7408.2004.tb00539.x, 2004.

Pinckney, J. L., Millie, D. F., Howe, K. E., Paerl, H. W., and Hur-
ley, J. P.: Flow scintillation counting of 14C-labeled microal-
gal photosynthetic pigments, J. Plankton Res., 18, 1867–1880,
https://doi.org/10.1093/plankt/18.10.1867, 1996.

Pinckney, J. L., Richardson, T. L., Millie, D. F., and Paerl, H.
W.: Application of photopigment biomarkers for quantifying
microalgal community composition and in situ growth rates,
Org. Geochem., 32, 585–595, https://doi.org/10.1016/S0146-
6380(00)00196-0, 2001.

R Core Team: R: A Language and Environment for Statistical Com-
puting, R Foundation for Statistical Computing, Vienna, Aus-
tria, https://www.R-project.org/ (last access: 8 September 2025),
2023.

Redfield, A. C.: On the proportions of organic derivatives in sea
water and their relation to the composition of plankton, James
Johnstone Meml. Vol. Univ. Press Liverp., 176–192, 1934.

Richardson, T. L. and Pinckney, J. L.: Monitoring of the
toxic dinoflagellate Karenia brevis using gyroxanthin-
based detection methods, J. Appl. Phycol., 16, 315–328,
https://doi.org/10.1023/B:JAPH.0000047788.31312.4f, 2004.

Biogeosciences, 22, 4743–4761, 2025 https://doi.org/10.5194/bg-22-4743-2025

https://doi.org/10.1016/j.hal.2019.101702
https://doi.org/10.1002/2015GB005314
https://doi.org/10.1016/j.marpolbul.2019.02.009
https://doi.org/10.1126/science.1262073
https://doi.org/10.4319/lo.2006.51.5.2453
https://doi.org/10.3389/fmars.2019.00286
https://doi.org/10.1038/35054537
https://doi.org/10.1093/bioinformatics/btab493
https://doi.org/10.2307/1352457
https://doi.org/10.1111/1462-2920.12065
https://doi.org/10.1007/BF00353272
https://doi.org/10.1093/plankt/fbi079
https://doi.org/10.3897/mbmg.6.85794
https://doi.org/10.1016/j.mib.2008.04.004
https://www.mathworks.com
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1186/gb-2011-12-11-r112
https://www.ncbi.nlm.nih.gov/bioproject/1222857
https://www.ncbi.nlm.nih.gov/bioproject/1222857
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.1111/j.1550-7408.2004.tb00539.x
https://doi.org/10.1111/j.1550-7408.2004.tb00539.x
https://doi.org/10.1093/plankt/18.10.1867
https://doi.org/10.1016/S0146-6380(00)00196-0
https://doi.org/10.1016/S0146-6380(00)00196-0
https://www.R-project.org/
https://doi.org/10.1023/B:JAPH.0000047788.31312.4f


J. A. Lee et al.: Phytoplankton community succession and biogeochemistry 4761

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F.:
VSEARCH: a versatile open source tool for metagenomics,
PeerJ, 4, e2584, https://doi.org/10.7717/peerj.2584, 2016.

Rosenzweig, M. L.: Species Diversity Gradients: We Know
More and Less Than We Thought, J. Mammal., 73, 715–730,
https://doi.org/10.2307/1382191, 1992.

Ryther, J. H.: Photosynthesis and Fish Production in the Sea: The
production of organic matter and its conversion to higher forms
of life vary throughout the world ocean, Science, 166, 72–76,
https://doi.org/10.1126/science.166.3901.72, 1969.

Sal, S., López-Urrutia, Á., Irigoien, X., Harbour, D. S.,
and Harris, R. P.: Marine microplankton diversity database:
Ecological Archives E094-149, Ecology, 94, 1658–1658,
https://doi.org/10.1890/13-0236.1, 2013.

Sathyendranath, S., Stuart, V., Nair, A., Oka, K., Nakane,
T., Bouman, H., Forget, M., Maass, H., and Platt, T.:
Carbon-to-chlorophyll ratio and growth rate of phyto-
plankton in the sea, Mar. Ecol. Prog. Ser., 383, 73–84,
https://doi.org/10.3354/meps07998, 2009.

Schmieder, R. and Edwards, R.: Quality control and preprocess-
ing of metagenomic datasets, Bioinformatics, 27, 863–864,
https://doi.org/10.1093/bioinformatics/btr026, 2011.

Schoemann, V., Becquevort, S., Stefels, J., Rousseau, V., and
Lancelot, C.: Phaeocystis blooms in the global ocean and their
controlling mechanisms: a review, J. Sea Res., 53, 43–66,
https://doi.org/10.1016/j.seares.2004.01.008, 2005.

Sellner, K. G.: Plankton productivity and biomass in a tribu-
tary of the upper Chesapeake Bay, I. Importance of size-
fractionated phytoplankton productivity, biomass and species
composition in carbon export, Estuar. Coast. Shelf Sci., 17, 197–
206, https://doi.org/10.1016/0272-7714(83)90064-1, 1983.

Skácelová, O. and Lepš, J.: The relationship of diversity and
biomass in phytoplankton communities weakens when ac-
counting for species proportions, Hydrobiologia, 724, 67–77,
https://doi.org/10.1007/s10750-013-1723-2, 2014.

Smith, V. H.: Microbial diversity-productivity relationships in
aquatic ecosystems: Diversity-productivity relationships, FEMS
Microbiol. Ecol., 62, 181–186, https://doi.org/10.1111/j.1574-
6941.2007.00381.x, 2007.

Sommer, U., Stibor, H., Katechakis, A., Sommer, F., and Hansen,
T.: Pelagic food web configurations at different levels of nu-
trient richness and their implications for the ratio fish produc-
tion:primary production, in: Sustainable Increase of Marine Har-
vesting: Fundamental Mechanisms and New Concepts, edited by:
Vadstein, O. and Olsen, Y., Springer Netherlands, Dordrecht, 11–
20, https://doi.org/10.1007/978-94-017-3190-4_2, 2002.

Spiker, E. C.: The Behavior of 14 C and 13 C in Estu-
arine Water: Effects of In Situ CO 2 Production and
Atmospheric Exchange, Radiocarbon, 22, 647–654,
https://doi.org/10.1017/S0033822200010018, 1980.

Stock, C. A., Dunne, J. P., Fan, S., Ginoux, P., John, J., Krasting,
J. P., Laufkötter, C., Paulot, F., and Zadeh, N.: Ocean Biogeo-
chemistry in GFDL’s Earth System Model 4.1 and Its Response
to Increasing Atmospheric CO2, J. Adv. Model. Earth Syst.,
12, e2019MS002043, https://doi.org/10.1029/2019MS002043,
2020.

Strickland, J. D. H. and Parsons, T. R.: A Practical Handbook
of Seawater Analysis, 2nd Edn., Fisheries Research Board of
Canada, Ottawa, Canada, 310 pp., ISBN 0-660-11596-4, 1972.

Tada, K., Pithakpol, S., Ichimi, K., and Montani, S.: Carbon, nitro-
gen, phosphorus, and chlorophyll a content of the large diatom,
Coscinodiscus wailesii and its abundance in the Seto Inland Sea,
Japan, Fish. Sci., 66, 509–514, https://doi.org/10.1046/j.1444-
2906.2000.00080.x, 2000.

Vallina, S. M., Follows, M. J., Dutkiewicz, S., Montoya, J. M., Cer-
meno, P., and Loreau, M.: Global relationship between phyto-
plankton diversity and productivity in the ocean, Nat. Commun.,
5, 4299, https://doi.org/10.1038/ncomms5299, 2014.

Van Der Lingen, C. D.: Diet of sardine Sardinops sagax in the south-
ern Benguela upwelling ecosystem, South Afr. J. Mar. Sci., 24,
301–316, https://doi.org/10.2989/025776102784528691, 2002.

Van Oostende, N., Fawcett, S. E., Marconi, D., Lueders-Dumont,
J., Sabadel, A. J. M., Woodward, E. M. S., Jönsson, B.
F., Sigman, D. M., and Ward, B. B.: Variation of sum-
mer phytoplankton community composition and its relation-
ship to nitrate and regenerated nitrogen assimilation across
the North Atlantic Ocean, Deep-Sea Res. Pt. I, 121, 79–94,
https://doi.org/10.1016/j.dsr.2016.12.012, 2017.

Wang, H., Liu, F., Wang, M., Bettarel, Y., Eissler, Y.,
Chen, F., and Kan, J.: Planktonic eukaryotes in the Chesa-
peake Bay: contrasting responses of abundant and rare
taxa to estuarine gradients, Microbiol. Spectr., 12, e04048,
https://doi.org/10.1128/spectrum.04048-23, 2024.

Wang, S., Tang, W., Delage, E., Gifford, S., Whitby, H., González,
A. G., Eveillard, D., Planquette, H., and Cassar, N.: Investigat-
ing the microbial ecology of coastal hotspots of marine nitro-
gen fixation in the western North Atlantic, Sci. Rep., 11, 5508,
https://doi.org/10.1038/s41598-021-84969-1, 2021.

Ward, Bess B.: Project: Marine Diatom-Parasite Relationships in
Upwelling Systems, Biological and Chemical Oceanography
Data Management Office (BCO-DMO) [data set], (Version 1)
Version Date 16 May 2025, https://demo.bco-dmo.org/project/
869541 (last access: 16 May 2025), 2025.

Xu, S., Li, G., He, C., Huang, Y., Yu, D., Deng, H., Tong,
Z., Wang, Y., Dupuy, C., Huang, B., Shen, Z., Xu, J., and
Gong, J.: Diversity, community structure, and quantity of eu-
karyotic phytoplankton revealed using 18S rRNA and plas-
tid 16S rRNA genes and pigment markers: a case study of
the Pearl River Estuary, Mar. Life Sci. Technol., 5, 415–430,
https://doi.org/10.1007/s42995-023-00186-x, 2023.

https://doi.org/10.5194/bg-22-4743-2025 Biogeosciences, 22, 4743–4761, 2025

https://doi.org/10.7717/peerj.2584
https://doi.org/10.2307/1382191
https://doi.org/10.1126/science.166.3901.72
https://doi.org/10.1890/13-0236.1
https://doi.org/10.3354/meps07998
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1016/j.seares.2004.01.008
https://doi.org/10.1016/0272-7714(83)90064-1
https://doi.org/10.1007/s10750-013-1723-2
https://doi.org/10.1111/j.1574-6941.2007.00381.x
https://doi.org/10.1111/j.1574-6941.2007.00381.x
https://doi.org/10.1007/978-94-017-3190-4_2
https://doi.org/10.1017/S0033822200010018
https://doi.org/10.1029/2019MS002043
https://doi.org/10.1046/j.1444-2906.2000.00080.x
https://doi.org/10.1046/j.1444-2906.2000.00080.x
https://doi.org/10.1038/ncomms5299
https://doi.org/10.2989/025776102784528691
https://doi.org/10.1016/j.dsr.2016.12.012
https://doi.org/10.1128/spectrum.04048-23
https://doi.org/10.1038/s41598-021-84969-1
https://demo.bco-dmo.org/project/869541
https://demo.bco-dmo.org/project/869541
https://doi.org/10.1007/s42995-023-00186-x

	Abstract
	Introduction
	Methods
	Bloom simulation and sampling
	Nutrient and pigment concentrations
	15N and 13C labeled sub-incubations and isotopic analysis for nutrient uptake measurements
	POM concentrations and uptake rate measurements
	Nutrient–phytoplankton–zooplankton (NPZ) model
	DNA extraction and 18S V4 sequencing
	18S sequence clustering and quality control
	Relative abundance, alpha, and beta diversity analyses
	Statistical analysis

	Results
	Biogeochemical signatures indicate a diatom bloom
	Temporal patterns of nutrient transport and specific uptake rates
	NPZ model supports late-bloom grazing
	Community succession resulted in distinct temporally varying assemblages
	High diversity and succession of the diatom bloom assemblage

	Discussion
	Diatom-driven peak bloom patterns
	Late-bloom patterns were influenced by grazing
	Replication of bloom timing and community between carboys
	Disentangling the bloom community: pigment- vs. 18S-based analyses and the role of dinoflagellates
	18S-based analyses reveal that high diversity is maintained during the bloom
	Effect of regionality and methodology on productivity–diversity relationship

	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

