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Nitrogen and phosphorus uptake
kinetics in cultures of two novel
picoplankton groups responsible
for a recent bloom event in a
subtropical estuary (Indian River
Lagoon, Florida)
Joshua R. Papacek1, Patrick W. Inglett1*, Edward J. Phlips2

and Margaret A. Lasi3

1Soil, Water and Ecosystem Sciences Department, University of Florida, Gainesville, FL, United States,
2Department of Forest, Fisheries and Geomatic Sciences, University of Florida, Gainesville,
FL, United States, 3St. Johns River Water Management District, Palatka, FL, United States
Introduction: Successful management and mitigation of harmful algal blooms

(HABs) requires an in-depth understanding of the physiology and nutrient

utilization of the organisms responsible. We explored the preference of various

nitrogen (N) and phosphorus (P) substrates by two novel groups of HAB-forming

phytoplankton originating from the Indian River Lagoon (IRL), Florida: 1) a

consortium of picocyanobacteria (Crocosphaera sp. and ‘Synechococcus’ sp.)

and 2) ananochlorophyte (Picochlorum sp.).

Methods: Short-term kinetic uptake experiments tested algal use and affinity for

inorganic and organic N substrates (ammonium (NH4
+), nitrate (NO3

-), urea, and

an amino acid (AA) mixture) through 15N and 13C isotope tracing into biomass.

Results: Picocyanobacteria exhibited Michaelis-Menten type uptake for the AA

mixture only, while nanochlorophytes reached saturation for NH4
+, the AA

mixture, and urea at or below 25 µM-N. Both picocyanobacteria and

nanochlorophyte cultures had highest affinity (Vmax/Ks) for NH4
+ followed by

the AA mixture and urea. Neither culture showed significant uptake of

isotopically-labeled nitrate. Disappearance of glucose-6-phosphate (G6P)

added to culture medium suggesting use of organic P by both cultures was

confirmed by detection of alkaline phosphatase activity and the tracing of 13C-

G6P into biomass.

Discussion: Together, our results suggest that these HAB-forming

phytoplankton groups are able to use a variety of N and P sources including
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organic forms, and prefer reduced forms of N. These traits are likely favorable

under conditions found in the IRL during periods of significant competition for

low concentrations of inorganic nutrients. Bloom-forming phytoplankton are

therefore able to subsist on organic or recycled forms of N and P that typically

dominate the IRL nutrient pools.
KEYWORDS

nitrogen uptake, phosphorus uptake, kinetics, harmful algal blooms, picocyanobacteria,
nanoeukaryote, estuary
1 Introduction

Harmful algal blooms (HABs) have become an increasing

problem in ecosystems subject to cultural eutrophication around

the world (Anderson et al., 2002; Glibert et al., 2005; Howarth and

Marino, 2006; Heiser et al., 2008). Well-documented and significant

impacts of HABs on aquatic ecosystems and local economies have

led to efforts to reduce both anthropogenic nitrogen (N) and

phosphorus (P) loads (Conley et al., 2009; Lewis et al., 2011; Paerl

et al., 2016). However, disentangling the complex interactions

between the conventional “bottom-up” (e.g., nutrients) and “top-

down” (e.g., grazing) controls on bloom formation, as well as other

biogeochemical factors, such as climatic and hydrologic conditions,

have complicated efforts to model HAB dynamics (Burkholder

et al., 2006; Glibert et al., 2010; Gowen et al., 2012; Davidson

et al., 2014; Rothenberger and Calomeni, 2016; Glibert et al., 2023).

It is also recognized that modeling and managing HABs requires

information on the character (e.g., toxin, motility, size, growth

rates) of the dominant species involved in the blooms and the

specific factors that select for its success (e.g., nutrient preferences,

temperature and light optima) (Burford et al., 2020; Glibert, 2020;

Glibert et al., 2023; Lima et al., 2023). In this study we examined the

nutrient preferences of the phytoplankton species that dominated a

major bloom event in the Indian River Lagoon and discuss how

these preferences may have contributed to in their success.

The Indian River Lagoon (IRL) is a subtropical estuary on the

Atlantic coast of Florida and designated by the USEPA as an

“Estuary of National Significance” in 1990, joining the list of 28

sites in the National Estuary Program (www.onelagoon.org/irlnep/).

The IRL is also an example of a system that has experienced a recent

regime shift in the magnitude and species composition of blooms

(Phlips et al., 2021). In 2011, the northern IRL experienced a bloom

colloquially called the “Superbloom” due to its historic spatial

extent, intensity, and duration (from Spring through Winter of

2021) (LaPointe et al., 2015; Phlips et al., 2015; Phlips et al., 2021).

The bloom spanned across three major sub-basins of the IRL

(Mosquito Lagoon, Banana River lagoon and the northern IRL),

with phytoplankton biomass levels consistently exceeding the

established bloom threshold for the IRL of 2 μg carbon ml-1

(Phlips et al., 2021) for most of 2021, with peak chlorophyll a
02
values exceeding 100 μg carbon ml-1. Pico-planktonic cyanobacteria

and nano-planktonic eukaryotes dominated the 2011 bloom and

continued to dominate most blooms in the following ten years

(Lopez et al., 2021; Phlips et al., 2021). Although the species

involved in these blooms were not associated with the production

of toxins, recurring intense blooms of these taxa have been

implicated as a major causal factor in the widespread and

persistent losses (58%) of critical seagrass habitat in the IRL, due

to severe benthic light limitation (i.e., extended periods of time with

Secchi disk depths between 0.2 and 0.5 m) (Phlips et al., 2015; Kang

et al., 2015; Phlips et al., 2015; Morris et al., 2022).

It has been suggested that the post-regime shift blooms in the

IRL have in part been driven by shifts in the distribution of internal

nutrient pools from the benthos to water column phytoplankton

(Phlips et al., 2015; Phlips et al., 2021), and N-enrichment from

sewage and septic tank pollution (LaPointe et al., 2015; Barile,

2018). Both of these sources heighten the potential role of

ammonium and organic forms of nitrogen and phosphorus as

nutrient sources for phytoplankton production. Earlier research

on nutrient limitation of phytoplankton production in the IRL

observed frequent N-limitation, with periods of phosphorus or NP

co-limitation in the northern basins (Phlips et al., 2002), indicating

that both N and P dynamics are important factors in

bloom formation.

It has been hypothesized that one of the reasons for the

dominance of pico-cyanobacteria and nano-eukaryotes (e.g., the

chlorophyte Picochlorum and the pelagophyte Aureoumbra

lagunensis) in many of the major blooms in the IRL from 2011-

2021 is their ability to effectively compete for inorganic and organic

forms of nitrogen and phosphorus, provided by external loads and

internal recycling of nutrients (Phlips et al., 2015; Phlips et al., 2021).

Several studies in other ecosystems have yielded information

supporting such a hypothesis. In a study of Laguna Madre in

Texas, the nano-eukaryote Aureoumbra lagunensis was shown to

have a high N/P ratio and was able to grow well under low inorganic

phosphorus levels, likely due to the use of organic sources (Liu et al.,

2001). A recent review of the response of freshwater phytoplankton to

organic nutrient forms highlights observations that increasing

prominence of organic forms of nitrogen (e.g., urea) and

phosphorus appears to be favoring cyanobacteria and chlorophytes
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(Reinl et al., 2022). In three studies of organic nitrogen uptake by

coastal marine phytoplankton, regenerated forms of nitrogen, such as

NH4 and urea, were important nutrient sources for production,

particularly for pico- and nanoplanktonic taxa (Wafar et al., 2004;

Moschonas et al., 2017; Dames et al., 2023). A number of HAB-

forming species have also been shown to have a preference for

ammonium (NH4
+) over nitrate (NO3

-) (Glibert et al., 2014). In

more general terms, the high surface area to volume ratios associated

with small-celled phytoplankton can be advantageous under

nutrient-limiting conditions (Smith and Kalff, 1982; Raven, 1998;

Reynolds, 2006; Behrenfeld et al., 2008).

Collectively, the above traits may allow bloom-forming species to

compete during conditions of low inorganic nutrient inputs and persist

on recycled forms of nutrients such as NH4
+ and organic nitrogen and

phosphorus. To date, there is no documentation on nitrogen or

phosphorus preferences for the groups responsible for the

‘Superbloom’. The objective of this study was to utilize kinetic uptake

experiments to investigate the use of specific inorganic and organic

forms of N and P by two dominant ‘Superbloom’ groups. We

hypothesized that these two taxa would be able to use nitrogen and/

or phosphorus at low concentrations and possibly show a preference

for organic substrates, as seen in some other HAB-forming species.
2 Methods

2.1 Isolation and culturing of
bloom species

Strains of the pico and nanoplanktonic algae were isolated from

natural water samples collected from the northern IRL near

Titusville, FL. Isolation procedures included shake-dilution, size

fractionation through differential filtration, antibiotic treatment,

and streak plating. Three phytoplankton groups were isolated and

maintained in culture, including a 2-5 μm non-flagellated

chlorophyte (nanochlorophyte), and a mixed culture of spherical

picocyanobacteria in the 0.7-1.5 μm size range. Subsequent analysis

of cultures collected from the IRL have identified the cyanobacteria

as Crocosphaera sp. and Synechococcus sp., and the non-flagellated

eukaryote as Pichochlorum sp. (Chlorophyta) (Galimany et al.,

2020). The two cultures will be referred to as ‘picocyanobacteria’

and ‘nanochlorophyte’, respectively in this paper.

After isolation, uni-algal cultures were maintained in the

laboratory using an artificial seawater medium at salinity of 30 as

described in Phlips et al. (1989). All cultures were continuously

stirred and grown in a temperature-controlled culture room at 26-

28˚C under incident irradiance of 100 μE on a 12 hr light:12 hr dark

cycle. Prior to uptake experiments, biomass from the cultures were

transferred to either “lowN” (DIN : DIP ratio = 6.5) or “low P” (DIN :

DIP ratio = 100) medium and cultured for another month in order to

reach N-depleted or P-depleted conditions, respectively. P-depleted

media was amended with a lower concentration of metals as well as a

bicarbonate buffer (pH 8.5) to minimize interferences encountered

with subsequent P digestion and colorimetric procedures.
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2.2 Uptake of 15N-labelled substrates

Three experimental replicates were created by combining batches

of N-depleted picocyanobacteria culture or nanochlorophyte culture.

From these replicates, 40 mL aliquots were spiked with 15N-enriched

substrates in triplicate to trace N uptake. The N substrates used were

98 atom % 15NH4
+, 15NO3

-, 15N-urea, and a dually labeled 13C/15N-

algal amino acid (AA) mixture (Cambridge Isotope Laboratory, Inc.,

Andover, MA, USA) added to produce four different concentrations.

For the picocyanobacteria experiments, final concentrations of 0.1, 1,

2, and 10 μM-N were used. Final concentrations were increased to

0.5, 1, 10, and 25 μM-N for the nanochlorophyte experiment in order

to achieve substrate saturating conditions for calculation of

kinetic parameters.

Following enrichment, incubations were carried out for one

hour at approximately 21-22°C and under 100-200 mE of

fluorescent light. Incubations were terminated by gentle filtration

of the full 40 mL volume onto glass fiber filters (Whatman GF/F, 0.7

μm particle retention). Filters of unenriched algal biomass and the

corresponding filtrate were also collected from each replicate of

unenriched culture for characterization of biomass nutrient

content, isotope (15N and 13C) natural abundance, and dissolved

nutrient conditions of the culture. All filters and filtrate were stored

frozen until analysis.
2.3 Phosphorus uptake incubations

As with the N-uptake experiments, three experimental

replicates were created from by combining P-depleted cultures.

Replicates were additionally diluted using a 1:1 ratio of culture to

low-nutrient artificial seawater (Brightwell Aquatics NeoMarine;

approximately 36 ppt) in order to further reduce any media

interferences with TP digestions. Diluted culture was then spiked

with either DIP (as KH2PO4) or DOP (as glucose-6-phosphate)

solutions to reach initial concentrations of 5, 10, 20, and 50 μM-P.

Unlike N-uptake experiments, aliquots were filtered through 0.2 μm

membrane syringe-filters using hand pressure every five (5) minutes

for nanochlorophyte experiments and every 7.5 minutes for

picocyanobacteria for a total incubation time of either 20 minutes

or 30 minutes, respectively. This difference in incubation time was

due to difficulties encountered when filtering picocyanobacteria

cultures, potentially due to thick extracellular polysaccharides in

the culture (De Philippis and Vincenzini, 1998).

Aliquots of unenriched culture (i.e. controls) were also taken at

the end of the incubations to quantify background DIP and DOP

levels and to ensure there were no significant changes over the time

course of both experiments. Unenriched cultures from each

replicate were also filtered through glass fiber filters (Whatman

GF/F, 0.7 μm particle retention) for isotope (15N and 13C) natural

abundance and biomass nutrients. The corresponding filtrate was

collected for dissolved nutrients, and all filters and filtrate were

frozen until analysis.
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2.4 Confirmation of organic P uptake

Confirmation of DOP uptake was assessed with tracing of 13C-

DOP into algal biomass. Cultures from August 2016 were spiked

with a 99 atom % 13C-labeled glucose-6-phosphate (G6P,

Cambridge Isotope Laboratory, Inc., Andover, MA, USA) to trace

incorporation of the 13C into biomass. Only one experimental

replicate was used per concentration, and final concentrations

of 13C-G6P were the same as those used in DOP-uptake

experiments. Additionally, incubations were carried out for the

same total time used for each species (i.e. 30 minutes for

picocyanobacteria; 20 minutes for nanochlorophyte) and were

terminated by filtration of biomass onto 0.7 μm GF/F filters.

Filters were stored frozen until analysis.

Phosphatase enzymes can potentially hydrolyze added organic

P compounds with subsequent uptake of glucose (Sharma et al.,

2005). Therefore, to help validate the assumption of 13C

incorporation representing DOP uptake, extracellular alkaline

phosphatase activity (APA) assays were also used to determine

the potential for external hydrolysis of added G6P. APA

experiments were carried out on two separate occasions, once in

June 2015 and again in August 2016. The later experiment used the

same cultures as those used in the P-uptake experiments. APA

assays were conducted using the substrate 4-Methylumbelliferyl

phosphate (MUF-P) which fluoresces with cleavage by the alkaline

phosphatase enzyme (Marx et al., 2001; Liao et al., 2014). Similar to

P-uptake experiments, culture replicates were diluted to 50% with

buffer (pH 8.5) in order to minimize background interference from

the culture medium. The diluted culture was then incubated with

MUF-P at saturating concentrations (500 μM) in black 96-well

microplates for approximately four hours at room temperature

under dark conditions. Fluorescence of MUF was detected on a

Biotek Synergy HT microplate reader with an excitation wavelength

of 360 nm and emission wavelength of 460 nm. Corrections were

made for background culture and MUF-P fluorescence, as well as

potential “quenching” of fluorescence by the culture itself (German

et al., 2011).
2.5 Nutrient analyses and cell counts

For isotope-based experiments, both enriched and natural

abundance 15N and 13C and total particulate organic nitrogen

(PON) and carbon (POC) content was determined after drying of

the filters (70°C for approximately 24 hours). For enriched biomass,

subsamples of the filters were run on a ThermoFinnigan MAT Delta

Plus XL isotopic ratio mass spectrometer (Thermo Fisher Scientific

Inc., Waltham, MA) equipped with a Costech ECS 4010 elemental

analyzer (Costech Analytical Technologies Inc., Valencia, CA)

(Inglett et al., 2004). Natural abundance isotopic ratios were

determined on full filters. Natural abundance 15N and 13C values

are expressed using delta (d) notation as per mil (‰) differences

from standard N2 or PDB.

Particulate phosphorus (POP) content of the biomass on filters

was measured after persulfate digestion to orthophosphate
Frontiers in Marine Science 04
(Suzumura, 2008) using a Shimadzu UV-1800 (Shimadzu

Scientific Instruments Inc., Columbia, MD) as described by

Murphy and Riley (1962). Total dissolved phosphorus (TDP) of

culture filtrate was analyzed by the same digestion and colorimetric

methods, while DIP was analyzed on un-digested samples as

orthophosphate (i.e. SRP). Dissolved inorganic N (DIN) as

ammonium (NH4-N) and nitrate (NOx-N) from filtrate was

analyzed by the Analytical Research Laboratory at the University

of Florida (Gainesville, FL) following EPAmethods 350.1 and 353.2,

respectively (EPA 1993a; EPA 1993b). For N-uptake experiments,

dissolved free amino acids (DFAA) were measured on by reverse-

phase HPLC following modification of the pre-column o-

phthaldialdehyde derivatization technique (Lindroth and Mopper,

1979; Duan and Bianchi, 2007).

For all uptake experiments, unenriched culture biomass from

each experimental replicate was preserved with glutaraldehyde

(final concentration approximately 2%) for enumeration by light

and fluorescence microscopy (Phlips et al., 1999; Phlips et al., 2015).
2.6 Kinetic calculations and
statistical analyses

Given the low background N concentrations in the cultures and

short incubation time, all N-uptake rates were calculated assuming

98 atom percent (at.%) enrichment over the course of the

incubations (Dugdale and Goering, 1967; Fan et al., 2003).

Specific uptake velocities (V) were calculated from Equation 2-1:

V(hr−1) =
(at:%  PON)final − (at:%PON)initial

(at:% enriched  −  at:% PON)initial � incubation time

(2� 1)

By multiplying V by the PN or PC content to yield rvolume (μg

atom-element hr-1) and then dividing by cell density to obtain rcell
(fg atom-element cell-1 hr-1), specific uptake velocities were

converted to yield the cell-absolute uptake rates reported.

For substrates reaching saturation, kinetic parameters can be

calculated using the Michaelis-Menten model from Equation 2-2:

V =
Vmax � S
Ks þ  S

(2� 2)

where Vmax is the maximum uptake rate (hr-1), S is the substrate

concentration (μM-N), and Ks is the half-saturation constant (μM-

N). Specific velocities (V) were used rather than cell-absolute rates

(pcell) to compute kinetic parameters in order to compare with

values typically reported in the literature. Kinetic parameters (i.e.

Vmax and Ks) are only reported when the Michaelis-Menten model

fit was significant. Otherwise, first order uptake was fit to a

linear equation.

For P-uptake, DIP uptake rates were calculated as the

disappearance of SRP from solution over time; DOP

concentrations were calculated as the difference between TDP and

SRP concentration for each time point, and uptake rates were

calculated similarly. The uptake rate for each initial P

concentration was therefore assumed to be the slope of mean DIP

or DOP concentrations plotted against incubation time.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1256901
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Papacek et al. 10.3389/fmars.2024.1256901
All tests were carried out using Rstudio (R version 3.3.2) with

significance set to a=0.05. Michealis-Menten curves were fitted

using the nls function, and any differences in means were compared

using Tukey-Kramer pos-hoc tests following an ANOVA.
3 Results

3.1 Culture conditions

For both N-uptake experiments, dissolved NH4-N and NO3-N

concentrations were low but not completely depleted (Table 1).

Molar DIN : DIP ratios suggest that cultures were N-limited at the
Frontiers in Marine Science 05
time of the experiments. Conversely, cultures used in P-uptake

experiments had molar DIN : DIP ratios greater than 16, indicating

that P-limiting conditions were maintained (Table 1). Particulate

nutrient ratios were all moderately higher than the Redfield ratio

(molar N:P = 16:1). For example, in N-limitation experiments

picocyanobacteria and nanochlorophyte molar N:P ratios were

21:1 and 28:1, respectively (Table 1), while for P-limitation

experiments, picocyanobacteria and nanochlorophyte N:P ratios

were 19:1 and 26:1, respectively (Table 2). The difference in the

degree of 15N discrimination between N-limited and P-limited

c u l t u r e s ( a p p r o x ima t e l y 7 . 9 5‰ a n d 1 1 . 9 1‰ f o r

picocyanobacteria and nanochlorophyte cultures, respectively)

gives additionally support for the limitation status of the N
TABLE 2 Concentrations of select nutrients and ratios from cultures used in P uptake experiments (n=3).

Picocyano. ± S.E. Nanochloro. ± S.E.

NH4-N 24.47 0.01 27.98 1.64

NOx-N 90.52 0.91 91.51 4.93

SRP 2.37 0.19 6.11 0.78

DIN : DIP 49.31 4.63 19.98 1.72

PC 2853.19 88.14 2065.28 0.83

PN 529.40 19.62 329.88 0.16

PP 28.61 0.88 12.77 0.01

PC : PP 100.02 27.8 161.73 6.60

PN : PP 18.55 0.98 25.83 0.64

PC : PN 5.39 0.08 6.26 0.13

d15N -7.94 0.24 -8.41 0.77

d13C -16.48 0.16 -19.99 0.03
All dissolved concentrations are reported in μM-N or P. Cellular nutrient contents (PN, PC, and PP) are in mmoles element cell-1. Natural abundance 15N and 13C values are expressed as per mil
(‰) differences from standard N2 or PDB.
TABLE 1 Concentrations of select nutrients and ratios from cultures used in N uptake experiments (n=3).

Picocyano. ± S.E. Nanochloro. ± S.E.

NH4-N 1.23 0.14 1.83 0.10

NOx-N 15.72 1.01 9.93 0.84

SRP 8.98 1.98 22.06 4.20

DIN : DIP 3.48 0.73 0.56 0.08

PC 4851.60 235.67 5167.47 186.42

PN 815.54 41.26 1131.10 58.25

PP 41.05 7.11 39.76 0.96

PC : PP 124.73 37.03 130.06 4.63

PN : PP 20.94 3.32 28.46 1.33

PC : PN 5.95 0.02 4.58 0.07

d15N 0.01 0.16 3.5 0.19

d13C -25.98 0.02 -21.5 0.10
All dissolved concentrations are reported in μM-N or P. Cellular nutrient contents (PN, PC, and PP) are in mmoles element cell-1. Natural abundance 15N and 13C values are expressed as per mil
(‰) differences from standard N2 or PDB.
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FIGURE 2

Cell-absolute uptake rates (pcell) of ammonia (♦), AA mixture (●), urea (▲), and nitrate (■) substrates by nanochlorophyte cultures. Each point
represents the mean of three experimental replicates ± one S.E.
FIGURE 1

Cell-absolute uptake rates (pcell) of ammonia (♦), AA mixture (●), urea (▲), and nitrate (■) substrates by picocyanobacterial cultures. Each point
represents the mean of three experimental replicates ± one S.E.
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uptake experiment cultures as N-limited cells would incorporate

greater amounts of the heavier N isotope (Inglett and Reddy, 2006;

Inglett et al., 2007).
3.2 Nitrogen uptake kinetics

Cell-specific uptake rates (pcell) in both picocyanobacteria and

nanochlorophyte cultures were highest for NH4
+ followed by the

AA mixture, urea and then NO3
- (Figures 1, 2). For the latter

substrate, uptake by picocyanobacteria was virtually negligible.

Excess NO3
- in nanochlorophyte cultures may have complicated

the detection and calculation of NO3
- uptake and therefore no

uptake equation is reported. The only substrate that appeared to

reach saturation at the concentration range tested for
Frontiers in Marine Science 07
picocyanobacteria (0.1-10 μM-N) was the AA mixture, and

uptake for the other three substrates was linear (Table 3). When

the range of N added for nanochlorophyte cultures was extended to

25 μM-N, N uptake showed evidence of saturation for NH4
+, AA,

and Urea (Figure 2).

Half-saturation constants (Ks) for nanochlorophyteswere of

similar magnitude for NH4
+ (7.18 ± 3.36 μM-N) and AA (3.91 ±

0.95 μM-N) but was lowest for urea (0.96 ± 0.37 μM-N) (Table 3).

Affinity constants (as) values calculated fromMichaelis-Menten fits

were comparable across the two cultures and different substrates,

although was highest for NH4
+ (1.91) followed by AA (1.10) and

urea (1.06) for nanochlorophytes (Table 3). The calculated

maximum uptake rate (Vmax) of NH4
+ was an order of magnitude

higher for nanochlorophytes (13.69 ± 1.73)x10-3 hr-1) compared to

picocyanobacteria ((1.72 ± 0.36)x10-3 hr-1) (Table 3).
TABLE 3 Linear equations and model R2 with statistical significance for cell-absolute uptake rates (pcell, fg-N cell-1 hr-1) of N-uptake experiments.

Culture Substrate Linear eq. (fg-N h-1 cell-1) R2 Ks

(µM-N)
Vmax (x10

-3

h-1)
Affinity constant (µM-N

h-1)

Picocyano. NH4
+ y=0.94x+0.03 0.99*** 1.26

NO3
-

AA 2.88 ( ± 1.57)* 1.72 ( ± 0.36)*** 0.60

Urea y=0.03x+0.03 0.99*** 0.01

Nanochloro. NH4
+ 7.18 ( ± 3.36)* 13.69 ( ± 1.73)* 1.91

NO3
- y=0.02x+0.05 0.99** 0.01

AA 3.91 ( ± 0.95)** 4.29 ( ± 0.30)*** 1.10

Urea
0.96 (

± 0.37)***
1.01 ( ± 0.08)* 1.06
For substrates reaching saturation, Michaelis-Menten kinetic parameters are presented with ± one S.E., the statistical significance, and the calculated affinity constant (as; Vmax/Ks). Affinity
constant for linear outcomes were assumed to be equal to the initial slope. *p<0.05, **p<0.01, ***p<0.001.
FIGURE 3

The relative preference index (RPI) for three of the four N substrates used in N-uptake experiments for both nanochlorophyte (black) and
picocyanobacteria (shaded) cultures (n=3 ± one S.E.). Values greater than one indicate preference for substrate relative to ambient supply.
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Another metric commonly used to assess preference for

different substrates in the Relative Preference Index (RPI),

calculated as the ratio of uptake relative to substrate availability

(McCarthy et al., 1977):

RPIx   =  

Ux
(UNO3

+UNH4
+UAA)

.

X
(½NO3�+½NH4�+½AA�)

�

where RPIx is the preference of substrate x, Ux is the uptake rate

of substrate x, and X is the concentration of substrate x. As urea

concentrations were not measured directly, only RPI for NH4
+,

NO3
- and AA are reported. RPI values for NH4

+ was significantly

higher than NO3
- (p<0.0005) for both cultures and higher than AA

for picocyanobacteria, suggesting strongest preference for

ammonium (Figure 3).

Amino acid carbon (isotopically labeled) uptake was also

measured for confirmation of organic N use. Plotting absolute

uptake (i.e., mass-element hr-1) of N relative to C reveals that both

cultures appear to take up C and N at a constant rate (Figure 4). The

C:N ratio of specific uptake (i.e. the slope of line) for both cultures

deviates below the C:N ratio of the AAmixture (approximately 3.8 by

mass), suggesting greater N uptake relative to C. This divergence was

more apparent for the picocyanobacteria cultures.
3.3 DIP and DOP uptake

Uptakes velocities (pg-P h-1 cell-1) are presented in Figure 5 for

both cultures and P forms. It did not appear that any of the

experiments reached saturating conditions as all cell-specific rates

were linear up to the 50 μM-P tested. However, DOP uptake by the

nanochlorophyte culture followed a logarithmic pattern.

Additionally, for picocyanobacteria, uptake rates were actually
Frontiers in Marine Science 08
higher for DOP compared to DIP, while for the nanochlorophyte

cultures, DIP uptake rates at each concentration were typically

double those for DOP (Figure 5).

APA assays and 13C-glucose-6-phosphate spikes showed

additional signs of organic P use in cultures. APA was detected in

both cultures and was an order of magnitude higher for

picocyanobacteria when corrected for differences in cell density

(Table 4). Even though both cultures showed uptake of DOP, APA

was not detected in picocyanobacteria cultures from the 2016

experiment, and APA was an order of magnitude lower for the

nanochlorophyte culture when compared to the 2015 experiment

but similar when corrected for differences in cell densities.

Additionally, background APA was not detected for culture

filtrate, suggesting that alkaline phosphatase was largely

associated with the particulate material greater than 0.7 μm.

Enrichment from 13C-G6P uptake was detected in biomass from

both cultures. Carbon uptake relative to organic P uptake

increased logarithmically with DOP concentration for the

nanochlorophyte cultures but linearly over the range tested for

picocyanobacteria (Figure 6).
4 Discussion

4.1 Nitrogen form preference

Previous research, both in field and culture uptake experiments,

has shown a variety of forms of inorganic and organic nitrogen can

initiate and sustain phytoplankton blooms (Table 5). The results of

our study add useful information about the nutritional preference of

novel bloom-forming taxa in the IRL and support the hypothesis

that the picocyanobacteria and nanoeukaryote that dominated the

2011 ‘Superbloom’ can effectively utilize a variety of nitrogen
FIGURE 4

Specific uptake rates (pvolume) of N and C for the each four concentrations of AA mixture used in pico-cyanobacteria (♦) and nanochlorophyte (●)
experiments. Each point represents the mean of three experimental replicates ± one S.E. The red line indicates C:N ratio (by mass) of the AA
mixture used.
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compounds, including organic forms, and helps explain their

success during a period of time in the ecosystem when recycled

forms of nitrogen (i.e., NH4
+ and organic forms) were enhanced.

Kinetic parameters are a key component to trait-based

phytoplankton community models, although the variation in

these parameters is typically observed in short-term experiments

which has made scaling to models difficult when considering longer

time frames, wider ranges in substrate concentrations, and

taxonomic variation (Smith et al., 2009; Edwards et al., 2012;

Smith et al., 2014). Phytoplankton with low Ks values are

theorized to be competit ive at low ambient nutrient

concentrations, such as those typical in the IRL, and Ks values
Frontiers in Marine Science 09
observed for picocyanobacteria and nanochlorophyte compare with

those for other coastal bloom-forming species (Table 5). The

proposed physiological trade-off between maximum uptake (i.e.,

Vmax) and the half-saturation constant (i.e., Ks) at the cellular level

would suggest that phytoplankton can either grow quickly at high

nutrient concentrations or are more competitive at low nutrient

concentrations, respectively.

One potential limitation of these kinetic terms, however, is that

they may not reflect a dynamic balance between acquisition and

assimilation machinery within the cells, both of which may not

respond immediately to substrate deficiency or saturation (Aksnes

and Cao, 2011). Additionally, there is still debate as to whether this
TABLE 4 Total and cell-corrected alkaline phosphatase activity (APA) for picocyanobacterial and nanochlorophyte cultures used in P-uptake
experiments in 2015 and 2016.

Culture Date of experiment Mean ( ± SE) APA
(pmol ml-1 h-1)

Mean ( ± SE) APA
(fmol h-1 cell-1)

Picocyanobacteria June 2015 278.4 ( ± 3.0) 0.0094 ( ± 0.0001)

August 2016 ND ND

Nanochlorophyte August 2016 0.3 ( ± 0.02) 0.0002 ( ± 0.00002)

June 2015 6.6 ( ± 0.60) 0.0002 ( ± 0.00002)
ND, not detected.
B

C D

A

FIGURE 5

Plots of DIP (♦) and DOP (●) uptake velocities (pg-P h-1 cell-1) by substrate concentration for picocyanobacteria (A, B) and nanochlorophyte
(C, D) cultures.
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trade-off exists (Friksen et al., 2013). Rather, the affinity term has

been more clearly defined as the ratio of Vmax and Ks, or the initial

slope of the Michaelis-Menten curve (Healey, 1980). Here, both

picocyanobacteria and nanochlorophyte cultures had highest

affinity for NH4
+ followed by the AA mixture and urea (Table 3).

For picocyanobacteria, uptake of NH4
+ by was rapid and linear

(Figure 1-1, Tables 1–3), suggesting cells were not saturated even at

the highest concentration tested (10 μM-N) which exceeded the

range of DIN concentrations observed during the IRL 2011
Frontiers in Marine Science 10
‘Superbloom’ (mean values of 2.54 ± 0.34 μM NH4
+ and 1.70 ±

0.21 μM NO3
-) (LaPointe et al., 2015). For NO3

-, uptake was also

linear, but rates were very low or undetectable (Figure 1-2). Linear

uptake may instead be a result of diffusion into the cell (Lomas and

Glibert, 1999b), although it has also been suggested that non-

saturable kinetics at higher concentrations may be a potential

adaptation for uptake at high concentrations (Fan et al., 2003).

Notably, our range of 15N-DIN concentrations exceeded the range

of ambient concentrations specifically observed during the 2011
B

A

FIGURE 6

Uptake rate of carbon calculated for picocyanobacteria (A) and nanochlorophyte (B) cultures spiked with 13C-labeled DOP. Each point represents
one experimental replicate.
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TABLE 5 Comparison of nitrogen uptake kinetic parameters for various coastal HAB species from published field and culture-based experiments.

Urea Amino Acid(s) Reference &
Note(s)

m Ks a Vm Ks a

0.60
32.9-
57.5

2.3-
3.3

9.9-24.7 Lee et al., 2015ab

.0-
9.4

4.0-
11.1

0.8-
2.8

0.9-
15.4

0.37-
10.4

0.8-6.9 Lee et al., 2015ab

1.7 2.9 0.60 This study

.7-
.1

0.28-
0.54

2.0
Loureiro

et al., 2009f

.9 Seeyave et al., 2009f

0.4 2.8 66.2 5.9 11.1
Cochlan

et al., 2008cf

1.0 5.1 4.1 7.0 2.3 3.1 Li et al., 2010df

.2-
.8

0.43-
4.1

0.86-
0.91

Kudela et al., 2008a

.5 0.65 5.4 Seeyave et al., 2009f

5.0 28.4 0.88 Collos et al., 2004f

1.0 43.9 1.39 Collos et al., 2004f

.5-
.0

0.53-
3.3

0.60-
2.3

Jauzein
et al., 2008af

.40 2.3 0.17
Jauzein

et al., 2008bf

Ignatiades
et al., 2007ef

Maguer et al., 2007f

Baek et al., 2008ef

Baek et al., 2008ef

19-
.22

1.6-
6.6

0.35-
1.2

Kudela
et al., 2008bf
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Organism(s)
Experiment

type
Location/Region of origin

Nitrate (NO3
-)

Ammonium
(NH4

+)

Vm Ks a Vm Ks a V

Microcystis aeruginosa Culture UTEX Culture Collection of Algae 1.7-2.2
254-
350

0.10-
0.79

443-
2542

Microcystis assemblage Field San Francisco Bay Delta, California, USA
1.9-
25.5

5.0-
6.1

0.2-4.2
17.9-
24.3

0.72-
9.3

1.1-
26.4

3
1

Picocyanobacteria
assemblage

Culture Indian River Lagoon, Florida, USA 1.26

Pseudo-
nitzschia delicatissima

Culture Arenys de Mar, Catalonia, Spain 30-58
0.38-
2.2

21-34
1

Pseudo-nitzschia spp. Field Benguela upwelling, South Africa 15.0 1.21 12.4 18.0 1.3 13.4

Pseudo-
nitzschia australis

Culture Monterey Bay, California, USA 105 2.8 37.3 71.0 5.4 13.2 3

Skeletonema costatum Field East China Sea 57 0.21 271 320 1.4 227 2

Akashiwo sanguinea Field Monterey Bay, California, USA
>4.0-
5.2

1.0
0.04-
5.2

8.8-
15.1

2.1-
2.4

4.3-6.4
7

Alexandrium catenella Field Benguela upwelling, South Africa >17 14.9 2.5 5.9

Alexandrium catenella Culture Thau Lagoon, France
3.0-
47.0

0.6-
28.1

0.11-
78.3

26.0 2.0 13.0 2

Alexandrium catenella Field Thau Lagoon, France 24.0 4.6 5.2 64.0 8.4 7.6 6

Alexandrium catenella Culture
Thau Lagoon, France; Tarragona Harbon,

Spain; Olbia, Sardinia, Italy
13-23

0.31-
6.5

3.5-
80.6

0

Alexandrium catenella Culture Thau Lagoon, France; Catalonia Basin, Spain 2.0-4.0
0.40-
4.1

0.7-3.9 0

Alexandrium minutum Culture Saronikos Gulf, Aegean Sea 10.0 1.2 8.5

Alexandrium minutum Culture Morlaix estuary, Brittany, France
29.1-
69.0

0.29-
0.70

98.6-
100.5

62.0-
154.7

0.65-
1.49

95.5-
103.8

Ceratium furca Culture Sagami Bay, Japan 22.50 0.49 45.92

Ceratium fusus Culture Sagami Bay, Japan 18.8 0.32 58.6

Cochlodinium fulvescens Field Monterey Bay, California, USA 0.93 1.0 0.92 >4 0.31
0
0

2

4

8

3

2

.
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TABLE 5 Continued

Urea Amino Acid(s) Reference &
Note(s)

Ks a Vm Ks a

2.9 6.3 22.1 1.9 11.6 Gobler et al., 2012b

0.53 11.7 Seeyave et al., 2009f

Yamamoto
et al., 2004f

30 Bronk et al., 2004h

0.63-
1.58

15.3-
42.3

Killberg-Thoreson
et al., 2014

0.42-
2.1

8.1-
28.6

4.4-
15.3

0.30-
3.9

3.9-15.6 Li et al., 2010df

0.99 10.7
Kudela and

Cochlan, 2000f

0.13 339.4 32.6 9.9 3.3 Hu et al., 2014

0.12 332.9 31.4 12.5 2.5 Hu et al., 2014

0.25-
14.9

1.87-
44

14.4-
32.7

0.70-
3.6

9.0-30.4 Li et al., 2010d

6.6-
17.9

84.2-
1516

4.8-
26.6

17.6-
57.1

Fan et al., 2003f

0.37 15.6 2.3 2.3 1.0 Fan et al., 2003f

3.9 1.1 1.0 0.96 1.1 This study

10.5-
13.1

0.09-
0.10

117.7-
128.4

Lindehoff
et al., 2011bdg

<0.4 16.3 9.8 1.7 Taylor et al., 2006be

0.42 6.9
Herndon and
Cochlan, 2007f

under steady state; f as reported in Kudela et al., 2010; g as reported in Hu et al., 2014;
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Organism(s)
Experiment

type
Location/Region of origin

Nitrate (NO3
-)

Ammonium
(NH4

+)

Vm Ks a Vm Ks a Vm

Cochlodinium
polykrikoides

Field
Shinnecock Bay & Peconic Estuary, New

York, USA
17.9 2.1 8.7 18.3 2.7 6.8 18.3

Dinophysis acuminata Field Benguela upwelling, South Africa 3.5 0.79 4.4 13.9 0.37 20.8 6.2

Gymnodinium
catenatum

Culture Hiroshima Bay, Japan 207 7.6 27.3 107.5 33.6 3.2

Karenia brevis Field Eastern Gulf of Mexico, Florida, USA 50
0.06-
0.33

151-
833

55
0.29-
0.41

134-
190

20

Karenia brevis Field Eastern Gulf of Mexico, Florida, USA
16.3-
20.4

0.37-
0.50

40.8-
44.1

26.7-
98.6

0.30-
1.78

53.4-
134.9

24.2-
26.7

Karenia mikimotoi Field
Changiang River estuary, East China

Sea, China
10.0-
27

37.0-
50.2

0.19-
0.72

46-59
0.12-
12.7

4.7-383
12.0-
31

Lingulodinium
polyedrum

Field Newport Beach, California, USA 3.9 0.47 8.2 8.1 0.59 13.7 10.6

Prorocentrum
donghaiense

Culture East China Sea 34.4 1.3 27.7 66.9 5.3 12.8 44.7

Prorocentrum
donghaiense

Culture East China Sea 74.7 7.1 10.5 39.7

Prorocentrum
donghaiense

Field
Changiang River estuary, East China

Sea, China
53-98

1.22-
6.1

0.23-
43.4

11.0-
28

Prorocentrum minimum Field Choptank River, Chesapeake Bay, USA
6.57-
14.2

1.4-
7.1

2.0-5.5
83.6-
229

2.4-
9.8

16.4-67
1.4-
7.1

Dinoflagellate
assemblage

Field Neuse River Estuary, USA 4.0 0.54 7.4 52.9 4.9 10.8 5.8

Nanochlorophyte
(Pichochlorum sp.)

Culture Indian River Lagoon, Florida, USA 13.7 7.2 1.9 4.3

Prymnesium parvum Culture Kalmar Algae Collection (Baltic Sea)

Aerococcus
anophagefferens

Culture Long Island, New York, USA 12.5 8.6 1.5 29.6 6.4 4.6 31.3

Heterosigma akashiwo Culture Kalaloch, Washington, USA
17.1-
18.1

1.4-
1.7

10.2-
13.4

27.2-
30.6

1.2-
2.2

12.2-
26.1

2.9

Ranges may represent different collection dates or culture amendments. Vm is in units of hr-1 and Ks in μM-N.
a a value calculated as slope, or V:S, at lower end of curve; b AA added as glutamic acid; c AA added as glutamine; d AA added as glycine; e values estimated from μmax, assuming Vm = μm
h as reported in Li et al., 2010.
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‘Superbloom’, and it is unlikely phytoplankton in the IRL would

need to adapt to high NH4
+ concentrations that can inhibit uptake

or growth of competing phytoplankton (Glibert et al., 2016; Kang

et al., 2020). Indeed, picocyanobacteria showed relatively high but

linear uptake rates for NH4
+, which may be indicative of the latter

case, while the uptake response for NO3
- may represent the baseline

diffusion rates into cells.

As expected, our results showed significant preference for NH4
+

compared to NO3
- for both picocyanobacteria and nanochlorophyte

groups (Figure 3). It is well established that for many

phytoplankton, NH4
+ is more easily transported across cell

membranes relative to NO3
- and its reduction pathway results in

a lower net energetic cost for the cell. Various species have exhibited

higher growth rates when grown on NH4
+ versus NO3

- (e.g.,

Herndon and Cochlan, 2007), although it has been shown in

certain cases that diatoms in particular can be NO3
- opportunists

(Lomas and Glibert, 1999a). There is significant evidence that these

preferences are controlled at the cellular level, with diatoms

exhibiting different transporters and transporter affinities

compared to cyanobacteria, chlorophytes, and dinoflagellates

(Song and Ward, 2007; Chan et al., 2011; Kang and Chang, 2014).

The preference of N forms is not only a function of favorable

uptake, but also repression as well, where for example, even at low

(μM) concentrations, NH4
+ has been shown to inhibit uptake of

NO3
- in cultures and in field experiments (Cochlan and Harrison,

1991; Lomas and Glibert, 1999a; Lomas and Glibert, 1999b). This

may explain why NO3
- concentrations in cultures were

approximately five and 13-fold higher than NH4
+ at initiation of

the experiments (Table 1), despite equal additions at the onset of

culturing, and why picocyanobacteria did not appear to utilize

much of the added 15NO3
-.
4.2 The Role of DON in blooms

Despite cultures displaying highest affinity for NH4
+, the 2011

‘Superbloom’ and subsequent blooms in the northern IRL are not

typically associated with high dissolved inorganic nutrients (i.e.

DIN, SRP), but rather overall high total dissolved nutrients

concentrations (i.e. TDN, TDP) and/or high TDN : TDP ratios

due to high scavenging of inorganic nutrients (LaPointe et al.,

2015). It seems likely then that organic N substrates play some sort

of role in triggering and/or sustaining the recent blooms in the IRL

(Gobler et al., 2013; LaPointe et al., 2015). Recent genomic studies

demonstrate that uptake of organic substrates appears widespread

in marine and coastal picoplankton (Yelton et al., 2016; Muñoz-

Marıń et al., 2020; Hagström et al., 2021), and our results provide

the first direct and confirmed evidence for uptake of organic

substrates by the picocyanobacteria and nanochlorophyte groups.

These results are also consistent with findings in other coastal

systems that DON additions can trigger picocyanobacteria and

small-celled eukaryotes including Aureoumbra lagunensis (D.A.

Stockwell, DeYoe, Hargraves and P.W. Johnson) blooms observed

in the IRL following the 2011 ‘Superbloom’ (Berg et al., 1997;

Glibert et al., 2001; Glibert et al., 2004; Gobler et al., 2013; Kang

et al., 2015; Ivey et al., 2020). Urea in particular has been implicated
Frontiers in Marine Science 13
in several coastal HABs as an available DON source (Anderson

et al., 2002; Glibert et al., 2005; Glibert et al., 2006), but while it is

considered to be a more favorable N-source than NO3
-, the

necessity of urease enzymes can make acquisition more energy

intensive when compared to NH4
+ (Berman and Bronk, 2003). We

did not specifically measure urease activity in the cultures, and

background urea concentrations were not measured in order to

calculate an RPI value for urea. However, both cultures showed

direct uptake of urea and the AA mixture, which suggests the

picocyanobacteria and nanochlorophyte can use DON sources at

low concentrations if needed.

There is evidence that a wide variety of marine phytoplankton

taxa have the ability to hydrolyze peptides extracellularly and utilize

smaller fragments as a source of N (Mulholland and Lee, 2009). As

previously noted, cultures appeared to uptake both C and N from

the AA mixture they were supplied with (Figure 4). In the

nanochlorophyte culture, the ratio of C:N was almost equal to

that of the supplied AA indicating a more direct AA uptake and

possible organic C use. Mixotrophy, is another trait with potential

advantages and tradeoffs over str ict heterotrophy or

photoautotrophy for potential HAB-forming dinoflagellates

observed in the IRL (Phlips et al., 2015). Despite the

incorporation of 13C from the AA mixture into picocyanobacteria

and nanochlorophyte cultures during the short-term incubation

used in these experiments, these alone are not indicative of

mixotrophy. Importantly, under definitions of mixotrophy

requiring cell-ingestion (Flynn et al., 2013), any observed

incorporation of organic N and P by the picocyanobacteria and

nanoeukaryote taxa was likely osmotrophic.

In contrast to the results of the nanochlorophyte culture, in the

picocyanobacterial culture there was faster incorporation of AA N

over C (Figure 4). The specific mechanism explaining this pattern of

uptake is unknown; however, one explanation may be the preferential

use of more N-rich amino acids. Previous research using 14C-labeled

substrates has also suggested that some phytoplankton possess cell-

surface enzymes that specifically target N from amino acids and leave

the remaining C behind (Berman and Bronk, 2003). Additionally,

extraneous C from the dissolved OM pool can be excreted while the

N is still retained (Berman and Bronk, 2003).
4.3 Inorganic versus organic
phosphorus utilization

Although N enrichment has been the focus in more N-limited

estuaries, there is also evidence for periods of P-limitation on

phytoplankton in the north-central region of the IRL (Phlips

et al., 2002). Indeed, there is a well-documented gradient in P

availability with lower TP and TDP concentrations in the northern

basins and decreasing N:P ratios moving from north to south in the

lagoon (Sigua et al., 2000; Phlips et al., 2002; LaPointe et al., 2015).

This gradient has historically been attributed to higher P-loading in

the watersheds feeding the central and southern IRL (Sigua and

Tweedale, 2003), but P limitation can also arise in certain coastal

waters if the majority of the TDP is in the form of DOP rather than

DIP (Yamamoto et al., 2004).
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During the 2011 ‘Superbloom’, ambient DIP and TDP

concentrations in affected basins were less than 1 and 2 μM,

respectively (LaPointe et al., 2015). Picocyanobacteria have been

shown in other lagoon systems to be adept at scavenging DIP at low

concentrations, outcompeting other taxa such as diatoms (Collos

et al., 2009). Although some marine phytoplankton may have half-

saturation values in the nanomolar concentrations, indicating

adaptation to low-P environments (Lomas et al., 2014), we could

not calculate kinetic parameters for DIP or DOP uptake due to

experimental limitations. Given methodological constraints of

measuring P colorimetrically at low concentrations in the culture

medium, we were only able to measure uptake kinetics of DIP and

DOP to a final concentration of 5 μM-P; however, uptake was

typically linear throughout the concentration range, signifying that

cultures were not P-saturated at concentrations beyond those

naturally seen in the IRL.

Incorporat ion of 13C-G6P also indicates that the

picocyanobacteria and nanochlorophyte species are capable of

using organic P sources whether directly or indirectly. Jauzein

et al. (2010) measured 33PO4-P uptake kinetics in the toxic

dinoflagellate Alexandrium catenella under P-limiting conditions

and found that cells were best at obtaining inorganic P through

expression of APA at sub-micromolar levels of DIP. In this study,

APA was detected in most of the picocyanobacteria and

nanochlorophyte cultures with similar background DIP

concentrations, but was only significant in picocyanobacteria

cultures in June 2015 (Table 4). DOP uptake was observed even

in the cultures without measurable APA indicating that direct use of

DOP compounds likely occurred.

Phosphatases are widely occurring among marine and coastal

microbes, and picoplankton species. HAB species able to utilize the

organic P pool through extracellular enzyme activity likely have a

significant advantage under otherwise P-limiting conditions

(Dyhrman and Ruttenberg, 2006; Kathuria and Martiny, 2011;

Ivancic et al., 2012; Burthold and Shumann, 2020). It has been

suggested that differential APA responses to P loading may be able

to influence species abundance within the phytoplankton

community (Nicholson et al., 2006).

Additionally, picocyanobacteria and nanochlorophyte biomass

grown under both P- and N-limited conditions maintained cellular

N:P ratios moderately above Redfield ratio (i.e., 16:1). This suggests

that the minimum cell quotas for phosphorus in both groups are

lower than the ‘typical’ value represented by the Redfield ratio for

oceanic phytoplankton populations. As pointed out by Reynolds

(2006), the “Redfield ratio is not diagnostic but an approximation to

a normal condition”. Normal Redfield ratios for individual

phytoplankton species vary widely (Klausmeier et al., 2004;

Weber and Deutsch, 2010; Quigg et al., 2011; Martiny et al.,

2014). For example, studies of the bloom-forming nanoeukaryote

Aureoumbra lagunensis in Laguna Madre, Texas, revealed well-

above average Redfield ratios attributed to the species low cell

quotas for phosphorus (Liu et al., 2001; DeYoe et al., 2007).

Similarly, several studies of the picocyanobacteria Synechococcus

have shown ratios above the Redfield ratio in response to variations

in cell quotas for phosphorus and other elements (Twining et al.,

2010; Cunningham and John, 2017; Liu et al., 2019).
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There is also evidence that phytoplankton are able to lower

cellular P-demands in order to survive these periods, potentially by

altering the composition of membrane lipids or otherwise

reallocating internal P supplies (Geider and La Roche, 2002;

Arrigo, 2005; Van Mooy et al., 2009). For example, some

cyanobacteria are particularly adept at accumulating and storing

P as polyphosphate following P uptake which may be adaptive to

low or fluctuating inorganic P supplies (Hagemann et al., 2019), a

trait which has also been observed in certain microalgae (Sanz-

Luque et al., 2020 and references therein). Similarly, N can be stored

by cyanobacteria internally in accessory pigments such as

phycocyanins and has been observed to be promoted in

environments with more reduced N which may allow for blooms

to sustain beyond bioavailable N supply (Gladfelter et al., 2022).

Although the entire phytoplankton community in the northern IRL

may experience episodic P-limitation, there appears to be evidence

suggesting the picocyanobacteria and nanoeukaryote species are

adept at exploiting this stressor.
4.4 Ecological considerations

In the Indian River Lagoon, there has been regime shift towards

a greater predominance of blooms involving smaller-celled

phytoplankton, such as those observed in the 2011 ‘Superbloom’

(Phlips et al., 2021). Our culture experiments show these groups

prefer reduced N species and use organic N under N-limiting

conditions. Dugdale and Goering (1967) proposed a conceptual

model of marine pelagic food webs where allochthonous inputs (i.e.,

NO3
-) lead to dominance by either diatoms, while regenerated

sources (NH4
+ and other reduced N forms) to a dominance by

mixotrophic dinoflagellates, picocyanobacteria, and heterotrophic

bacteria. Further experimentation has shown that systems with

reduced N species (i.e., NH4
+ and urea) favoring mixotrophic

dinoflagellates and small-celled phytoplankton and bacteria (Berg

et al., 1997; Glibert et al., 2001; Berg et al., 2003).

The interplay between nutrient delivery and water residence

time can also be an important factor in lagoonal systems, and

periods of high residence time can correspond with HABs despite

decreased external nutrient inputs (Phlips et al., 2015; Phlips et al.,

2020; Cira et al., 2021). Historically in the IRL, diatoms and

eurythermal dinoflagellates typically dominated blooms during

colder months of the year (Phlips et al., 2015), paralleling similar

spring-to-summer bloom succession exhibited in the pelagic ocean

and certain temperate estuaries (Townsend et al., 1994; Smayda and

Trainer, 2010). During late spring and summer, large rainfall events,

pulses of bioavailable nutrients and warm temperatures were linked

with the occurrence of blooms of Pyrodinium bahamense (Phlips

et al., 2004; Phlips et al., 2015). Small-celled, fast-growing diatoms

and picocyanobacteria have also been shown to respond quickly to

pulses of nutrients (Varona-Cordero et al., 2014; Burthold and

Shumann, 2020), and notably these groups bloomed prior to the

2011 ‘Superbloom’ (Phlips et al., 2021). Conversely, the

2011’Superbloom’ also followed an extended drought and

historically cold winter triggering a significant loss of

benthic vegetation and elevated water-column nutrients
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(Phlipset al., 2015; Phlips et al., 2021). Not only is seagrass biomass

a competitor for inorganic nutrients and a significant sink for N and

P, but a loss in seagrass can alter the sediment environment to favor

nutrient fluxes to the water-column itself (McGlathery et al., 2007

and references therein, Delgard et al., 2013). In the Baltic Sea for

example, there is significant evidence that cyanobacterial blooms

are sustained by a cycle of hypoxia, nutrient flux from the

sediments, and blooms that eventually crash (Vahtera et al., 2007;

Funkey et al., 2014; Zilius et al., 2014). The loss of seagrass uptake

along with the input of organic matter from dying seagrass biomass

may have triggered similar conditions in the IRL by releasing

available N and P from sediment mineralization. A lack of

competit ion fol lowing seagrass die-off was l inked to

picocycanobacteria blooms in Florida Bay, although high organic

N loading and subsequent high concentrations of NH4
+ among

other stressors were concluded to contribute to the state change

(Phlips et al., 1999; Glibert et al., 2023).

In all, the small-celled phytoplankton in the 2011 ‘Superbloom’

were likely strong competitors under inorganic nutrient limitation,

and the turnover of productivity from reduced grazing, bacterial

degradation, and a loss of benthic SAV likely favored phytoplankton

groups able to utilize recycled and organic nutrients (i.e., NH4
+,

DON, DOP). Subsequent blooms of the small-celled pelagophyte A.

lagunensis with other nanoplankton in 2013, 2015,5-16, and 2018-

2019 (Gobler et al., 2013; Phlips et al., 2015; Phlips et al., 2021) and a

novel nanoplanktonic cyanobacteria bloom in 2020 (Lopez et al.,

2021) further support the theory of a shift in regimes in the IRL that

may in part be due to alterations to nutrient forms and availability

(Phlips et al., 2015; Phlips et al., 2021).
5 Conclusions

There is significant evidence that certain groups of HAB-

forming phytoplankton are particularly adept at using

ammonium and organic N and P forms (Glibert et al., 2014;

Glibert et al., 2016 and references therein). The results from this

study demonstrate for the first time that the bloom-forming groups

responsible for the 2011 ‘Superbloom’ in the IRL are also directly

capable of using organic N and P forms with a strong preference for

NH4
+ over NO3

-. These traits are likely favorable during periods of

low inorganic nutrients or to sustain blooms when N and P are

recycled as reduced or organic compounds. These conditions may

be seen in the IRL prior to bloom-initiation when external supply is

low (e.g., drought) or when there is a significant turnover of the

productivity during the bloom either from grazing or bacterial

turnover. In the IRL, the shift in blooms of larger-sized

phytoplankton such as diatoms and dinoflagellates to blooms of

picocyanobacteria and smaller-celled eukaroytes may be driven by

changes in nutrient supply but is likely linked to larger forces such

as climate as well (Phlips et al., 2015).

The results from this study are useful for parameterizing

ecosystem models that incorporate the physiology of HABs;

however, such models must also incorporate ecological

stoichiometry and predator-prey relationships (Flynn, 2010;
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Glibert, 2012). As both carbon and nutrients can potentially be

exchanged between different phytoplankton or accumulated

internally to be recycled for later blooms, it important to better

understand the trophic interactions between pico- and

nanoplankton, zooplankton and other mixotrophic plankton

feeders, and the broader bacterioplankton community (i.e. the

“microbial loop”) in the IRL (Flynn et al., 2019). This study also

indicates that future considerations of water quality in northern IRL

basins should include both N and P. It is increasingly evident that

the species responsible for recent blooms have diverse, but

potentially predictable, nutritional preferences.
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