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Abstract: This study investigated how nitrogen and dissolved organic matter (DOM) from stormwater
runoff and rainfall support the growth of Karenia brevis and Pyrodinium bahamense. Excitation–emission
matrix spectroscopy coupled with parallel factor analysis tracked changes in the optical properties
of DOM in each bioassay, revealing greater reactivity of terrestrial humic-like DOM. Significant
increases in cell yield and specific growth rates were observed upon additions of runoff for both
species, with significant increases in specific growth rates upon the addition of a 2 in simulated
rain event for P. bahamense only. By hour 48, 100% of the dissolved organic nitrogen (DON) in
each treatment was utilized by P. bahamense, and by hour 72, over 50% of the DON was utilized by
K. brevis. The percentage of bioavailable dissolved organic carbon (DOC) was greater for P. bahamense
compared to K. brevis, suggesting a greater affinity for DOC compounds by P. bahamense. However,
the bioavailability of DOM for each species could be owed to distinct chemical characteristics of labile
DOM conveyed from each site. This study demonstrates that stormwater runoff and rainfall are both
sources of labile DOM and DON for K. brevis and P. bahamense, which has implications for blooms of
these species in Tampa Bay waters.

Keywords: harmful algal blooms; nitrogen; stormwater; dissolved organic matter; red tide; PARAFAC;
Tampa Bay

1. Introduction

Coastal eutrophication is a leading cause of water quality decline in estuaries globally
due to changes in land use (i.e., agriculture, industry, and residential), non-point source
pollution, fertilizer use, and fossil fuel emissions [1]. These activities have doubled the
flux of nitrogen (N) from land to sea [1], resulting in the proliferation of harmful algal
blooms (HABs), including blooms of species that are toxin-producers [2]. Stormwater
runoff and rainfall in urbanized watersheds can be significant sources of nutrients and
labile organic matter [3,4], which can range in bioavailability to specific HAB formers [5,6].
However, little is known about the fate and biogeochemical role of dissolved organic
matter (DOM) conveyed from urban catchments [7]. This is due to the complexity of DOM,
as it is comprised of thousands of organic compounds, delivering nutrients such as N
and phosphorus (P), as well as trace metals and anthropogenic pollutants [8]. Research
suggests that DOM compounds from anthropogenic sources (i.e., urban streams) are more
bioavailable than DOM from vascular plant material and soils, which are considered more
recalcitrant [9]. This can be due to the diagenetic alteration in soils which lowers the
bioavailability [10]. Additionally, vascular plants contain high amounts of lignin in their
cell walls, which is resistant to decay [11]. Urban landscapes export DOM that is typically
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less aromatic and lower in molecular weight, which can be preferentially degraded by
microbes [12]. Further, contributions of labile humic and protein-like DOM rich in N have
been documented in urban streams [7]. These findings highlight the influence of urban
land use on DOM biochemical composition and biodegradability, which has implications
for downstream water quality.

One advantageous tool for characterizing fluorescent DOM (FDOM) is excitation–emission
matrix (EEM) spectroscopy, as it is a fast, non-destructive measurement technique that
requires no reagents and can detect fluorophores at low concentrations [13]. The result is
a 3D landscape, or matrix, of excitation vs. emission vs. fluorescence intensity. FDOM is
a subset of DOM, where compounds fluoresce when exposed to UV and blue light [14].
These compounds include humic substances, proteins such as tryptophan and tyrosine,
pigments, and hydrocarbons [15] which have distinctive peaks that can be discriminated
using parallel factor analysis (PARAFAC). In bioassay studies, the contributions of DOM
from algal cultures and source water additions result in a heterogeneous mixture of chemical
compounds which can have overlapping spectra. PARAFAC is a technique that can handle
this overlap by decomposing the three-way array of an EEM, revealing the composition and
concentration profiles of pure spectra which are most often referred to as “components” [16].
This decomposition method can be considered a form of chromatography, where the
separation and identification of analytes, or components, is performed mathematically [17].
In this study, EEM spectroscopy and PARAFAC analysis of rainfall and runoff and was used
for qualitative and semi-quantitative analysis of the character and subsequent evolution of
FDOM when added to K. brevis and P. bahamense cultures.

Karenia brevis, the toxic dinoflagellate responsible for Florida red tide, has reoccurring
blooms along the southwestern coast of Florida. Blooms result in widespread animal
mortalities and risks to human health due to inhalation of a neurotoxin called brevetoxin
which is released into the atmosphere via sea spray [18]. Karenia brevis can utilize inor-
ganic and organic N for growth [19]. For example, cellular NH4

+ and DON exudates
excreted by the marine cyanobacterium Trichodesium [5] serve as an important N source
in oligotrophic waters on the West Florida Shelf where blooms of K. brevis initiate [20].
Other organic compounds that support K. brevis growth include amino acids (i.e., L-valine
and L-methionine) [21] and DON released from zooplankton and decaying fish [22,23].
Fluorescence monitoring of DOM during a nearshore K. brevis bloom detected humic-
like components, suggesting that contributions of terrestrial organic matter may support
blooms [24]. Further, kinetic experiments with a natural population of K. brevis using
15N-labeled humic compounds from Spartina alterniflora showed an uptake of humic N [25].
This is particularly relevant when considering the potential impact of runoff on K. brevis
blooms due to the ubiquity of humic substances in urban environments [3,26].

The occurrence of K. brevis red tides in association with high rainfall inputs has long
been hypothesized, as outbreaks often occur at the end of the rainy season or shortly after
rain events [27,28]. The proliferation of K. brevis blooms has been correlated with rainfall
and riverine flow along the central region of Florida’s gulf coast, with short lag times
when observing bloom data between 1953 and 1998 [29], suggesting rainfall and subse-
quent stormwater runoff as a potential mechanism for bloom maintenance by delivering
limiting nutrients. A more recent time-series analysis (1998–2020) showed correlations
between precipitation and elevated K. brevis cell concentrations [30]. Additionally, the
severe 2017–2019 bloom followed Hurricane Irma [31], a category 5 storm that resulted in
major flooding and stormwater runoff.

Pyrodinium bahamense is a toxic dinoflagellate that blooms in Florida waters, typically
in bays and estuaries with long water residence times along both coasts, namely, Tampa Bay
and the Indian River Lagoon [32]. This species produces saxitoxins which cause paralytic
shellfish poisoning and saxitoxin pufferfish poisoning [33] and has resulted in more human
mortalities than any other HAB species [34]. Documented blooms of P. bahamense in
Tampa Bay date back to the 1960s [35], but only since 2000 have they become an annual
occurrence [36,37]. Blooms are restricted mostly to Old Tampa Bay, the northern segment
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of Tampa Bay characterized by long water residence times and muck accumulation in
sediments [38]. Bloom onset is typically observed in April due to warmer temperatures,
lasting through October [32]. When environmental conditions are unfavorable, P. bahamense
can form resting cysts which form ‘seed beds’ in the sediment that can overwinter and
excyst to form new blooms in subsequent years. Organic nutrients utilized by P. bahamense
include mangrove-derived humic substances which are mobilized during and after rain
events [39]. Additionally, cultures have exhibited a prolonged exponential growth phase
when soil extracts are added to the nutrient medium [39], suggesting this species may rely
on terrestrial organic matter and/or nutrients in order to reach bloom cell densities.

Dramatic elevations in P. bahamense biomass have been associated with intense rain
events, specifically in the summers of 2001–2004 in the Indian River Lagoon, and 2002 in
Tampa Bay [32]. Similar responses are observed in the eastern Pacific, where blooms off the
California coast correspond with increasing rainfall, with opposite trends observed during
periods of drought [40]. Additionally, the occurrence of P. bahamense in the southeastern
Gulf of Mexico has been related to anthropized sites experiencing increased nutrient inputs
from stormwater outflows [41].

These data suggest that rainfall and/or stormwater runoff may influence HABs of
these species by providing subsidies of nutrients and/or bioavailable DOM, leading to
prolonged bloom duration and/or an increase in overall biomass. Both K. brevis and
P. bahamense can utilize nutrients in inorganic and organic forms [39,42]. Therefore, this
study aims to examine the biogeochemical role of nutrients and DOM from rainfall and
stormwater runoff in blooms of K. brevis and P. bahamense by answering the following
research questions: 1. What DOM compounds within rainfall and stormwater runoff are
labile and subsequently utilized by K. brevis and/or P. bahamense for growth? 2. Can prefer-
ential DOM compounds, including those which overlap in preference between K. brevis and
P. bahamense, be identified using EEM spectroscopy? 3. Will stormwater runoff contain an
additional pool of bioavailable compounds vs. rainfall DOM inputs alone for each species?

2. Materials and Methods
2.1. Site Descriptions

Sampling was performed in urban residential areas within metropolitan Pinellas
County, Florida, during the wet season (June and July) of 2022 (Figure 1). All stormwater
runoff sites chosen within this study met the following criteria: 1. Sites are hydrologically
connected to a receiving water body that is characterized as impaired [43], 2. each site
delivers runoff to an area prone to recurrent blooms of K. brevis and/or P. bahamense, and
3. land use is primarily residential.

A beachside and a mainland sampling site were chosen for the K. brevis bioassay due
to the historical spatial extent of blooms in both areas and to compare nutrient and FDOM
inputs and subsequent growth responses. The first site (named Beachside) is in the city of
Treasure Island, located on the western coast of Pinellas County. This site is on a dredge
and fill finger island development, and land use is urban residential (7.5 dwellings per
acre). Stormwater is conveyed into a curb inlet which drains directly into Boca Ciega Bay.
The second site (named Mainland) is in the city of St. Petersburg along the west coast. Land
use is low-density residential (5 dwellings per acre). Stormwater drainage is via an outfall
pipe that exits directly into Boca Ciega Bay.

For the P. bahamense bioassay, stormwater was collected from two outfalls which drain
directly into Old Tampa Bay. The first site (named Safety Harbor) is in the city of Safety
Harbor and land use is low-density residential. The second site (named Clearwater) is in
the city of Clearwater. This site receives runoff from low- to medium-density residential
areas (5–15 dwellings per acre), as well as an 111-acre golf course. Rainfall (atmospheric
wet deposition) was collected in an open lot devoid of tree cover located in the city of
St. Petersburg.
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station. Grab water samples were collected at each site using a 250 mL acid-washed (10% 
HCl followed by Milli-Q rinses) polypropylene bottle to collect water as it enters the storm 
drain (i.e., Beachside) or exits an outfall (i.e., Mainland, Clearwater, and Safety Harbor), 
rinsing the sample bottle three times with runoff before filling, and stored in a cooler for 
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brane) for inorganic and organic dissolved N forms, non-purgeable organic carbon 
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Figure 1. A map of the stormwater runoff and rainfall collection sites in Pinellas County, FL, for
water used as inocula for the bioassays. The blue raindrop icon represents the rainfall collection site.
Red (Beachside and Mainland) and black (Clearwater and Safety Harbor) colored icons represent
sites used to collect stormwater runoff for the K. brevis and P. bahamense bioassays, respectively. The
red square inset on the state of Florida to the right corresponds to the Tampa Bay region.

2.2. Sampling Regime

Storm event response sampling involved arrival at each site within 1 h of rain onset.
Rainfall and stormwater were collected during a storm event in June (P. bahamense bioassay)
and July (K. brevis bioassay) of 2022. Rainfall was collected using a 2.4 L acid-washed
(10% HCl followed by Milli-Q rinses) sampling bucket equipped with a mesh covered
funnel that was deployed prior to rainfall onset (<8 h) to minimize contributions from dry
deposition particles. Sampling time and environmental conditions were recorded at each
station. Grab water samples were collected at each site using a 250 mL acid-washed (10%
HCl followed by Milli-Q rinses) polypropylene bottle to collect water as it enters the storm
drain (i.e., Beachside) or exits an outfall (i.e., Mainland, Clearwater, and Safety Harbor),
rinsing the sample bottle three times with runoff before filling, and stored in a cooler for
transport to the lab. The samples were immediately filtered (sterile Pall 0.45 µm membrane)
for inorganic and organic dissolved N forms, non-purgeable organic carbon (NPOC), and
DOM, and immediately partitioned into acid-washed (10% HCl followed by Milli-Q rinses)
polyethylene sample bottles (one sample rinse, then filled) and frozen until analysis. The
filtrates to be used as the inocula during the bioassay were stored at 4 ◦C and filtered again
(0.22 µm PES) immediately prior to dosing to enable the removal of bacteria.



Water 2024, 16, 1448 5 of 24

2.3. Bioassay Preparation and Design

The setup for each bioassay experiment was identical for K. brevis and P. bahamense but
performed separately using non-axenic laboratory cultures of K. brevis and P. bahamense. The
cultures (K. brevis Mote Manasota Clone and P. bahamense FWRI Isolate 1003, Indian River
Lagoon) were maintained in filtered (0.7 µm GF/F) autoclave-sterilized Instant Ocean®

brand artificial seawater (salinity 35 ppt), with L1 medium nutrient additions (with the
omission of Si). The cultures were maintained at 23 ◦C with a 12:12 L/D cycle prior to and
for the duration of the bioassay. Instant Ocean® (United Pet Group, Blacksburg, VA, USA)
was prepped through sequential filtration (sequential filter, 0.7 µm GF/F and 0.22 cellulose
membrane) and transferred to 2.5 L acid-washed (10% HCl followed by Milli-Q rinses)
glass Fernbach flasks. The cultures of K. brevis and P. bahamense (final concentrations of
~2 × 105 and ~7 × 103 cells L−1, respectively) were added to each flask in triplicate and
acclimated for 1 h before inoculation with stormwater/rainwater.

Inoculation concentrations for a final volume of 2 L for the low and high concentrations
corresponded to a 1 cm rain event (10 mL) and a 5 cm rain event (50 mL), respectively.
The concentrations were calculated based on previous bioassay studies [44,45], where
a 1 cm (0.4 in) rain event corresponds to a 0.5% dilution level and a 5 cm (2 in) rain
event corresponds to a 2.5% dilution in a 2 m well-mixed water column. The volume
of stormwater runoff added matched the high rainfall dose (50 mL) to enable a direct
comparison of response between the treatments. Control treatments received 50 mL of
filtered MIQ (0.22 µm PES) water. Samples (20 mL) were collected at hours 0, 24, 72, and
120 (K. brevis) and hours 0, 24, 48, 96, and 144 (P. bahamense) and preserved (Lugol’s solution)
for later microscopic enumeration of cells using a Labomed TCM 400 Inverted Phase
Contrast Digital HD microscope (Labo America Inc., Fremont, CA, USA). The preserved
cell samples were gently inverted 10 times, pipetted into a Sedgewick rafter counting
chamber (volume 1 Ml), and allowed to settle for 20 min prior to microscopic enumeration.

2.4. Nutrient Analysis

For each bioassay, water was collected at hours 0, 24, 72, and 120 (K. brevis) and hours
0, 48, 96, and 144 (P. bahamense), filtered (sterile Pall 0.45 µm membrane), and sub-sampled
into acid-washed (10% HCl followed by Milli-Q rinses) high-density polyethylene bottles.
The bottles were frozen (−20 ◦C) for later analysis of NPOC, total dissolved nitrogen (TDN),
ammonium (NH4-N), and nitrate plus nitrite (NOx-N). A separate bottle was reserved for
DOM analysis at the initial and final timepoints for each bioassay, and the bottles were then
stored frozen (−20 ◦C) in a brown paper bag to prevent photodegradation of DOM. NPOC
(hereafter referred to as dissolved organic carbon (DOC)) and TDN concentrations were
measured by means of combustion catalytic oxidation using a Shimadzu TOC-L analyzer
(Shimadzu U.S.A. Manufacturing, Inc., Canby, Oregon, USA). Ammonium and nitrate
plus nitrite were analyzed using the salicylate method (Seal method G-102-93) and the
sulphanilamide method (Seal method G-109-94), respectively, using a Seal AA3 continuous
segmented flow analyzer (SEAL Analytical Limited, Mequon, WI, USA). The DON was
calculated as the difference between the TDN and DIN.

2.5. DOM Optical Analysis

Spectrofluorometric analysis (EEM and absorbance spectra) of the bioassay, stormwa-
ter runoff, and rainfall DOM samples was performed using a HORIBA Scientific Aqualog®

(Horiba Instruments Inc., Irvine, CA, USA) to identify the initial chemical composition
of the source water and to track subsequent transformations. The samples were thawed,
brought to room temperature, and analyzed in an acid-soaked (10% HCl; 24 h) 1 cm quartz
cuvette, which was rinsed 20 times with Milli-Q water and once with sample water before
being scanned. Prior to sample analysis, validation checks for water Raman peak signal to
noise and emission calibration were performed, as well as standardization of fluorescence
intensity in quinine sulfate units (QSU) using a 1 ppm standard of quinine sulfate solution
scanned at an excitation wavelength of 347.5 nm. Excitation wavelengths were measured



Water 2024, 16, 1448 6 of 24

from 239 to 800 nm (3 nm increments), and emission wavelengths were measured from
248 to 827 nm (5 nm increments) for all sample EEMs. An integration time of 4 s with a
high gain setting and an integration time of 2 s with a medium gain setting were used for
the bioassay and stormwater samples, respectively. Fluorescence EEM spectral correction
was performed through subtraction of a sample blank of Milli-Q water to remove Raman
scatter. EEMs were also corrected for IFE and 1st and 2nd order Rayleigh scattering and
normalized to the Raman peak of the Milli-Q water (Aqualog Software v 3.6) to enable a
direct comparison of relative fluorescence between all sample EEMs.

2.6. Fluorescence and UV Indices

Additional optical proxies were measured using the EEM and absorbance spectra to
further resolve the composition and chemical nature of DOM using the staRdom package in
‘Rstudio’ (version 4.2.2) [46]. Specific ultraviolet (UV) absorption at 254 nm (SUVA254) was
determined for all EEMs by using the absorbance values measured at 254 nm, dividing that
value by the corresponding DOC concentration, and subsequently averaging each triplicate.
This proxy was utilized as it can be used to determine humic content and the degree of
aromaticity of DOM [47], thus providing insight into potential reactivity. The humifica-
tion index (HIX) was calculated to determine the degree of humification, or the shift in
emission spectra toward longer wavelengths [48]. Humification is a microbially mediated
process of transforming lower molecular weight compounds, such as those originating
from plant and animal residues, to higher molecular weight, condensed compounds [49].
The calculation for HIX is performed by dividing the sum of the emission intensity in the
435–480 nm region by the sum of the total fluorescence intensities between the 300–345 and
435–480 nm regions [48]. The resultant value is between 0 and 1, with 1 indicating the
highest degree of humification [48]. The biological index was calculated to determine recent
autochthonous production of DOM [13]. BIX is calculated by dividing the fluorescence
intensity of emissions 380/430 nm, which were measured at an excitation wavelength of
310 nm, with values > 1 indicating a predominantly autochthonous origin [13].

2.7. PARAFAC Modeling

A PARAFAC model was created in PLS_Toolbox v 9.2 (Eigenvector Research Inc.,
Manson, WA, USA) in MATLAB (R2023a) to determine the underlying fluorophores in
all samples, utilizing the methods outlined in Stedmon and Bro [14]. Two PARAFAC
models were created, the first which included the source water (stormwater and rainfall)
used as inocula (SW-MOD, n = 6), and the second which included samples from each
bioassay (n = 60), comparing initial and final timepoints (BIO-MOD). The creation of the
two models was due to higher fluorescence in the stormwater source water, which imparted
higher leverage on the combined model. Non-negativity constraints were placed on both
models. EEM filtering settings included a 10 nm first order and 20 nm second order
Rayleigh filter (BIO-MOD) and a 15 nm first order and 30 nm second order Rayleigh
filter (SW-MOD), which were subsequently replaced with interpolated values. Emission
spectra below 275.362 nm and above 698.746 nm were removed for SW-MOD to eliminate
noise peaks. Emission wavelengths above 646.533 nm were removed for BIO-MOD to
eliminate noise peaks and to improve model fit. Both models were validated through
core consistency diagnostic measurements, split-half analysis, as well as examination of
residuals, as outlined in Murphy et al. [50]. The core consistencies were 93 and 79, and
the results for split-half analysis were 79.6% and 85.3% for BIO-MOD and SW-MOD,
respectively. The resultant models explained 96% and 99% of the data for BIO-MOD and
SW-MOD, respectively, generating a 3-component model for BIO-MOD and a 2-component
model for SW-MOD.

Both models were exported to the online spectral database OpenFluor to match un-
derlying components to the existing literature. OpenFluor enables a direct quantitative
comparison of fluorescence spectra by using Tucker congruence, which measures similarity
(typically ≥ 0.95) on the uploaded emission and excitation spectra simultaneously [51]. A
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0.95 Tucker congruence coefficient threshold was set for excitation and emission for both
models. FDOM peaks were further compared visually to the commonly described Coble
peaks (Table 1) [52–54].

Table 1. Comparison of bioassay and source water PARAFAC model peaks with existing designations
outlined by Coble [52,55]. Excitation and emission spectra are expressed in nm. Secondary excitation
peaks are in parentheses.

Present Study Coble Peak Assignments Designation

C1: <250 (329)/440 A: 260/400–460 UVC humic-like
C: 320–360/420–460 UVA humic-like

C2: <250 (296)/403 M: 290–310/370–410 UVA marine humic-like
C3: 266/290 B: 275/305 Tyrosine/protein-like
SW1: <250 (284)/413 A: 260/400–460 UVC humic-like
SW2: 260 (380)/491 D: 390/509 Soil fulvic-like

2.8. Statistical Analysis

Linear modeling and statistical testing for maximum cell concentrations and growth
rates for both bioassays were performed using ‘Rstudio’ (v 4.2.2). Specific growth rates
expressed as divisions per day were calculated by log transforming the cell count data and
using time intervals that represent linear exponential growth [56]. The distribution of the
data failed to meet the assumption of normality and were subsequently log-transformed
prior to modeling. The glmmTMB package [57] was used to fit the models (negative
binomial for maximum cell concentrations; gamma for growth rates) and measure the
significance (p ≤ 0.05, 95% confidence) between treatments. Overdispersion of the data
was tested using the performance package [58]. Homogeneity and normality of the model
residuals were examined and simulated using the DHARMa package [59] to validate model
fit, and further examined using histograms and qqplots (car package [60]). A type II Anova
test was performed using the car package to compare group means between treatments.
The emmeans package [61] was used for pairwise post hoc comparisons of means for
maximum cell concentrations and growth rates between sample treatments. Means and
confidence intervals were back-transformed from the log scale. A confidence level of 0.95
was used, and resultant P values for pairwise comparisons of means were adjusted using
the Tukey method.

3. Results
3.1. PARAFAC Modeling of Bioassay and Inoculum Water

The Openfluor database search of BIO-MOD generated 62, 11, and 7 matches for com-
ponent 1 (C1-humic), component 2 (C2-microbial humic), and component 3 (C3-protein),
respectively. Fluorescence EEMs and the corresponding excitation/emission spectra can
be seen in Figure 2. C1-humic has two excitation maxima at <250 and 329 nm, and one
emission maximum at 440 nm. C1-humic is defined by Coble et al. as humic-like peaks A
and C, and has been observed in both terrestrial and marine DOM, with minor differences
in peak positions [53,62]. Peak A fluoresces in the UV range, while peak C fluoresces in the
visible range [15]. Peaks A and C are generally considered terrestrial humic substances of al-
lochthonous origin [63,64]; however, C1-humic was observed in Control treatments for both
bioassays, void of additions of terrestrial DOM. To rectify this overlap, HIX was used to
distinguish humic fluorescence produced in situ vs. introduced via stormwater as the shift
in emission spectra toward longer wavelengths [48] can be indicative of terrestrial humic
substances due to increased aromaticity [65]. Conversely, marine humic-like fluorescence
exhibits shorter (blue-shifted) excitation and emission maxima [53,66]. C2-microbial humic
has two excitation maxima at <250 and 296 nm, and one emission maximum at 403 nm.
C2-microbial humic, commonly defined as Coble peak M, is described as autochthonous
marine humic-like DOM of recent biological origin [53,67]. Peak M can also be considered
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a microbially derived humic substance of recent origin from terrestrial environments [68].
C3-protein has an excitation/emission maximum of 266/290 nm and is identified as a
protein-like component [69], similar to Coble peak B which is defined as tyrosine-like [53].
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SW-MOD was fitted using the source water only (stormwater and rainwater) to mini-
mize leverage due to increased fluorescence in the stormwater samples. Fluorescence EEMs
and the corresponding excitation/emission spectra can be seen in Figure 3. SW-MOD is
a two-component model, and both components exhibit combinations of Coble peaks A
and C indicative of terrestrial humic substances [53], with slight shifts in their respective
excitation/emission maxima. The first component (SW1-terrestrial humic) is considered
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terrestrial humic-like [70] and has similar spectral characteristics of DOM found in urban-
ized eutrophic environments [71]. SW1-terrestrial humic has two excitation maxima at
<250 and 284 nm, and one emission maximum at 413 nm. This component matches closely
with Coble peak A [53]. SW1-terrestrial humic was the dominant contribution of FDOM in
all source water (Figures 3–6).
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Figure 3. Fluorescence signatures of PARAFAC modeled SW-MOD components from the source
water used as the inoculum for the K. brevis and P. bahamense bioassays. The EEM contour plots (left
panel) for each component are displayed with emission wavelengths (nm) on the Y-axis, excitation
wavelengths (nm) on the X-axis, and a colored scale bar representing fluorescence intensity in quinine
sulfate units (QSU) from low (blue) to high (yellow). The corresponding excitation/emission spectra
for each component are placed to the (right). The dashed/solid lines represent excitation/emission
spectra wavelengths (nm), respectively, with the Y-axis representing fluorescence intensity in QSU.

The second component (SW2-soil fulvic) is another terrestrial humic-like component
which closely resembles DOM from soil fulvic acids [72]. This peak is slightly red-shifted
from SW1-terrestrial humic, with two excitation maxima (260 and 380 nm) and one emission
maximum at 491 nm. This component closely resembles Coble peak D [53]. SW2-soil fulvic
contributed very little to the overall fluorescence in rainfall source water used for each
bioassay (1.6% for P. bahamense; 9.4% for K. brevis).

Due to the lack of C2-microbial humic and C3-protein in SW-MOD, it can be concluded
that these components are autochthonously produced by K. brevis and P. bahamense. Both
peaks M and B have been shown to be produced by marine phytoplankton [73,74] and
bacteria [75].



Water 2024, 16, 1448 10 of 24

3.2. FDOM Transformations

Changes in the relative fluorescence comparing initial and final timepoints revealed
contrasting changes in FDOM for each species and FDOM component (Figures 4 and 5).
For the K. brevis bioassay, 4%, 42%, and 25% reductions in C1-humic were observed for
the Rain High, Beachside, and Mainland treatments, respectively (Table 2). The reductions
in C2-microbial humic were 100%, 98%, 96%, and 35% for Control, Rain Low, Rain High,
and Mainland treatments, while a slight increase in C2-microbial humic for the Beachside
treatment (8%) was observed. The reductions in C3-protein were 75%, 59%, and 20% for
Control, Rain Low, and Mainland treatments, but increases of 16% and 3995% for Rain
High and Beachside treatments were observed, respectively.
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Figure 4. Changes in the relative fluorescence of FDOM components for the K. brevis bioassay.
The colored bars represent individual components generated from the PARAFAC model, with
comparisons between initial and final sampling timepoints for each treatment on the X-axis. The
error bars represent the standard error of the mean. Relative fluorescence is expressed in quinine
sulfate units (QSU).

For the P. bahamense bioassay, reductions of 34% and 17% for C1-humic were only
observed in the Clearwater and Safety Harbor treatments, respectively (Table 2). These
reductions were concomitant with 206%, 190%, and 47% increases for Control, Rain Low,
and Rain High treatments, respectively. Reductions in C2-microbial humic were only
observed in controls (77%), with measured increases of 232%, 197%, 75%, and 214% for
Rain Low, Rain High, Clearwater, and Safety Harbor treatments, respectively. Reductions
in C3-protein were only observed in the Clearwater treatment (32%), but increases of 24%,
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451%, 809%, and 22% for Control, Rain Low, and Rain High, and Safety Harbor treatments
were observed, respectively.
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Table 2. Percentage reduction in each FDOM component generated by PARAFAC model BIO-MOD.
Calculations are based on change in relative fluorescence between initial and final timepoints per
treatment for each bioassay. Negative values indicate an increase in fluorescence.

Bioassay Sample ID C1-Humic C2-Microbial Humic C3-Protein

K. brevis Control −12 100 75
Rain Low −6 98 59
Rain High 4 96 −16
Beachside 42 −8 −3995
Mainland 25 35 20

P. bahamense Control −206 77 −24
Rain Low −190 −232 −451
Rain High −47 −197 −809
Clearwater 34 −75 32

Safety Harbor 17 −214 −22
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Figure 6. Concentrations of nitrogen forms (dissolved organic nitrogen = DON) and dissolved organic
carbon (DOC) for the stormwater and rainfall used as inocula for both bioassays. Each stormwater or
rainfall treatment collected for the respective bioassay is defined on the X-axis. Note the differences
in axes and scales.

3.3. Fluorescence and UV Indices

The fluorescence and UV indices exhibited changes in FDOM and CDOM when com-
paring initial and final timepoints for each species (Table 3). For the K. brevis bioassay,
the aromaticity of CDOM calculated using SUVA254 remained relatively unchanged. HIX
values increased for Control and Rain Low treatments, and decreased for the remaining
treatments, suggesting the removal of humified material in the Rain High and stormwater
treatments. BIX values decreased slightly in controls and remained unchanged in the Beach-
side treatments. Conversely, BIX values increased in all remaining treatments, indicating
the production of autochthonous FDOM.

Table 3. The mean fluorescence and UV parameters, HIX (humification index), BIX (biological index),
and SUVA245 (specific ultraviolet absorption at 254 nm) of FDOM in the bioassay samples, comparing
the initial and final timepoints for each treatment. The asterisk next to Sample ID represents pure
stormwater and rainfall samples measured prior to inoculation which had no Final timepoint, as
noted NA.

HIX BIX SUVA254
(L mg C−1 m−1)

Bioassay Sample ID Initial Final Initial Final Initial Final

K. brevis
Rainfall * 0.52 NA 0.73 NA 0.01 NA
Beachside * 0.87 NA 0.57 NA 0.03 NA
Mainland * 0.91 NA 0.56 NA 0.03 NA
Control 0.79 0.86 1.32 1.28 0.01 0.01
Rain Low 0.84 0.86 1.28 1.31 0.01 0.01
Rain High 0.84 0.81 1.26 1.29 0.01 0.01
Beachside 0.92 0.85 0.92 0.92 0.01 0.02
Mainland 0.87 0.86 0.95 1.05 0.01 0.01
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Table 3. Cont.

HIX BIX SUVA254
(L mg C−1 m−1)

Bioassay Sample ID Initial Final Initial Final Initial Final

P. bahamense
Rainfall * 0.55 NA 0.84 NA 0.02 NA
Clearwater * 0.88 NA 0.64 NA 0.03 NA
Safety Harbor * 0.88 NA 1.10 NA 0.02 NA
Control 0.59 0.67 1.25 1.11 0.01 0.05
Rain Low 0.70 0.61 1.4 1.04 0.01 0.08
Rain High 0.74 0.49 1.38 1.08 0.01 0.05
Clearwater 0.87 0.86 0.75 0.77 0.02 0.02
Safety Harbor 0.86 0.84 0.72 0.76 0.02 0.03

For the P. bahamense bioassay, the aromaticity of CDOM calculated using SUVA254
slightly increased in Control, Rain Low, and Rain High treatments, indicating the produc-
tion of CDOM with greater aromaticity; however, these values are still very low, indicative
of predominantly aliphatic DOM. Conversely, SUVA254 remained relatively unchanged
for stormwater treatments. HIX values decreased in all treatments except for controls,
suggesting the removal of humified FDOM in the rainfall and stormwater treatments. BIX
values decreased in Control and rainfall treatments. Conversely, BIX values increased in
both stormwater treatments, indicating the production of autochthonous FDOM.

3.4. Changes in Nitrogen Species and DOC

For both bioassays, stormwater runoff contributed the highest concentrations of DON
and DOC (Figure 6). Conversely, rainfall contributed the most NH4-N. For the K. brevis
bioassay, reductions in DON were observed across all treatments until T72 (Figure 7). A
preference for NH4-N was observed as opposed to NO3-N, and NO3-N concentrations
remained relatively unchanged. DOC steadily decreased until the final timepoint (T120)
across all treatments.
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rainfall or stormwater treatments. Error bars represent standard error of mean. Note differences
in Y-axes.

For the P. bahamense bioassay, a complete drawdown of DON was observed in 48 h
for all treatments, except controls (Figure 8). Like K. brevis, a preference for NH4-N was
observed as opposed to NO3-N, as values for NH4-N steadily declined until T96. NH4-N
increased until the final timepoint (T144), which was concomitant with decreases in DOC.
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Figure 8. Change in concentrations of nitrogen forms (dissolved organic nitrogen = DON) and
dissolved organic carbon (DOC) vs. time for the P. bahamense bioassay. Colored lines represent
individual rainfall or stormwater treatments. Error bars represent standard error of mean. Note
differences in Y-axes.

To determine the bioavailable DON (BDON) fraction within each stormwater treat-
ment, BDON was calculated using the difference of the mean initial and mean DON
concentrations at T72 for K. brevis and T48 for P. bahamense, and the percentage of BDON was
calculated by dividing BDON by the initial mean DON × 100 (Table 4). These timepoints
were chosen due to the observed depletion in DON, which was followed by the subsequent
production of DON. For the K. brevis bioassay, BDON was 75%, 71%, 57%, and 50% for the
Rain High, Beachside, Mainland, and Rain Low treatments, respectively. BDON was 100%
for all treatments in the P. bahamense bioassay except for controls.

The same calculation was performed to measure bioavailable DOC (BDOC), using
initial (T0) and final timepoints (T120 for K. brevis; T144 for P. bahamense) (Table 4). BDOC
was greatest for the Beachside treatment (28%) and lowest for the Mainland (9%) treatment
for the K. brevis bioassay, indicating Mainland DOC was more recalcitrant. This pattern was
despite relatively equal contributions of terrestrial and soil fulvic-like DOM. The greatest
BDOC was equal for Rain High and Safety Harbor (46%) for the P. Bahamense bioassay,
and lowest for the Clearwater treatment (30%). Clearwater FDOM had relatively equal
contributions of terrestrial and soil fulvic-like DOM, whereas rainfall and Safety Harbor
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FDOM was predominantly humic-like (98 and 72%, respectively) (Figure 9). Further, Safety
Harbor source water had greater DOC concentrations and the relative fluorescence of
SW1-terrestrial humic was almost double that of Clearwater, indicating that the response
may have been due to the dose rather than the bioavailability of DOM.

Table 4. Percentage of bioavailable dissolved organic nitrogen (%BDON) and percentage of bioavail-
able dissolved organic carbon (%BDOC) for each bioassay. %BDON was calculated using hours 0 and
72 and hours 0 and 48 for K. brevis and P. bahamense bioassays, respectively.

Bioassay Sample ID %BDON %BDOC

K. brevis Control 0 13
Rain Low 50 15
Rain High 75 16
Beachside 71 28
Mainland 57 9

P. bahamense Control 50 43
Rain Low 100 45
Rain High 100 46
Clearwater 100 30

Safety Harbor 100 46
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Figure 9. Relative fluorescence of components for stormwater runoff and rainfall used as inocula
for K. brevis (KB) and P. bahamense (PB) bioassays. Colored bars represent individual components
generated from PARAFAC model. SW1 represents terrestrial humic-like FDOM. Each stormwater or
rainfall treatment collected for the respective bioassay is defined on the X-axis. Relative fluorescence
is expressed in quinine sulfate units (QSU).
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3.5. Growth Response

For the K. brevis bioassay, significant differences in maximum cell concentrations were
measured in the Mainland and Beachside treatments (Table 5, Figure 10). Mainland mean
maximum cell concentrations were the highest overall (5.9 × 105 ± 1.1 × 105 cells L−1)
and significantly greater than all other treatments, including controls (p ≤ 0.0001). The
specific growth rate for the Mainland treatment was µ = 0.52 ± 0.05 day −1, which was
only slightly significant when compared to controls (p = 0.08). This growth rate was the
same for the High Rain treatment; however, the maximum cell concentrations were almost
two-fold greater for the Mainland treatment.
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Figure 10. Karenia brevis cell concentrations vs. time in hours. Colored lines represent individual
rainfall or stormwater treatments. Error bars represent standard error of mean. Colored asterisk
denotes statistical significance of maximum cell concentrations vs. Control treatment (p ≤ 0.05).

Beachside maximum cell concentrations (3.3 × 105 ± 3.6 × 103 cells L−1) were signifi-
cantly greater than the Rain Low treatment (p = 0.02) and only slight significance was observed
when compared to controls (p = 0.12). Beachside growth rates (µ = 0.63 ± 0.21 day −1) were
also significantly greater than controls (p < 0.005), which were the highest across all treat-
ments. All treatments had a lag time of 24 h, with the exception of controls (0 h).

For the P. bahamense bioassay, significant differences in maximum cell concentrations
were measured in Clearwater (p = 0.05), Safety Harbor (p = 0.01), and Rain High (p = 0.003)
treatments when compared to controls (Table 5, Figure 11). Rain High and Safety Harbor
were also significantly greater than Rain Low (p = 0.01 and p = 0.05, respectively). Specific
growth rates for the Clearwater treatment were significantly greater than controls (p = 0.01),



Water 2024, 16, 1448 17 of 24

measured at µ = 1.45 ± 0.39 day −1. Specific growth rates for all remaining treatments
were greater compared to controls in the order of Rain Low < Rain High < Safety Harbor.
All treatments had zero lag time, with the exception of the Control and Safety Harbor
treatments (24 h).
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Figure 11. Pyrodinium bahamense cell concentrations vs. time in hours. Colored lines represent individ-
ual rainfall or stormwater treatments. Error bars represent standard error of mean. Colored asterisk
denotes statistical significance of maximum cell concentrations vs. Control treatment (p ≤ 0.05).

Table 5. Mean specific growth rates in divisions per day, mean maximum cell concentrations, and lag
time for each bioassay and sample type. Values are ± standard error of mean.

Bioassay Sample ID Division Rate,
µ (day −1)

Maximum Cell Concentration
(cells L−1)

Lag Time
(h)

K. Control 0.29 (±0.02) 2.5 × 105 (±3.7 × 104) 0
brevis Rain Low 0.34 (±0.07) 2.3 × 105 (±1.4 × 104) 24

Rain High 0.52 (±0.05) 3.1 × 105 (±2.7 × 104) 24
Beachside 0.63 (±0.21) 3.3 × 105 (±3.6 × 103) 24
Mainland 0.52 (±0.05) 5.9 × 105 (±1.1 × 105) 24

P. Control 0.53 (±0.14) 2.4 × 104 (±2.1 × 103) 24
bahamense Rain Low 1.01 (±0.28) 2.4 × 104 (±6.7 × 102) 0

Rain High 0.92 (±0.20) 3.4 × 104 (±9.3 × 103) 0
Clearwater 1.45 (±0.39) 3.4 × 104 (±3.5 × 103) 0

Safety Harbor 0.89 (±0.26) 3.7 × 104 (±7.1 × 103) 24
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4. Discussion

The bioassay results and EEM-PARAFAC analysis demonstrate that stormwater inputs
support K. brevis and P. bahamense growth by providing labile FDOM predominantly in the
form of allochthonous humic substances and DON. These results support previous studies
that have shown that K. brevis can utilize humic and DON compounds for growth [25,76].
While direct uptake of humic substances have not been investigated for P. bahamense, it
can be speculated that humic substances likely play a role in bloom proliferation as the
addition of soil extracts [39] to cultures and mangrove leaf leachate added to natural bloom
populations [77] in previous studies resulted in an increase in biomass. Autochthonous
humic- and protein-like FDOM were either refractory or produced as a byproduct of
consumption of bioavailable FDOM and/or inorganic nutrients (notably, NH4-N). Both
rainfall and runoff additions elicited a faster growth rate for K. brevis and P. bahamense,
indicating that these inputs can potentially lead to bloom expansion.

Both K. brevis and P. bahamense exhibited the greatest growth response measured as
the maximum cell concentration for each stormwater runoff treatment and simulated high
rainfall treatment compared to controls. This indicates that stormwater runoff and rainfall
contribute bioavailable FDOM, as well as NH4-N, which contributed to this increase in
biomass. Interestingly, the specific growth rate, BDON, and BDOC were lower for the Main-
land treatment vs. the Rainfall High and Beachside treatments. However, the maximum
cell concentrations were almost two-fold greater for the Mainland treatment. These results
mirror the growth response of K. brevis cultures in a previous study by Muni-Morgan
et al. [76], where younger stormwater pond (14 yrs) and wastewater effluent additions
had the highest pools of BDON and growth rates, while the effluent from the older pond
effluent (18–34 yrs.) yielded the highest maximum cell concentration (~2.7 × 106 cells L−1)
despite having lower BDON/growth rates. These results suggest that DOM and nutrient
sources such as aged stormwater pond effluent and mainland runoff may contain more
biorefractory DOM (i.e., humic acids) that can result in lower growth rates, but can sustain
slow, long-term growth.

Changes in the relative fluorescence of components comparing initial and final time-
points indicate greater reactivity of stormwater FDOM, specifically terrestrial humic-like C1.
Despite this component observed in controls, we can conclude that the C1-humic utilized
was terrestrial in origin for stormwater treatments due to the contribution of C1-humic
from the source water (Figure 9), as well as the greater HIX values and lower BIX values
observed at T0 in the stormwater treatments vs. controls (Table 3).

Both K. brevis and P. bahamense prefer reduced forms of N. By hour 48, 100% of
the DON in each treatment was utilized by P. bahamense. By hour 72, over 50% of the
DON was utilized by K. brevis, except for controls, corresponding with an increase in cell
concentrations. These results indicate that the added DON from runoff and rainfall was
highly bioavailable. Unfortunately, T48 and T72 were not included in the EEM analysis,
and we were unable to identify which FDOM components were depleted. DON may be
more preferred by P. bahamense than K. brevis, as reductions in DON preceded reductions in
NH4-N at T96, indicating a preference for DON, followed by NH4-N when DON subsidies
are depleted. No clear preference for NO3-N was observed for both species, suggesting a
lower affinity compared to DON and NH4-N. These results are in line with previous studies
observing preferential uptake of chemically reduced (NH4

+) vs. oxidized (NO3
-) N forms

by phytoplankton ([78] and references therein). However, this is in conflict with previous
research suggesting laboratory cultures of P. bahamense prefer NO3-N for growth [39].

For K. brevis, depletions in NH4-N were concomitant with the production of DON.
However, all FDOM components decreased in relative fluorescence at the final timepoint.
Algae are known to produce DON as they assimilate inorganic N [79], and these results
suggest that the N compounds exuded during growth were non-fluorescent and potentially
composed of unsaturated organic compounds [74]. These could include non-fluorescing
carbohydrate molecules [80]. For example, the N-limited status of phytoplankton has
been shown to cause the release of organic substances such as polysaccharides, which
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can make up 80–90% of algal exudates [81]. Carbohydrates are typically devoid of N;
however, marine algae possess storage products such as mucopolysaccharides which do
contain N [82].

The calculations of BDOC were greater for the P. bahamense bioassay compared to K. brevis
(30–46% vs. 9–28%, respectively). This suggests that DOC is preferred by P. bahamense
compared to K. brevis; however, the concentrations of DOC in the source water were
almost two-fold that which were added to K. brevis (Figure 6). Further, BIX was higher
for the stormwater runoff added to P. bahamense cultures vs. K. brevis, indicating that
these sites conveyed more humic-like DOM of recent microbial origin, which may have
played a role in increased lability. The reduction in DOC during both bioassays for the
stormwater treatments was concomitant with the reduction in humic-like C1 (Peak A
+ C). Conversely, C1-humic increased in all other treatments (apart from Rain High for
K. brevis), indicating that P. bahamense and K. brevis exudates can share spectral characteristics
with those of terrestrial humic material, which could be due to increased aromaticity
and polycondensation [83]. This is confirmed by the increase in SUVA254 values and/or
HIX, which indicates a production of FDOM that is more aromatic, and/or preferential
consumption of aliphatic, non-aromatic DOM [63]. The production of humic peak C has
also been documented in other phytoplankton incubation experiments [75,84], highlighting
the role that phytoplankton play in the production of biorefractory humic materials.

C2-microbial humic increased in all treatments except controls for P. bahamense, and C3-
protein increased across all treatments except for the Clearwater treatment. This indicates
that pulses of rainfall and/or runoff can result in autochthonous production of microbial
humic-like and protein-like FDOM. It is noteworthy that C2-microbial humic decreased in
controls, indicating the capability of P. bahamense to recycle autochthonous humic substances
if nutrient limitation, namely DON, occurs. Similar patterns of C2-microbial humic were
observed for K. brevis, as C2-microbial humic was reduced in controls and both rainfall
treatments but remained relatively unchanged in stormwater treatments, indicating a
preference for allochthonous humic FDOM.

For K. brevis, C3 protein-like fluorescence decreased the most in controls and the Rain
Low treatment, which could also indicate the recycling of tyrosine-like FDOM. Conversely,
tyrosine-like FDOM increased by four orders of magnitude in the Beachside treatment,
concomitant with increases in DON, which suggests exudation of proteins during the
utilization of allochthonous humic-like FDOM. The greater release of DON observed due
to additions of stormwater has implications for bloom maintenance over longer time scales,
as regenerated DON produced in situ can be recycled [22,85]. Further, autochthonous
production of FDOM due to atmospheric and stormwater inputs has implications for the
microbial loop [86]. For example, bacterial cycling of DON may be intensified due to
releases of labile DON in N-limited conditions, which can effect planktonic community
composition and energy supply to higher trophic levels [87]. We also emphasize that both
cultures of K. brevis and P. bahamense were non-axenic, and a reduction/increase in DOM
fluorescence may be due to bacterial consumption/production of FDOM compounds; this
relationship should be investigated further.

For K. brevis, the maximum cell concentrations were similar for Control and Rain Low
treatments, indicating that 1 cm of rainfall may not result in increased biomass in natural
bloom populations. Conversely, 4 cm rainfall events and inputs of stormwater from main-
land sources can result in up to a two-fold increase in biomass. This increase due to runoff
has ecological, human health, and management implications. For example, in the state of
Florida, the K. brevis concentration threshold for shellfish bed closures is 5 × 103 cells L−1 [88].
Further, fish kills can occur at K. brevis concentrations > 5 × 104 cells L−1 [88], which can result
in subsequent hypoxia [89]. Likewise, human health risks due to aerosolized brevetoxins
increase with bloom expansion, as respiratory irritation can occur at K. brevis concentra-
tions as low as 1 × 103 cells L−1 [88], with increasing severity as concentrations exceed
1 × 106 cells L−1 [90].
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Similarly, ecological, human health, and management implications exist for allochthonous
inputs in blooms of P. bahamense, as both rainfall doses and stormwater treatments re-
sulted in increased cell yields vs. controls. For example, shellfish bed closures occur
when saxitoxin levels are ≥80 µg/100g of shellfish tissue [91], and blooms in excess of
1 × 105 cells L−1 can reduce water column light penetration, negatively impacting seagrass
beds [92]. Bloom concentrations can also deplete oxygen within the water column, resulting
in fish kills [93].

5. Conclusions

This study highlights the utility of EEM spectroscopy for analysis of DOM in algal
bioassay studies, providing a tool to track DOM transformation and utilization. Both
K. brevis and P. bahamense contribute to the production of humic-like DOM in estuarine and
coastal waters. The existing criteria for distinguishing terrestrial allochthonous sources
of humic-like DOM (e.g., peak A + C in C1-humic) should be further resolved due to the
measured production of this fluorophore in controls of both K. brevis and P. bahamense.
Further research using optical proxies (i.e., HIX and BIX) is needed to identify humic-
like material produced by HABs when monitoring DOM with EEM-PARAFAC, as this
component can be misinterpreted as terrestrial humic material supporting blooms rather
than that which is produced in situ.

In conclusion, bloom management should be inclusive of stormwater management,
including monitoring the export and chemical characteristics of DOM, DON, as well as
NH4-N loads during storm events to mitigate the associated ecological and human health
risks of K. brevis and P. bahamense blooms. Future research investigating the response of
natural bloom populations to these inputs is needed to fully constrain the roles of rainfall
and runoff from urban land use in supporting blooms, as the affinity of labile fractions
of DOM are not equal across species. Further, spatial and chemical variations exist for
allochthonous inputs entering Tampa Bay waters.
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