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ARTICLE INFO ABSTRACT

Editor: Shuzhen Zhang Karenia brevis blooms occur almost annually in southwest Florida, imposing significant ecological and human
health impacts. Currently, 13 nutrient sources have been identified supporting blooms, including nearshore

Keywords: anthropogenic inputs such as stormwater and wastewater outflows. A 21-day bioassay was performed, where

Harmful algal blooms
Red tide
Stormwater ponds

K. brevis cultures were inoculated with water sourced from three stormwater ponds along an age gradient (14, 18,
and 34 yrs.) and one municipal wastewater effluent sample, with the aim of identifying biomolecular classes and
Wastewater effluent transformations of dissolved organic matter (DOM) compounds used by K. brevis. All sample types supported
Dissolved organic nitrogen K. brevis growth and showed compositional changes in their respective DOM pools. Fourier-transform ion
FT-ICR MS cyclotron resonance mass spectrometry (FT-ICR MS) catalogued the molecular composition of DOM and iden-
tified specific compound classes that were biodegraded. Results showed that K. brevis utilized species across a
wide range of compositions that correspond to amino sugars, humic, and lignin-like biomolecular classes. The
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municipal wastewater and the youngest stormwater pond (SWP 14) effluent contained the largest pools of labile
DOM compounds which were bioavailable to K. brevis, which indicates younger stormwater pond effluents may
be as ecologically important as wastewater effluents to blooms. Conversely, generation of DOM compounds of
greater complexity and a wide range of aromaticity was observed with the older (SWP 18 and SWP 34)
stormwater pond treatments. These data confirm the potential for stormwater ponds and/or wastewater to
contribute nutrients which can potentially support K. brevis blooms, revealing the need for improved nutrient
retention strategies to protect coastal waters from the potential ill effects of urban effluent.

1. Introduction

The coast of southwest Florida is plagued by near annual blooms of
Karenia brevis, the toxic dinoflagellate responsible for Florida red tide.
Karenia brevis is a harmful algal bloom (HAB) species that produces a
suite of neurotoxins called brevetoxins, which can cause massive fish
kills and mortality to other marine biota (e.g., dolphins and manatees,
sea turtles, and seabirds) (Larkin and Adams, 2013). Brevetoxins can
become aerosolized via sea spray, at which point they are subject to
inhalation, causing problems for individuals suffering from respiratory
ailments such as chronic obstructive pulmonary disease (COPD) and
asthma (Fleming et al., 2005). Blooms of K. brevis not only impact the
health of humans and wildlife, but can result in significant economic
impacts (Larkin and Adams, 2013), including loss of fisheries and
tourism, drops in coastal property values, and mitigation costs associ-
ated with cleaning up fish kills.

Determining the role of specific land-based nutrient sources sup-
porting nearshore blooms of K. brevis is complex due to the variety of
inputs that can contribute variable amounts of nitrogen (N) and phos-
phorus (P) that can satisfy requirements of blooms of varying magni-
tudes (Heil et al., 2014). In nearshore coastal waters, allochthonous
inputs from the atmosphere as well as nutrients from the surrounding
watersheds via rivers have been identified as nutrient sources to blooms
(Heil et al., 2014). For example, in coastal areas the combined flux of N
and P from Tampa Bay, Charlotte Harbor, and the Caloosahatchee River
can contribute 11-50 % N and 11-57 % P, capable of sustaining
moderately sized blooms (3 x 10° cells L™ 1) (Vargo et al., 2008). Results
from a stable isotopic analysis (6!°N and §!3C) of particulate organic
matter (POM) associated with coastal K. brevis blooms showed a range of
signatures corresponding to fertilizer, sewage and atmospheric DIN,
suggesting blooms utilize a mixture of estuarine sources of nutrients
(Havens, 2004).

Historically, there has been an emphasis on inorganic N species such
as nitrate (NO3), and ammonium (NHZ) supporting K. brevis bloom
populations (Killberg-Thoreson et al., 2014a) despite the bulk of N in
estuarine, coastal, and offshore waters being in the form of dissolved
organic nitrogen (DON) (Vargo et al., 2008). Southwest Florida coastal
waters are generally considered N limited due to low concentrations of
dissolved inorganic N (DIN) (Vargo et al., 2008; Vargo et al., 1992;
Fraser and Wilcox, 1981). Contrarily, concentrations of dissolved
organic N (DON) in southwest FL regions prone to recurrent blooms of
K. brevis can be orders of magnitude greater than DIN, with concentra-
tions up to 56 pM in Tampa Bay and Charlotte Harbor (Vargo et al.,
2004) and typically 8 to 14 uM in coastal waters where K. brevis blooms
(Vargo et al., 2008). The degree to which DON and other dissolved
organic compounds from land-based sources are utilizable by K. brevis is
poorly constrained. Investigating the role of DON and other dissolved
organic matter (DOM) compounds in supporting K. brevis growth is
principal to understanding how blooms are so successful once entering
coastal waters. Karenia brevis is a mixotrophic alga, which means it is
capable of utilizing both inorganic and organic forms of nutrients in
dissolved (Heil et al., 2014; Killberg-Thoreson et al., 2014a) and par-
ticulate (Glibert et al., 2009) forms. For example, bloom populations
have been shown to take up DON in the form of urea and amino acids
(Heil et al., 2014; Bronk et al., 2014) as well as DON compounds
excreted by the co-occurring diazotroph Trichodesmium (Bronk et al.,

2014; Sipler et al., 2013). The role of DOM, however, is less understood
as DOM can contain not only N but other elements that may be labile to
K. brevis. Adding to this enigma is the potential role that urban effluent
sources such as stormwater runoff, wastewater, or effluent from
stormwater conveyances such as stormwater ponds play in providing
bioavailable DOM to K. brevis.

Urban watersheds can transport large quantities of N downstream via
stormwater runoff which can convey N from fertilizer application, ani-
mal waste, vegetation, atmospheric deposition, and biological N fixation
(Hobbie et al., 2017; Lusk et al., 2023; Lusk et al., 2020). In addition to
N, engineered drainage networks can convey large fluxes of organic
carbon and sulfur compounds (Kaushal and Belt, 2012) which can be
used for algal metabolism. In the state of Florida, there are over 76,000
urban stormwater ponds, and many more in other urbanized areas of the
world (Sinclair et al., 2020). They are designed to mitigate the flooding
threats of increased imperviousness in urban landscapes and are
commonly hydrologically connected to receiving waters, meaning that
any pollutant loads in their outflows are carried to nearby streams, es-
tuaries, and bays. In this way, stormwater ponds may be viewed as a
junction between built and natural environments, either buffering
downstream waters from stormwater pollution or conversely funneling
stormwater pollution downstream if the ponds are not able to achieve
desired pollution removal. However, while stormwater ponds are usu-
ally expected to perform some level of pollutant removal (Collins et al.,
2010) to protect downstream receiving waters, a growing body of evi-
dence indicates that stormwater ponds are poor removers of nutrients
and may be net exporters of dissolved nutrients (Rosenzweig et al.,
2011) including bioavailable DON (BDON) (Lusk and Toor, 2016a). This
can happen when organic nutrients associated with pond sediments are
mineralized and remobilized to the water column. For example, previ-
ous studies have shown that bacteria inoculated with stormwater runoff
and pond outflow water contain 10-40 % BDON, respectively (Lusk and
Toor, 2016a; Jani et al., 2020), and coastal detention ponds along an
urban gradient can promote HABs, including blooms of Gymnodinium sp.
(Lewitus et al., 2008).

In addition to outflows from urban stormwater ponds, treated
wastewater effluent is another component of the urban water cycle that
contains elevated nutrient levels that are often released into coastal
waters. Florida leads the nation in beneficial reuse of treated wastewater
effluent (also called reclaimed water), reusing approximately 908
million gallons day~! in 2022, primarily for irrigation of agricultural
and urban lands (FDEP, 2020). However, this is only 53 % of the state's
current domestic wastewater flow (FDEP, 2020). The remaining unused
wastewater effluent is disposed of via rapid infiltration basins, injection
wells or released into surface waters (Young and York, 1996). The total
N content within domestic wastewater effluent varies between 10 and
20 mg L ! depending on the level of treatment (Chen et al., 2013), and
the material therein is comprised of a heterogeneous mixture that in-
cludes DOM, pharmaceuticals, and anthropogenic materials (Wang
et al., 2018). DOM levels can be considerably high in treated effluent,
which can be problematic as materials such as fulvic acids can complex
with chemical compounds such as chlorine forming disinfection
byproducts (DBPs) (Janhom et al., 2009). DBPs produced via chlorina-
tion including trihalomethane and haloacetic acids are of particular
concern because of their carcinogenic effects upon exposure (Rook,
1976). Additionally, wastewater discharges have been shown to
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stimulate the growth of algae via contributions of labile DON (Bronk
et al., 2010). In terms of K. brevis, additions of wastewater have been
shown to stimulate growth three-fold when compared to controls and
equivalent individual additions of inorganic N and P alone (Doig and
Martin, 1974).

Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) is the only mass spectral technique that can achieve ultrahigh
resolving power across a wide molecular weight range, sufficient to
enable identification of tens of thousands of ionized species (Kujawinski,
2002). The benefit of electrospray ionization coupled with FT-ICR MS is
it is considered a “soft” ionization technique, which leaves polar mac-
romolecules intact (Fievre et al., 1997). This analytical technique does
not, however, provide information on isomeric structure unless paired
with additional analyses such as nuclear magnetic resonance (Kuja-
winski, 2002), and subsequent molecular formulae may be representa-
tive of various isomers. FT-ICR MS has been utilized to compare changes
in DOM composition before and after algal or bacterial bioassays. For
example, the use of FT-ICR MS facilitated the discovery that cellular
exudates derived from the N fixing cyanobacterium Trichodesmium are
bioavailable to K. brevis and serve as an important nutrient source in
offshore oligotrophic waters (Sipler, 2009). Further, FT-ICR MS was
used to evaluate the composition of DOM from decaying fish that serve
as a nutrient source for K. brevis blooms (Killberg-Thoreson et al.,
2014b). In the case of this study, FT-ICR MS enables comparison of DOM
compound utilization by K. brevis when inoculated with different urban
effluent types, providing insight into bioavailable compounds and po-
tential degradation products.

The purpose of this study was to characterize the DOM utilization
from stormwater pond and wastewater effluent by a K. brevis-bacterial
assemblage and apply FT-ICR MS to catalogue the molecular composi-
tion of DOM compounds consumed by K. brevis. The complex nature of
DOM in urban stormwater ponds and municipal wastewater (biogeo-
chemical source material, diagenetic state) necessitates high resolution
analyses to identify the chemical composition of these effluent sources
and measure the potential bioavailability to K. brevis. We hypothesize
that nearshore Florida waters impacted by municipal wastewater dis-
charges and outflows of urban stormwater ponds will contribute a pool
of bioavailable DOM to K. brevis and that specific compound classes
utilized in the DOM pool can be identified through FT-ICR MS analysis.
We are aware of no other studies that have investigated the molecular
structure of compounds in stormwater or wastewater DOM that are
utilized by K. brevis.

2. Materials and methods
2.1. Site description

Water samples were collected from the outflows of three stormwater
ponds and one wastewater treatment plant in November 2019 (Fig. S1)
in the Bradenton, Florida metropolitan area. The stormwater ponds are
all in urban residential communities, varying in age (14, 18, and 34
years, SWP 14, SWP 18, and SWP 34, respectively). These ponds are wet
retention ponds designed to receive and hold stormwater runoff from
adjacent impervious surfaces and are hydrologically connected via
stormwater pipes to the Braden River, a tributary of the Manatee River
and part of the Tampa Bay watershed. Outflows from the ponds are
directed to the Braden River when pond water levels exceed a specified
threshold (see pond morphological properties, Table S1).

The municipal wastewater effluent sample (MWW) was received
from the Southeast Water Reclamation Facility (SEWRF) in Bradenton,
FL. This facility is a conventional wastewater treatment plant (at the
time of collection, 2019) with a treatment capacity of 11 million gallons
day™! and supplies the adjacent urban residential communities with
reclaimed water. The final step in wastewater treatment at the SEWRF is
a chlorine contact chamber that achieves water disinfection prior to
reuse for irrigation. A storage pond collects and holds treated
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wastewater onsite prior to distribution to the nearby urban area for lawn
and green space irrigation. When the volume of water treated at the
facility exceeds the pond's storage capacity due to heavy rainfall, excess
water is discharged to natural surface waters that drain to Sarasota Bay.

2.2. Wastewater and stormwater collection

The MWW sample (1 L) was provided by SEWRF and collected from a
release valve onsite used for water quality monitoring. Triplicate
stormwater pond samples were collected from the outfall areas of each
pond by dipping 250 mL high-density polyethylene collection bottles
~5 cm below the pond surfaces. Sample bottles were stored on ice for
transport back to the laboratory and analyzed within 48 h. for total
dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) with
a Shimadzu TOC/Total N analyzer (Table 2).

2.3. Bioassay experiments

Karenia brevis cultures (Mote Manasota clone) were maintained in L1
medium (modified by the omission of Si) under a 12:12 light:dark cycle
at 24 °C. For the bioassay experiment, a K. brevis culture was diluted to
~1 x 10° cells L ! with filtered (Whatman® 0.2 pm Nuclepore filters)
seawater collected from Mote's New Pass dock (salinity, 32 ppt). Trip-
licate samples (2 L) of dilute culture were placed into cleaned (10 % HCl
rinse followed by three DIW rinses) 4 L cubitainers and inoculated with
75 mL of filtered (Whatman 0.2 pm Nuclepore filters) effluent, the
optimal volume determined to maintain pH and salinity at ~8.2 and
31.5 ppt. All treatments were incubated at 24 °C under a 12:12 light:
dark cycle in a Thermo Scientific™ Precision™ Plant Growth Chamber.
Photosynthetically active radiation (PAR) within cubitainers ranged
from 83 to 135 ymol m~2 s~ ! and was measured using a WALZ US-SQS/L
Spherical Micro Quantum Sensor. Cell concentrations were sampled
every 24 h. and preserved (Lugol's Solution) for later microscopic
enumeration using a Zeiss Axio Vert.Al. The bioassay was terminated
after 508 h. when cell concentrations declined.

2.4. Molecular characterization by negative-ion ESI FT-ICR MS

Samples were prepared for FT-ICR MS based on modification of the
Dittmar method reported previously (Lusk and Toor, 2016a; Dittmar
etal., 2008). In brief, 20 mL samples were collected from each treatment
at 0 and 264 h. timepoints (Tp and Tqe4, respectively) with the latter
corresponding to late stationary phase. This timepoint was chosen to
minimize measurement of DOM compounds due to release upon cell
lysis during the termination phase, enabling identification of degrada-
tion products produced by K. brevis. Samples were filtered (pre-com-
busted Whatman® 0.7 pm GF/F filters) then concentrated by passing
through 1 g, 6 mL Agilent Bond Elut PPL (styrene-divinylbenzene) solid
phase extraction cartridges and eluted with HPLC-grade methanol. The
eluate was frozen (—20 °C) until ready for negative-ion ESI FT-ICR MS
analysis at the National High Magnetic Field Laboratory (NHMFL) in
Tallahassee, FL with a custom-built FT-ICR mass spectrometer equipped
with a 9.4 T superconducting solenoid magnet (Kaiser et al., 2011a;
Chen et al., 2014a; Kaiser et al., 2014a). SPE extracts were ran at 50 ppm
carbon in methanol prior to analysis by negative ion electrospray ioni-
zation. Sample solution was infused via a microelectrospray source
(Emmett et al., 1998) (50 pm i.d. fused silica emitter) at 500 nL/min by a
syringe pump. Typical conditions for negative ion formation were:
emitter voltage, —2.4-2.9 kV; tube lens, —250 V; and heated metal
capillary current, 7 A.

Ions were initially accumulated in an external multipole ion guide
(1-5 ms) and released m/z-dependently by decrease of an auxiliary radio
frequency potential between the multipole rods and the end-cap elec-
trode (Kaiser et al., 2014b). Ions were excited to m/z-dependent radius
to maximize the dynamic range and number of observed mass spectral
peaks (32-64 %) (Kaiser et al., 2013), and excitation and detection were
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performed on the same pair of electrodes (Chen et al., 2014b). The
dynamically harmonized ICR cell in the 9.4 T FT-ICR is operated with 6
V trapping potential (Boldin and Nikolaev, 2011; Kaiser et al., 2011b).
Time-domain transients of 7.2 s were acquired with the Predator data
station, with 100 time-domain acquisitions averaged for all experiments
(Blakney et al., 2011).

Mass spectra were internally calibrated with five high-abundance
homologous series that span the sample molecular weight distribution
based on the “walking” calibration method (Savory et al., 2011).
Experimentally measured masses were converted from the International
Union of Pure and Applied Chemistry (IUPAC) mass scale to the Ken-
drick mass scale (Kendrick, 1963) for rapid identification of homologous
series for each heteroatom class (i.e., species with the same C.HyN;0,S;s
content, differing only be degree of alkylation) (Hughey et al., 2001).
Assigned peaks were limited to the following elemental composition
based on isotopic fine structure confirmation: Co_190 Ho-150 O0-40 No_4
So_3. For each elemental composition, C.HyN,O,S;, the heteroatom class,
type (double bond equivalents, DBE = number of rings plus double
bonds to carbon, DBE = C -h/2 + n/2 + 1) (McLafferty and Turecek,
1993) and carbon number, c, were tabulated for subsequent generation
of heteroatom class relative abundance distributions and graphical
relative-abundance weighted images and van Krevelen diagrams. Peaks
with signal magnitude >6 times the baseline root-mean-square (rms)
noise at m/z 500 were exported to peak lists, and molecular formula
assignments and data visualization were performed with PetroOrg ©
software (Corilo, 2014). Each mass spectrum was internally calibrated
for absorption mode data processing, and mass spectral peaks with >6c6
were exported to a peak list. Molecular formula assignments with an
error of >0.5 ppm were discarded, and chemical classes with combined
relative abundance of >0.15 % of the total with a minimum of 3 peaks
per homologous series remained. Chloride and sodium adducts were
detected in all samples (Table S3) but were excluded from this analysis.

2.5. Statistical analysis

Data analysis of peaks was performed using PetroOrg© and ‘RStudio’
(version 4.2.2) software. The PetroOrg© software used for FT-ICR MS
data processing is publicly available: https://nationalmaglab.org/
user-facilities/icr/software/. All data sets shown herein are publicly
available via the Open Science Framework at https://osf.io/n8mza/
(DOI 10.17605/0SF.I0/N8MZA). Peak assignment settings for all
compounds in downstream analysis were set to a maximum double bond
equivalency (DBE) of 50, an error of 1 ppm, a minimum of 3 peaks per
homologous series, and removal of compound classes <0.1 % of the total
with any duplicated molecular formulae. All formulas unique to Ty (not
present in Tyg4) were denoted “T(” with all formulas unique to T4 (not
present in Ty) denoted “Toe4”. Due to the reproducibility of FT-ICR MS
peak magnitude (Sleighter et al., 2012) and peak detection (Soule et al.,
2010) between replicate samples, one sample was chosen at random to
be representative of each effluent treatment.

A modified aromaticity index (Al,oq) was calculated to estimate the
aromaticity of each molecular formula measured at Ty and Tyg4 using the
sum of the relative abundance for each compound class (i.e., CHO,
CHON, CHOS, CHONS). The index was calculated using the following
equation:

14+C—050—5—05(N+H)

Alyos =
mod C—-050-N-3S§

(€8]

where C, H, O, N, and S represent the total number of atoms (carbon,
hydrogen, oxygen, nitrogen, and sulfur, respectively) within a given
molecular formula. Aly,.q values were categorized as aliphatic (Alpeq <
0.5), aromatic (0.66 > Al,0q4 > 0.5), and condensed aromatic (Aloq >
0.67) using thresholds outlined by Koch and Dittmar (2006).

A non-metric multidimensional scaling (NMDS) approach was
employed using Bray-Curtis dissimilarity indices to assess the similarity
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or dissimilarity of each sample treatment, comparing the diversity of
compounds by molecular formula and respective total abundance
(peaks) of DOM compounds at Ty and Tag4. The total number of peaks
measured for a molecular formula was considered as abundances, and
the absence of a compound in a sample was given an abundance value of
zero. Compounds were removed from analysis if the total peak abun-
dance across all treatments was less than five. Functions from the vegan
package in Rstudio software were used to calculate dissimilarity indices,
perform NMDS, and assess the stress and goodness of fit. Rstudio soft-
ware was also used for statistical analysis of K. brevis cell counts.

2.6. Nutrient analysis

At Ty and Tog4 300 mL from each treatment was collected and filtered
(pre-combusted Whatman® 0.7 pm GF/F filters), sub-sampled into low-
density polyethylene (LDPE) centrifuge tubes (Corning®), and frozen
(=20 °QC) for later analysis of dissolved organic carbon (DOC), total
dissolved nitrogen (TDN), and DIN (sum of NH,; * and nitrate + nitrite
(NOy)). DOC and TDN concentrations were measured via combustion
catalytic oxidation using a Shimadzu TOC-L analyzer. Ammonium and
nitrate + nitrite were analyzed using the salicylate method (Seal method
G-102-93) and sulphanilamide method (Seal method G-109-94),
respectively and were measured colorimetrically using a Seal AA3
continuous segmented flow analyzer. DON was calculated as the dif-
ference between TDN and DIN.

3. Results and discussion
3.1. Bulk DOM characterization and transformation by Karenia brevis

Negative-ion ESI FT-ICR MS analysis identified 3188 to 10,776 DOM
compounds at Tg, and 1911 to 11,465 compounds at Togs (Table 1).
There was a measured increase in average DOC concentrations within
each treatment at Tog4 (Table 2), with observed qualitative changes in
DOM biomolecular classes (Fig. 1). CHO and CHON compounds were the
most abundant compound classes across all treatments, followed by
sulfur (S) containing compounds. This is in line with previous work that
characterized chemical classes in bulk DOM from wastewater effluent,
urban stormwater runoff and urban streams (Lusk and Toor, 2016a; Lusk
and Toor, 2016b; Zhang et al., 2021).

Assigned formulas were plotted using van Krevelen diagrams which
assign estimates of biogeochemical classes by plotting the molar oxygen:
carbon (O/C) ratio versus the molar ratio of hydrogen:carbon (H/C)

Table 1

Comparison of total peak number for each compound class and percent relative
abundance across each bioassay sample treatment. Ty and Ty64 are denoted next
to Sample ID.

Sample ID Compound class
CHO CHON CHOS CHONS Total
Peaks
SWP 14 TO 4512 (42 4568 (42 1696 (16 0 10,776
%) %) %)
SWP 14 1815 (34 2814 (53 688 (13 0 5317
T264 %) %) %)
SWP 18 TO 2983 (39 3440 (44 1310 (17 0 7733
%) %) %)
SWP 18 4472 (39 4712 (41 2281 (20 0 11,465
T264 %) %) %)
SWP 34 TO 1780 (56 656 (21 %) 752 (24 0 3188
%) %)
SWP 34 3146 (57 1258 (23 1162 (21 0 5566
T264 %) %) %)
MWW TO 2231 (35 2319 (37 1191 (19 560 (9 6301
%) % % %)
MWW T264 1178 (62 431 (23 %) 282 (15 20 (1 %) 1911
%) %)
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Table 2

Mean concentrations of total dissolved nitrogen (TDN), dissolved inorganic ni-
trogen (DIN), dissolved organic nitrogen (DON), and dissolved organic carbon
(DOC) in municipal wastewater (MWW) and stormwater pond (SWP) treat-
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(Fig. 1) (Kim et al., 2003). In terms of relative peak abundance, CHO
compounds accounted for 35-56 % of all compounds at Ty and 34-62 %
of all compounds at Ty¢4. DOM in the form of carbohydrates are an
important component of marine carbon cycles, as they make up most of

ments. Means are averaged from each triplicate. the DOM that is released by phytoplankton in the form of exopolymers

Sample Sampling TDN (mg DIN (mg DON (mg DOC (mg (Biddanda and Benner, 1997). Production of DOC was observed across
D hour L L L L all treatments at Tog4 (Table 2), suggesting that introductions of urban
MWW 0 4.06 1.67 2.4 15.13 effluent may induce the release of labile photosynthate by phyto-
Mww 264 2.97 1.07 1.9 16.17 plankton which has important implications for bacterial mineralization
SWP 14 0 34 1.32 2.08 15.57 of DOM and the microbial loop (Azam et al., 1983). The CHO com-
SWP14 264 2.7 1.26 1.45 16.4 R . .
SWP 18 0 34 1.35 2.05 15.37 pounds in this bioassay correspond to various regions on the van Kre-
SWP18 264 3.47 1.5 1.96 17.0 velen diagram across all treatments (Fig. 1) including lignin,
SWP 34 0 3.2 1.38 1.82 15.03 unsaturated hydrocarbons, proteins, and carboxyl-rich alicyclic mole-
SWP34 264 3.13 1.29 1.86 16.1 cules (CRAM), highlighting the diversity of this DOM class. CRAM-like
molecules are a group of recalcitrant organic compounds comprised of
carboxylated and fused alicyclic rings that have structural similarities to
Class CHO CHON @ CHONS CHOS
25
MWW TO MWW T264
20 Carbohydrates
’ Lipids
.o A5{Un ~
&
£ ¢ saturated | J jonin/CRAM
L | Hydro- Tanni
1.04 -~ Fulvie ) annins
gl \ '% ........
Condensed Aromatics
SWP14 TO SWP14 T264 0.0
00 02 04 06 08 10
T ] o "";'-a‘ ® = S
o TR el
3V :
<
an! SWP18 TO SWP18 T264

10 00 02 04 06 08 10
O/C

Fig. 1. van Krevelen diagrams displaying measured peaks for each effluent type comparing compounds unique to Ty (‘removed’) vs. compounds unique to Tae4
(‘produced’). The H/C vs. O/C values can be correlated to a biomolecular class as placed to the upper-right for reference modified from Sleighter and Hatcher (2011),
with the addition of carboxyl-rich alicyclic molecules (CRAM) (Hertkorn et al., 2006) as well as humic and fulvic acids (Kovacs et al., 2010).

00 02 04 06 08
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terrestrial humic compounds (Nebbioso et al., 2014). The Aly,oq values
(Fig. 3) indicate that CHO compounds consumed and produced across all
treatments are mostly aliphatic. A reduction of total CHO peaks was
observed in the MWW and SWP 14 treatments at Tpe4 (Fig. 1). An
opposite pattern was observed with additions of effluent from the two
older ponds with variable changes in average molecular weight (Fig. 2),
suggesting compounds from MWW and SWP 14 are more labile across a
range of masses. The relative increases in CRAM-like CHO peaks for SWP
18 and SWP 34 treatments suggest the production of biomolecules that
are more refractory which is supported by the higher percentage of the
Alpoq defined classes of aromatic and condensed compounds at Toe4.
The presence and transformations of CHOS compounds was observed
in all treatments (Fig. 1). CHOS compounds in the MWW and SWP 14
treatments decreased >50 % from Ty to Toe4 (Table 1), suggesting that a
majority of these compounds were consumed or degraded during the
bioassay. Conversely, increases of CHOS compounds at Tog4 in SWP 18
and SWP 34 were observed (Table 1; Fig. 1). This could be due to the
production of the organosulfur metabolite DMSP (Dimethylsulfonio-
propionate, molecular formula CsH;¢02S) by K. brevis (Van Dolah et al.,
2009) which can serve as an antioxidant and become induced upon
oxidative stress (Sunda et al., 2002). Xenobiotics applied in urban en-
virons that can induce oxidative stress include the aquatic herbicides
Sethoxydim (C;7H29NO3S) and Topramezone (C;6H;7N305S) which are
approved for use in Florida and are commonly used for weed control
(Langeland, 2014). However, the application of these specific chemicals
in areas surrounding SWP 18 and SWP 34 has not been confirmed. A
greater percentage of aromatic and condensed aromatic compounds
were consumed and produced in SWP 18 and SWP 34 (Fig. 3), indicating
older stormwater ponds can be both a source and sink of aromatic DOM.
Other sources of S include anthropogenic emissions which contribute
more S than natural sources (i.e., weathering) by a factor of 3 or 4
(Giordano et al., 2005). Subsidies of S from emissions, along with con-
tributions from wastewater including surfactants and their degradation
products (Gonsior et al., 2011), can substantially increase the S content
of freshwater systems (Holmer and Storkholm, 2001). While bulk
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measurements of S were not performed in this study, these results show
that wastewater and stormwater ponds may serve as an important
source of S to coastal waters by influencing the ecophysiology of
K. brevis.

3.2. Insights into dissolved organic N transformations

Numerous studies have investigated the bioavailability and envi-
ronmental implications of DON in municipal wastewater effluents (e.g.,
Wang et al., 2023; Hu et al., 2022; Yan et al., 2022 and citations therein),
but such studies are still limited for stormwater or stormwater pond
effluents (Lusk and Toor, 2016a; Jani et al., 2020). Southwest Florida
coastal waters are considered N-limited, and the N-bearing organic
compounds in effluent treatments within this study may be expected to
have varying degrees of bioavailability, so it is important to further
characterize this DON component. Changes in the molecular weight
distribution of N-bearing compounds consumed and produced by
K. brevis (Fig. 2) are also described, as molecular weight distribution can
be an indicator of expected lability for DON compounds (Yang et al.,
2021). For example, high molecular weight compounds such as humic
acids have been shown to be taken up by K. brevis (Killberg-Thoreson
et al., 2014a). Further, phytoplankton can also take up small molecules
such as dissolved free amino acids (Seitzinger et al., 2002).

CHON compounds accounted for 21-44 % of all compounds in the
samples at Tp and 23-53 % of all compounds at Toe4. Nitrogen in the
organic form has been shown to be a major pool of total N in stormwater
and stormwater ponds (Lusk et al., 2020; Jani et al., 2020), which is
reflected in the SWP samples which are rich in N-bearing organic
compounds (Table 1). The N in the SWP samples likely originates in part
from catchment vegetation and soils, fertilizers, and microbial byprod-
ucts of in-pond biological transformations of N (Osburn et al., 2016;
Williams et al., 2013). An increase in relative abundance of CHON
compounds was observed in SWP 18 and SWP 34 treatments at Tog4.
These compounds shifted to various regions of the van Krevelen diagram
(i.e., lignin/CRAM, carbohydrates, condensed aromatics) indicating an
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Fig. 2. Average molecular weight (m/z) distribution of DOM compounds unique to To (‘Initial’) vs. compounds unique to To¢4 (‘Final’) among each effluent
treatment. Colors represent respective DOM elemental classes. Vertical bars represent standard error of the mean.
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Fig. 3. Modified aromaticity index (Al;,0q) of all molecular formulae measured at To and Toe4. The percentage of formulas is representative of the sum of the relative
abundances for each compound class. Aly,0q values were categorized as aliphatic (Aleq < 0.5), aromatic (0.66 > Alyoq > 0.5), and condensed aromatic (Alyeq >
0.67) using thresholds outlined by Koch and Dittmar (2006). CHONS compounds were excluded from the figure as they were only detected in the MWW sample.

increase in compound complexity and was verified by resultant Alpoq
values for Tge4 (Fig. 3). Conversely, a relative decrease in CHON com-
pounds was observed in the MWW and SWP 14 treatments corre-
sponding to lignin/CRAM, humic and fulvic biomolecular classes,
indicating a higher degree of bioavailability in CHON compounds from
these effluent sources. >75 % of compounds consumed at Ty for the
MWW and SWP 14 treatments were comprised of aliphatic compounds.
Specific DON compounds common to wastewater effluent include free
and combined amino acids (Pehlivanoglu-Mantas and Sedlak, 2008) and
other low molecular weight compounds including peptidoglycans from
bacterial cell walls (Dignac et al., 2000). This is evident in the MWW
treatment, which exhibited the lowest average molecular weight among
all treatments (Fig. 2), and depletions in amino sugar and carbohydrate
compounds.

CHONS compounds were detected by FT-ICR MS in the MWW
effluent treatment only, with notable depletions observed in T4 which
correspond to humic-like DOM (Table 1, Fig. 1). While not pictured in
Fig. 3., Aloq values for these compounds indicate that they were equally
aliphatic and aromatic in structure. CHONS compounds in the MWW
sample likely originate from dissolved organosulfur compounds such as
detergents, surfactants, and pharmaceuticals which are ubiquitous in
wastewater effluent (Liu et al., 2023). During oxic stages of the waste-
water treatment process, labile, low-molecular weight CHONS com-
pounds can be formed by copiotrophic bacteria, such that wastewater
effluents are enriched in CHONS compounds relative to their influents
(Liuetal., 2023). The CHONS compounds from wastewater may provide
a potential source of amino acids, in addition to vitamins and cofactors
for K. brevis growth, suggesting that wastewater treatment processes that
can remove CHONS compounds would be advantageous in terms of
bloom mitigation. Tertiary treatment processes that use coagulants with
a higher degree of polymerization than those traditionally used in
wastewater treatment have been shown to be effective in improving
CHONS removal from effluents (Geng et al., 2018), and future work
should be done to investigate the role that these coagulants may play in
reducing pools of bioavailable DOM in wastewater effluent.

SWP 18 and SWP 34 exhibited overall increases in the number of N-
containing compounds at Toe4 corresponding to the CHON biomolecular
class during the course of the bioassay (Table 1), with a molecular
weight of approximately 500 m/z (Fig. 2). The compounds that were
produced by K. brevis when exposed to effluent from these ponds exhibit
a more complex, and likely more recalcitrant pool of compounds such as

lignin and CRAM molecules (Yang et al., 2021) (Fig. 1). An increase of
newly-formed compounds within the lignin/CRAM biomolecular classes
at Toe4 in SWP 18 and SWP 34 may also indicate partial mineralization
of semi-labile DON, resulting in an increase of degradation products
with greater recalcitrance, or the formation of DON compounds via de
novo synthesis. However, it is important to note that the K. brevis cul-
tures in our study were non-axenic, and the probability of bacterial
remineralization of DON cannot be discounted, as the difficulty of
maintaining axenic K. brevis cultures suggests that bacteria play a critical
role in K. brevis nutrition. Increases in CHON at Tg4 could also be due to
cellular lysis (Fig. 1), or exudation of dissolved amino acids by K. brevis
and/or co-occurring bacteria.

To estimate the bioavailability of N-containing compounds within
each effluent treatment, BDON was calculated using the difference of the
mean initial and final DON concentrations (Table 2), and percent BDON
was calculated by dividing BDON by the initial mean DON x 100. SWP
14 contained the largest pool of BDON (30 %), followed by the MWW
treatment (21 %), SWP 18 (4 %) and SWP 34 (—2 %), respectively. These
trends are evident in the van Krevelen diagrams (Fig. 1), where many
compounds present at To for MWW and SWP 14 are absent at Tog4. The
higher percentage of BDON in the MWW and SWP 14 treatments shows
that these effluents contained a larger pool of DON compounds known to
be bioavailable, corresponding to biomolecular groups such as carbo-
hydrates and amino sugars (Sleighter and Hatcher, 2011) (Fig. 1). This
BDON could include low molecular weight compounds such as urea and
some amino acids which can be taken up by phytoplankton cells via
active transport by use of a membrane sodium ion pump, by facilitated
diffusion if extracellular concentrations are high (Capone et al., 2008),
or by cell surface enzymes and oxidases (Palenik and Morel, 1990).
Depletions in compounds corresponding to humic and fulvic acids were
also observed, which agrees with previous studies measuring direct
uptake of humic-N by cultures and natural bloom populations of K. brevis
(Killberg-Thoreson et al., 2014a). Unsaturated hydrocarbon-like com-
pounds, including aliphatic compounds were also depleted, which have
been shown to be bioavailable to bacteria and phytoplankton (Yang
et al., 2021; Yao et al., 2020).

It is noteworthy that the SWP 14 sample had the highest amount of
BDON, more-so than the MWW sample, showing that stormwater ponds
may be important sources of biologically reactive N to downstream
waters, and can be comparable to wastewater effluents. It is also note-
worthy that the youngest pond in our study contained a larger pool of



A. Muni-Morgan et al.

BDON than did the two older ponds, which could be due to previous
microbial processing of DON. For example, SWP 34 had a history of
cyanobacterial blooms (species unidentified) that proliferated prior to
and during the sampling event. In a concomitant study on carbon cycling
in the same ponds, it was shown that the SWP 14 (the youngest pond in
the study) had a high rate of organic C mineralization that simulta-
neously increased C emissions from the pond while reducing organic C
burial (Goeckner et al., 2022). It was further shown that as pond age
increased, rates of organic C mineralization decreased (Goeckner et al.,
2022), suggesting that older ponds have less organic C turnover than
younger ponds, while results from this study add that they may also have
less organic N turnover. Other studies on SWP N cycling also support
successive biogeochemical shifts such that SWPs can either add more N
to their pool via N fixation (Gold et al., 2017) or remove inputs of N via
denitrification (Hohman et al., 2021) with increasing pond age.

Even if N is delivered to stormwater ponds in an inorganic form, in-
pond mineralization processes or microbial exudates may transform the
overall N signature of stormwater ponds into a predominately organic
form (Rosenzweig et al., 2011; Williams et al., 2013). In this way,
stormwater pond effluents, which are hydrologically connected to
downstream waters, may transport a large pool of DON ranging in
bioavailability. For this study, the stormwater ponds had as much N-rich
DOM compounds as did the wastewater effluent, highlighting one way
that these ponds provide anthropogenic N subsidies to the downstream
waters to which they are connected. While wastewater effluent dis-
charges to receiving waters are rightly of concern from an N manage-
ment perspective, these results show that stormwater ponds likely play
an important role as well in N budgets within the urban water cycle.

3.3. DOM compositional shifts revealed by NMDS

NMDS ordination revealed compositional shifts of the DOM in all
treatments comparing Ty to Tag4 (Fig. 3). The resulting ordination
exhibited goodness of fit with a stress value of 0.05, a linear R?of 0.967,
and a non-metric R? fit of 0.995. NMDS analysis was performed using the
total number of peaks for each measured molecular formula across all
treatments, comparing compounds unique to Ty (“consumed”) and
unique to Tog4 (“produced”). Counts for 403 unique DOM molecular
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formulae were considered for each treatment. The count matrix of the
parameters total peak abundance and molecular formula for each
treatment were used to calculate the dissimilarity distance between each
sample, determining their coordinates on the ordination plot. Points that
are clustered closely are more similar than points that are further apart.
Further, the ordination of each molecular formula is plotted and is
colored based on its' corresponding compound class, enabling visual
inference of the DOM changes occurring between Ty and Tag4.

Results from the NMDS indicate that the molecular composition of
compounds within the MWW are distinct from the stormwater ponds
(Fig. 4). The MWW treatment also exhibited the largest distance be-
tween Ty and Tyg4, indicating the greatest change in molecular
composition. SWP 14 and SWP 18 treatments had the closest proximity,
indicating a similar relative abundance of compounds with common
molecular formulae. However, the composition of compounds shifted in
opposite directions at Tag4. This pattern could be attributed to the in-
crease in compounds across all classes in the SWP 18 treatment
measured at T4 (Table 1). Conversely, SWP 34 was the most dissimilar
treatment at Ty between all stormwater ponds. The direction of SWP 34
at Top4 shifted towards the cluster of compounds produced at Tog4 within
the SWP 18 treatment. This directional pattern suggests transformation
and subsequent production of DOM compounds of similar molecular
composition which mirrors the van Krevelen analysis (Fig. 1).

4. Karenia brevis growth response

Karenia brevis cells within all treatments responded to additions after
48 h. except for SWP 34, which exhibited no lag period in response
(Fig. 5). Growth of cells was consistent between all samples until ~ Tg;2,
where cell concentrations steadily declined until T5pg when the experi-
ment was terminated. A linear model was constructed to measure the
potential significance of maximum cell concentrations between treat-
ments, with log-transformed maximum cell abundance as the response
variable and sample treatment as the predictor variable. Maximum cell
concentrations in all treatments exceeded 2.0 x 10° cells .1 (Table S2)
and were not significantly different from each other (p = 0.822). Dif-
ferences among specific growth rates, j (day ~1) (Table S2) were tested
using the emmeans package (emmeans: Estimated Marginal Means, aka
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Fig. 4. NMDS ordination of samples before and after incubation (large, labelled circles). Arrows were added to highlight the directional shift in organic matter
composition. Individual molecular formulae are plotted based on their variable scores (small translucent circles) and colored by their corresponding compound class.
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Fig. 5. Effects of municipal wastewater and stormwater effluent on Karenia brevis growth response. Each data point is the average of three replicates (£S.E.).

Least-Squares Means_. R package version 1.8.5, <https://CRAN.R-proje
ct.org/package—=emmeans>.) which was used to calculate sample
means and construct linear contrasts using a Tukey adjustment for
multiple comparisons. Specific growth rates for MWW (mean 0.48 p
(day ~1)) were significant (p < 0.013) when compared to SWP 18 and
SWP 34, but not significant between effluents MWW and SWP 14 (p =
0.713) or between treatments SWP 18 and SWP 34 (p = 0.999). These
patterns in growth rates between effluent types correspond with the
observed bioavailability of DOM compounds in each treatment, where
MWW and SWP 14 contained the highest pools of BDON (21 and 30 %,
respectively), and SWP 18 and SWP 34 contained the smallest pools of
BDON (4 and — 2 %, respectively). Additionally, a 36 % reduction of DIN
was observed for the MWW treatment at Ty¢4 which could have facili-
tated increased growth rates, while DIN was relatively unchanged for all
pond treatments (Table 2). It is important to note that despite higher
BDON in the MWW and SWP 14 treatments, SWP 18 and SWP 34 still
resulted in the highest maximum cell concentrations (2.66 x 10° and
2.89 x 10° cells L7}, respectively) observed at 144 and 264 h, respec-
tively. As stated, there was no lag time observed for the SWP 34 treat-
ment, and it had the highest maximum cell concentration. These results
suggest that the DOM in each effluent treatment was utilized for K. brevis
growth despite a varying range of bioavailability.

5. Conclusions

This work provides evidence of wastewater and urban stormwater
pond DOM utilization and transformation by a K. brevis-bacteria con-
sortia confirmed through bioassay and FT-ICR MS analysis. Florida's
stormwater ponds and municipal wastewater effluent are relevant but
overlooked sources of DOM reaching coastal waters. Consequently,
environmental management and water quality monitoring efforts must
expand to include analysis of DOM, including DON, which has not been
traditionally recognized as part of the reactive N pool, and implement
strategies of BDON fraction removal in wastewater and stormwater
treatment technologies. Additionally, our study highlights that storm-
water ponds may export as much BDON as wastewater effluents. Future
research should focus on potential seasonal shifts and spatial trends in
the DOM makeup of stormwater ponds, especially ponds hydrologically
connected to downstream ecosystems.

This work underscores the importance of enhancing the DOM
removal efficiencies of stormwater ponds and expanding the scope of

flood mitigation to pollutant mitigation, as well as adopting advanced
wastewater treatment technologies. CHONS compounds in MWW were
highly bioavailable, suggesting that additions to tertiary treatment
processes such as new coagulants to remove organosulfur compounds
could be beneficial for water quality protection. Reduction and pro-
duction of CHONS as well as CHOS compounds reveals that K. brevis
plays an important role in the biogeochemical cycling of S from urban
effluent, necessitating future research on the consequences of urban S
subsidies to blooms. There was a net production of DOC by K. brevis
across all treatments suggesting that introductions of DOM via urban
effluent stimulate autochthonous production of DOM, which can pro-
vide an important carbon source for bacteria, fueling the microbial loop.
Future research investigating the biogeochemical cycling of urban DOM,
including the production and consumption by K. brevis and bacteria in
coastal watersheds, is critical in understanding the fate of carbon and
nutrients in bloom-impacted waters, which can ultimately aid in bloom
prediction. Results from this study show that preventing wastewater and
stormwater discharges to coastal waters can potentially play a role in
mitigating K. brevis proliferation once a bloom reaches nearshore waters.
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