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Abstract: Nutrient-driven cyanobacteria blooms are an increasingly common issue in freshwater
environments, particularly in anthropogenically altered landscapes. As stormwater runoff is one of
the largest sources of nutrients for freshwater bodies, stormwater retention ponds in urban and sub-
urban areas are likely environments for harmful cyanobacteria blooms and were thus targeted for an
in-depth investigation assessing taxonomic composition, bloom morphological composition, toxicity,
and impact of nutrients and other environmental drivers. Eighty-seven algal blooms were sampled
from 2019 to 2022 in the greater Wilmington, North Carolina, area. Physicochemical parameters were
recorded, and blooms were classified by type (defined as surface mat, surface scum, water column
distribution, or benthic mat) and dominant taxa. Blooms of potentially toxic cyanobacteria genera in
the water column of stormwater retention ponds were most prevalent. Dissolved inorganic phos-
phorus was significantly related to chlorophyll-a, Microcystis bloom formation, and the production
of microcystin. Seventeen potentially toxic cyanobacteria genera were identified in retention ponds,
some of whose blooms demonstrated detectable microcystin. Monoclonal cultures isolated from
some blooms were found to produce anabaenopeptin and saxitoxin. The results demonstrate a higher
incidence of potentially toxic cyanobacteria over other bloom-forming taxa (chlorophytes, euglenoids,
chrysophytes, dinoflagellates, and diatoms) in the 39 water bodies sampled. The frequency of blooms
occurring in stormwater ponds and the diversity of potentially toxic cyanobacteria identified suggest
such harmful blooms are likely widespread in similar freshwater environments across multiple
urbanizing areas. The blooms sampled in this study were all within residential, commercial, or
recreational areas easily accessible to people, presenting serious hazards to both environmental and
public health.
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1. Introduction

Algal blooms are increasingly prevalent in marine and freshwater systems, raising
concerns for public health and environmental welfare. Eutrophication [1-4] and temper-
ature [5,6] are recognized as key factors driving algal bloom formation as well as toxin
production in harmful algae taxa [7,8]. As such, bloom events occur most frequently in
anthropogenically altered landscapes where urban development and nutrient-rich runoff
are prevalent. The southeast and similar coastal regions of the United States (US) are
rapidly developing, resulting in increased impervious surfaces and the construction of
stormwater ponds [9]. These shallow and stagnant ponds are designed to capture and
retain stormwater runoff and, over time, become increasingly eutrophic, providing an ideal
environment for algal blooms, particularly those of cyanobacteria [10-13].

Harmful algal blooms (HABs) generate a number of problems, including fish kills,
hypoxia, toxin production, and fisheries closures. However, unlike marine and estuarine
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HABSs, harmful cyanobacteria blooms (cyanoHABs) are not regionally limited by proximity
to saltwater and occur in freshwaters, including those delegated for public and agricultural
use. CyanoHABs are often associated with a suite of toxins, including over 300 congeners
of the potent hepatotoxin microcystin as well as anatoxin, cylindrospermopsin, nodularin,
saxitoxin, p-N-methylamino-L-alanine (BMAA), and several others [14-16].

The pervasiveness of cyanobacteria blooms has created large-scale issues in the man-
agement of recreational waters and public drinking water globally [13]. A large-scale
study of US lakes found potential microcystin-producing cyanobacteria in 95% of the
samples [17]. In the US Great Lakes region, massive cyanoHABs have incited moratoria on
public drinking water due to high concentrations of cyanotoxins [18,19]. The state of Florida
(US) has experienced continuous intense and toxic cyanobacteria blooms in both fresh
and estuarine waters [20], resulting in toxin exposure and illness in humans [21], drinking
water contamination [22], and extensive seagrass loss in Florida Bay [23]. Anthropogenic
land use and population growth in the Lake Victoria Basin (Africa) have increased the
demand for freshwater while simultaneously endangering the water source, now plagued
by cyanobacteria blooms [24]. Similar issues are pervasive in reservoirs and lakes used for
drinking water, such as the Volga-Kama-Don reservoir system in Russia [25], Lake Vomb-
sjon, Sweeden [26], Lake Taihu, China [27], Lake Mannus, Australia [28], Lake Ypacara,
Paraguay [29], Lake Eirdir, Turkey [30], Lake Latyan, Iran [31], and many more. Increases
in harmful benthic mat-forming cyanobacteria in the orders Nostocales and Oscillatoriales
have been identified globally [32], including widespread blooms of toxic Lyngbya wollei in
the US Great Lakes region [33] and the proliferation of anatoxin-producing Phormidium in
New Zealand [34]. Thus, the proximity of human populations to water sources creates a
two-fold problem with cyanoHABs. Urban development and subsequent eutrophication
spur algal blooms, and human interaction with freshwater where cyanoHABs occur is
ubiquitous in developed regions.

The coastal city of Wilmington, North Carolina (NC), and surrounding New Hanover
County exemplify rapid urbanization. Within the 41 mile? (~106 km?) area of incorporated
Wilmington, there are 41 city-owned stormwater ponds and many more privately owned
ponds (5. Cohick, Wilmington Stormwater Services, personal communication). Though they
are designed as stormwater control systems (SCM) to collect polluted runoff, stormwater
ponds in parks and housing developments are often perceived and marketed as aesthetic
water features. The misperception of stormwater ponds as potential recreation areas
has promoted fishing, playing with pets, observing wildlife, and paddle sports in and
around the water (Figure 1). Human interactions with these polluted waterbodies may
be potentially dangerous, as demonstrated by the deaths of three dogs in Wilmington,
North Carolina (NC), following contact with stormwater pond water containing potent
cyanobacteria toxins [35].

Blooms in the Wilmington area have been anecdotally reported over the past several
years, a few of which have been sampled and cataloged by the NC State Department of
Environmental Quality (NCDHEQ). Additionally, for 25 years, the University of North
Carolina Wilmington (UNCW) Aquatic Ecology Lab has kept records of blooms (designated
as chlorophyll-a > 40 ug L!) occurring in the city-owned Greenfield Lake and local
urban creeks based on a long-term monthly sampling program (https://uncw.edu/cms/
aelab/). However, there has been no comprehensive examination to date of the frequency,
distribution, and taxonomic diversity of algal blooms in Wilmington (and coastal North
Carolina in general). Blooms in such urbanizing areas are frequently found in easily
accessible freshwater bodies such as stormwater ponds, emphasizing the need for detailed
investigation for public health. Evaluating the occurrence, conditions, toxin production,
and taxa associated with freshwater cyanoHABs in local stormwater ponds and urban
waterbodies can provide insight into the pervasiveness of blooms as well as the abiotic
conditions facilitating bloom formation. This information can be used to assist in the
mitigation of water quality issues and provide a baseline for future monitoring.
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Figure 1. Human interactions with algal blooms and urban waterbodies; (a) rope swing over a bloom-
ing pond, (b) paddleboats in a marina with an active bloom, (c) kayak launch into residential stormwa-
ter pond (actively blooming), (d) people kayaking through an active bloom in a city park (Greenfield
Lake), (e) bloom in a city park (Long Leaf Park) with a recreation walking/biking trail, (f) person
fishing in a stormwater pond where regular blooms of harmful cyanobacteria have been documented.

This study represents the first targeted assessment of the frequency, distribution,
and taxonomic diversity of microalgae blooms in the waterbodies around Wilmington,
NC. Water samples were collected from active blooms from 2019-2022. The primary
goals were to assess the relative importance of physicochemical parameters (particularly
temperature and nutrient concentrations) on (i) bloom occurrence and intensity (defined
as chlorophyll-a concentration), (ii) predominance of diazotroph cyanobacteria blooming
taxa, and (iii) frequency of microcystin detection.

2. Methods
2.1. Sampling and Water Analysis

Locations known to host regular algal blooms, such as Greenfield Lake and the Burnt
Mill Creek watershed, were visually inspected periodically for water discoloration, indicat-
ing high algal biomass, every 7-10 days during the months with higher bloom frequency
(May-September). Most other sampling sites were visible from high-traffic roadways and
blooms were sampled incidentally when observed by authors or reported by citizens or
government groups. Blooms were sampled from 39 waterbodies (Figure 2) distributed in
three types (pond, creek, lake) located in the greater Wilmington area (NC). Physicochemi-
cal parameters (temperature, pH, dissolved oxygen, turbidity, and salinity) were recorded
on-site using a Xylem Pro DSS YSI (Professional Designs Digital) multi-meter (Yellow
Springs, OH, USA). Whole water samples were collected from water bodies with ongoing
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algal blooms. Chlorophyll-a (g L~!) was determined in the UNCW Aquatic Ecology
Lab via NC state-certified grinding method (Method S1) followed by fluorometry [36].
Total nitrogen and phosphorous samples were processed using American Public Health
Association Method 4500-P J. [37], and inorganic nutrient samples were processed using
US Environmental Protection Agency Method 365.5 [38]. Total nitrogen, total phospho-
rous, and dissolved inorganic nutrients (orthophosphate, ammonium, and nitrate) were
determined using an SPXFLOW Bran and Luebbe AutoAnalyzer 3 (Charlotte, NC, USA).
Algal bloom taxa were identified by light microscopy to the genus level. All cyanobacteria
bloom samples were brought to the UNCW Algal Resources Collection for strain isolation
and identification to the species level whenever possible. Species-level identifications
were confirmed only when species-specific characteristics such as heterocyst and akinete
morphology or placement were present. Samples from blooms composed of cyanobacteria
genera recorded in the literature as potential microcystin producers were assessed for the
presence of broad-spectrum microcystin congeners (semi-quantitative results in the range
of 0-10 ppb) using Gold Standard Diagnostics Abraxis Microcystins (0-10 ppb) Recreational
Water with QuikLyse® test strips (Warminster, PA, USA).
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Figure 2. Location of the 39 sampled sites denoted by waterbody type. Two locations (Miller Park
Pond in Rocky Point, NC and Shark’s Den Creek in Emerald Isle, NC, USA) fall outside the map area.
Map created with ESRI ArcGIS online.

2.2. Statistical Analyses

All statistical analyses were performed using R software 4.2.0 (R Core Team, 2013),
with packages freely available from the CRAN repository (https://cran.r-project.org/). A
Principal Components Analysis (PCA) was performed using a dataset removing samples
missing nutrient data (n = 72) to assess if physicochemical parameters were associated with
the grouping of samples related to three criteria: waterbody type (as previously defined),
bloom type (benthic mats, surface mats, surface scum, water column distribution), and
dominant taxa (cyanobacteria, chlorophytes, euglenoids, and others). For that, all variables
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were previously centered and scaled by subtracting the mean and dividing by the standard
deviation, and the PCA was performed using the rda function of the “vegan” package in
R software (Oksanen 2007). A multiple correspondence analysis (MCA; n = 72) was then
performed using the MCA function of the package "FactoMineR" in R software to look for
relationships between the presence of the main potentially toxic cyanobacteria taxa related
to the waterbody types and bloom types (both converted to categorical variables). The
detection of microcystin was included as an additional categorical variable with three levels:
non-determined, below detection, and detected (>5 ppb). The envfit function in the package
“vegan” was used to fit the environmental variables to the MCA scores. Linear regressions
were used to assess trends between LOGp-transformed physio-chemical conditions and
bloom intensity (defined by chlorophyll-« concentration).

3. Results

A total of 87 algal blooms were sampled across 39 individual sites (Table S1) from
2019 to 2022. Algal blooms were observed in urban areas, particularly near residential and
commercial development (Figure 2). Blooms were categorized into four types: benthic
mat, surface mat, surface scum, and water column distribution (Figure 3). Mats were
defined as collections of filamentous microalgae forming dense masses. Surface scum
was defined as microalgae aggregating primarily in thick streaks in surface waters, and
water column-distributed blooms were those where microalgae were distributed uniformly
throughout the photic zone. Most blooms (61%) occurred in constructed stormwater ponds
or other waterbodies directly receiving stormwater runoff (Figure 4B). The majority of
pond blooms concentrated in the upper center of the map (Figure 2) represent an area near
the University of North Carolina Wilmington (UNCW), which hosts twenty-plus housing
complexes and several shopping plazas (within 2.5 km? of campus). Two of the ponds
in this area are located within university grounds and hosted multiple blooms caused by
potentially toxic cyanobacteria over the course of this study.

Figure 3. Bloom types observed in this study: (A) benthic mat, (B) surface mat, (C) surface scum, and
(D) water column distributed.

Most cyanobacteria blooms in ponds were column-water distributed (60% of the
blooms; Figures 3D and 4A). While blooms dominated by other taxonomic groups were
observed (i.e., chlorophytes, euglenoids, chrysophytes, dinoflagellates, and diatoms),
cyanobacteria blooms occurred with much greater frequency (68% of the sampled blooms;
Figure 4C) demonstrating that varied physicochemical conditions supported the growth of
this microalgae group. N-fixing cyanobacteria of the order Nostocales, accounted for the
greatest number of blooms both overall and within cyanobacteria-specific blooms (68% of
cyanobacteria blooms).
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Figure 4. Distribution of blooms according to (A) bloom type (n = 87), (B) waterbody types of
sampled locations (1 = 39), and (C) dominant microalgal group (1 = 87).

Twenty-five cyanobacteria genera were observed, including seventeen genera for
which toxin production has been previously reported (Figure 5). However, of all the
cyanobacteria genera recorded, only fifteen were identified as the dominant taxa in the
sampled blooms. All fifteen dominant cyanobacteria are potential toxin producers (Table 1).

Table 1. Cyanobacteria genera observed as dominant in the sampled blooms (identified species
included when applicable). Asterisks denote taxa associated to toxic production in this study. Five
blooms were confirmed (via Abraxis test strips) as actively producing microcystin at the time of
sampling. Potential toxin production 1 obtained from [15,16,39,40].

Genera Identified Species in This Study Potential Toxin Production
Anabaena ATX, CYN, MC, STX, Guanitoxin
Anabaenopsis ATX, MC, STX
Aphanizomenon A. flos-aqua ATX, CYN, MC, STX, Nodularins
Cuspidothrix * C. issatschenkoi ATX, STX
Chrysoporum CYN
Cylindrospermum ATX

Dolichospermum *

Lyngbya
Microcystis *

Nodularia
Oscillatoria
Planktothrix
Phormidium
Sphaerospermopsis
Synechococcus

D. affine, D. circinales, D. crassum, D. cf. flos-aqua, .

D. pertﬂbatum, D. planctonicum, D. smithii,ﬂ D. spiroides ATX, CYN, MC, STX, Guanitoxin
CYN, MC, STX, Lyngbyatoxin

M. aeruginosa, M. flos-aquae, M. zcﬁthzoblable, M. novacekii, ATX, MC

M. protocystis

Nodularins
ATX, CYN, MC, Lyngbyatoxin
ATX, CYN, MC, STX, Lyngbyatoxin
ATX, MC
ATX, CYN, Guanitoxin

ATX, CYN, MC

P. agarhii

S. reniformis, S. aphanizomenoides

Note(s): 1 ATX, CYN, MC, and STX, represent anatoxin, cylindrospermopsin, microcystin, and saxitoxin, respectively.

Microcystin (MC) congeners (identified with Abraxis strips) were present in five of the
sampled blooms dominated by Microcystis spp. and/or Dolichospermum spp. Though the
presence of MC detected in blooms was not remarkable, the five blooms found to be positive
for MC occurred across five unique locations (Table S1), demonstrating toxin production
is not isolated to specific waterbodies. Additionally, several strains of cyanobacteria were
successfully isolated in culture and found to produce other toxins. Preliminary liquid
chromatography coupled to mass spectrometry (LC-MS/MS) analysis of these strains
detected anabenopeptin-B and saxitoxin in Microcystis and Cuspidothrix strains, respectively.
MC producing Microcystis as well as strains previously reported as producers of other
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cyanotoxins were collected from Greenfield Lake where regular cyanobacteria blooms
occurred (44 blooms sampled from 2019 to 2022).
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Figure 5. Krona chart of taxa observed across all sampled blooms. Asterisks denote potentially
toxic genera. Genera percent values are weighted by higher order contribution to the total, i.e.,

Chlorophytes account for 11% of the total number of identified genera. Therefore, each of the eleven
individual chlorophyte genera is 1%.

This is the first report of the genus Cuspidothrix in the US. The only confirmed saxitoxin
producing Cuspidothrix strain was collected from a bloom in Laurel Lea Lake dominated by
Microcystis. However, Cuspidothrix has been identified in samples from nine blooms across
five distinct locations including Greenfield Lake. A Synechococcus/Cyanobium strain was
also isolated from Laurel Lea Lake and was demonstrated to be toxic using a brine shrimp
assay, although its bioactive compound is yet to be identified. Similar to other isolated

potentially toxic species, Synechococcus/Cyanobium spp. has been observed in three other
locations beyond Laurel Lea Lake.
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Production of several other toxins and bioactive compounds (not mentioned in Table 1)
has been previously reported in the dominant genera identified in this study includ-
ing, anabaenopeptin, antillatoxin, aplysiatoxin, cyanopeptolin, jamaicamides, kalkitoxin,
lipopolysaccharides (LPS), and 3-N-methylamino-L-alanine (BMAA) [15]. Combining the
aforementioned metabolites as well as those in Table 1, fifteen toxins and bioactive com-
pounds other than microcystin are potentially produced by the cyanobacteria predominant
in this study.

The PCA explained 50.85% of the total variability, with nitrate being the main variable
associated with principal component 1 (PC1) and orthophosphate associated with principal
component 2 (PC2) (Figure 6). However, no clear relationship was observed between
the physicochemical gradients and the grouping of sampled blooms related to bloom
type, waterbody type, or predominant microalgal bloom (Figure 6A). The MCA (28.7%
of total variability; Figure 7) indicated that cyanobacteria with similar ecophysiological
traits bloomed in the same environments. N-fixing cyanobacteria (Aphanizomenon and
Dolichospermum spp.) were most strongly associated with water column distribution in
ponds and lakes, while Oscillatoriales cyanobacteria such as Lyngbya spp. and Oscillatoria
spp. were primarily associated with benthic mats in creeks. Some environmental gradients
were detected when physicochemical variables were fitted to the MCA sample scores.
However, the envfit test indicated that only orthophosphate (R? = 0.32; p < 0.001), pH
(R? =0.27; p = 0.03), and chlorophyll-a (R? = 0.13; p = 0.02) were significant. Of particular
interest for this study was the positive association of orthophosphate with both Microcystis
spp. blooms and MC production (Figure 7A).

Water Column
Surface Scum

PC1 (29.7%) PC1 (29.7%) PC1 (29.7%)
Surfacj,e Mat Pond e Creek Lake Cyanobacteria e Euglenoids
¢ Benthic Mat Chlorophytes Others

Figure 6. Principal component analysis showing the relationship of physicochemical variables on
the distribution of sampled blooms (1 = 72) according to bloom type (A), waterbody type (B) and
predominant microalgae group (C).

The intensity of all algal blooms (as indicated by chlorophyll-x) had a significant
relationship with both total phosphorous (TP) (R? = 0.41, p < 0.001) and total nitrogen
(TN) (R? = 0.75, p < 0.001) concentrations. However, specific nitrogen species, ammonium
(NHy4) and nitrate (NO3), and total dissolved inorganic nitrogen (DIN) were not significant
predictors of bloom intensity (Table S2). As DIN is the labile form of nitrogen, TN was
not likely a cause of elevated bloom intensity but rather the result of enormous concen-
trations of nitrogen-dense algal cells (particularly those of cyanobacteria). Regardless
of the dominant microalgal taxa, bloom intensity significantly increased with dissolved
inorganic phosphorous (DIP) concentration (R? = 0.26, p < 0.001), demonstrating that labile
phosphorous is likely a driving factor of bloom formation and proliferation (Figure 7B).
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Figure 7. (A) Multiple Correspondence Analysis (MCA; n = 72) showing the distribution of the
main potentially toxic cyanobacteria related to waterbody type (lake, water, creek), bloom type
(water = water-column distributed, surf.mat = surface mats, bent.mat = benthic mats, scum = surface
scum) and microcystin detection (ND = non determined, BD = below detection, MC = > 5 ppb).
Apha = Aphanizomenon flos-aquae, Doli = Dolichospermum spp., Lyng = Lyngbya spp., Mic = Mi-
crocystis spp., Nost = benthic Nostocales, Osc = benthic Oscillatoriales, Plank = Planktothrix spp.,
POy = orthophosphate, NO3 = nitrate, Chl = Chlorophyll-a, Temp = Temperature, Sal = Salinity.
(B) Linear regression of bloom intensity (as defined by chlorophyll-a) and dissolved inorganic phos-
phorous (DIP) concentrations (n =72, R? =0.26, p <0.001).



Water 2023, 15, 2436

10 of 16

4. Discussion

The results of this study demonstrate that stormwater ponds and stormwater receiving
waterbodies host frequent and intense algal blooms (chlorophyll-a concentration ranging
40-1290 pg L~!) mostly dominated by cyanobacteria although other taxonomic groups
occasionally formed blooms (i.e., chlorophytes, euglena, chrysophytes, dinoflagellates, and
diatoms). The predominance of cyanobacteria blooms observed in the sampled systems,
indicates that the environmental conditions therein are often favorable to this group.

A total of twenty-five cyanobacteria genera were identified, seventeen of which were
potentially toxin-producing taxa (Figure 5). Of the twenty-five total identified cyanobacteria
only fifteen were found to be the dominant bloom taxa and all fifteen are documented toxin-
producing genera (Table 1). Among cyanobacteria genera, Dolichospermum spp. blooms
were the most frequent. Several Dolichospermum and Microcystis species were detected
demonstrating that stormwater-receiving waterbodies provide an ideal environment for a
diversity of potentially toxic taxa. MC-producing blooms were dominated by Microcystis
and/or Dolichospermum spp. however, the production of toxins other than microcystins
(e.g., anatoxin, cylindrospermopsin, guanitoxin, and saxitoxin) by Dolichospermum species
have also been documented in the literature (Table 1). Dolichospermum species notably syn-
thesizes cyanotoxins of various chemical structures and functional types i.e., neurotoxins,
hepatotoxins, cytotoxins, and dermatotoxins [41]. Though only microcystin presence was
evaluated by this study, the large diversity of Dolichospermum species identified across
blooms indicates that other toxins and secondary metabolites were potentially present.

Microcystins (MC) are the most routinely tested for cyanotoxins [42,43] but they are
not the only toxins regularly produced by cyanoHABs [44]. Cylindrospermopsin (CYN)
has been detected at “above guideline values” globally, demonstrating large knowledge
gaps and lacking mitigation efforts [45]. Nodularin molecules are water soluble and
have long residence times due to their cyclic structure [46]. Though they are primarily
produced by benthic cyanobacteria, nodularins are often released into the water column. As
nodularins originate from benthic taxa the identification of a bloom or dense filamentous
algal mats may go unnoticed and therefore cyanotoxin presence untested. The potent
neurotoxins anatoxin (ATX) and saxitoxin (STX) are widespread in cyanoHABs but critically
understudied compared to MC [47]. Immunochromatographic tests, such as the Abraxis test
strips used by this study, and enzyme-linked immunosorbent assays (ELISA) produce rapid
results but are limited to a chosen target cyanotoxin and do not yield exact concentrations.
Along with the bias towards MC, one of the greatest challenges in cyanotoxin detection
is the resource availability and time-consuming nature of the most sensitive and precise
analyses, i.e., molecular methods, HPLC, and mass spectrometry [48,49].

In addition to the potential bias of toxin selective testing, the dichotomy of taxa [50-53]
and production of toxins [52-55] may vary over the course of a bloom. Ideally, blooms
should be examined daily or on alternate days throughout their duration to track com-
munity assemblage and toxicity, but the constraints of time and manpower make this
unrealistic. As such, if potentially toxic cyanobacteria represent the dominant taxa in a
bloom there is a possibility that toxins were or will be produced within the lifespan of
the bloom.

Several study sites experienced predictable and reoccurring blooms due to established
cyanobacteria populations. Dormant akinetes (cyanobacteria resting cells) in the sediments
are stimulated by warming temperatures and the associated release of phosphorous from
sediments [56,57]. Our findings suggest warmer temperatures foster cyanobacteria blooms.
Though bloom taxa did not significantly differ by temperature, (Kruskal-Wallis, p = 0.36),
seventy percent of cyanobacteria blooms occurred at temperatures 26 © C or above, whereas
forty-four percent of chlorophyte blooms, the second most common taxa, occurred at
temperatures 26 °C or lower (Table S3, Figure S1).

Eutrophication is one of, if not the most, significant factors driving algal bloom for-
mation and the growth of harmful cyanobacteria [2,4,6,28,58-62]. Following cyanobacteria
bloom initiation, biogeochemical cycling promotes the succession from genera to genera,
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creating a positive feedback loop perpetuating cyanoHABs [56,63]. As observed in other
studies, dissolved inorganic phosphorous (DIP) concentration significantly increased the
intensity of blooms and was the primary factor associated with toxin production [3,5,50,64].
Blooms sampled in this study occurred almost exclusively in highly eutrophic waterbodies,
particularly stormwater ponds.

Stormwater ponds are specifically designed to retain stormwater and reduce sus-
pended solids. As their construction does not require the retention of a given percentage of
nutrients, they retain nutrient-rich stormwater runoff, becoming eutrophic themselves. Sed-
iments in eutrophic waterbodies function as a reservoir for phosphorous [57]. Phosphorous
is liberated from sediments in low-oxygen environments characteristic of shallow ponds in
warmer months [65]. The eutrophic, warm, and stagnant pond water acts as an incubator
for toxic cyanobacteria [7,28,66,67]. As the creation of these ponds is a dominant standard
practice for stormwater management, land development for residential and commercial
use is another factor increasing the pervasiveness of harmful algae blooms in urban and
suburban areas [9,68].

Coastal zones are densely populated and continue to develop rapidly in the southeast
US. Development and land use changes negatively impact coastal environments via in-
creased impervious surface area, construction, and erosion, as well as nutrient pollution, in-
creased pathogens in water, saltwater intrusion, food web disruptions, and flooding [69,70].
Increasing impervious surface area is closely tied to the eutrophication of receiving wa-
ters [71], and few coastal zones are unimpacted by the destruction of natural habitats [72].
In addition to environmentally detrimental land use changes, climate change dynamics are
predicted to increase the frequency of cyanoHABs.

Increasing temperatures have been shown to change plankton community dynamics and
enact shifts toward cyanobacteria-dominated systems [73,74]. Higher temperatures [63,75,76]
and elevated carbon dioxide concentrations [77] have been demonstrated to increase the
growth rates and toxin production of harmful cyanobacteria. Temperature and carbon
dioxide increases, coupled with extreme storms and flooding (facilitating transportation of
vegetative cells and akinetes to other waterbodies), are likely to intensify the occurrence
and distribution of cyanoHABs in coastal regions.

Shallow water tables in low-elevation coastal zones and flooding during heavy rains
and hurricanes are a regular occurrence in the southeast US [78,79]. Overflow drainage
from eutrophic stormwater ponds that enters tidal creeks can facilitate the potential spread
of harmful cyanobacteria to brackish systems. Many potentially toxic cyanobacteria genera
including Anabaena, Anabaenopsis, Aphanizomenon, Microcystis, Oscillatoria, Phormidium [42],
Cylindrospermopsis [80], Dolichospermum [80,81], and Nodularia [82], have significant salt
tolerance and can proliferate in estuarine waters [83-85]. Microcystis cells have been
found in salinities ranging from 5 to 35 ppt [42,86] and microcystins have been found in
conductivities as high as 41 mS cm ™! (equivalent to ~25 ppt), [20]. Thus, eutrophication of
stormwater ponds, development of cyanoHABs in them, and export to coastal receiving
waters may have far-reaching effects.

Cyanobacteria akinetes may persist in sediments in otherwise unfavorable conditions
enabling long-term residence in brackish and marine systems [87]. Once encysted cells
are established in sediment, nutrient pollution entering estuaries could spur the onset of
localized blooms [88]. Cyanotoxins entering estuarine environments can accumulate in
filter-feeding shellfish [89-91], biomagnify in food webs [92], and cause human illness via
shellfish consumption.

Additionally concerning is the threat of cyanotoxin contamination of public drinking
waters. This hazard is increasing globally [22,93-96]. The Cape Fear River, which provides
most of the public water to the Wilmington, NC, area, has hosted toxic cyanobacteria
blooms [97]. The Cape Fear is also the outfall for Greenfield Lake, a recreational city
park where regular blooms of potentially toxic cyanobacteria occur (44 sampled blooms
in this study, including two microcystin-producing blooms). CyanoHABs at Greenfield
Lake occur annually and have persisted lake-wide for as long as 6 weeks, resulting in
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its closure to boating throughout the summer of 2019. The lake is, in essence, a large
stormwater pond as it drains highly polluted runoff from a 1033-ha watershed and has
been designated an NC 303d impaired waterbody since 2014 [98]. NC 303d status is defined
as exceeding a 10% occurrence of water quality criteria set as numeric levels and/or
narrative statements established by the State of North Carolina [99]. Due to its history
of regular microalgae blooms, Greenfield Lake failed to meet water quality criteria for
chlorophyll-a (<40 pg L=1). The introduction of harmful cyanobacteria and cyanotoxins to
the Cape Fear River Estuary from Greenfield Lake is imminent without dedicated efforts to
improve the lake’s water quality.

5. Conclusions

The findings herein demonstrated that potentially toxic cyanobacteria are the predom-
inant group across diverse freshwater systems in the Wilmington, NC area. The dominant
cyanobacteria taxa identified represent genera capable of producing several cyanotoxins
including, ATX, CYN, MC, and STX, among others.

The blooms sampled by this study were all within residential, commercial, or recre-
ational areas easily accessible to people. The diverse array of potentially toxic cyanobacteria
identified is both a public and environmental health concern. Stormwater ponds and small
lakes in housing developments are often marketed to residents as aesthetic or recreational
features and lack water quality monitoring and pollution mitigation efforts. Microcystin-
producing blooms in two heavily utilized Wilmington city parks (Long Leaf Park and
Greenfield Lake) were documented by this study, and similar events are likely in urban
lakes and ponds elsewhere.

Efforts to educate planners, developers, and residents in urban and suburban ar-
eas where stormwater ponds are pervasive are essential to mitigate the pollution-driven
harmful bloom formation, proliferation, and negative impacts. The onset of a changing
climate is irreversible, but land-use practices and development strategies (including nutri-
ent reduction at the source, infiltration into greenspace, constructed wetlands to enhance
denitrification, etc.) can and must be improved to stop the spread of cyanoHABs.
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