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Background: Distinct cyanobacteria accumulations highlight differences in phytoplankton activity and
communities between the Millstone River and Raritan River at the confluence. Note: The photograph is
a representative image of the Raritan River and Millstone River conditions and was taken outside of
the study period. Photo by American Water UAS Team (Geospatial Services). Further dissemination
of this image is restricted without written approval from American Water.

A: Surface accumulations of cyanobacteria along the edge of water near the weir at the outlet of the Spruce
Run Reservoir and the New Jersey Water Supply Authority water-treatment facility at site USGS-01396800
Spruce Run at Clinton, NJ (New Jersey), observed during harmful algal bloom (HAB) monitoring activities.
Photo by Heather Desko, New Jersey Water Supply Authority, July 2021.

B: U.S. Geological Survey (USGS) streamgaging station and study site USGS-01396085 SB Raritan
River at Manor House Rd at Budd Lake NJ, where conditions were documented during the study
period. Photograph by Heather Desko, New Jersey Water Supply Authority, July 2021.

C: Solid phase adsorption toxin trackers (SPATT) samplers after (left side) and before (right side)
deployment in the water column at the Raritan Basin Water Supply Complex. Photograph by Heather
Desko, New Jersey Water Supply Authority, July 2021.

D: U.S. Geological Survey hydrographers Bradley Bjorklund and Jonathan Cohl splitting a sample collected
using a Van Dorn sampler at site USGS-403859074555201 Spruce Run Res 3075 ft NW of dam at Clinton NJ
into sample containers for laboratory analysis. Photo by Patrick Bowen, USGS.
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Abstract

Harmful algal blooms, particularly cyanobacteria harmful
algal blooms (cyanoHABs), have emerged as a substantial
global concern because of their detrimental effects on water
quality and aquatic ecosystem health. CyanoHABs can
produce cyanotoxins, which pose serious health risks to
humans and wildlife, such as liver failure and respiratory
distress. This is particularly concerning for water bodies
that serve as drinking-water sources. Recent trends indicate
an increase in the frequency and intensity of cyanoHABs
globally. This study focuses on the Raritan Basin Water
Supply Complex in New Jersey, where extensive monitoring
was conducted from August 2020 to August 2021 to assess
the presence of cyanobacteria and associated cyanotoxins.
The research utilized a combination of discrete water-
quality sampling, continuous monitoring, and solid phase
adsorption toxin tracking (SPATT) to capture the dynamics
of cyanotoxin occurrence and potential transport. Findings
revealed a widespread presence of cyanobacteria and potential
for cyanotoxin production, although actual cyanotoxin
concentrations remained below drinking water and recreational
thresholds. The study, conducted by the U.S. Geological
Survey (USGS) in collaboration with the New Jersey Water
Supply Authority (NJWSA) and the New Jersey Department
of Environmental Protection (NJDEP), highlighted the
limitations of traditional sampling methods and emphasized
that continuous monitoring can support better understanding of
how cyanoHAB conditions change over time and in different
places. Genetic testing included quantitative polymerase
chain reaction (qPCR) analyses, which demonstrated higher
sensitivity, or increased findings of cyanobacteria compared
to microscopy, indicating the potential for use in early
warning systems. This research underscores that integrating
various detection methods and hydrological data can enhance
understanding of cyanotoxin dynamics in river systems.

U.S. Geological Survey.
2New Jersey Water Supply Authority.

Introduction

Harmful algal blooms (HABs), or the excessive growth
of certain taxa of protists, cyanobacteria, or algae in water,
are of growing international concern (Chorus and Welker,
2021). In freshwater, cyanobacteria harmful algal blooms
(cyanoHABSs) can propagate under favorable conditions
and produce secondary metabolites, such as cyanotoxins,
which can have adverse effects on water quality and the
health of aquatic ecosystems (Brooks and others, 2016).
Cyanotoxins can cause acute toxicity in mammals. Exposure
to cyanotoxins through ingestion, inhalation of aerosolized
water droplets, or dermal contact has the potential to produce
a wide range of symptoms in humans, including liver failure,
gastrointestinal distress, or, in rare cases, death (Paerl and
Otten, 2013; Chorus and Welker, 2021; Patifio and others,
2023). Of the most common classes of cyanotoxins (including
anatoxins, microcystins, cylindrospermopsin, and saxitoxins),
microcystins are the most frequently detected and researched
(Chorus and Welker, 2021). Increases in the frequency,
duration, and magnitude of cyanoHABs have been observed
globally in recent decades. Future climate projections,
including the potential warming of surface waters and changes
in precipitation, indicate increasingly favorable conditions for
the growth of cyanobacteria (Paerl and Huisman, 2008; O’Neil
and others, 2012; Brooks and others, 2016).

Many lakes and reservoirs that are used for drinking
water are located within watersheds that have documented
occurrences of cyanoHABs (Miller and others, 2017; Reinl
and others, 2021), including the northeastern United States
(Gifford and others, 2024; Hsu and others, 2024). Although
past studies of cyanoHAB development in lakes are extensive,
less is known regarding cyanoHAB formation and persistence
in flowing-water systems. As opposed to lakes, in rivers, there
is not always a direct correlation between nutrient availability
and cyanobacteria amounts (Jarvie and others, 2025). The
transport of cyanobacteria and associated cyanotoxins from
lakes and reservoirs during cyanoHABs has been previously
documented and modeled (Graham and others, 2012; Otten
and others, 2015; Schmadel and others, 2024), but the
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mechanisms that control cyanobacteria occurrence and growth
in rivers are not well understood (Bukaveckas and others,
2018; Graham and others, 2020; Zuellig and others, 2021).

CyanoHAB monitoring often relies on analysis
of discrete samples, which provide a snapshot of the
phytoplankton assemblage and cyanotoxin concentrations
at a specific location and time (Chorus and Welker, 2021).
Aquatic ecosystems are rarely uniform in composition, and
the concentration of cyanotoxins and cyanobacteria cell
densities is likely to be affected by many environmental
factors, including water temperature, residence time, wind
speed and direction, wave action, nutrient supply, and species
competition (O’Neil and others, 2012; Paerl and Otten, 2013).
Because of rapidly changing environmental conditions and the
high spatial and temporal variability of cyanoHABs, discrete
sampling methods may be insufficient to accurately capture
the dynamic nature of the blooms.

Recent advances in genetic methodologies have increased
the ability to detect cyanobacteria at low concentrations
and the potential for cyanotoxin production through the
measurement of specific genes, such as cyanobacteria 16S
ribosomal ribonucleic acid (rRNA) and cyanotoxin synthetase
genes (Al-Tebrineh and others, 2012; Stelzer and others,
2013; Graham and others, 2020; Hsu and others, 2024).
Deoxyribonucleic acid (DNA)-based quantitative polymerase
chain reaction (QPCR) assays quantify the presence of
specific genes, which indicates the potential for cyanotoxin
production; however, it is important to note that the presence
of the cyanotoxin synthetase genes does not guarantee
cyanotoxin occurrence. The cyanobacteria must first transcribe
the DNA-encoded cyanotoxin gene into messenger RNA
(mRNA) and then translate the mRNA into proteins to initiate
the building of the cyanotoxin (Stelzer and others, 2013).
Large datasets that enable comparison among cyanobacteria
assemblage, cyanotoxin concentration, and cyanobacteria
genetic composition are rare, especially in riverine systems
(Graham and others, 2020), and are valuable for improving
understanding of the relation between cyanobacteria
abundance, cyanotoxin concentrations, and the results of
genetic analyses.

Solid phase adsorption toxin tracking (SPATT) is an
additional alternative method of measuring cyanotoxins
through passive sampler deployment that can integrate
cyanotoxin concentrations over time. The SPATT samplers
are used to measure the adsorption of dissolved cyanotoxins
on a known amount of resin beads, with increased cyanotoxin
concentrations correlated to the total time of resin exposure
within the water environment (Kudela, 2011). When the
samplers are retrieved after deployment, cyanotoxins are
extracted from the resin, and the extract is analyzed with
standard analytical methods, such as liquid chromatography-
tandem mass spectrometry (LC-MS/MS; Johnston and
others, 2025). The SPATT samplers are relatively low-cost,
simple to build, and easy to transport, deploy, and retrieve
(Negrey and others, 2019; Jaegge and others, 2026). They
can be deployed in areas with limited access where collecting
discrete samples is challenging or in conditions not conducive
to discrete sampling, such as high-flow conditions. Passive

samplers have been shown to be a reliable, sensitive, and
effective time-integrated sampling approach for marine,
brackish, and freshwater contexts (Kudela, 2011; Jaegge and
others, 2026). Combining passive samplers and discrete data
across a riverine system can provide a more comprehensive
understanding of cyanoHABs over space and time.

The U.S. Environmental Protection Agency (EPA) issued
drinking-water health-advisory values and recommendations
for recreational water-quality criteria for microcystins and
cylindrospermopsin (U.S. Environmental Protection Agency,
2019; table 1). National guidelines for anatoxins or saxitoxins do
not currently exist, and many States have developed State-specific
guidelines in response to the rise in occurrence of cyanoHABs
using several different metrics and thresholds to define potential
harm to recreational or water-supply users (Stackpoole and others,
2024). The New Jersey Department of Environmental Protection
(NJDEP) has developed recreational State guidance levels for
microcystin, anatoxins, and cylindrospermopsin, and has proposed
health advisory guidance levels for these three cyanotoxins and
saxitoxin in treated drinking water (New Jersey Department of
Environmental Protection, 2022, 2024; table 1). For recreational
contexts, NJDEP has developed four-tiered harmful algal
bloom (HAB) Alert Levels: “Watch,” “Advisory,” “Warning,”
and “Danger,” based on cyanobacteria cell concentrations
and cyanotoxin concentrations (New Jersey Department of
Environmental Protection, 2022; table 2). In New Jersey, the
potential and number of documented cyanoHABs has increased
in recent years (Hsu and others, 2024); therefore, an improved
understanding of sources and transport of cyanoHABs within
the State can help water-resource managers design efficient
monitoring programs and allocate resources to protect human
health.

Table 1. Cyanotoxin advisory thresholds for the New Jersey
Department of Environmental Protection (NJDEP) and the U.S.
Environmental Protection Agency (EPA) in both finished drinking
water and recreational contexts.

[Data are from the U.S. Environmental Protection Agency (2015a, 2019) and
the New Jersey Department of Environmental Protection (2022, 2024). NJDEP,
New Jersey Department of Environmental Protection; pg/L, micrograms per liter;
EPA, U.S. Environmental Protection Agency; —, not applicable]

NJDEP

Draft EPA NJDFP EPA
. Health Recreational .
Guidance . . Recreational
] Advisory Advisory .
Cyanotoxins Value / lues* Guidance _ Advisory
Levels (ng/l) Levels (ug/L) Values (pg/L)
(ng/L)**
Finished water Recreational water
Microcystins 0.3 1.6 2 8
Cylindrospermopsin 1 3 5 15
Anatoxins 3.6 — 15 —
Saxitoxin 0.11 — 0.6 —

*Guidance values for people older than 6 years of age and after a 10-day exposure

**These guidance levels are draft until the point that more feasible testing is
available (New Jersey Department of Environmental Protection, 2022).



Table 2. New Jersey Department of Environmental Protection
harmful algal bloom (HAB) alert levels applied to recreational
contexts.

[Data are from the New Jersey Department of Environmental Protection (2022).
HAB, harmful algal bloom; cells/mL, cells per milliliter; pug/L, micrograms per
liter; >, greater than; <, less than]

HAB Cyanobacteria Cell

Alert Counts Toxins
Levels (cells/mL) (hg/L)
Watch  >20,000 and <80,000 Below thresholds
Advisory >80,000 Above thresholds
Warning not specified Toxin (microcystin) >20 and <2,000
Danger not specified Toxin (microcystin) >2,000

From August 2020 to August 2021, the U.S. Geological
Survey (USGS), in cooperation with the New Jersey Water
Supply Authority (NJWSA), the NJDEP, and Montclair
State University conducted a study to characterize the
extent, duration, and potential transport of cyanobacteria and
associated cyanotoxins within the Raritan Basin Water Supply
Complex to better understand cyanotoxin and cyanobacteria
occurrence in this system. The complex consists of Budd
Lake, Spruce Run and Round Valley Reservoirs, and the main
stem of the Raritan and Millstone Rivers (fig. 1). Collectively,
the Raritan Basin Water Supply Complex provides drinking
water to more than 1.5 million people in New Jersey (Hsu and
others, 2024). The study included extensive discrete-sample
collection, use of continuous water-quality sensors, and
deployment of SPATT samplers throughout the year.

Previous analysis of phytoplankton data found several
cyanobacteria genera, including 24 known cyanotoxin
producers that were present in several sites throughout
the supply complex and a net decrease in phytoplankton
abundance from upstream to downstream sampling sites.

It was also shown that persistence mechanisms differed
between the Millstone and Raritan River subwatersheds
(Clonan and others, 2026). Using multivariate methods,

the authors showed that the lake and river sampling sites

had substantially different cyanobacteria assemblages—all
mainstem sites were similar, but Spruce Run Outlet and Budd
Lake Outlet were each distinct. Using flow data collected at
USGS streamgages, Clonan and others, (2026) determined
cyanobacteria persistence in the Raritan River overlapped
with discharge from Spruce Run Reservoir; however, the
study did not address cyanotoxin occurrence in the system,
the use of genetic methods and passive samplers, or additional
phytoplankton and chlorophyll a data collected from within
Spruce Run Reservoir.

Purpose and Scope

This report aims to evaluate the presence of cyanobacteria
and characterize the detection of cyanotoxins and cyanobacteria
genes in samples collected from August 2020 to August 2021

Study Area 3

at sites within the Raritan Basin Water Supply Complex.
The sampling locations in this study were selected to compare
conditions among upstream lake sites, tributary sites, and
downstream Raritan River mainstem sites, and from a buoy
within the Spruce Run Reservoir. The specific objectives of
this report were to: (1) characterize findings from discrete
water-quality samples, SPATTs, and continuous-sensor
measurements, and (2) relate those results to cyanobacteria,
cyanobacteria genes, cyanotoxins, chlorophyll a, and water-
quality data in the context of relevant New Jersey cyanoHAB
advisory thresholds. These objectives were achieved
by comparing data from upstream lake or reservoir and
downstream river sites in the Raritan River. This information
will improve our understanding of the occurrence of
microcystin (and other cyanotoxins) in river systems. All data
discussed in this report are available in a USGS data release
(Trevifio and others, 2025) and the National Water Information
System database (NWIS; U.S. Geological Survey, 2024).

Study Area

The Raritan River Basin comprises an area of
1,105 square miles (mi?) in New Jersey (fig. 1). It is the largest
river drainage basin entirely within New Jersey and is affected
by municipal and industrial point-source discharges (New
Jersey Water Supply Authority, 2005). The basin drains all
(or parts of) around 100 municipalities in seven counties.

The confluence of the mainstem of the Raritan River with
the Millstone River (fig. 1) is the location of two drinking-
water intakes (New Jersey Water Supply Authority, 2005).
Numerous low-flow dams modify river flow, and two
wastewater-treatment plants discharge 8.5 mi upstream of the
Blackwells Mills MR site and 2 mi upstream of the Below
Calco Dam RR site, respectively, which can affect water
quality (Clonan and others, 2026).

The Raritan River Water Supply Complex was selected
for this study because it is a source of drinking-water supply
and the recurrent cyanoHABs in upstream lakes and reservoirs
(New Jersey Water Supply Authority, 2005; Hsu and others,
2024; Clonan and others, 2026). There are several lake-like
portions within the basin, including Budd Lake and Spruce
Run Reservoir (fig. 1). Budd Lake! is a natural lake used for
recreation that serves as the headwaters of the South Branch
Raritan River. Spruce Run Reservoir? is a water-supply
reservoir fed by Mulhockaway Creek and Spruce Run; it
releases water to the South Branch Raritan River further
downstream (fig. 1). These waterbodies, as well as others
in the watershed, are involved in regulating water flow and
supply (Reiser, 2004; New Jersey Water Supply Authority,

IThe surface area of Budd Lake equals (=) 376 acres (New Jersey
Department of Environmental Protection, 2025).

2The surface area of Spruce Run Reservoir=1,350 acres and has
11,000 billion gallons of storage capacity (New Jersey Water Supply
Authority, 2005).
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2005). From 2018 to 2022, Budd Lake and Spruce Run
Reservoir experienced annual cyanoHAB events that led

to concerns about the potential transport of cyanotoxins to
downstream drinking-water intakes (Hsu and others, 2024).
Although cyanoHABs have been documented in lake systems
within the basin, limited data have been collected regarding
their downstream impacts, including cyanotoxin occurrence.

Methods

This study used a combination of discrete water-quality
and SPATT sampler data that were collected on 20 dates from
8 riverine and lake outlet locations in the Raritan River Water
Supply Complex (table 3). Additionally, 24 discrete water-
quality samples were collected at the Spruce Run Buoy site
within Spruce Run Reservoir (fig. 1) to record continuous
water-quality data (collected in 15-minute intervals).

Discrete Sample Collection

At all riverine and lake outlet sites, discrete water-quality
samples were collected about every 2 weeks using a fixed-
schedule sampling approach from August 2020 to August 2021
(table 3), except for December 2020 to April 2021, when
samples were collected once per month (total number [n]=20
sample events). Each sampling event for the eight sites
occurred over two days, with upstream sites (Budd Lake
Outlet, High Bridge RR, Spruce Run Outlet, Stony Brook,
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and Stanton RR) sampled on the first day and downstream
sites (Blackwells Mills MR, Manville RR, and Below Calco
Dam RR) sampled on the second day.

Three discrete samples were collected in 1-liter (L)
polyethylene bottles at the right bank, left bank, and at the
center of channel. Samples were collected at approximately
0.5 meters (m) below the water surface by wading and
submersing the sample bottle in moderate-to-low-flow
conditions or by suspending a Van Dorn sampler from an
overhead bridge at applicable sites in high-flow conditions.
The filled bottles were then combined into a 4-L polyethylene
carboy, mixed by inversion, divided into separate sample
bottles, and preserved as required for shipment to laboratories
for analysis (Wilde, 2008; Trevifio and others, 2025; U.S.
Geological Survey, variously dated; Clonan and others, 2026).
Samples were analyzed for nutrients, turbidity, chlorophyll «,
phytoplankton identification and enumeration, cyanobacteria
genes, and cyanotoxins.

At Spruce Run Buoy, samples were collected
approximately twice per month from August 2020 to
August 2021, except for December 2020 to February 2021,
when samples were collected once per month. Samples were
analyzed for phytoplankton identification and enumeration
and chlorophyll a concentrations. Samples were collected
immediately adjacent to the buoy with a Van Dorn sampler
at a depth of three feet. During discrete-sample collection, a
multiparameter sonde was used to measure water temperature,
pH, dissolved oxygen, and specific conductance at each
site. The median result of readings from the left bank,
center of channel, and right bank was recorded (Treviiio and
others, 2025).The sample was transferred to a 14-L churn,

Table 3. Raritan Basin Water Supply Complex sampling locations, site type, latitude, longitude, and type of data collected at each location

from August 2020 to August 2021.

[Data are from Trevifo and others (2025). USGS, U.S. Geological Survey; RR, Raritan River; Rd, road; NJ, New Jersey; G, cyanobacteria genes; S, solid phase
adsorption toxin tracking sampler deployment; WQ, water-quality samples; Q, streamflow; ft, feet; NW, northwest; WQM, continuous water-quality monitor; MR,

Millstone River]
Site identifier Station name Us:‘;us“?;a:rmn Type Latitude Longitude  Data collected
Budd Lake Outlet South Branch RR at Manor 01396085 Lake Outlet 40.86278 —74.75472 G, S, WQ
House Rd at Budd Lake NJ
High Bridge RR South Branch RR near High 01396500 Riverine 40.67778 —74.87917 Q,G, S, WQ
Bridge NJ
Spruce Run Buoy Spruce Run Res 3075 ft NW of  403859074555201 Lake Buoy 40.64972 -74.93111 wQ*, WQM
dam at Clinton NJ
Spruce Run Outlet ~ Spruce Run at Clinton NJ 01396800 Lake Outlet 40.64 -74.91556 Q,G, S, WQ
Stanton RR South Branch RR at Stanton NJ 01397000 Riverine 40.57222 —74.86806 Q,G, S, WQ
Manville RR RR At Manville NJ 01400500 Riverine 40.55556 —74.58278 Q,G, S, WQ
Stony Brook Stony Brook at Princeton NJ 01401000 Riverine 40.33306 —74.68194 Q,WQ
Blackwells Mills MR MR at Blackwells Mills NJ 01402000 Riverine 40.475 —74.57583 Q, WQ
Below Calco Dam RR  RR Below Calco Dam at 01403060 Riverine 40.55111 —74.54833 Q, WQ
Bound Brook NJ

“Discrete water-quality samples analyzed for phytoplankton and chlorophyll a only.
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divided into separate sample bottles, and preserved as required
for shipment to laboratories for analysis as described by Wilde
(2008), Trevifio and others (2025), and U.S. Geological Survey
(variously dated).

Nutrients and chlorophyll a

Samples collected for nutrients were analyzed for
orthophosphate, nitrate plus nitrite, total nitrogen (TN), total
phosphorus (TP), and ammonia. All samples were analyzed
within 2 weeks of collection by the NJDEP Bureau of Marine
Water Monitoring Laboratory (Leeds Point, New Jersey)
according to the following methods: EPA Method 350.1 for
nitrogen and ammonia (O’Dell, 1993), EPA Method 353.4
for nitrate plus nitrite (Zhang and others, 1997), EPA Method
365.5 for orthophosphate (Zimmermann and others, 1997),
and USGS method 1-4650-03 for TN and TP (Patton and
Kryskalla, 2003). Method reporting limits (MRL) were
0.100 milligrams per liter (mg/L) for TN as nitrogen; 0.010 mg/L
for ammonia as nitrogen, nitrate plus nitrite as nitrogen, and
TP as phosphorus; and 0.005 mg/L for orthophosphate as
phosphorus.

Turbidity and chlorophyll ¢ samples were stored on ice
and transported to the New Jersey Center for Water Science
and Technology (NJCWST) at Montclair State University
(Montclair, New Jersey). Turbidity was measured within
48 hours from sample collection using a turbidity meter
following the manufacturer’s specifications (Oakton
Instruments and Eutech Instruments Pte Ltd., 2006). The
median turbidity was computed from three consecutive
readings from each sample. Chlorophyll a samples were
transported in amber bottles, then filtered at the laboratory
on the day of sample collection. After filtration, the filters
were stored in a freezer at —20 degrees Celsius (°C) and
analyzed within three weeks. Chlorophyll a was analyzed
fluorometrically using a modification (nonacidification)
of EPA Method 445.0 (Arar and Collins, 1997). Data are
available in Trevifio and others (2025). For Spruce Run Buoy
samples, filters were sent frozen to the USGS National Water
Quality Laboratory (Lakewood, Colorado) for chlorophyll a
analysis by EPA Method 445.0 (Arar and Collins, 1997); those
data are available in U.S. Geological Survey (2024).

Phytoplankton Identification and Enumeration

Phytoplankton samples were collected in 250-milliliter
(mL) amber bottles and preserved with glutaraldehyde to a
concentration of 0.25 percent by volume. For sites other than
Spruce Run Buoy, samples were analyzed at the NJCWST,
where phytoplankton were identified to the genus level
whenever possible. If the genus of the phytoplankton could
not be determined, the cells were identified to the lowest
taxonomic level possible (Wehr and others, 2014; Bellinger and
Sigee, 2015) and are summarized here as cellular abundance
(cells per milliliter [cells/mL]) within four taxonomic groups of:

» Cyanophyta (cyanobacteria);

* Bacillariophyta (diatoms);

 Chlorophyta, (green algae); and

¢ Other (all other taxa not belonging to the previous
three groups).

For a full description of the NJCWST cell-counting method,
refer to the supplemental material in Clonan and others (2026).

Samples at Spruce Run Buoy were collected as part of a
separate effort; therefore, identification and enumeration were
done at a different laboratory than the above (PhycoTech,
Inc., Saint Joseph, Minnesota); microscopy was conducted
using N-(2-Hydroxypropyl) methacrylamide-mounted slides
and fluorescence-enabled microscopes. Phytoplankton were
enumerated to the lowest possible taxonomic level, which
was at least the genus level for most organisms. To correctly
identify and enumerate the taxa present, which may vary
by several orders of magnitude in size (0.9 micrometers
[um] to 25 millimeters [mm]), counts were made at multiple
magnifications ranging from 200 to 1,000 times (PhycoTech,
2018). Random microscope fields were counted to a minimum
of 400 natural units (colonies, filaments, or single cells) of
all observed organisms (PhycoTech, 2018). The average cell
dimensions were recorded for biovolume calculations, and
data are reported here as biovolume (cubic micrometers per
milliliter [um3/mL]) within the same taxonomic groups as the
NJCWST data (Cyanophyta, Bacillariophyta, Chlorophyta,
and Other). Evaluations of the cyanobacteria assemblage
were conducted to the genus level where possible. Sample
processing, analysis methods, and quality assurance protocols
are detailed in PhycoTech (2018).

It is well known that phytoplankton lab methodologies
can differ substantially among labs (Graham and others,
2008; Chorus and Welker, 2021), and it is beyond the scope
of this report to harmonize the data from the two labs. For
comparison of cell counts to the NJDEP HAB Alert thresholds
(table 2), abundance (cells/mL) was utilized for the NJCWST
data; however, abundance from PhycoTech Inc. tended to
be elevated in comparison to the NJCWST abundance as
the higher magnification and alternate methods allowed for
more detailed enumeration of taxa, so biovolume (um3/mL) is
reported here instead. All phytoplankton data are available in
Trevifio and others (2025).

Cyanobacteria Genes

Samples for genetic analysis were collected at all
sites and dates in sterilized 1-L high-density polyethylene
bottles and shipped to the USGS Ohio Water Microbiology
Laboratory (Columbus, Ohio) for analysis. Out of all samples
collected (n=160), a subset of 59 samples from five sites
(Budd Lake Outlet, High Bridge RR, Spruce Run Outlet,
Stanton RR, and Manville RR) from a subset of sample dates
(approximately once per month) were selected for genetic
analysis. These sites were selected to focus on potential bloom
conditions and transport to the Raritan River mainstem from
the upstream lake sites instead of the tributary sites in the
Millstone River (fig. 1).

Quantitative polymerase chain reaction (qQPCR) was
used to analyze samples for 16S cyanobacteria rRNA and
four cyanotoxin synthetase genes, following the methods of



Stelzer and others (2013). The 16S cyanobacteria rRNA assay
targeted all taxa in the phylum Cyanobacteria. The cyanotoxin
synthetase gene analyses amplified specific targets associated
with the occurrence of anatoxins (anaC; Sabart and others,
2015), cylindrospermopsin (cyr4; Al-Tebrineh and others,
2012), microcystin (mcyE; Al-Tebrineh and others, 2012),
and saxitoxin (sxz4; Al-Tebrineh and others, 2012). TagMan
Universal PCR Master Mix (Life Technologies Corporation,
Carlsbad, California) was employed for most assays, except
for anaC and mcyE, which utilized SYBR Green (QPCR) Master
Mix (Life Technologies Corporation, Carlsbad, California).
Sample inhibition was determined via matrix spikes—a
sample was considered inhibited and diluted if the seeded

test sample was more than two threshold cycles higher than
the seeded clean-matrix control. Plasmids were used for each
assay to establish quantitative standard curves. Plasmids were
created by synthesizing each target in a cloning vector (small
piece of DNA that can carry and copy a gene) (Integrated
DNA Technologies, Coralville, lowa) and then transforming
the vector into Escherichia coli (E. coli) cells. Immediately
before sample analysis, the E. coli plasmid for each target
was grown to the exponential phase and then extracted. The
copy number of the extracted plasmid for each target was
determined using the DNA concentration measured by the
Qubit dsDNA High Sensitivity Assay kit (Life Technologies
Corporation, Carlsbad, California) and the plasmid’s
molecular weight. The sample data and detailed information
on standard-curve parameters and assay-detection limits for
this study are available in Treviflo and others (2025).

Cyanotoxins

Discrete cyanotoxin samples were analyzed at NJCWST
for total and dissolved microcystin concentrations using
enzyme-linked immunosorbent assay (ELISA) testing kits
(product number 520011) following EPA Method 546 (Zaffiro
and others, 2016) and the protocols outlined in the Gold
Standard Diagnostics (Warminster, Pennsylvania) instruction
manual (Gold Standard Diagnostics, 2025). For dissolved
microcystins, samples were directly filtered using 1.2-um
glass-fiber syringe filters without lysing cyanobacteria cells.
For total microcystins, samples were sequentially frozen and
thawed three times to lyse cyanobacteria cells and release
cyanotoxins, then filtered. The method detection limit (MDL)
for the ELISA is 0.15 pg/L, and the MRL is 0.30 pg/L. A
value between the MDL and MRL suggests that microcystin is
present, but a quantifiable value cannot be reported. Data are
available in Trevino and others (2025).

Passive Samplers

Solid phase adsorption toxin tracking (SPATT) samplers
were deployed and remained at a site for two to four weeks.
The samplers were assembled for this study following the
methods of Lane and others (2010). Each sampler contained
three grams of DIAION HP20 resin (Mitsubishi Chemical
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Company, Tokyo, Japan), a porous synthetic adsorbent, encased
in 100-pm Nitex nylon mesh. The edges of the sachet were
sealed using a heat sealer. Before deployment, SPATT samplers
were activated in methanol, rinsed in ultra-pure deionized
water, and refrigerated. The SPATT samplers were deployed in
duplicate at a single depth at each site, placed in a metal cage
for protection from debris, attached to a stationary structure,
and then retrieved and (or) replaced approximately every two
weeks. Upon retrieval, SPATT samplers were sealed in plastic
bags and kept cold on wet ice until placed in a freezer for up
to one year.

Although more were collected, a subset of SPATT
samplers that corresponded with samples selected for genetic
analyses were selected for analysis from five sites (Budd Lake
Outlet, High Bridge RR, Spruce Run Outlet, Stanton RR, and
Manville RR), and a subset of sample dates (about one date
per month). Cyanotoxins were extracted from the SPATT
sampler resin using a 50-percent solution of LC-MS-grade
methanol and organic-free water (Negrey and others, 2019).
Extracts were evaporated to dryness and then reconstituted
in a two percent LC-MS-grade methanol/organic-free water
solution. The extracts were shipped on ice to the College of
Environmental Science and Forestry at State University of
New York (Syracuse, New York) for analysis of microcystins,
cylindrospermopsin, and anatoxin concentrations. Saxitoxins
were not evaluated by LC-MS/MS analyses because of
inconsistencies in published methods.

The SPATT extracts were analyzed for microcystins by
LC-MS/MS using a Thermo Scientific Quantiva Altis triple-
quadrupole mass spectrometer according to the methods
described in Birbeck and others (2019), Stouder and others
(2024), and Johnston and others (2025). Cylindrospermopsin
and anatoxins were analyzed by LC-MS/MS using a modified
version of EPA Method 545 (U.S. Environmental Protection
Agency, 2015b), incorporating additional congeners
(molecular variations of cyanotoxins in the same class) and
quantification/confirmation ions (Barnard and others, 2021).
For this study, all quantified detections were summed for all
congeners to calculate total concentrations for microcystins,
anatoxins, and cylindrospermopsin.

The MDL for cyanotoxins analyzed by mass
spectrometry was determined for each run, considering factors
such as sample volume, extract volume, injection volume,
and instrument-reporting limits (Boyer, 2020). Microcystin
MDLs were reported as microcystin-LR equivalents. For
cylindrospermopsin and anatoxins, a nonstandard data-
quality check was implemented, involving the use of one
quantification ion and two confirmatory ions. Detections were
categorized as confirmed, possible, or suspected based on the
presence and ratio of parent and confirmation ions (Boyer,
2020). Data are available in Treviio and others (2025).

Continuous Data

Continuous water-quality data were collected in 15-minute
intervals at a buoy installed in Spruce Run Reservoir through
monitors installed at a fixed depth of 1 meter (approximately
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3 feet) by the USGS; sensors were operated per USGS protocols
and guidance (Wagner and others, 2006). The buoy was equipped
with a multiparameter sonde that collected measurements of
water temperature, pH, dissolved oxygen, turbidity, chlorophyll
a, and phycocyanin fluorescence every 15 minutes. Continuous
water-quality data were processed, analyzed, and approved
following published techniques and methods (Wagner and
others, 2006; Foster and others, 2022) and are available in
NWIS (U.S. Geological Survey, 2024). Continuous-flow

data were used to describe streamflow conditions at all sites
other than Spruce Run Buoy and Budd Lake Outlet (table 3).
Streamflow data were computed using standard USGS methods
(Sauer and Turnipseed, 2010; Turnipseed and Sauer, 2010) and
are available through NWIS (U.S. Geological Survey, 2024).

Data Analysis

Water-quality conditions in sites in the Raritan
Basin Water Supply Complex were described by site and
sample date using discretely collected water-quality data,
passive samplers, and continuously measured streamflow data.
Flow-duration curves, which represent the relation between the
magnitude and frequency of streamflow during a period of time,
were used to compare streamflow for each site and to evaluate
whether the range in flow conditions was captured by discrete
sample collection. Duration curves are cumulative-distribution
functions and were constructed using 15-minute intervals to
evaluate and compare frequency and magnitude characteristics
(Rasmussen and others, 2009). The curves indicate the
percentage of time that specified conditions were equaled or
exceeded, also known as the frequency of exceedance.

A comprehensive list of cyanobacteria genera detected
in the samples was compared to several studies to designate
potential toxigenicity (Graham and others, 2008; Wehr and
others, 2014; Christensen and Khan, 2020; Graham and others,
2020). A linear model was fit to total cyanobacteria abundance
and the concentration of gene copies; results were considered
significant when probability (p)-values were below 0.05.

For comparison, cyanotoxin results from SPATT extracts
were converted from the total extract concentration (ug/L of
cyanotoxin) to a concentration over time deployed (nanograms
of cyanotoxin per gram of resin per day [ng/g/day]) using the
following conversion: extract concentration as pg/L times (x)
1,000 divided by (=) grams of resin + number of days deployed.

A comparative qualitative evaluation of consistency among
four methodological approaches (indicators) was conducted
for cyanotoxin detection by discrete samples and SPATT,
potential for cyanotoxin production (QPCR genetic approach),
and total abundance of cyanobacteria. Measurements from each
sample date were compared as “detected” (detections of mcyE
or microcystins were present in the sample), “not detected,”
or “not analyzed.” The total abundance of a cyanobacteria
indicator was “detected” if the sample exceeded the NJDEP
HAB Alert Watch threshold of 20,000 cyanobacteria cells/mL
(table 2).

Nonparametric Spearman rank-correlation matrix analysis
was used to evaluate the strength of the association between
biological-response variables and selected environmental

variables. Biological-response variables consisted of discrete
chlorophyll 4, total abundance of cyanobacteria, cyanobacteria
rRNA, gene concentration (mcyE and anaC), discrete total
microcystins, and microcystins in SPATT samplers. Environmental
variables included water-temperature measurements, TN, TP,
and turbidity. The sx#4 and cyr4 gene data were not included

in the correlation analysis because of the small number of
detections. Spearman rank-correlation coefficients were considered
significant when p-values were less than or equal to 0.05.

Quality Assurance and Quality Control

Quality control measures are an important part of
laboratory and field best practices. Approximately 20 percent
of the discrete samples collected at each site included
concurrent field replicates and field blanks for quality
assurance and control purposes. Concurrent replicates were
analyzed for most constituents. Concurrent replicates were
collected over a range of streamflow conditions and at various
times throughout the year. Laboratory and field blanks were
used to identify potential sources of contamination related to
equipment cleaning and sample-collection procedures.

In this study, there were no detections in field blanks for
TN, but there were two dates with detections of TP. One was
about half of the ambient TP (0.035 mg/L on May 11, 2021),
and the other was much higher than the corresponding field
value and flagged by the lab as “estimated” (0.596 mg/L
on Oct 6, 2020). The latter detection was related to a
contamination issue with the deionized water source used
at that time and not an analytical error, so the data were
retained. The relative percentage difference (RPD) was
utilized to assess the variations in concentration between
replicate water samples. The RPD was computed by taking
the difference in concentration between two replicates for TN,
TP, and chlorophyll a, dividing it by the mean concentration
of the replicate pair, and then multiplying the result by 100.
This calculation yields a value representing the percentage
difference in concentration between the replicate samples
(Zar, 1999). All RPDs between replicate pairs had median
RPD values of less than 10 percent for field replicates; for TP:
median RPD=6.9, n=20 replicate pairs; TN median RPD=2.3,
n=20 replicate pairs; and chlorophyll  median RPD=7.7,
n=19 replicate pairs. For laboratory replicates, chlorophyll a
median RPD=3.6, n=20 replicate pairs.

For the phytoplankton samples analyzed by NJCWST,
absolute value logarithmic difference (AVLD) was used to
evaluate differences in cyanobacteria between replicate pairs
(Francy and others, 2015).

The AVLD was calculated as:

AVLD =|log10R1-log10R2],

where
R1 is the concentration in replicate 1, and
R2 is the concentration in replicate 2.



AVLD was used to evaluate differences for total
phytoplankton data instead of RPD calculations because it
is less sensitive to rare taxa present in one of the replicate
samples, but not the other; replicate pairs with an AVLD value
of less than 1.0 were considered acceptable for this study.
Only 1 sample pair (from Stony Brook on October 20, 2020,
AVLD=1.9) was above this threshold. The environmental
sample was retained in this study for comparison to other
samples in the context of the overall low abundance of
phytoplankton at the site, and in this particular sample, an
excess of a few rare taxa caused an elevated AVLD. Excluding
that pair, the AVLDs for phytoplankton across all other
replicate pairs ranged from less than 0.01 to 0.88 (median
AVLD: 0.28, n=19 replicate pairs). All data were considered
acceptable quality for the purposes of this report. Replicate
samples were not collected at Spruce Run Buoy for analysis at
PhycoTech Inc.

For the genetic analyses, all laboratory quality-control
blanks (filtration blanks, extraction blanks, and qPCR no-
template controls) were negative for all targets. All sample
extracts, standards, and blanks were analyzed in duplicate.
There were no detections in any lab blanks. For discrete
samples analyzed for total microcystins by ELISA, quality-
control measures (including percent coefficient of variation
between two well replicates, coefficient of determination
[R?], usage of laboratory reagent blanks, low-calibration
verification, usage of laboratory-fortified blanks, laboratory-
fortified sample matrices and duplicate, and quality-control
samples) were utilized in accordance with EPA Method 546
to ensure the accuracy and precision of analyses and standard
curves (Zaffiro and others, 2016).

Environmental Variable Results 9

As with many environmental studies, field replicates
and blanks can be used to ensure data validity and help with
SPATT sampler-data interpretation (Jaecgge and others, 2026;
U.S. Geological Survey, variously dated). Two blank SPATT
samplers were activated, stored, extracted, and analyzed in the
same manner as the deployed SPATT samplers, and analysis
by LC-MS/MS did not detect any cyanotoxins in the extracts.
For field replicates, coefficients of variation are an appropriate
indication of the range in values in SPATTs (Johnston and
others, 2025). The coefficients of variation for microcystin
concentrations ranged from 0.4 to 86.9, with the median=38.3
for 6 replicate pairs. Given the lack of standardized methods
for evaluating SPATTs (Jaegge and others, 2026; U.S.
Geological Survey, variously dated), all samples were retained
for analysis regardless of observed variation in results.
SPATT results presented in this report should be considered a
semiquantitative indicator of cyanotoxin presence.

Environmental Variable Results

A total of 184 discrete water-quality samples were
collected among eight sites, including quality-control samples
such as replicates and blanks. Discrete water-quality data were
collected over a variety of streamflow conditions at all of the
sites, except for the highest 10 percent of flow conditions,
as personnel safety would have been a concern (fig. 2). The
mean streamflow over the study period was lowest at Spruce
Run Outlet but streamflow values were consistently lowest at
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Figure 2. Duration curves for streamflow at study sites in the Raritan River Basin Supply Complex from August 2020 to August 2021. The
points show at which streamflow discrete water-quality sample collection occurred. [Data from U.S. Geological Survey, 2024 and Trevifio

and others, 2025]
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Stony Brook (table 4; fig. 2) and was not measured at Budd
Lake Outlet, which is characterized as an impoundment
and generally has low flow or nonflowing conditions.

Over the course of this study, the sites had a substantial
range when compared to one another for several water-quality
characteristics (table 4). Nutrients (TN and TP) were highest at
the furthest downstream mainstem Raritan River and Millstone
River sites (Below Calco Dam RR and Blackwells Mills MR,
respectively). Spruce Run Outlet also had elevated TP, but
not TN. Median chlorophyll a was about 2—8 times higher
at lake outlet sites than the riverine locations and was about
2 times higher at Budd Lake Outlet than Spruce Run Outlet.
When compared to other sites, turbidity was consistently
highest at Budd Lake Outlet. Turbidity was highest at
the lake outlet sites in the summer months—concurrent
with the periods of highest phytoplankton detections. The
two largest riverine sites (Manville RR and Below Calco
Dam RR) had relatively elevated median turbidity values
compared to the upstream riverine sites, but this was largely
driven by a high-flow event around February 16, 2021.

Phytoplankton Identification and
Enumeration

In this study, there were substantial differences between
lake outlet and riverine sites in overall phytoplankton
assemblage, total taxa richness, and abundance of
cyanobacteria (figs. 3, 4). The most abundant phytoplankton
divisions (followed by percent abundance across all sites
and dates) were: Cyanobacteria (91 percent), Chlorophyta
(5 percent), and Bacillariophyta (3.3 percent). The most
common cyanobacteria taxa (followed by percent abundance
across all sites and dates) were: Cyanodictyon/Aphanocapsa
(70.3 percent), Aphanothece (10.6 percent), Microcystis

Table 4.

(3.9 percent), Aphanizomenon (3.8 percent), and Planktothrix
(3 percent). Lake outlet sites had higher phytoplankton
densities and were more likely to be dominated by potential
cyanotoxin-producing and filamentous cyanobacteria taxa.
For example, Aphanizomenon was generally the most
dominant cyanobacteria taxa at Spruce Run Outlet and was
present in every sample collected at that site; however,

it was only identified in 6 percent of samples collected

at Manville RR. Several common bloom-forming taxa
(Microcystis, Merismopedia, Dolichospermum, Leptolyngbya,
Planktolyngbya, and Planktothrix) were only detected at the
two lake sites. Several small, coccoid (round), and likely
noncyanotoxin-producing taxa (such as Cyanodictyon/
Aphanocapsa, Synechococcus, and Chroococcus) were detected
at all sites (Trevifio and others, 2025). Budd Lake Outlet

had the strongest seasonally driven patterns in cyanobacteria
concentrations (fig. 44), with a total abundance of more than
1,000,000 cells/mL in October 2020, which is more than

50 times higher than the lowest abundance of approximately
18,000 cells/mL measured in February 2021.

The total abundance of cyanobacteria cells in discrete
samples exceeded the NJDEP HAB Alert Watch threshold
(table 2) in 38 samples out of 160 samples (24 percent of all
samples), collected at four sites (Spruce Run Outlet, Budd
Lake Outlet, Stanton RR, and Stony Brook). The NJDEP HAB
Alert Advisory threshold (table 2) was exceeded in 18 samples
(11 percent of all samples) from only the two lake sites
(Spruce Run Outlet and Budd Lake Outlet).

At Budd Lake Outlet, the Watch threshold was exceeded
in 95 percent of the samples (fig. 44), and at Spruce Run
Outlet, it was exceeded 80 percent of the time for total
cyanobacteria (fig. 48). When only considering potentially
toxin-producing cyanobacteria taxa, the exceedance
frequencies decline to 50 percent at both Spruce Run Outlet
and Budd Lake Outlet. All but four samples at Budd Lake
Outlet exceeded the NJDEP HAB Alert Advisory threshold for
total cyanobacteria (table 2; fig. 44); however, most samples

Drainage area, mean streamflow at gages, and median and range of water-quality conditions in the Raritan Basin Water Supply

Complex study sites sampled from August 11, 2020, to August 5, 2021. Refer to table 3 for U.S. Geological Survey station names and site

identification numbers.

[Values in parentheses indicate range (minimum-maximum). Data are from Trevifio and others (2025) and U.S. Geological Survey (2024). mi?, square miles, ft¥/s,
cubic feet per second; °C, degrees Celsius; mg/L, milligrams per liter; pg/L, micrograms per liter; NFU, nephelometric formazin units; —, not measured; RR, Raritan

River; MR, Millstone River]

Drainage Median water Median total Median total Median . .
. =" Streamflow, . Median turbidity,
Station name area, in . temperature, nitrogen, phosphorus, chlorophyll a, -
- in ft¥/s - o . - - in NFU
mi2 in°C in mg/L in mg/L in pg/L

Budd Lake Outlet 4.75 — 15.33(0.6-26.7) 0.827 (0.656—1.763) 0.035(0.014-0.102) 25.7 (7.16-124.66)  12.54 (3.19-53.7)

High Bridge RR 65.3 132 13.13(3.1-22.2)  1.694 (1.307-2.4)  0.02 (0.013-0.056) 2.4 (0.99-12.69)  2.45 (0.78-6.58)
Spruce Run Outlet 413 63 16.78 (2.4-27.3) 0.528 (0.425-0.929) 0.022(0.013-0.043)  14.1 (6.15-26.25) 6.05 (1.17-13.03)
Stanton RR 147 274 15.96 (3.3-25.9) 1.476 (0.842-2.087) 0.035(0.019-0.176) 4.6 (0.35-22.61) 4.96 (1.55-19.01)
Manville RR 490 849 15.71 (1.2-27.5) 1.508 (0.685-2.254) 0.054 (0.013-0.301) 2.5 (0.5-14.66) 10.96 (2.52-100)
Stony Brook 44.5 79 16.7 (0.6-28.7)  1.047 (0.556-1.584) 0.11 (0.037-0.226) 1.8 (0.39-58.29) 7.77 (1.94-45.26)
Blackwells Mills MR~ 258 430 16.2 (1.1-27) 2343 (1.162—3.768) 0.229 (0.084-0.474) 1.4 (0.23-81.62) 8.88 (4.03-19.23)
Below Calco Dam RR 785 1,237 16.58 (1.3-27.7) 2.213 (1.484-3.894) 0.26 (0.086-0.615) 2.1 (0.36-74.01) 10.78 (3.22-54.9)
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Trevifio and others, 2025]



E. Manville RR

.HIHH-HII‘I

L.

D. Stanton RR

C. High Bridge RR

50,000

40,000

30,000

00— ————————— —— — — — — — — — — —

10,000

120z ‘g aunp

120z ‘LL Aey

120z ‘el judy

1202 ‘9L yd.e |\
120z ‘91 Arenigay
120z ‘0z AMenuep
0202 ‘'z Jaquadag
0202 ‘L1 JaquanoN
0202 v 1aquianon
0202 0z 4890190
020z ‘91290100
0207 ‘'z Jaquardag
0207 '8 Jequiadag
020z ‘L1 3snBny

120z ‘0z Ainp

120z ‘L Ainp

120z ‘sz e\

120z ‘L1 Aoy

120z ‘el Judy

1202 ‘91 ya.e N
120z ‘91 Arenigay
120z ‘0¢ Asenuep
0202 ‘7z Jequadaq
0202 ‘L1 JaquanoN
020 ‘7 49quianoN
0202 ‘0z 1890190
020z '9 1890100
0202 ‘'z 1aquiardag
020 ‘g 1oquialdag
020z ‘Gz 3snbny

120z ‘L Ainp

120z ‘z¢ aunr

120z ‘5z e\

120z ‘L1 Aoy

120z ‘el |udy

1202 ‘91 yd.e N
120z ‘91 Arenigay
120z ‘0¢ Asenuep
0202 ‘zg 18quadag
0202 ‘L1 1aquanoN
020 'y 4oquianoN
020 ‘9 4890300
0202 ‘'z 1aquaydag
020z '8 Jaquiardag
0202 ‘Gz snbny
020z ‘L1 3snbny

Phytoplankton Identification and Enumeration

H. Below Calco Dam RR

—

o

(m

%

1oz ‘L Ainp

120z ‘gz aunp

120z ‘g aunp

120z ‘LL Aey

120z ‘91 Aenigag
120z ‘0g AMenuep
0202 ‘'z 18quadag
0202 ‘L1 J8quanoN
0202 ‘v 1aquianon
0202 ‘0z 4890190
0207 ‘91290100
0202 'z Jaquardag
020z ‘Gz 3snbny

0z0z ‘L1 3snbny
I

G. Blackwells Mills MR

F. Stony Brook

50,000

40,000

Jay|ijiw Jad s||89 ul 's||ad eldloeqoueA)

30,000

2000 — — ————— — — — — —

10,000

120z ‘0z Ainp

120z ‘L Ainp

1202 ‘zg dunp

120z ‘5z Aeiy

1Z0z ‘sl [udy

1202 ‘9L yoley
1Z0z ‘91 Aenigaq
120z ‘0z Aenuep
0207 ‘7z 18quasaq
0202 ‘L1 J8quanoN
0207 'y 18quianoN
0202 ‘0z 1890300
020z '9 1890300
0207 ‘7z 4aquiaidag
0207 '3 18quardag
0207 'Sz 3snbny
020z ‘L1 3snBny

120z ‘0z Ainp

120z ‘L Ainp

120z ‘g aunp

120z ‘LL Aepy

1z0z ‘sl udy

120Z ‘9L yoley
1Z0z ‘91 Aenigaq
120z ‘0z Aenuep
0207 ‘7z 1aquaaq
0202 ‘L1 18quanoN
0207 'y 1aquanoN
0202 02 4890300
020z '9 1890300
0207 ‘7z 4equisidag
0207 ‘g 18quardag
0207 ‘5z 3snbny
020z ‘L1 3snBny

Date

Date

EXPLANATION
tential cyanotoxin-producing

cyanobacteria taxa

- ——- New Jersey Department of Environmental
Protection HAB Alert Level criteria for

|:|Po

n-cyanotoxin-producing

cyanobacteria taxa

.

cyanoHABs—Line is Watch (20,000 cells

per milliliter)

13

Figure 4.—Continued



14 Cyanobacteria and Cyanotoxins in the Raritan Basin Water Supply Complex, New Jersey, August 2020 to August 2021

were dominated by genera Cyanodictyon and Aphanocapsa,
which are not known to produce cyanotoxins. The only
dates when the threshold was exceeded by cyanotoxin-
producing taxa at Budd Lake Outlet were July 20, 2021, and
August 3, 2021, when the samples included Microcystis,
Dolichospermum, and other cyanobacteria taxa. At Spruce
Run Outlet, two samples exceeded NJDEP HAB Alert
Advisory threshold for total cyanobacteria, but neither were
dominated by cyanotoxin-producing taxa (fig. 4B).

Exceedances of the NJDEP HAB Alert Watch threshold
(table 2) occurred less than 3 percent of the time at the
riverine sites (fig. 4C, D, E, F, G, and H). The only date
when potentially cyanotoxin-producing taxa were above the
threshold was July 20, 2021, at Stanton RR, when the sample
was comprised in part of Fischerella (20,136 cells/mL), which
was the only sample where that taxa was detected across
the whole study period (Trevifo and others, 2025). For two
other dates when total cyanobacteria cell counts exceeded the
NJDEP HAB Alert Watch threshold at riverine sites (May 11,
2021, at Stanton RR and February 16, 2021, at Stony Brook),
the composition was dominated by taxa not known to produce
cyanotoxins, such as Cyanodictyon, Aphanocapsa, and
Aphanothece. No samples in this study exceeded the NJDEP
HAB Warning or Danger thresholds (table 2).

At Spruce Run Buoy, samples are presented as biovolume
(cubic micrometers per milliliter; pm3/mL) as analyzed by
PhycoTech Inc. The most abundant phytoplankton divisions
present across all samples on all dates (followed by total
percent biovolume) were: Bacillariophyta (54.9 percent),
Cyanobacteria (36.9 percent), Chlorophyta (5 percent), and
Other (3.3 percent). The most common cyanobacteria taxa
present across all samples on all dates (followed by total
percent biovolume) were: Aphanizomenon (69.8 percent),
Dolichospermum (15.8 percent), Limnoraphis (3 percent),
Pseudanabaena (3 percent), Microcystis (2.9 percent),
Chrysosporum (1.7 percent), and Woronichinia (1.3 percent).
This is consistent with the phytoplankton composition detected
at Spruce Run Outlet in the samples analyzed by NJCWST.

A comparison of the continuous-sensor fluorescence
data for chlorophyll a, phycocyanin, and discrete chlorophyll
a (fig. 54) from the Spruce Run Buoy reveals some
discrepancies with the trends observed in microscopy
biovolume. The patterns observed in the sensor data for
chlorophyll @ and phycocyanin are not always in sync with the
total phytoplankton biovolume (fig. 5B) or the cyanobacteria
biovolume (fig. 5C) determined from the discrete samples.
The chlorophyll a sensor indicated two relative peaks in
algal biomass during the study period: from November 2020
to February 2021 and from April 2021 to May 2021
(fig. 54). Both periods aligned with elevated discrete sample
chlorophyll a concentrations, and phytoplankton growth in the
April to May 2021 period; however, phytoplankton abundance
in the discrete samples was not similarly elevated in the winter
period. There was little variability in the phycocyanin data
over the entire study period. Both methods indicated a steady
rise in algal concentration from March to June 2021, followed
by a steep decline beginning on May 25 and continuing to
June 8, 2021. The phycocyanin sensor data were consistent
throughout the study period and were less sensitive to

seasonal patterns of increase or decrease, similar to the other
parameters. These findings limit the potential of only using
continuous data to determine the occurrence of blooms.

Cyanobacteria Genes

16S cyanobacteria genes were detected in all (100 percent)
of the 59 analyzed samples from the subset of five sites (Budd
Lake Outlet, High Bridge RR, Spruce Run Outlet, Stanton RR,
and Manville RR; table 5; fig. 64), which was higher than the
frequency cyanobacteria was found by microscopy (87 percent)
in the 97 phytoplankton samples collected from all 8 study sites.
The highest abundance of gene copies was at Budd Lake Outlet
on October 20, 2020, with 2.2x108 copies per 100 mL. Overall,
the 16S cyanobacteria rRNA was strongly positively associated
with the abundance of total cyanobacteria (R?=0.62; p>0.001;
fig. 74). On sample dates when no cyanobacteria were detected
by microscopy, the cyanobacteria 16S rRNA was still detected
(fig. 74); however, the presence of cyanobacteria 16S rRNA
does not provide information regarding the specific taxa or
potential for cyanotoxin occurrence.

All four classes of cyanotoxin synthetase genes (mcyE,
anaC, sxtA, and cyrA) were detected at least once among
all analyzed samples; however, the frequency of detection
(percent occurrence) and abundance of gene copies varied
substantially by site (table 5, fig. 68, C, D, E) and over time
(fig. 8B, C, D, E). For anaC, 77 percent of riverine samples
had detections, whereas 66 percent of samples from lakes
had detections. The synthetase gene mcyE was detected in all
lake outlet site samples throughout the study. In contrast,
65 percent of riverine samples had detections, which is a lower
rate than a previous national study of large rivers that found
mcyE in about 90 percent of riverine samples (Zuellig and
others, 2021). Compared to the riverine sites (table 3), the lake
outlet sites (Spruce Run Outlet and Budd Lake Outlet) had
higher median abundance of mcyE and sxtA4 (fig. 6B, D); but,
for anaC, abundance at the riverine sites was higher (fig. 6C),
which is consistent with previous studies (Howard and others,
2021; Zuellig and others, 2021). The highest single-sample
abundance of sxt4 was from Spruce Run Outlet, with 100,000
copies/100 mL detected on September 22, 2020; mcyE, Budd
Lake Outlet, with 2,200,000 copies/100 mL detected on July 7,
2021; and cyrd, Budd Lake Outlet, with 5,200 copies/100 mL
detected on June 8, 2021. The highest abundance of anaC was
at Stanton RR, with 21,000 copies/100 mL on February 16, 2021.

The two lake outlet sites were dissimila—Spruce Run
Outlet had a higher rate of detection and higher mcyE gene
concentrations throughout the study (table 5; fig. 6B, 8B). There
were seasonal differences in phytoplankton composition, such
as a shift to higher concentrations of microcystin-producing
taxa. For example, Budd Lake Outlet had summer and fall peaks
in meyE (fig. 8B), which is consistent with seasonal patterns in
total cyanobacteria abundance (fig. 44). These patterns included
a consistently high abundance of cyanobacteria at Budd Lake
Outlet (fig. 44), but a low persistence of the assemblage
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Figure 5. Temporal variability of algal fluorescence, chlorophyll a, and phytoplankton biovolume at the Spruce Run Buoy site in the Raritan
Basin Water Supply Complex. A4, includes line graph showing continuous (daily mean) sensor-hased estimates of chlorophyll a, phycocyanin
fluorescence as relative fluorescence units (RFU) measured continuously (lines), and discrete sample chlorophyll a values (points) from
August 1, 2020 to August 31, 2021; B, bar graph showing phytoplankton at the phylum level as biovolume in cubic micrometers per milliliter
(um3/mL); and C, shows cyanobacteria grouped by genera as hiovolume (pm3/mL). [Data from U.S. Geological Survey, 2024 and Trevifio and

others, 2025]
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Table 5.

Summary of relative percentages of occurrence of cyanobacteria genes among all analyzed samples (n=59).

[Data are from Trevifo and others (2025). Cyano, 16S rRNA for all cyanobacteria, mcyE, microcystin synthetase gene, anaC, anatoxin synthetase gene; sxz4,
saxitoxin synthetase gene; cyr4, cylindrospermopsin synthetase gene; RR, Raritan River. |

Number of

Site identifier samples Cyano (percent) mcyE (percent)  anaC (percent) sxtA (percent) cyrA (percent)
Budd Lake Outlet 12 100 100 42 42 25
High Bridge RR 12 100 50 75 0 0
Spruce Run Outlet 12 100 100 92 58 17
Stanton RR 12 100 100 75 8 8
Manville RR 11 100 45 82 9 9

downstream to High Bridge RR (fig. 4C) which was also
reflected in the mcyE results (figs. 68, 8B). A different pattern
was observed where the cyanobacteria assemblage from
Spruce Run Outlet (fig. 48) would often persist to Stanton RR
(fig. 4D). This is mirrored in the mcyE results from Spruce
Run Outlet to Stanton RR, and even further downstream to
Manville RR on certain dates, such as May 11-12, 2021 (figs.
6B, 8B).

Changes in anaC presence can be linked to specific
cyanobacteria taxa, and across all sites, the number of gene
copies was significantly positively associated with total
cyanobacteria density (fig. 4, fig. 7C). At Stanton RR, when
there was a peak in anaC concentration on February 16, 2021
(fig. 8C), the cyanobacteria in that sample were comprised
of: Aphanothece (40 percent abundance), Aphanizomenon
(36.5 percent abundance), Dolichospermum (11.3 percent
abundance), and Cyanodictyon/Aphanocapsa (7.8 percent
abundance). That sample from Stanton RR was the only
time Dolichospermum had appreciable abundance at the site
throughout the study. It is noteworthy that the abundance
of Dolichospermum at Stanton RR (1,007 cells/mL) on
February 16, 2021, was about 2 times higher than at the
Spruce Run Outlet on the same date (620 cells/mL; fig. 4) and
indicates local growth may have been occurring despite the
cold-water temperature on that date (3.5°C). The abundance of
anaC at Spruce Run Outlet peaked on May 11, 2021 (fig. 8C),
and the associated phytoplankton sample was composed of
Jaaginema and Aphanizomenon (53.5 and 41.6 percent of
total phytoplankton abundance, respectively), representing
one of the lowest percent compositions by Aphanizomenon
recorded at the site throughout the study. Aphanizomenon is
a known anatoxins producer (Christensen and Khan, 2020),
but Jaaginema is not known to produce any cyanotoxins.
Cyanotoxin production is strain-specific (Wehr and others,
2014; Christensen and Khan, 2020). It is possible that the
Aphanizomenon population had a higher proportion of strains
with the anaC gene in May 2021. Alternatively, Jaaginema
may have the anaC gene, although it has not yet been
identified as a potential anatoxin producer. Sxt4 and cyrd
were detected substantially less frequently than the other two
synthetase genes (table 5; figs. 6D, E) and, when compared
to the other two genes, were not significantly correlated to

total cyanobacteria density (figs. 7D, E); therefore, there
was no attempt to correspond increases in gene copies to the
occurrence of specific cyanobacteria taxa.

Cyanotoxin Analyses

Of the discrete samples analyzed for total and dissolved
microcystins (177 analyzed samples), none had detections for
dissolved microcystins above the method reporting limit (0.3 pg/L),
although 15 samples were above the MDL (0.15 pg/L). For
total microcystins, 11 samples (6 percent) had detections
above the MRL, and an additional 20 samples were between
the detection and reporting limits (table 6). The samples with
detections above the reporting limit were exclusively from
the 2 lake outlet sites (8 from Budd Lake Outlet and 3 from
Spruce Run Outlet); this suggests that microcystins are present
in the lakes, but they are not persisting downstream to the
riverine sites. The highest single-sample microcystin detection
was 1.4 pug/L on August 3, 2021, at Budd Lake Outlet, which
was above the EPA-treated drinking-water thresholds (table 1),
but is well below the threshold to determine a NJDEP HAB
Alert Warning level (table 2) for recreational activities (New
Jersey Department of Environmental Protection, 2022).

Passive Samplers

The SPATT samplers were retrieved after deployments
ranging from 7 to 20 days, with a median value of 14 days
across all samplers. Microcystin concentrations in SPATT
extracts are semi-quantitative and should not be directly
compared to the discrete sample results in water samples,
as the SPATT results are representative of a span of time
as opposed to an instantaneous measurement, and SPATT
samplers were deployed for varying amounts of time (table 6).
Anatoxins and cylindrospermopsins were not detected in
any of the extracts, so the focus of this section is on the
microcystin data only.

Microcystins were detected in 83 percent of SPATT
samplers (n=60), which was a substantially higher detection
rate than discrete samples analyzed for microcystin by ELISA
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(qPCR) at selected sites in the Raritan Basin Water Supply Complex. Panels from top to bottom are A, Cyanobacteria 16S rRNA; B, microcystin
synthetase gene, mcyE, C, anatoxin synthetase gene, anaC, D, saxitoxin synthetase gene, sxtA; and E, cylindrospermopsin synthetase
gene, cyrA. For each site, the number of samples was 12, except for Manville RR, which was 11. [Data are from Trevifio and others (2025).
RR, Raritan River]



Cyanobacteria and Cyanotoxins in the Raritan Basin Water Supply Complex, New Jersey, August 2020 to August 2021

18

Aq xajdwog Ajddng Ja1ep) uiseg ueliey syl ul Sals ||e ssoJoe (ajdwes Jw ggl/sa1dod) saidod auah pue (Jw/s||82) 8auepunge euadloeqoueAd usamiaq uosriedwo?)

o0l

s0l

w01

"viA2 ‘auab aselayiuAs uisdowaadsoipuljAd
‘7 pue ‘yixs auab aselayiuAs uixolxes ‘g ‘geue ‘suab aselayjuAs uixoleue 9 :JAow ‘auab aselayiuAs unsAsosoiw ‘g YNy S91 eusloeqoueA) ‘i “auab aselayiuAs uixojoueAs

ajdwes auo

|eA13)ul 92UapYu09 Juaaiad-Gg aui| uoissaifial eaul] pani4 sjuasaidai yaea ‘uiod ejeq @

NOILVNV1dX3

Jayiiw Jad sjj@d ul ‘aduepunge eualoeqoueAq

0l 0l

W0l

0l

'[ ainbi4

0l

0l 01 o0l 0L 50l 0l 01 0 o0l 0L 50l 0l NSo o0l s0L +01 0l 01 0
_ _ _ _ _ Dl _ _ _ _ _ _ _ Qi

0l

a|dwes Jay|iiw-go| Jad saidoa ausg

100°0>d
29°0=:4

[
[
[ J
8y1'0=d oee0=d 00°0=d 100'0>d
1£0=Y 80'0=24 0T0=24 650=2Y4
_ w01 * _ _ 0l _ _ 0l _ _ 0l
yido 3 vixs g Jeue 9 Jhow g

VNg! S91 etajoeqoueky v



A. Cyanobacteria 16S rRNA

Passive Samplers

EXPLANATION
Maximum: 220,000,000

All other sized circles are
of intermediate value

Minimum: 120,000

EXPLANATION
Maximum: 2,200,000

All other sized circles are
of intermediate value

Minimum: 760

EXPLANATION
Maximum: 21,000

All other sized circles are
of intermediate value

Minimum: 60

EXPLANATION
Maximum: 100,000

All other sized circles are
of intermediate value

Minimum: 460

BuddlakeOutet| @ @ @ @ o o o o @ © © @
High Bridge RR @ e ] (<) (<) @ ) e (<) &) (6] @
SpruceRunOutlet| @ @ © @ @ © @@ © @ O ©o .
StantonRR| © © ° ° e o o o O o o O
ManvileRR | © ° o ° o o e © o O o
B. mecyE
BuddlakeOutiet| @) @ @ © o o o o @ @ @ .
High Bridge RR o o o o ) ) o o ) ) (4] °
SpruceRunOutlet| @ @ © @ @ o @ @ ‘ . @ ‘
StantonRR| @ @ o e © © o @ @O O o o
Manville RR o o o o o o [©] o o o o
C. anaC
Budd LakeOutet| @ @ @ O o [} o ) o o o o
2 High Bridge RR| O o e e e o o O o o o
§ SpruceRunOutet| @ ®© © @@ @ @ o @ @ ' e O
% StantonRR| @ @ o e O o ‘ @ O ¢ o .
ManileRR| @ © © © @ © o o O o O
D. sxtA
BuddlakeOutet| @ @ ® @ ©o o o ©o o o o e
High Bridge RR o o o o o o o o o o o o
Spruce Run Outlet| @ . ®@ o o o () o o o o °
Stanton RR o (@) o o o o o o o o o o
Manville RR o o o a] a] o a] o o Q o
E. cyrA
Budd Lake Outlet o o o o [ ) o o [} o o ‘ o
High Bridge RR o o o o o o o o o o o o
Spruce Run Outlet o o o o () ) o o o o o o
Stanton RR @ o o o o o o o o o o o
Manville RR o o (@) o o o o o o o o
§ § § § § § §8 §8 §8 8 § §
& & & & & & & 5 & & & &
g 8 8 = 8 8 ¢ £ 2 = 7 7
E 2 2 2 2 < s o = o E] 3
& £ ¢ E E 2 2 & < = °
< 2 8 ¢ § 5 8 =
3 = (=}
Date

EXPLANATION
Maximum: 5,200

All other sized circles are
of intermediate value

Minimum: 180

Below detection limit of
60 gene copies per
100-milliliter sample

19

Figure 8. Bubble plots of the number of gene copies (copies/100 mL sample) as determined by quantitative polymerase chain reaction
(qPCR) during each sampling event in the Raritan Basin Water Supply Complex. Panels from top to bottom are A, Cyanobacteria 16S rRNA;
B, microcystin synthetase gene, mcyE, C, anatoxin synthetase gene, anaC; D, saxitoxin synthetase gene, sxtA; E, cylindrospermopsin

synthetase gene, cyrA. Note varying scales among plots. [RR, Raritan River]
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Table 6. Summary of detections of total microcystins in discrete samples analyzed by enzyme-linked immunosorbent assay (ELISA) and
detections of microcystins from solid phase adsorption toxin tracking (SPATT) sampler extracts analyzed by liquid chromatography with
tandem mass spectrometry (LC-MS/MS) in the Raritan Basin Water Supply Complex.

[Data are from Trevifio and others (2025). MDL, minimum detection limit; MRL, minimum reporting limit; pg/L, microgram per liter; RR, Raritan River;

NA, not applicable; —, not analyzed; MR, Millstone River]

Discrete samples Passive samplers
Samples
Site identifier Number of between Samples Maximum  Median Number of Range Samples
samples MDL above MRL (ng/L) (ng/L) samplers of days above MDL
analyzed and MRL (percent) analyzed deployed (percent)
(percent)
Budd Lake Outlet 20 15 40 1.4 0.39 13 11-20 100
High Bridge RR 20 0 0 NA NA 12 14-20 67
Spruce Run Outlet 20 45 15 0.46 0.23 13 11-18 100
Stanton RR 20 10 0 0.18 0.17 12 11-15 75
Stony Brook 20 5 0 0.16 0.16 0 — —
Manville RR 20 0 0 NA NA 10 7-15 70
Blackwells Mills MR 20 5 0 0.16 0.16 0 — —
Below Calco Dam RR 20 0 0 NA NA 0 — —

(table 6), but similar to rates of detection of mcyE (table 5).
The only sites with microcystin detections above the MRL

in discrete samples (Budd Lake Outlet and Spruce Run
Outlet) also had detections in SPATT samplers 100 percent
of the time (fig. 9). Although the lake outlet sites had more
frequent detections of microcystin, the two highest SPATT-
sampler microcystin concentrations across all dates were
from Stanton RR and Manville RR. It is important to note
that they were from the first samplers deployed at those sites
(August 26 to September 9, 2020) (fig. 10) and were not
coincident with elevated concentrations of either potentially
toxic cyanobacteria or mcyE gene copies at either site (figs.
4D, E, 8B). Though there was a lack of microcystin detections
above the MRL in the discrete samples, especially from
Stanton RR and Manville RR (table 6), the detections in the
SPATT sampler results suggest that transport of microcystin
downstream from the lake sites may have occurred. The third-
highest single-sample value was from Budd Lake Outlet by
the SPATT sampler deployed from June 22 to July 7, 2021,
which was coincident with elevated levels of potentially toxic
cyanobacteria and mcyE gene copies (figs. 44 and 8B). These
samplers were all deployed during peak cyanoHAB season,
which is generally July through September in New Jersey
(New Jersey Department of Environmental Protection, 2022);
SPATT cyanotoxin-accumulation rates were lowest during the
winter months (October through April; fig. 10).

Comparative Analysis

Evidence of movement of cyanobacteria and microcystin
among sites and over time was evaluated by aligning four
indicators: total phytoplankton abundance, detections of
mcyE by qPCR, microcystin analysis of discrete samples,
and microcystin analysis from SPATT samplers (fig. 11).

Detections across all four indicators and agreement among
the methods were most common at the two lake outlet sites
(Budd Lake and Spruce Run; figs. 114, C). There were no
seasonal trends in detection that suggest downstream transport
was more prevalent in the summer or winter months (fig. 11).
Clonan and others (2026) showed that cyanobacteria cells

did not often transport downstream in this system; however,
this analysis shows that there was some transport of both
genetic material and microcystin in sporadic detections by
qPCR and SPATT samplers, respectively. The data from
Budd Lake and Spruce Run Outlets suggest that these sites
were a constant source of cyanobacteria, potential cyanotoxin
producers, and cyanotoxins, with several dates where all four
cyanoHAB indicators were detected (figs. 114, C). However,
the cyanoHABs did not appear to transport downstream. This
was particularly apparent during the summer when cyanoHAB
conditions occurred at the lake outlet sites, but were not
detected at the riverine sites, such as the period from July 7,
2021, to August 3, 2021 (fig. 11). At the riverine sites, several
dates were discordant, wherein cyanotoxins were detected

by one indicator and not the others (figs. 115, D, E). The
cyanotoxins and genes that were detected at downstream sites
(Stanton RR and Manville RR) were generally not linked to
bloom conditions and may have been produced locally or
transported from other source areas that were not sampled as
part of this study.

Association Between Biological
Response and Environmental Variables

Overall, the strength of significant Spearman-correlation
associations between biological response and environmental
variables (11 total variables, 55 correlations, fig. 12) was
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Figure 9. Boxplot of microcystin concentration in solid phase
adsorption toxin tracking (SPATT) sampler extracts analyzed by
liquid chromatography with tandem mass spectrometry (LC-MS/MS)
by study site in the Raritan Basin Water Supply Complex, adjusted
to concentration over time deployed (ng/g/day). For number of
samples, refer to Table 6. [RR, Raritan River]

stronger in lake sites than riverine sites (median values=0.41
and 0.15, respectively) and more often positively correlated
(87 percent and 56 percent, respectively). Relations were
nearly all positive at the lake sites, except for several
indicators (TN, anaC, and cyanobacteria 16S rRNA)

with SPATT microcystin detections (fig. 124), which is
consistent with the restrictions of relying on SPATT as

an environmentally relevant indicator of environmental
concentrations (Howard and others, 2021, Jaegge and others,
2026). At the riverine sites, TN and TP were negatively
correlated with most of the biological indicators (fig. 12B),
which is consistent with other literature on riverine HABs
(Wood and others, 2020; Jarvie and others, 2025). Further,
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Figure 10. Microcystin concentration over time deployed (ng/g/day)
in solid phase adsorption toxin tracking (SPATT) sampler extracts
analyzed by liquid chromatography with tandem mass spectrometry
(LC-MS/MS) for each sample event over time, shown as date retrieved
and colored by study site in the Raritan Basin Water Supply Complex.
[RR, Raritan River]

several specific correlation pairs between the biological
indicators were stronger in riverine sites despite less frequent
detections, such as total abundance of cyanobacteria with
chlorophyll @, cyanobacteria 16S rRNA, and mcyE gene
copies (fig. 12B).

Conclusions

The widespread occurrence of cyanobacteria throughout
the study area was consistent with genetic findings, suggesting
a common presence of cyanobacteria in the Raritan Basin
Water Supply Complex. Although discrete sampling during
this study did not reveal cyanotoxins above any thresholds
to human health (tables 1, 2), the presence of toxigenic
cyanobacteria, cyanotoxin-producing genes, and consistent
detections of microcystins from the SPATT samplers indicate
potential for future concerns related to cyanoHABs within the
Raritan Basin Water Supply Complex. The low cyanotoxin
concentrations likely do not have human health implications,
but they may affect aquatic and terrestrial food webs (Moy and
others, 2016; Bukaveckas and others, 2018). When conditions
are favorable, particularly during warm temperatures from
June through September and (or) during periods of low flow,
cyanobacteria could begin to proliferate and lead to more
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widespread cyanotoxin occurrences. Considering the Raritan
Basin Water Supply Complex’s extensive use as a drinking-
water supply, these cyanoHAB events could lead to potential
risks to human and environmental health (Hsu and others,
2024). Cyanobacteria were typically most abundant in August
and September, but cyanoHABs can occur any time of year;
therefore, datasets that span year-round, such as this study,
can enhance understanding of bloom-formation mechanisms
(Chorus and Welker, 2021; Reinl and others, 2023).

These findings are consistent with previous studies,
which indicated that cyanobacteria, cyanotoxin synthetase
genes, and cyanotoxins have been found at low concentrations
in many large rivers across the Nation, with eutrophic (high-
nutrient) rivers having the highest phytoplankton biomass,
abundance of cyanotoxin synthetase genes, and cyanotoxin
occurrences (Graham and others, 2020; Linz and others,
2023). The sporadic detection of microcystins by ELISA
compared to the persistent detection of both genes by
gPCR (cyanotoxin synthetase genes and 16S rRNA) and
microcystins by SPATT suggests there could be sources of
cyanobacteria growth elsewhere in the system in addition to
Budd Lake and Spruce Run Reservoir.

In this study, detections of cyanobacteria 16S rRNA and
cyanotoxin synthetase genes had higher sensitivity to detect
cyanobacteria compared to microscopy, which has also been
shown in other studies for large rivers in New Jersey (Hsu
and others, 2024) and across the United States (Graham
and others, 2020). Cyanobacteria abundance and mcyE
gene copies across all sites were moderately correlated and
significantly positively associated (R*=0.55, p<0.001; fig. 7B).
Relative mcyE densities between upstream and downstream
sites on each sampling date overlapped with patterns in
taxa capable of producing microcystin, as described by
Clonan and others (2026).

Because of their continuous-absorption capacity, SPATT
samplers are well-suited for the evaluation of spatial and
vertical cyanotoxin dispersal and persistence patterns in
flowing-water systems (Kudela, 2011; Wood and others, 2020;
Howard and others, 2021). Other studies have advanced the
understanding of SPATT use and applicability in a range of
system types (Carpenter and Wise, 2023; Johnston and others,
2025; Jaegge and others, 2026). However, there are substantial
limitations to extrapolating quantities of cyanotoxins
detected in SPATT-sampler extracts to environmentally
relevant concentrations. In addition to deployment time,
cyanotoxin adsorption by SPATT samplers can be affected
by water temperature, turbidity, water chemistry, salinity,
hydrodynamics, and concentrations of cyanotoxins (Jacgge
and others, 2026). Results from the SPATT deployments in
this system show persistent low concentrations of microcystin
compared to the discrete samples (figs. 9, 11). At times,
cyanotoxins can be detected with SPATT in the absence of
any other measures, which indicates they may be transported
from upstream locations in low concentrations rather than
cyanobacteria growth occurring at each site. SPATT samplers
can serve as an early warning tool for source-water reservoirs
or downstream-intake points to detect cyanotoxins prior to the
occurrence of a bloom event (Howard and others, 2021).

During periods of increased streamflow, greater
cyanobacteria biomass can be mobilized and transported
downstream, potentially affecting water quality and ecological
health. Graham and others (2012) support this notion,
demonstrating a correlation between larger reservoir releases
and increased cyanobacteria densities in downstream waters.
These findings emphasize the importance of considering
hydrological factors—such as streamflow and reservoir
releases— when assessing the potential for cyanotoxin
transport and its effects downstream (Schmadel and others,
2024; Clonan and others, 2026).

Although continuous water-quality sensors provide
valuable data, the findings from the Spruce Run Buoy suggest
that, at least at that site, further data collection and analysis
could help to: (1) accurately interpret the algal growth trends,
and (2) observe indicators of algal blooms in real time. This
finding aligns with previous research that highlighted the
limitations of fluorescence sensors when detecting cyanoHABs
(Foster and others, 2022). This discrepancy may be attributed
to changes in algal material following sample preservation
(Gifford and others, 2024) as well as differing water-column
depths between the sensor location on the buoy and the depth
at which discrete water samples are collected. Additionally, the
fluorescence sensor measures a biological response affected
by factors such as light environment, physiological status of
algal communities, and algal morphology (Foster and others,
2022). Potentially, continuous water-quality data collected
concurrently can help identify environmental variables that
may affect the adsorption of cyanotoxins to SPATT as well as
natural materials in the lake and rivers.

Limitations

This study represents a snapshot of conditions from
August 2020 to August 2021. To fully understand the
complex dynamics of cyanotoxin transport and the effect of
environmental factors, long-term monitoring studies may
better capture seasonal and interannual variations. Seasonal
changes in temperature, nutrient availability, and hydrological
conditions can substantially affect the growth, cyanotoxin
occurrence, and transport of cyanobacteria. By examining
seasonal and interannual patterns, scientists and managers can
gain valuable insights into the factors that drive cyanotoxin
occurrences and develop more effective strategies for
mitigating their effects.

A primary limitation in the ability to assess cyanotoxin
transport in this study was the low number of cyanotoxin
detections, especially cyanotoxins other than microcystin. This
could be attributed to several factors:

* Temporal and spatial sampling resolution: The
sampling design aimed to capture potential cyanotoxin-
transport events, but the frequency and location of
sampling sites may not have been optimal for detecting
sporadic or localized occurrences. The timing of the



study captured portions of two years (2020 and 2021),
but not the full pattern of formation and dissipation of
one bloom season.

* Low cyanotoxin concentrations: Cyanotoxins may
have been present in the system, but were below MDLs,
particularly during periods of low cyanoHAB activity,
such as the winter months. The findings of more
common detections in the SPATT samplers support this
result as they tend to concentrate even low amounts of
cyanotoxins (Kudela, 2011).

* Rapid cyanotoxin degradation: Environmental factors
such as sunlight, temperature, and microbial activity can
rapidly degrade cyanotoxins, limiting their persistence
in the water column and reducing the likelihood of
detection, especially anatoxins (Christensen and
Khan, 2020; Chorus and Welker, 2021). The discrete
samples were not analyzed for anatoxins; anatoxins and
cylindrospermopsin were measured but not detected
in the SPATT samples. Although potential producers
for these cyanotoxins were present in the system,
microcystin is likely the most concerning cyanotoxin in
the Raritan Basin Water Supply Complex.

* Complex hydrological and meteorological conditions:
Variable hydrological conditions, such as fluctuating
flow rates and water levels, can affect cyanotoxin
transport and dispersion, making it difficult to predict
and track their movement. The study does not fully
encompass the scope of interannual variability. For
example, during times of drought, discharge from Spruce
Run Reservoir makes up a much higher proportion of
the Raritan River flow than the portion of discharge the
reservoir contributed to the river during this study (New
Jersey Water Supply Authority, 2005).

Further research could increase understanding of
the factors influencing cyanotoxin transport and support
development of more effective monitoring strategies. Future
studies could benefit from increased sampling frequency,
the use of more sensitive analytical techniques, and the
integration of hydrological and meteorological data to refine
predictions of cyanotoxin-transport events. To further refine
our understanding of cyanotoxin transport and its potential
effect on drinking-water sources, future investigations could
focus on the following key areas:

» High-frequency monitoring at key locations:
Implementing continuous or high-frequency
monitoring of cyanotoxins and environmental
constituents at critical locations can provide valuable
insights into the rapid changes in riverine systems
that occur during and after storm events (Schmadel
and others, 2024) and (or) after large releases from
reservoirs, such as Spruce Run Reservoir.

» Advanced modeling techniques: Utilizing
sophisticated hydrodynamic and water-quality models
can help predict the transport and fate of cyanotoxins
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under various hydrological and meteorological
conditions (Schmadel and others, 2024; Jarvie and
others, 2025).

* Integration of remote sensing: Incorporating satellite
imagery and drone-based remote sensing can provide
large-scale spatial information on the distribution and
occurrence of cyanobacteria blooms and possibly even
their potential to produce cyanotoxins (Wood and
others, 2020).

* Interdisciplinary collaboration: Fostering
collaboration between stakeholders and collaborators
can facilitate a comprehensive understanding of the
complex interactions between physical, chemical, and
biological factors that affect cyanotoxin transport.
Addressing these can improve the ability to assess
risks, develop early warning systems, and implement
effective management strategies to protect public
health and water resources (Brooks and others, 2016;
Chorus and Welker, 2021).

Summary

From August 2020 to August 2021, the U.S. Geological
Survey (USGS), in cooperation with New Jersey Water
Supply Authority (NJWSA), New Jersey Department of
Environmental Protection (NJDEP), and Montclair State
University conducted a study to characterize the extent,
duration, and potential transport of cyanobacteria and
associated cyanotoxins within the Raritan Basin Water Supply
Complex to better understand cyanotoxin and cyanobacteria
occurrence in this system. The specific objectives of this report
are to: (1) characterize findings from discrete water-quality
samples, solid phase adsorption toxin tracking (SPATT),
and continuous-sensor measurements, and (2) relate those
results to cyanobacteria, cyanobacteria genes, cyanotoxins,
chlorophyll a, water-quality data, and relevant New Jersey
cyanobacteria harmful algal bloom (cyanoHAB) advisory
thresholds.

Data were collected on 20 dates from 8 riverine and lake
outlet locations in the Raritan River Water Supply Complex.
Discrete samples were analyzed for nutrients, turbidity,
chlorophyll a, phytoplankton identification and enumeration,
cyanobacteria genes, and cyanotoxins. A sonde was used
to measure water temperature and pH at each site during
discrete-sample collection. SPATT extract samples were
analyzed for cyanotoxins.

This study showed substantial assemblage differences
between lake outlet and riverine sites in overall phytoplankton
composition. Lake outlet sites had higher densities of
phytoplankton and were more likely to be dominated by
potential cyanotoxin-producing and filamentous cyanobacteria
taxa. On several dates, the abundance of cyanobacteria
exceeded the NJDEP harmful algal bloom Alert Watch
threshold (above 20,000 cells per milliliter [cells/mL]) at
the lake sites. Comparatively few exceedances occurred
at the riverine sites, which were rarely dominated by
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potential cyanotoxin-producing taxa. At the Spruce Run

Buoy site, the phytoplankton composition was dominated

by potential cyanotoxin-producing taxa throughout the

year. Continuous-sensor-fluorescence chlorophyll a and
phycocyanin data show some discordance with the microscopy
biovolume, limiting the potential usage of continuous data

to determine if a bloom is occurring using these data alone.
All four classes of cyanotoxin synthetase genes (microcystin
[meyE], anatoxins [anaC], saxitoxin [sxt4], and
cylindrospermopsin [cyrA]) were detected at least once among
all analyzed samples; however, the frequency of detection
(percent occurrence) and abundance of gene copies varied
substantially by site and over time. Compared to the riverine
sites, the lake outlet sites had higher mean detections

of mcyE, sxtA, and cyrA, but for anaC, detections at the
riverine sites were higher. Three of the genetic indicators
(cyanobacteria 16S ribosomal ribonucleic acid [TRNA], mcyE,
and anaC) were significantly positively associated with total
cyanobacteria abundance.

Of the discrete samples analyzed for microcystins,
none had detections above the method reporting limit
(0.3 micrograms per liter [pg/L]). Microcystin detections
were exclusively from the lake outlet sites and were all
below the NJDEP HAB Alert Warning level [20 pg/L]).
Microcystins were detected in 83 percent of SPATT samplers,
a substantially higher rate than for discrete samples. Evidence
of cyanobacteria and microcystin transport among sites
was evaluated over time by aligning four indicators: total
phytoplankton abundance, detections of mcyE by quantitative
polymerase chain reaction (qQPCR), microcystin analysis
of discrete samples, and microcystin analysis from SPATT
samplers. Detections across all indicators were most common
at the two lake outlet sites. There were no seasonal trends
in the indicators that suggested downstream transport was
more prevalent in the summer or winter months. Under
the conditions sampled during this study, results suggest
the cyanobacteria and cyanotoxins from Budd Lake and
Spruce Run Reservoir did not often lead to pronounced
cyanobacteria and cyanotoxin presence at Manville RR or
further downstream. There was some transport of both genetic
material and microcystin shown in sporadic detections by
qPCR and SPATT samplers, respectively, but no evidence
of proliferation exists at these sites. The results from Budd
Lake and Spruce Run Outlets suggested that these sites were
a constant source of cyanobacteria, even when a visible
cyanoHAB was not present. The strength of associations
between biological response and environmental variables were
stronger in lake sites than in riverine sites.

The widespread occurrence of cyanobacteria throughout
the study area is consistent with the genetic findings,
suggesting a common presence of cyanobacteria in the Raritan
Basin Water Supply Complex. Although discrete sampling
during this study did not reveal cyanotoxins at concentrations
of high risk to human health, the presence of toxigenic
cyanobacteria, cyanotoxin-producing genes, and consistent
detections of microcystins from the SPATT samplers indicate
potential for future concerns related to cyanoHABs within
the system. Although continuous water-quality sensors
provide valuable data, the findings from the Spruce Run

Buoy suggest, at least at that site, further analysis could help
to: (1) accurately interpret the algal growth trends, and (2)
observe indicators of algal blooms in real time. Additional
studies of cyanobacteria and cyanoHABs in the Raritan River
basin could benefit from increased sampling frequencies,
more sensitive analytical techniques, and the integration

of hydrological and meteorological data to refine our
understanding of cyanotoxin occurrence in riverine systems.
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