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Abstract
Harmful algal blooms, particularly cyanobacterial 

harmful algal blooms, threaten aquatic ecosystems, drinking 
water supplies, and recreational resources. In 2019, the 
U.S. Geological Survey, in collaboration with the New York 
State Department of Environmental Conservation, deployed 
solid phase adsorption toxin tracking (SPATT) samplers in 
Seneca Lake, Owasco Lake, and Skaneateles Lake to monitor 
the cyanotoxins microcystins, cylindrospermopsins, anatoxins, 
and saxitoxins. SPATT samplers can passively adsorb 
dissolved cyanotoxins over time, providing time-integrated 
data capable of detecting low concentrations of cyanotoxins 
that traditional discrete sampling may miss. SPATT samples 
were analyzed using enzyme-linked immunosorbent assay 
(ELISA), liquid chromatography with mass spectrometry 
(LC–MS), and with tandem mass spectrometry (LC–MS/MS). 
The effects of ELISA-required preservative on measurements 
by mass spectrometry methods were also evaluated.

SPATT samplers consistently detected microcystins and 
anatoxins more frequently than concurrent discrete sampling. 
ELISA results often showed higher cyanotoxin concentrations 
than LC–MS/MS, likely due to interference from dissolved 
organic matter and the ability of ELISA to detect a broader 
range of congeners. The addition of preservative influenced 
results for some analytes, particularly microcystins, which 
showed higher concentrations in preserved samples. 
Limitations in ELISA methods for cylindrospermopsins 
and saxitoxins were identified, potentially related to 
cross-reactivity, low sensitivity, or other matrix interferences. 
This study demonstrates the utility of SPATT samplers in 
capturing cyanotoxin variability, especially in environments 
with low cyanotoxin levels or ephemeral blooms. Further 
research could help improve the reliability of ELISA and other 
analytical methods in freshwater ecosystems.

1U.S. Geological Survey.

2State University of New York, College of Environmental Science and 
Forestry.

Introduction
Harmful algal blooms can negatively affect aquatic 

ecosystems, through reductions in dissolved oxygen and light 
availability, and the economy, through the loss of tourism 
revenue, fishery closures, and reduced property values 
(Havens, 2008; Dodds and others, 2009). One phenomenon 
of particular interest is cyanobacterial harmful algal blooms 
(cyanoHABs), which can produce a variety of toxins (called 
cyanotoxins), as well as compounds that affect the taste 
and smell of water. These cyanotoxins and taste-and-odor 
compounds are of concern in waterbodies used to supply 
drinking water or for recreation (Boyer, 2007; Graham and 
others, 2008). Cyanotoxins have caused illness in humans 
and illness and death in animals throughout the United States 
(Hudnell, 2008; Trevino-Garrison and others, 2015). Early 
detection and preventative management are increasingly 
important because cyanoHAB occurrences have increased 
globally over the past several decades (O’Neil and others, 
2012; Trevino-Garrison and others, 2015; Taranu and others, 
2015; Favot and others, 2023; Gorney and others, 2023). 
The Finger Lakes region of central New York has likewise 
had an increase in cyanoHABs in recent decades. In 2017, 
all 11 Finger Lakes had open water, shoreline, or both types 
of cyanoHABs (Boyer, 2007; New York State Department of 
Environmental Conservation [NYSDEC], 2018, 2020).

The U.S. Geological Survey (USGS), in collaboration 
with the NYSDEC, conducted a cyanoHAB advanced 
monitoring pilot study to improve the state of monitoring 
and understand cyanoHABs in the Finger Lakes. As part 
of this pilot study, a series of assessments were carried out 
between 2018 and 2020 to evaluate a range of traditional 
and innovative monitoring approaches and technologies. The 
objectives of the assessments were to inform future monitoring 
strategies and increase the understanding of factors related to 
cyanoHAB proliferation in New York State.

In 2019, the USGS used solid phase adsorption 
toxin tracking (SPATT) samplers across three low- to 
moderate-nutrient lakes that undergo seasonal stratification: 
Seneca Lake, Owasco Lake, and Skaneateles Lake (fig. 1). 
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SPATT samplers are passive devices designed to adsorb 
dissolved cyanotoxins and characterize cyanotoxin occurrence 
over time (MacKenzie and others, 2004; Kudela, 2011; Wood 
and others, 2011; Howard and others, 2017; Kudela, 2017; 
Roué and others, 2018). The primary advantage of using 
SPATT samplers for cyanotoxin monitoring is their potential 
to provide concentrated measurements of cyanotoxins in the 
water column, which may enable the detection of ephemeral 
occurrences missed by discrete sampling approaches. 
However, due to the time integration, the concentrations 
of cyanotoxins measured from SPATTs cannot be easily 
related to ambient concentrations in the water because of 
variations in flow velocity and cyanotoxin concentration 
over the deployment period and other environmental factors 
(Kudela, 2011). Variations in flow velocity influence the rate 
of cyanotoxin adsorption onto the SPATT resin, with higher 
flow potentially increasing adsorption efficiency. Similarly, 
fluctuating cyanotoxin concentrations in the water during the 
deployment period affect the cumulative amount of cyanotoxin 
adsorbed. Additionally, SPATT samplers can only adsorb and 
concentrate dissolved cyanotoxins, whereas discrete samples 
can measure both dissolved and nondissolved (intracellular) 
cyanotoxins.

Despite their limitations, SPATT samplers can offer a 
more comprehensive understanding of cyanotoxin dynamics 
over time, compared with the snapshot obtained from 

traditional discrete sampling methods (Lane and others, 
2010; Kudela, 2011, 2017). Whereas SPATT samplers are 
considered a semi-quantitative approach, their high sensitivity 
and inexpensive construction can make them a valuable 
supplement to standard monitoring practices (Lane and others, 
2010; MacKenzie, 2010; Wood and others, 2011). In this 
study, SPATT samplers were deployed at multiple depths in 
each lake to evaluate their ability to provide information on 
cyanotoxins over time and depth, and to compare differences 
in results from samplers positioned near each other.

The goal of this study was to evaluate the ability of 
SPATT samplers to provide measurements of four classes of 
cyanotoxins—microcystins, cylindrospermopsins, anatoxins, 
and saxitoxins—and to assess the effect of an enzyme-linked 
immunosorbent assay (ELISA)-required preservative 
on measurements by mass spectrometry methods. This 
information will help refine best practices and improve the 
understanding of SPATT results, contributing to more effective 
application and interpretation of this monitoring approach for 
cyanoHABs. All data discussed in this report are available in a 
USGS data release (Stouder and others, 2024) or the National 
Water Information System (NWIS; USGS, 2016).
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Description of Study Area
The Finger Lakes are important recreational, drinking 

water, and economic resources for New York State 
(NYSDEC, 2019; Halfman and others, 2023). The Finger 
Lakes region encompasses 11 narrow north-south-oriented 
glacial lakes in western New York, south of Lake Ontario 
(not shown; fig. 1). About 8 percent of New York is in the 
Finger Lakes watershed, which covers about 12,000 square 
kilometers (km2) and all or part of 12 counties (Callinan, 
2001). In recent decades, cyanoHAB frequency has increased 
in the Finger Lakes (NYSDEC, 2020). In 2017, all 11 Finger 
Lakes experienced open water or shoreline cyanoHABs, 
even those historically characterized by low concentrations 
of nutrients and chlorophyll a (NYSDEC, 2018). Previous 
studies on the Finger Lakes and other lakes in New York 
State have documented the spatiotemporal heterogeneity 

of cyanoHABs and cyanotoxins within and among lakes 
(NYSDEC, 2019; Smith and others, 2019; Prestigiacomo 
and others, 2023; Gorney and others 2023). Seneca Lake 
(USGS site 425027076564401), Owasco Lake (USGS site 
425327076313601), and Skaneateles Lake (USGS site 
425606076251601; for additional information about all sites, 
refer to U.S. Geological Survey, 2016) were chosen for this 
pilot study in part because they represent a continuum of 
trophic states, from oligotrophic (low nutrient concentrations) 
to mesotrophic (moderate nutrient concentrations; Callinan, 
2001; NYSDEC, 2019).

Of the 11 Finger Lakes, Seneca Lake is the second largest 
in surface area (about 175 km2) and the deepest (maximum 
depth is about 200 meters [m]). Seneca Lake has a volume 
of about 15,500 million cubic meters and a drainage area of 
about 1,200 km2. Owasco Lake is the sixth largest Finger Lake 
in surface area (about 30 km2), has a maximum depth of about 
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Figure 1.  Map of the Finger Lakes region, New York, including the three study locations within Seneca Lake, Owasco Lake, and 
Skaneateles Lake.
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50 m, and has a volume of about 780 million cubic meters. 
The Owasco Lake drainage area is about 470 km2. Skaneateles 
Lake is the fifth largest Finger Lake in surface area (about 
40 km2), has a maximum depth of about 90 m, and has a 
volume of about 1,600 million cubic meters. The Skaneateles 
Lake drainage area is about 150 km2 (Callinan, 2001).

A substantial part of land use in the watersheds of all 
three lakes is agricultural—about 40 percent for Seneca Lake, 
about 55 percent for Owasco Lake, and about 40 percent for 
Skaneateles Lake. Data from 2018 indicate that Seneca and 
Owasco Lakes are mesotrophic (total phosphorus at Seneca 
and Owasco Lakes was 0.011 milligrams per liter [mg/L] and 
0.008 mg/L, respectively, and total nitrogen was 0.551 mg/L 
and 0.948 mg/L, respectively), and that Skaneateles Lake 
is oligotrophic (total phosphorus and total nitrogen were 
0.004 mg/L and 0.471 mg/L, respectively; NYSDEC, 2019).

SPATT Sampler Methods
SPATT samplers can be an effective way to detect and 

measure dissolved cyanotoxins in water (Kudela, 2011; 
Wood and others, 2011; Howard and others, 2017). SPATT 
samplers are inexpensive to make and generally involve 
simple protocols for deployment and retrieval (Kudela, 2011; 
Howard and others, 2018). However, SPATT samplers can be 
subject to matrix interference—that is, substances naturally 
present in water that can affect the accuracy of measurements 
taken by a water quality monitoring tool—including 
nonspecific adsorption of nontarget analytes, which can 
result in inaccurate cyanotoxin quantification (Sangolkar and 
others, 2006; He and others, 2016; Birbeck and others, 2019; 
Jaramillo and O’Shea, 2019).

The SPATT method involves construction, deployment, 
and subsequent retrieval of the samplers, followed by 
extraction and analysis for cyanotoxins in the laboratory 
(Howard and others, 2018). This study compared three 
analytical methods: ELISA, liquid chromatography with mass 
spectrometry (LC–MS), and liquid chromatography with 
tandem mass spectrometry (LC–MS/MS). ELISA provides a 
measure of the aggregate concentration of a specific class of 
cyanotoxins, such as microcystins or anatoxins, (Sangolkar 
and others, 2006; Gaget and others, 2017; Jaramillo and 
O’Shea, 2019). The aggregate concentration is independent 
from congeners; that is, molecular variations of cyanotoxins 
in the same class. Mass spectrometry methods (that is, 
LC–MS and LC–MS/MS) can offer greater specificity with 
detailed information about the presence of specific congeners. 
However, these two methods are limited to quantifying only 
those cyanotoxins that are included in the analytical protocol 
(Birbeck and others, 2019). The total cyanotoxin concentration 
determined by mass spectrometry represents a summation of 
the individual cyanotoxin congeners measured, in contrast to 
the aggregate measurement obtained with ELISA. LC–MS/
MS can reduce interferences and offer greater specificity in 

complex samples than LC–MS but requires more sophisticated 
equipment, and its effectiveness is even more dependent on 
the availability of analytical standards (Ho and others, 2003). 
Mass spectrometry has higher start-up costs than ELISA 
because of the need for expensive instrumentation and highly 
trained operators, but the cost per sample is generally lower 
once the equipment has been obtained (Gaget and others, 
2017). Because both methods have trade-offs on reliability, 
cost, and accuracy, comparisons of paired findings across 
methods are valuable (Gaget and others, 2017; Birbeck and 
others 2019).

SPATT Sampler Construction and Deployment

The SPATT samplers used in this study were constructed 
using modifications of methods described in Lane and others 
(2010). A 3-gram (g) portion of DIAION HP20 (Mitsubishi 
Chemical Group, Tokyo, Japan), a highly porous, cross-linked, 
styrene-divinylbenzene synthetic adsorbent resin, was used as 
the adsorbent material. HP20 is the most common resin used 
in SPATT sampler studies, and 3 g is the most common and 
most effective amount of resin per sampler (MacKenzie, 2010; 
Zendong and others, 2016; Roué and others, 2018). The HP20 
resin beads were contained between two layers of 100-µm 
Nitex nylon mesh assembled on a 12.7-cm plastic embroidery 
hoop (fig. 2). Prior to deployment, the SPATT samplers were 
activated by soaking in 100-percent methanol for 24 hours, 
triple-rinsed with and stored in ultra-pure deionized water, 
and kept refrigerated. SPATT samplers were attached along 
a weighted steel cable that was deployed between mid-May 
and mid-November 2019, below an open-water monitoring 
platform (as described in Johnston and others, 2024) 
located near the northernmost end of each study lake. The 
SPATT samplers were located at near-surface, middle, and 
near-bottom depths; the same depths at which continuous 
water-quality sensor data and discrete water-quality 
samples were collected. (table 1; figs. 1 and 2; Johnston and 
others, 2024).

SPATT Sampler Collection and Analysis

SPATT samplers were retrieved after collection periods 
lasting between 5 and 22 days, sealed in plastic bags, and 
kept cold on wet ice until being placed in a freezer later 
that day. The SPATT samplers were stored frozen for up to 
6 months before being shipped on dry ice to the USGS Oregon 
Water Science Center in Portland for extraction and analysis 
by ELISA for four types of cyanotoxins (microcystins, 
cylindrospermopsins, anatoxins, saxitoxins). Cyanotoxins 
were extracted from the SPATT resin using a 50-percent 
solution of LC–MS-grade methanol and organic-free water 
(Howard and others, 2018). These extract samples were 
evaporated to dryness and reconstituted in a 2-percent 
methanol and organic-free water solution before analysis to 
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achieve methanol concentrations less than 2.5 percent per the 
ELISA manufacturer’s limit for anatoxin-a (Carpenter and 
Wise, 2023; Gold Standard Diagnostics, 2024a–d).

A subset of comparison samples was chosen to represent 
the range of deployment conditions including the study 
lakes, deployment depths, and cyanotoxin concentrations as 
indicated by the ELISA results. These samples were sent to 
the State University of New York College of Environmental 
Science and Forestry and were analyzed by LC–MS for 
microcystins only, and by LC–MS/MS for microcystins, 
cylindrospermopsins, and anatoxins. No mass spectrometry 
analyses were performed for saxitoxins because of 
inconsistencies in published methods (for example, Li and 
Persson, 2021) with freshwater saxitoxin analogs. Because 
ELISA preservatives added to SPATT samples may interfere 
with mass spectrometry analyses, the subset of SPATT 
samples analyzed by mass spectrometry methods included 
22 pairs of preserved and unpreserved samples to evaluate this 
potential effect.

SPATT Extract Samples Analyzed by ELISA
SPATT extract samples were thawed and split into two 

separate aliquots: one for neurotoxin (that is, anatoxins and 
saxitoxins) analyses, the other for protein synthesis inhibitor 
(that is, microcystins and cylindrospermopsins) analyses. 
The samples were analyzed using protocols outlined in the 
Gold Standard Diagnostics (Warminster, Pennsylvania) 
instruction manuals (Gold Standard Diagnostics, 2024a–d) 
for the following ABRAXIS test kits: microcystins 
and nodularins (product number 520011), anatoxin-a 
(product number 520060), cylindrospermopsins (product 
number 522011), and saxitoxins (product number 52255B). 
Extract samples with concentrations exceeding the upper 
limit of the ELISA calibration curves (microcystins 
[ADDA-specific, referring to moiety (4E,6E)-3-amino-9-
methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid]: 
5.00 µg/L; anatoxins: 5.00 µg/L; cylindrospermopsins: 
2.00 µg/L; and saxitoxins: 0.4 µg/L) were diluted and 
reanalyzed. The method detection limit (MDL) varied by 
cyanotoxin group (microcystins [ADDA-specific]: 0.15 µg/L; 
anatoxins: 0.15 µg/L; cylindrospermopsins: 0.05 µg/L; 
and saxitoxins: 0.02 µg/L) and was determined based on 
the lowest concentration nonzero standard found in each 
respective ELISA kit.

LC–MS and LC–MS/MS Analysis of SPATT 
Extract Samples

SPATT extract samples were analyzed for microcystins 
by LC–MS using a Waters Micromass ZQ 4000 mass detector 
for nodularin and 21 microcystin congeners (refer to table 2) 
as described in Boyer (2020). Extracted samples were 
analyzed for microcystins by LC–MS/MS using a Thermo 
Scientific Quantiva Altis triple quadrupole mass spectrometer 

A

B

Figure 2.  Photographs of solid phase adsorption toxin tracking 
(SPATT) samplers. A, Sampler retrieved from deployment. 
Photograph by U.S. Geological Survey. B, A sampler being 
prepared for deployment. Photograph by Jennifer Graham, 
U.S. Geological Survey.
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according to the methods described in Birbeck and others 
(2019) for nodularin and 11 microcystin congeners (RR, YR, 
HtyR, dLR, LR, HilR, WR, LA, LY, LW, and LF; refer to 
table 2). The samples also were analyzed by LC–MS/MS for 
three cylindrospermopsins congeners (cylindrospermopsin, 
7-epi-cylindrospermopsin, and 7-deoxycylindrospermopsin) 
and four anatoxins congeners (anatoxin-a, homoanatoxin-a, 
dihydroanatoxin-a, and dihydrohomoanatoxin-a; additional 
details regarding anatoxins methods are described in Barnard 

and others [2021]). The analysis utilized a modified version 
of U.S. Environmental Protection Agency (EPA) Method 545, 
adding multiple congeners along with a quantification ion and 
two confirmatory ions for each cyanotoxin (EPA, 2015).

For cyanotoxins analyzed by LC–MS or LC–MS/MS, 
the MDLs (available in Stouder and others [2024]) were 
determined on the day of analysis, based on sample volume, 
extract volume, injection volume, and instrument reporting 
limits at the time (Boyer, 2020). For microcystins, MDLs 

Table 1.  Lake sampling location naming designation and associated depths of solid phase 
adsorption toxin tracking samplers deployed in three Finger Lakes, New York.

Sampling  
location

Sampling depth,  
in meters

Seneca Lake Owasco Lake Skaneateles Lake

Near surface 1 1 1
Mid-depth 15 13 15
Near bottom 29 26 29

Table 2.  List of analyzed microcystin congeners and their amino acid modifications 
and abbreviations.

[Amino acids are abbreviated as follows: A, alanine; F, phenylalanine; L, leucine; R, arginine; W, tryptophan; 
Y, tyrosine]

Abbreviation Definition

dRR Demethyl microcystin-RR
RR Microcystin-RR
mRR Methylated microcystin-RR
h4YR Hydrogenatd microcystin-YR
HtyR Microcystin variant with homotyrosine and arginine
YR Microcystin-YR
dLR Demethyl microcystin-LR
LR Microcystin-LR
mLR Methylated microcystin-LR
meLR Methyl-modified microcystin-LR
AR Microcystin-AR
FR Microcystin-FR
WR Microcystin-WR
dLA Demethyl microcystin-LA
LA Microcystin-LA
mLA Methylated microcystin-LA
LL Microcystin-LL
LY Microcystin-LY
LW Microcystin-LW
LF Microcystin-LF
zLR Structural isomer of microcystin-LR
HilR Microcystin variant with homoisoleucine and arginine
UNK Unknowns
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were reported as microcystin-LR equivalents, and total 
concentrations were calculated as the sum of all congeners. 
For cylindrospermopsins and anatoxins, detections included 
an additional data quality check not part of the standard EPA 
545 method. This check involved using one quantification 
ion and two confirmatory ions, with detections categorized as 
confirmed, possible, or suspect based on the presence of the 
parent and confirmation ions in the correct ratio (Conklin and 
others, 2020).

Discrete Sample Methods
As part of the advanced monitoring pilot study, 

discrete water-quality samples were collected every 
2 weeks. These samples were analyzed for biological and 
physicochemical variables, including immunoassay (ELISA) 
and chromatographic (that is, mass spectrometry; LC–MS and 
LC–MS/MS) quantification of total cyanotoxin concentrations 
in whole water. Discrete samples that coincided with 
SPATT recoveries were used to aid in interpretation of the 
SPATT results.

Discrete Sample Collection and Analysis

Environmental water was collected using an 8-liter (L), 
polyvinyl chloride (PVC) vertical Van Dorn sampler (USGS, 
variously dated; Graham and others, 2008) from the same 
depths at which SPATT samplers were deployed. The collected 
water was transferred into an 8-L fluoropolymer churn splitter, 
which allows for homogenization and the subsampling 
required for different analyses (USGS, variously dated).

Analysis of Discrete Samples by ELISA
Discrete unfiltered water samples for total cyanotoxin 

analyses were collected in 250-milliliter (mL) high-density 
polyethylene (HDPE) bottles, kept cold on wet ice until being 
placed in a freezer later that day, and stored frozen. Prior to 
analysis, samples were thawed and split into two separate 
aliquots, one for microcystins and cylindrospermopsins 
analyses, the other for anatoxins and saxitoxins analyses. The 
aliquots for anatoxins and saxitoxins analyses were preserved 
using a preservative supplied in the ELISA kits. The samples 
were analyzed using Gold Standard Diagnostics (2024a–d) 
ABRAXIS ELISA kits as described above for SPATT extract 
samples. Samples were processed through three freeze/
thaw cycles to lyse cyanobacterial cells. Lysates were then 
filtered with 0.45-µm glass-fiber filters and analyzed for all 
four types of cyanotoxins at the USGS in Troy, New York. 
Whereas the MDLs of these are the same as those described 
for SPATT extract samples, the minimum reporting level 
for each cyanotoxin determined at the USGS in Troy was 
defined as twice the detection limit (microcystins: 0.30 µg/L; 
ADDA-specific, anatoxins: 0.30 µg/L; cylindrospermopsins: 

0.10 µg/L; and saxitoxins: 0.04 µg/L) in accordance with 
EPA Method 546 (EPA, 2016). ELISA cyanotoxin results are 
available in NWIS (USGS, 2016).

LC–MS and LC–MS/MS Analysis of Discrete 
Samples

About half the volume of the thawed 250-mL unfiltered 
water samples used for ELISA discussed above was separated 
into aliquots of 100–150 mL and sent to State University of 
New York College of Environmental Science and Forestry 
on wet ice. These unfiltered water samples were centrifuged, 
and supernatants were filtered using methods comparable to 
those described in Barnard and others (2021) prior to analysis. 
Samples were analyzed for microcystins by LC–MS, and 
cylindrospermopsins and anatoxins by LC–MS/MS using 
methods described above for SPATT extract samples. LC–MS 
and LC–MS/MS cyanotoxin results are available in NWIS 
(USGS, 2016).

Sample Quality Assurance and Control
Quality control samples were collected for quality 

assurance, accounting for about 20 percent of all SPATT 
samplers deployed. Sequential unfiltered water replicate 
samples were used to evaluate the variability resulting from 
environmental factors and sample collection and processing. 
Replicate pairs of SPATT samplers were deployed side by side 
at all lakes and all depths. The coefficient of variation was 
used to compare replicate results (Zar, 1999); however, the 
coefficient of variation was not calculated for any replicate 
pairs where one, or both, of the replicate concentrations 
were below the MDL and (or) flagged as “estimated” due to 
being above the calibration curve and not diluted for further 
analysis. Additionally, the coefficients of variation of LC–
MS and LC–MS/MS results were not calculated for diluted 
samples (that is, dilution resulting from preceding ELISA 
procedure). These factors can introduce additional variability 
and potential errors into the measurements, the implications 
of which were considered outside the scope of this study. A 
total of 22 replicate pairs of SPATT samplers were deployed 
over the course of the study, and 15 (about 68 percent) were 
recovered with both samplers intact. For samples with no 
detectable cyanotoxin concentrations, the same finding held 
for its replicate, except for one unpreserved microcystins pair 
analyzed by LC–MS, where microcystins were detected at low 
concentrations in one replicate but not the other. The median 
and mean coefficients of variation between replicate pairs for 
all methods and cyanotoxins were less than or equal to 25 and 
35 percent, respectively (table 3). The highest coefficients of 
variation were observed in preserved samples analyzed for 
microcystins by LC–MS and LC–MS/MS. The maximum 
coefficients of variation of those samples were more than 
double those of unpreserved samples. This suggests that the 
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preservative supplied in the ELISA kits may have affected the 
analysis by mass spectrometry methods, or it may have been 
an artifact of the smaller number of unpreserved replicate 
pairs. Sample results that were below the MDL or labeled 
as “estimated,” as well as LC–MS and LC–MS/MS results 
from diluted samples, were also excluded from the method 
comparison results of this report.

Two blank extract samples were taken from two 
SPATT samplers not deployed in the field. The blank SPATT 
samplers were activated, stored, extracted, and analyzed in 
the same manner as the deployed SPATT samplers. The blank 
samples were analyzed by ELISA, and one of them was also 
analyzed by LC–MS/MS. Analyses by ELISA did not detect 
microcystins or anatoxins, but cylindrospermopsins were 
detected at or near the ELISA MDL in both blank extract 
samples. Saxitoxins were detected above the ELISA MDL 
(about 0.03 µg/L) in one of the blank extract samples. The 
single LC–MS/MS analysis included a false positive for 
microcystins (at about 3.0 µg/L), but no other cyanotoxins 
were detected. This false positive was attributed to the 
presence of peaks in nonspecific channels during the LC–MS/
MS detection process. Such peaks can arise from instrument 
noise or interference from other compounds, leading to 
misidentification by the detection software. Given the stringent 
laboratory quality control measures in place for this study, as 
described in Boyer (2020) and Carpenter and Wise (2023), 
this single occurrence was considered an anomaly that is not 
indicative of the overall reliability of the study findings.

Analytical Challenges for Cylindrospermopsins 
and Saxitoxins Detections

Cylindrospermopsins were detected at less than 
2.0 µg/L across all SPATT extract samples analyzed by 
ELISA, with no confirmatory detections by LC–MS/MS. 
Although discussion of cyanotoxin synthetase gene analysis 
and broader molecular results is outside the scope of this 
report, the molecular analysis of discrete water samples 
collected during this study did not indicate the presence of 
cylindrospermopsins synthetase genes (data available in 
NWIS [USGS, 2016]). Synthetase genes are responsible for 
producing the enzymes that synthesize specific cyanotoxins, 
and their absence suggests that cyanobacteria with the genetic 
capacity to produce cylindrospermopsins were not present 
in the analyzed samples. This finding, coupled with a decade 
of State monitoring indicating no cylindrospermopsins 
detections (NYSDEC, 2024), casts doubt on the accuracy of 
the ELISA results for cylindrospermopsins. False positives in 
these results may be attributed to two apparent factors: (1) the 
yellow-brown coloration observed in SPATT extract samples, 
indicative of dissolved organic matter, which is known to 
cause ELISA interference (Nunes and others, 1998; Huang and 
Sedlak, 2001; Hanselman and others, 2004, Silva and others, 
2014); and (2) the detection of cylindrospermopsins of about 
0.05 µg/L in blank SPATT extract samples, which indicates 
one or multiple errors in the analysis method.

Saxitoxins were detected at less than about 0.40 µg/L 
across all SPATT extract samples analyzed by ELISA. 
However, these samples were not confirmed with LC–
MS/MS analysis because of inconsistencies in published 

Table 3.  Coefficient of variation between replicate pairs of solid phase adsorption toxin tracking extract samples for each cyanotoxin 
by each analysis method, including preserved and unpreserved samples.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). ELISA, enzyme-linked immunosorbent assay; LC–MS, liquid 
chromatography with mass spectrometry; LC–MS/MS, liquid chromatography with tandem mass spectrometry; —, not applicable]

Analysis  
method

Sample  
preservation

Number of 
paired samples

Minimum  
(percent)

Maximum 
(percent)

Mean  
(percent)

Median  
(percent)

Microcystins

ELISA — 4 19.6 43.5 27.3 23.0
LC–MS/MS Preserved 11 2.3 123.0 30.4 24.6
LC–MS/MS Unpreserved 5 1.7 19.8 8.5 6.5
LC–MS Preserved 10 1.9 128.4 34.2 24.8
LC–MS Unpreserved 4 3.2 15.7 11.6 13.7

Anatoxins

ELISA — 10 0.7 56.4 17.0 9.6
LC–MS/MS Preserved 3 17.0 50.6 30.9 25.0

Cylindrospermopsins

ELISA — 11 6.4 54.4 18.5 13.5
Saxitoxins

ELISA — 13 0.37 25.5 9.4 5.5
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methods. Although low concentrations of saxitoxins have 
been historically documented in cyanoHAB studies of New 
York State lakes, the consistent low-level detection across all 
samples and dates of collection suggests possible interference 
(presumably related to dissolved organic matter) in the ELISA 
results, especially considering that saxitoxins occurrence 
is typically seasonal (Smith and others, 2019, 2020). In 
contrast, more variation in the sample concentrations would 
be expected over time if cyanoHABs created saxitoxins 
in the lakes. Previous studies using SPATT samplers for 
saxitoxins detection have produced inconsistent results (Lane 
and others, 2010; Hattenrath-Lehmann and others, 2018), 
highlighting a need for further methodological refinement. 
Furthermore, most saxitoxin detections within New York 
State have been caused by cross reactivity of the analytical 
method to a different congener of the paralytic shellfish toxins 
called the Lyngbya wollei toxins (Carmichael and others, 
1997); for most detections, additional testing has shown that 
the parent compound, saxitoxin, is generally low or absent 
(Foss and others, 2012; Smith and others, 2019, Smith and 
Boyer, 2024). The saxitoxin-ELISA used to analyze samples 
in this study shows some cross-reactivity with these and 
other toxins (Gold Standard Diagnostics, 2024d), which 
means that the saxitoxin detections in this study may be 
false positives. Because of these analytical challenges and 
the strong indicators of interference potentially causing 
positive bias and (or) false positives in the results, the ELISA 
detections of cylindrospermopsins and saxitoxins in this study 
are considered unreliable and are not discussed further in 
this report.

Results of Cyanotoxin Analyses
From June through November 2019, 110 SPATT samplers 

were deployed for durations between 5 and 22 days, averaging 
14 days across all recovered samplers. About 86 percent 
(95 samplers) were recovered intact and processed for analysis 
(tables 4 and 5). Some SPATT samplers were not usable 
because of damage (loss of some mesh and resin) or were 
lost because of turbulent conditions in the lake, particularly at 
the near-surface depths. Of the 95 samplers recovered intact, 
15 were replicate samplers discussed in the previous section 
and are not included in the following results discussion. 
Additionally, seven samplers submitted for inter-laboratory 
comparison were not considered because results were not 
available in time for this report; these data are available in 
Stouder and others (2024).

Linear regressions and quantitative analyses were used 
to assess the relations between cyanotoxin concentrations and 
two variables: laboratory analysis method and preservation. 
Specifically, the regressions between analytical methods 
or preservation status and cyanotoxin concentrations were 
examined using ordinary least squares analysis (Helsel and 
others, 2020). All data were compiled using R statistical 
software (R Core Team, 2022).

One hundred percent (71 out of 71) of the microcystins 
concentrations and 94 percent (67 out of 71) of the anatoxins 
concentrations in the SPATT extract samples exceeded the 
upper limit of the ELISA calibration curves (5.00 µg/L for 
both assays), requiring further dilutions and reanalysis to 

Table 4.  The number of solid phase adsorption toxin tracking samplers deployed, recovered, and 
analyzed, by lake and deployment depth.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). m, meter; —, not applicable]

Sampling  
location

Depth  
(m)

Number of samplers

Deployed
Fully recovered  

and analyzed

Near surface 1 14 13
Mid-depth 13 13 12
Near bottom 26 13 12
Lake total — 40 37
Near surface 1 19 11
Mid-depth 15 13 11
Near bottom 29 12 12
Lake total — 44 34
Near surface 1 10 8
Mid-depth 15 8 8
Near bottom 29 8 8
Lake total — 26 24
Study total — 110 95
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achieve results in a quantifiable range. ELISA cyanotoxin 
concentrations for the SPATT samples in this study are 
available in Stouder and others (2024).

Results of Microcystins Analyses

Microcystins were detected in all the samples analyzed 
by ELISA and LC–MS/MS and in most samples analyzed by 
LC–MS (table 5). The extensive detection of microcystins by 
all three analytical methods shows that this cyanotoxin was 
common in the study lakes during the study period. Of all the 
SPATT samplers analyzed, 23 measurements by ELISA, 45 by 
LC–MS, and 71 by LC–MS/MS were considered satisfactory 
for consideration in these results (table 6). Overall, LC–MS 
detected microcystins less frequently than ELISA and LC–MS/
MS, which can be attributed to (1) a higher MDL for LC–MS 
(table 5) and (2) the ability of ELISA to detect a larger number 
of congeners. The MDL of LC–MS was about 40 times greater 
than that of LC–MS/MS in this study, which means that the 
LC–MS/MS can detect much lower concentrations. The better 
LC–MS/MS sensitivity in comparison to LC–MS is due to 
the tandem capability of LC–MS/MS, which gives a lower 
background noise, and other improvements in instrumentation 
that have occurred over the past 20 years (when the LC–MS 
used for this study was manufactured). Thus, the LC–MS/
MS could detect compounds at low concentrations that might 
be missed by the LC–MS method. However, there was a 
strong linear correlation (Pearson’s correlation coefficient; 
r=0.95) between the two mass spectrometry methods for all 
matched sample results originating from the same study lake, 

depth, and deployment period (fig. 3). Mean microcystins 
concentration measured by LC–MS/MS was about three and 
a half times higher than the mean concentration measured 
by LC–MS (table 7). The strong linear correlation was 
not substantially affected by preservation status (table 7; 
fig. 3). Use of the ELISA preservative affected the absolute 
microcystins concentration; in a comparison of 10 paired 
preserved and unpreserved samples, overall, microcystins 
concentrations measured by LC–MS and LC–MS/MS in 
preserved samples were higher than in unpreserved samples, 
by an average of about 35 and 47 percent, respectively (fig. 4).

ELISA results have a strong linear correlation with 
results from both LC–MS and LC–MS/MS (LC–MS r=0.90; 
LC–MS/MS r=0.95; fig. 5). Concentrations of microcystins 
measured by ELISA were consistently higher than those 
measured by LC–MS or LC–MS/MS (fig. 5; table 8), 
which is similar to findings in other studies that compared 
concentrations measured by ELISA to LC–MS or LC–MS/
MS in discrete water samples (Satchwell and Boyer, 2002; 
Graham and others, 2010; and Birbeck and others, 2019). 
The higher concentrations measured by ELISA are likely due 
to its ability to detect a broader range of congeners than the 
two mass spectrometry methods, as well as cross-reactivity 
with nontarget analytes.

The mean microcystins concentration measured 
by ELISA was about eight times higher than the mean 
concentration measured by LC–MS and about two times as 
high as the mean concentration measured by LC–MS/MS 
(table 8). Although the strong linear correlations between 
these analysis methods were not substantially affected by 

Table 5.  Number of samples analyzed for microcystins and anatoxins by each method, percent with detections, and range in 
detection limits

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). MDL, minimum detection limit; µg/L, microgram per liter; 
LC–MS, liquid chromatography with mass spectrometry; LC–MS/MS, liquid chromatography with tandem mass spectrometry; ELISA, enzyme-linked 
immunosorbent assay]

Analysis method
Number of samples Detections  

(percent)
Range of MDL  

(µg/L)Owasco Lake Seneca Lake Skaneateles Lake Total

Microcystins—Preserved

LC–MS 18 24 18 60 70 33.92–220.60
LC–MS/MS 18 24 18 60 100 0.92–6.01

Microcystins—Unpreserved

ELISA 37 34 24 95 100 0.15
LC–MS 10 11 6 27 63 31.05–138.36
LC–MS/MS 10 11 6 27 100 0.85–3.77

Anatoxins—Preserved

ELISA 37 34 24 95 100 0.15
LC–MS/MS 18 24 18 60 35 0.12–0.79

Anatoxins—Unpreserved

LC–MS/MS 10 11 6 27 30 0.11–0.50
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preservation status (fig. 5), the differences in these ratios were 
smaller in preserved mass spectrometry samples and larger 
in unpreserved mass spectrometry samples because of higher 
microcystins concentrations observed in the preserved samples 
than in the unpreserved samples (fig. 4). These results are 
based on a small sample set (four unpreserved samples), so 
it is still uncertain whether the correlation of ELISA to mass 
spectrometry methods is affected by the preservation status of 
the samples analyzed by mass spectrometry (fig. 5).

Three congeners (LR, LA, YR) were detected by LC–
MS, whereas seven congeners (LR, LA, dLR, HilR, LY, YR, 
LF) were detected by LC–MS/MS (table 9). This difference 
is attributed to the lower MDL of LC–MS/MS, and thus its 
ability to detect congeners at much lower concentrations. 
The addition of preservative—which is required for analysis 
by ELISA of anatoxins and saxitoxins—did not result in 
substantial differences in the detection and quantification 
of relative percentage of microcystin congeners by mass 
spectrometry methods (table 10). Relative percentage is 
the unit provided by the mass spectrometry methods for 
microcystins. Microcystin congeners LR and LA were the 
most common congeners detected in the pairs of preserved 
and unpreserved samples; LR was detected in all samples 
regardless of method or preservation status (table 10).

Table 6.  Summary of microcystins detected in all solid phase adsorption toxin tracking extract samples by three analytical methods.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). µg/L. microgram per liter; ELISA, enzyme-linked immunosorbent 
assay; LC–MS, liquid chromatography with mass spectrometry; LC–MS/MS, liquid chromatography with tandem mass spectrometry]

Analysis  
method

Number  
of samples

Minimum  
(µg/L)

Maximum  
(µg/L)

Mean  
(µg/L)

Median  
(µg/L)

ELISA 23 83.7 21,758.5 8,078.5 3,946.1
LC–MS 45 41.0 4,400.9 1,035.6 518.8
LC–MS/MS 71 38.3 13,600.4 2,498.3 986.0

Table 7.  Summary of microcystins detected in paired solid phase adsorption toxin tracking extract samples by two mass 
spectrometry methods.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). µg/L, microgram per liter; LC–MS, liquid chromatography with mass 
spectrometry; LC–MS/MS, liquid chromatography with tandem mass spectrometry]

Analysis  
method

Number  
of samples

Minimum  
(µg/L)

Maximum  
(µg/L)

Mean  
(µg/L)

Median  
(µg/L)

Total
LC–MS 45 41 4,400.9 1,035.6 518.8
LC–MS/MS 45 174.2 13,600.4 3,620.4 1,984.2

Preserved
LC–MS 32 47 4,400.9 1,205.6 742.5
LC–MS/MS 32 265.7 13,600.4 4,252.4 2,532.5

Unpreserved
LC–MS 13 41 2,606.9 617 334.1
LC–MS/MS 13 174.2 8,433.9 2,064.7 1,259.3
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Figure 3.  Scatterplot showing linear relation between 
microcystins concentration determined by liquid chromatography 
with mass spectrometry (LC–MS) and liquid chromatography with 
tandem mass spectrometry (LC–MS/MS). Data from Stouder and 
others (2024); National Water Information System (USGS, 2016).
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Figure 4.  Bar graphs comparing microcystins concentration of 
10 paired preserved and unpreserved samples determined using 
mass spectrometry methods: A, liquid chromatography with mass 
spectrometry (LC–MS); B, liquid chromatography with tandem 
mass spectrometry (LC–MS/MS). Data from Stouder and others 
(2024); National Water Information System (USGS, 2016).

Table 8.  Summary of microcystins concentration measured in the same solid phase adsorption toxin tracking extract samples by three 
analytical methods.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). µg/L, microgram per liter; ELISA, enzyme-linked immunosorbent 
assay; LC–MS, liquid chromatography with mass spectrometry; LC–MS/MS, liquid chromatography with tandem mass spectrometry]

Analysis  
method

Number  
of samples

Minimum  
(µg/L)

Maximum  
(µg/L)

Mean  
(µg/L)

Median  
(µg/L)

ELISA 15 976.8 21,758.5 11,925.8 12,064.5
LC–MS 15 41.0 3,555.9 1,468.7 1,542.8
LC–MS/MS 15 174.2 11,096.1 5,069.1 5,531.0
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Results of Anatoxins Analyses

Anatoxins were detected in all the SPATT extract 
samples analyzed by ELISA but only in about 30 percent of 
samples analyzed by LC–MS/MS (table 5). This discrepancy 
between analysis methods is attributed primarily to dissolved 
organic matter interference—nonspecific adsorption 
of nontarget analytes, which can result in inaccurate 
cyanotoxin quantification—as was discussed previously for 
cylindrospermopsins and saxitoxins. Of the 95 SPATT samples 
analyzed, 55 measurements by ELISA and 26 by LC–MS/MS 
were considered satisfactory for consideration in these results 
(table 11).

Anatoxin concentrations by ELISA had a strong linear 
correlation to anatoxin concentrations by LC–MS/MS 
analysis (r=0.90; fig. 6). Anatoxins concentrations measured 
by ELISA are generally higher than those measured by 
LC–MS/MS, by an average of about 55 percent (table 12; 
fig. 6). Preservation status affected the absolute anatoxins 
concentration; in a comparison of eight paired preserved 
and unpreserved samples, overall, anatoxins concentrations 
measured by LC–MS/MS in the preserved samples were 
higher than in unpreserved samples by an average of about 
31 percent (fig. 7). Although figure 6 shows there is a strong 
linear correlation between ELISA and LC–MS/MS results 
for anatoxins, these results are heavily influenced by two 
pairs of preserved and unpreserved samples. When those 
two pairs are not considered, the correlation between ELISA 
and LC–MS/MS anatoxin concentration is very weak (r=0.03). 
Furthermore, the sample set included just four unpreserved 
samples that were available for analysis, complicating 
efforts to determine whether the correlation is influenced 
by preservation status in the samples analyzed by mass 
spectrometry (fig. 6).

Three of the four measured congeners (homoanatoxin-a, 
dihydrohomoanatoxin-a, and dihydroanatoxin-a) were 
detected; however, anatoxin-a was absent in all samples 
(table 13). This anomaly may contribute to the discrepancy 
observed between sample results of ELISA and LC–MS/
MS; the anatoxin ELISA antibody is specific to anatoxin-a 
and has varying levels of cross- reactivity to these other 
congeners (Gold Standard Diagnostics, 2024a). The 
addition of preservative that is required for analysis 
by ELISA of anatoxins and saxitoxins did not result in 
substantial differences in the detection and quantification 
of concentrations of anatoxin congeners by LC–MS/
MS, except for an increase in the maximum, mean, and 
median homoanatoxin-a concentrations (table 14). Overall, 
dihydroanatoxin-a is the most common congener detected in 
all the LC–MS/MS samples, whereas homoanatoxin-a is the 
congener with the highest concentrations (tables 13 and 14).
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Figure 5.  Scatterplots showing linear relation between 
microcystins concentrations determined using enzyme-linked 
immunosorbent assay (ELISA) and the microcystins 
concentrations determined using two mass spectrometry 
methods: A, liquid chromatography with mass spectrometry (LC–
MS); B, liquid chromatography with tandem mass spectrometry 
(LC–MS/MS). Data from Stouder and others (2024); National Water 
Information System (USGS, 2016).
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Table 9.  Summary of relative contribution of microcystin congeners to total microcystin concentration in solid phase adsorption toxin 
tracking (SPATT) extract samples analyzed by two mass spectrometry methods.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). Refer to table 2 for microcystin congeners]

Microcystin  
congener

Number of 
samples

Minimum  
(percent)

Maximum  
(percent)

Mean  
(percent)

Median  
(percent)

Liquid chromatography with mass spectrometry

LR 45 22.3 100 66 61.3
LA 30 16 77.7 49.4 51.4
YR 5 5 12 9.4 10.3

Liquid chromatography with tandem mass spectrometry

LR 45 13.5 57.1 32.8 32.8
LA 45 27.6 85 62.2 62
dLR 44 0.4 3.4 1.8 2
LY 37 0.2 1.4 0.7 0.6
HiIR 34 0.2 1.1 0.5 0.5
LF 32 0.1 0.9 0.3 0.3
YR 31 0.5 6.5 2 1.6
UNK 14 0.2 13.1 2.5 1.1
LW 2 0 0 0 0
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Table 10.  Summary of relative contribution of microcystin congeners to total microcystin concentration in pairs of preserved and 
unpreserved solid phase adsorption toxin tracking (SPATT) extract samples by two mass spectrometry methods.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). Refer to table 2 for microcystin congeners]

Microcystin  
congener

Number of 
sample pairs 

with congener 
detection

Minimum  
(percent)

Maximum  
(percent)

Mean  
(percent)

Median  
(percent)

Liquid chromatography with mass spectrometry—Preserved

LR 10 27.1 100 69.1 74.5
LA 6 16 72.9 49.8 57.5
YR 1 10.3 10.3 10.3 10.3

Liquid chromatography with tandem mass spectrometry—Preserved

LR 10 15.2 53.6 37.7 38.1
LA 10 27.6 82.2 55.5 54.7
dLR 10 0.4 3.3 1.9 2
HiIR 9 0.3 0.9 0.5 0.5
LY 9 0.2 1.4 0.7 0.7
YR 8 0.9 4.6 2.5 2.4
LF 7 0.1 0.5 0.2 0.1
UNK 5 0.3 12.4 3.2 1.2

Liquid chromatography with mass spectrometry—Unpreserved

LR 10 31.3 100 65.8 59.7
LA 7 17.1 68.7 46 52.5
YR 2 8.1 11.6 9.9 9.9

Liquid chromatography with tandem mass spectrometry—Unpreserved

LR 10 16.1 54.8 36.6 35.1
LA 10 29.4 81.8 57.1 58.4
dLR 9 0.6 3.4 1.9 2
HiIR 8 0.2 0.8 0.5 0.5
LY 8 0.2 1 0.6 0.5
YR 8 0.7 5.1 2.2 2.2
LF 8 0.1 0.5 0.2 0.2
UNK 6 0.2 13.1 2.9 0.9

Table 11.  Summary of total anatoxin concentrations of solid phase adsorption toxin tracking extract samples by two 
analytical methods.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). µg/L, microgram per liter; ELISA, enzyme-linked immunosorbent 
assay; LC–MS/MS, liquid chromatography with tandem mass spectrometry]

Analysis  
method

Number  
of samples

Minimum  
(µg/L)

Maximum  
(µg/L)

Mean  
(µg/L)

Median  
(µg/L)

ELISA 55 8 160.1 59.3 50.6
LC–MS/MS 26 2.3 3,413.60 283.1 17.2
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Figure 6.  Scatterplot showing linear relation between 
anatoxin concentrations as determined by using enzyme-linked 
immunosorbent assay (ELISA) and liquid chromatography with 
tandem mass spectrometry (LC–MS/MS) methods. Data from 
Stouder and others (2024); National Water Information System 
(USGS, 2016).

Table 12.  Summary of total anatoxin concentrations measured in the same solid phase adsorption toxin tracking (SPATT) extract 
samples by two analytical methods.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). µg/L, microgram per liter; ELISA, enzyme-linked immunosorbent 
assay; LC–MS/MS, liquid chromatography with tandem mass spectrometry]

Analysis method
Number  

of samples
Minimum  

(µg/L)
Maximum  

(µg/L)
Mean  
(µg/L)

Median  
(µg/L)

ELISA 16 10.8 160.1 61.9 42.6
LC–MS/MS 16 2.3 145 40 14.1
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Figure 7.  Bar graph comparing anatoxin concentrations of eight 
paired preserved and unpreserved samples as determined by 
using liquid chromatography with tandem mass spectrometry 
(LC–MS/MS). Data from Stouder and others (2024); National Water 
Information System (USGS, 2016).

Table 13.  Summary of concentrations of anatoxin congeners in solid phase adsorption toxin tracking (SPATT) extract samples 
analyzed by liquid chromatography with tandem mass spectrometry.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). µg/L, microgram per liter; —, not applicable]

Anatoxin congener
Number  

of samples
Minimum  

(µg/L)
Maximum  

(µg/L)
Mean  
(µg/L)

Median  
(µg/L)

Dihydroanatoxin-a 17 2.3 77 18.5 9.8
Homoanatoxin-a 12 10.2 2,949.10 504.6 103.8
Dihydrohomoanatoxin-a 6 46.7 390.8 165.2 93.8
Anatoxin-a 0 — — — —
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Comparative Analysis of SPATT and 
Discrete Sample Results

Discrete samples generally represent the concentration 
of cyanotoxins at a specific time and depth. They provide 
instantaneous measurements of either total (intracellular and 
dissolved), particulate (intracellular), or dissolved cyanotoxins 
representing a single point in time in a waterbody. In contrast, 
SPATT samplers integrate concentrations over time, providing 
measurements of accumulated cyanotoxins, albeit only in their 
dissolved form.

Because SPATT samples are a cumulative measure, 
daily mean cyanotoxin concentrations (calculated by 
dividing SPATT sample concentrations by the number of 
days deployed) were used to compare to discrete samples 
that were collected during each SPATT sample recovery. 
Comparison of SPATT extract samples and discrete samples 
collected over the duration of this study demonstrates that 
SPATT samplers provided a quantifiable amount of both 
microcystins and anatoxins more often than discrete samples 
in the study lakes, as indicated by the higher frequency of 
measurements above the minimum reporting level (figs. 8–11). 
For microcystins, about 40 percent of SPATT extract samples 
analyzed by ELISA, and about 70 percent analyzed by LC–
MS, showed cyanotoxin detections that were not observed 

in the corresponding discrete samples. Similarly, about 
80 percent of SPATT extract samples had positive detections 
for anatoxins by ELISA, whereas no detections above the 
minimum reporting level were observed in the corresponding 
discrete samples. The LC–MS/MS results for anatoxins 
show that about 30 percent of SPATT extract samples 
indicated cyanotoxin detections that were not observed in 
the corresponding discrete samples. These results show that 
SPATT sampling is useful for capturing cyanotoxins that may 
be missed by the point-in-time approach of discrete samples, 
particularly if they are unevenly distributed with depth 
and time.

Overall, the comparative analysis shows that whereas 
discrete sampling is useful for understanding the immediate 
state of a waterbody, SPATT samplers can provide a more 
comprehensive overview of cyanotoxin presence over time. 
Thus, SPATT samplers may be a more reliable indicator of 
long-term cyanotoxin exposure and the potential ecological 
and health risks. For ongoing water quality monitoring, 
especially in environments where cyanotoxin concentrations 
are expected to vary or have blooms that are ephemeral in 
nature, incorporating SPATT sampling could enhance the 
detection and understanding of harmful algal blooms and their 
associated cyanotoxins.

Table 14.  Summary of concentrations of anatoxin congeners in pairs of preserved and unpreserved solid phase adsorption toxin 
tracking (SPATT) extract samples analyzed by mass spectrometry.

[Data from Stouder and others (2024); National Water Information System (USGS, 2016). µg/L, microgram per liter; —, not applicable]

Anatoxin congener
Number of 
samples 
detected

Minimum  
(µg/L)

Maximum  
(µg/L)

Mean  
(µg/L)

Median  
(µg/L)

Preserved

Homoanatoxin-a 5 14.9 2,025.1 514.8 145
Dihydroanatoxin-a 5 6.5 77 23.2 10.1
Dihydrohomoanatoxin-a 2 114.3 311.8 213 213
Anatoxin-a 0 — — — —

Unpreserved

Homoanatoxin-a 5 10.2 2,949.1 660.9 106.8
Dihydroanatoxin-a 4 5.9 73.6 24.6 9.5
Dihydrohomoanatoxin-a 2 54.2 390.8 222.5 222.5
Anatoxin-a 0 — — — —
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Figure 8.  Bubble plots of temporal and depth variation in microcystin concentrations analyzed by enzyme-linked 
immunosorbent assay (ELISA) in discrete and solid phase adsorption toxin tracking (SPATT) samples for 
A, Owasco Lake; B, Seneca Lake; and C, Skaneateles Lake. Discrete microcystin concentration are given as 
instantaneous values; SPATT microcystin concentrations are given as daily mean values. Data from Stouder and 
others (2024); National Water Information System (USGS, 2016).
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Figure 8.—Continued
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Figure 9.  Bubble plots of temporal and depth variation in microcystin concentrations analyzed by liquid 
chromatography with mass spectrometry in discrete and solid phase adsorption toxin tracking (SPATT) samples 
for A, Owasco Lake; B, Seneca Lake; and C, Skaneateles Lake. Discrete microcystin concentration are given as 
instantaneous values; SPATT microcystin concentrations are given as daily mean values. Data from Stouder and 
others (2024); National Water Information System (USGS, 2016).
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Figure 10.  Bubble plots of temporal and depth variation in anatoxin concentrations analyzed by enzyme-linked 
immunosorbent assay in discrete and solid phase adsorption toxin tracking (SPATT) samples for A, Owasco 
Lake; B, Seneca Lake; C, Skaneateles Lake. Discrete anatoxin concentration are given as instantaneous values; 
SPATT anatoxin concentrations are given daily mean values. Data from Stouder and others (2024); National 
Water Information System (USGS, 2016).
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Figure 11.  Bubble plots of temporal and depth variation in anatoxin concentrations analyzed by liquid 
chromatography with tandem mass spectrometry in discrete and solid phase adsorption toxin tracking (SPATT) 
samples for A, Owasco Lake; B, Seneca Lake; and C, Skaneateles Lake. Discrete anatoxin concentration are 
given as instantaneous values; SPATT anatoxin concentrations are given as daily mean values. Data from 
Stouder and others (2024); National Water Information System (USGS, 2016).
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Discussion of SPATT Efficacy and 
Cyanotoxin Detection

The findings from this study offer updated insights into 
the application of various methods for the analysis of SPATT 
extract samples for monitoring cyanotoxins in freshwater 
ecosystems. Specifically, the study examines the effects of 
preservatives, which are necessary for some cyanotoxin 
analyses by ELISA, on the results of mass spectrometry 
analyses. This study highlights both the potential and the 
challenges associated with using these techniques for accurate 
cyanotoxin detection.

The extensive detection of microcystins by all three 
methods—ELISA, LC–MS, and LC–MS/MS—confirms 
the presence of this cyanotoxin in the study lakes during the 
study period. Microcystins were detected less frequently 
with LC–MS than the other two methods, highlighting the 
critical role of method sensitivity in cyanotoxin detection 
(Boyer, 2020). Whereas LC–MS/MS methods have a lower 
detection limit, they require calibration using specific 
cyanotoxin standards to optimize the fragmentation voltages 
that are critical for congener detection; hence the congeners 
measured by LC–MS/MS are limited to those congeners for 
which standards are available. In contrast, LC–MS methods 
can use a generic ionization voltage (a standard energy 
level applied to ionize compounds) that, when coupled with 
photodiode array detection (a detector that measures how 
compounds absorb light), allows for detection of many more 
congeners than LC–MS/MS methods. In this case, the primary 
microcystin congeners detected were LR, LA, and YR, which 
are commonly included in both methods. But these three 
microcystin congeners may not always represent the highest 
cyanotoxin concentrations in algal blooms. For example, 
Planktothrix blooms often produce dimethyl derivatives, but 
dimethyl derivatives are not included in common LC–MS/
MS methods. Similarly, benthic microcystin producers may 
have a different congener profile, leading to different results 
(Briand and others, 2005). These limitations highlight the 
complementary nature of LC–MS and LC–MS/MS approaches 
for comprehensive analysis of microcystins.

When microcystins were detected in a sample by 
ELISA and one or both mass spectrometry methods, the 
concentrations measured by ELISA were always higher 
than those obtained by mass spectrometry. This is partially 
attributable to the fact that the mass spectrometry methods 
can only identify the limited number of congeners used in the 
analytical protocol, whereas ELISA can detect any congener 
that has reactivity with the ADDA-specific antibody used 
(Gold Standard Diagnostics, 2024c). However, it is also 
likely that the high concentrations of dissolved organic matter 
present in the extract samples caused some form of positive 
bias in the analytical concentration and (or) congener-relative 
percentage results, as was discussed previously for 
cylindrospermopsins and saxitoxins.

The correlation between ELISA and LC–MS/MS 
concentrations of anatoxins, although strong, was based on 
a limited set of preserved and unpreserved sample pairs, 
indicating a need for larger datasets to verify these results. 
Preservation is required for anatoxins or saxitoxins analyses 
by ELISA, and preservation status substantially influenced 
microcystins concentrations measured by both LC–MS 
and LC–MS/MS, with preserved samples resulting in 
higher concentrations than unpreserved samples. Whereas 
extracts preserved for anatoxins or saxitoxins analyses 
by ELISA can be analyzed for microcystins by mass 
spectroscopy, the presence of preservatives may alter the 
detected concentrations. Thus, some consideration should 
be given to preservation status if confirmatory analysis by 
mass spectrometry is planned. Because the preservative is 
proprietary, it is unknown why it may affect concentrations 
measured by mass spectrometry methods. Three findings of 
this study suggest limitations in the current ELISA methods: 
the positive bias found in the microcystins ELISA results; the 
detection of anatoxins in all samples by ELISA, only some 
of which were confirmed by LC–MS/MS; and the lack of 
cylindrospermopsins and saxitoxins detections confirmed by 
LC–MS/MS. ELISA outcomes are also known to be affected 
by potential interference from dissolved organic matter (Nunes 
and others, 1998; Huang and Sedlak, 2001; Hanselman and 
others, 2004; Silva and others, 2014).

For ELISA to be a feasible technique for SPATT extract 
analysis, further research is needed to determine the nature of, 
and possible solutions for, matrix interference (Hanselman and 
others, 2004). Whereas the simplest solution to this problem 
is to dilute or reconstitute the sample in a greater volume of 
solvent to reduce the interference of solutes other than the 
analyte (Nunes and others, 1998), this has the unwanted side 
effect of reducing analysis sensitivity to the analyte. Previous 
studies with immunoassay techniques for environmental 
sampling have used various clean-up techniques such as 
solid phase extraction and liquid chromatography (Huang 
and Sedlak, 2001), liquid-liquid extraction (Hanselman and 
others, 2004), or the addition of bovine serum albumin to the 
assay, all of which have been shown to greatly reduce the 
interference from dissolved organic matter as well as dissolved 
salts (Silva and others, 2014). If the matrix interference 
issues can be solved, using ELISA on SPATT extracts would 
offer the benefits of simplicity, sensitivity, the ability to 
process large numbers of samples quickly, as well as lower 
equipment and training costs compared to mass spectrometry 
(Nunes and others, 1998; Huang and Sedlak, 2001; Silva and 
others, 2014), making ELISA a promising monitoring option 
(Hattenrath-Lehmann and others, 2018).

If ELISA is to be used as the sole method for quantifying 
cylindrospermopsins in natural waters, the small number 
of known congeners (three) limits potential cross-reactivity 
and simplifies method development. This limited number of 
cylindrospermopsin congeners also simplifies LC–MS/MS 
methods, which can be developed to detect these congeners 
with high sensitivity. This is not the case for saxitoxins where 
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the number of congeners potentially present in freshwater 
systems is large (greater than 57; Wiese and others, 2010), 
which complicates both mass spectrometry detection methods 
and causes cross-reactivity issues with ELISA.

The analysis across the three lakes using both SPATT 
and discrete samples provides a robust dataset. Notably, 
cyanotoxin classes microcystins and anatoxins were detected 
above the minimum reporting level in SPATT samples more 
frequently than concurrently collected discrete samples. 
SPATT sampling may indicate the prevalence of transient 
cyanobacteria populations, the movement of cyanotoxins 
around the lake, or low concentration that accumulate over 
time and are not detectable with discrete sampling alone. The 
microcystins and anatoxins concentrations varied with time 
and depth, demonstrating the necessity of both time-integrated 
and discrete sampling methods for a comprehensive 
assessment of cyanotoxin occurrence. This comparison 
between sampling and analysis methods has implications for 
environmental monitoring programs, which aim to safeguard 
public health and the integrity of aquatic ecosystems, 
and drinking water providers that take water in at depth 
(Prestigiacomo and others 2023).

Summary
Cyanobacterial harmful algal blooms (cyanoHABs) 

pose significant threats to aquatic ecosystems, through 
reductions in dissolved oxygen and light availability, and 
to human health, by affecting drinking water supplies and 
recreational resources. In response to increasing occurrences 
of cyanoHABs, the U.S. Geological Survey, in collaboration 
with the New York State Department of Environmental 
Conservation, conducted a cyanoHAB advanced monitoring 
pilot study in the Finger Lakes region of central New 
York from 2018 to 2020. The study aimed to evaluate 
traditional and innovative monitoring approaches to improve 
understanding and management of cyanoHABs.

In 2019, the U.S. Geological Survey deployed solid phase 
adsorption toxin tracking (SPATT) samplers in Seneca Lake, 
Owasco Lake, and Skaneateles Lake to monitor four classes 
of cyanotoxins: microcystins, cylindrospermopsins, anatoxins, 
and saxitoxins. SPATT samplers are passive environmental 
sampling devices that adsorb dissolved cyanotoxins, offering 
time-integrated data on cyanotoxin presence, including 
low concentrations that may go undetected with traditional 
discrete sampling. However, unlike discrete samples, SPATT 
samplers only adsorb dissolved toxins and are influenced by 
environmental factors, such as variations in flow velocity 
and cyanotoxin concentration over the deployment period. 
Discrete samples can provide measures of both dissolved and 
intracellular cyanotoxins at specific times and depths, offering 
instantaneous but isolated views of water conditions.

SPATT samplers were deployed at multiple depths and 
periodically retrieved for analysis by using enzyme-linked 
immunosorbent assay (ELISA), liquid chromatography-mass 
spectrometry (LC–MS), and tandem mass spectrometry (LC–
MS/MS). Discrete water samples were collected concurrently 
with SPATT retrievals and analyzed with the same three 
methods to compare and interpret the SPATT results. ELISA 
results often showed higher cyanotoxin concentrations 
compared to LC–MS and LC–MS/MS results, likely due 
to matrix interference from dissolved organic matter and 
the ability of ELISA to detect a broader range of congeners 
not identified by the two mass spectrometry methods. For 
concentrations of microcystins, strong correlations were 
observed between ELISA and LC–MS/MS results. ELISA 
and LC–MS/MS detected microcystins in 100 percent of 
the samples, whereas LC–MS detected microcystins in 
approximately 66 percent of the samples—70 percent of 
preserved samples and 63 percent of unpreserved samples. 
Preservation substantially increased the measured microcystins 
concentrations, suggesting that the preservatives used for the 
ELISA may affect mass spectrometry analyses.

ELISA detected anatoxins in 100 percent of samples, 
whereas LC–MS/MS detected anatoxins in only about 
32 percent—35 percent of preserved samples and 30 percent 
of unpreserved samples. This discrepancy suggests that 
dissolved organic matter interference likely affected the 
ELISA results for concentrations of anatoxins, causing 
higher detection rates compared to the more specific LC–
MS/MS method. Preservation status did not substantially 
influence anatoxins concentrations measured by LC–MS/
MS, demonstrating that additional research would be needed 
to better understand the factors affecting ELISA accuracy for 
anatoxins detection. Whereas both microcystins and anatoxins 
were found in higher concentrations in ELISA results, 
the effect of preservation status was more substantial for 
microcystins than anatoxins in LC–MS/MS analyses.

This study highlights limitations in current ELISA 
methods for detecting cylindrospermopsins and saxitoxins, 
with potential false positives attributed to dissolved organic 
matter interference. Dissolved organic matter was evident 
by yellow-brown coloration observed in SPATT extract 
samples. Additionally, no confirmatory detections of 
cylindrospermopsins were made by LC–MS/MS, casting 
doubt on the accuracy of the ELISA results. No mass 
spectrometry analyses were performed for saxitoxins because 
of inconsistencies in published methods. Given these strong 
indicators of interference and the lack of confirmatory data, 
the ELISA detections of cylindrospermopsins and saxitoxins 
were deemed unreliable and were not discussed in the results.

The comparative analysis indicated that cyanotoxins 
were detected more frequently in SPATT samples than 
in the discrete samples. Microcystins and anatoxins 
concentrations from SPATT extracts exceeded the upper 
limit of ELISA calibration curves in 100 and 94 percent of 
samples, respectively. In contrast, discrete samples collected 
concurrently with SPATT retrievals showed much lower 
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detection frequencies. For microcystins, 40 percent of SPATT 
samples analyzed by ELISA and 70 percent analyzed by 
LC–MS showed detections not observed in discrete samples. 
Similarly, 80 percent of SPATT samples had positive 
detections for anatoxins by ELISA, with no detections 
in discrete samples, while 30 percent of SPATT samples 
showed anatoxin detections by LC–MS/MS not observed 
in discrete samples. This is likely due to the sensitivity of 
SPATT samplers and their ability to concentrate low levels 
of cyanotoxins over time. Whereas discrete sampling is used 
for capturing instantaneous conditions, SPATT samplers may 
provide a more reliable indicator of long-term cyanotoxin 
exposure and the corresponding potential ecological 
and health risks. The findings of this study support the 
incorporation of SPATT sampling into ongoing water quality 
monitoring programs, especially in environments with variable 
cyanotoxin concentrations or ephemeral blooms. This study 
provides insights into the advantages and limitations of SPATT 
samplers for cyanotoxin monitoring and identifies areas in 
which further research could improve the reliability of ELISA 
and other analytical methods for detecting cyanotoxins in 
freshwater ecosystems.
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