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Spatiotemporal Variability of Algal Biomass and Nitrate 
in Owasco and Seneca Lakes in the Finger Lakes Region, 
New York, in 2019

By Michael D.W. Stouder, Sabina R. Gifford, Kristina M. Gutchess, Kaitlyn M. Finkelstein, Brett D. Johnston, 
Karen M. Beaulieu, Joshua J. Rosen, Megan L. Essig, and Guy M. Foster

Abstract
Cyanobacterial harmful algal blooms (CyanoHABs) 

have become increasingly common, threatening the security 
of water resources globally. The U.S. Geological Survey 
conducted high-resolution nearshore mapping surveys using 
boat-mounted multiparameter sondes and nitrate sensors 
during the summer and fall of 2019 on Owasco Lake and 
Seneca Lake, two lakes with documented CyanoHABs in 
the Finger Lakes region of New York State. Discrete sensor 
measurements and water-quality samples were collected at 
fixed points along survey routes and continuous data were 
generated at open-water monitoring platforms. This investiga-
tion examined whether water-quality information from 
nearshore surveys was representative of open-water conditions 
and if nearshore surveys could be used to identify areas with 
localized nearshore CyanoHABs and potential sources of 
nutrients not captured by tributary sampling.

In addition to comparisons across methods, nearshore 
concentrations of nitrate and chlorophyll were evaluated relative 
to tributary outlets, cyanobacterial abundance and biovolume at 
discrete locations, and the locations of near-surface CyanoHABs 
that were designated as “confirmed with high toxins” by the 
New York State Department of Environmental Conservation. 
Nitrate and chlorophyll concentrations were comparable 
across methods for each lake, although concentration ranges 
were typically higher for nearshore mapping datasets than for 
nearshore discrete datasets. Nearshore surveys indicated areas 
of nitrate enrichment that varied temporally in both lakes. 
Orthophosphate was not routinely detected. Across methods, 
median chlorophyll concentrations were higher for the summer 
survey than for the fall survey in Owasco Lake. Nearshore 
chlorophyll concentrations varied more temporally in Owasco 
Lake than in Seneca Lake.

Phytoplankton and cyanobacterial abundance and 
biovolume were about five times higher in Owasco Lake than 
in Seneca Lake. Cyanobacteria dominated the phytoplankton 
community in most samples, and Microcystis comprised the 
bulk of the cyanobacterial biovolume. The most abundant 
potential cyanotoxin-producing (specifically microcystins) 

genera were Microcystis, Synechococcus, Aphanocapsa, and 
Pseudanabaena. The cyanobacterial community composition 
was comparable between open-water monitoring platforms and 
nearshore samples. Microcystins were detected in seven survey 
samples from Owasco Lake, in one survey sample from Seneca 
Lake, and in one sample each from the open-water monitoring 
platforms on Owasco and Seneca Lakes that were collected 
about 7 days before the fall surveys. Microcystin detections 
were not consistently associated with high cyanobacterial cell 
counts or cyanotoxin-producing genera.

Results from nearshore surveys were comparable to open-
water monitoring platforms and discrete nearshore observations 
in the absence of nearshore or open-water CyanoHABs in these 
systems during the study. Patterns of nearshore concentrations 
of nitrate and chlorophyll from nearshore surveys may aid in the 
identification of areas with localized nitrate loading and shifts in 
phytoplankton abundance and community composition.

Introduction
In recent decades, the excessive growth and accumulation 

of phytoplankton in aquatic ecosystems, commonly referred to 
as algal blooms, has been identified as an increasingly serious 
threat to water quality worldwide (Heisler and others, 2008; 
Paerl and Otten, 2013; Brooks and others, 2016). Algal blooms 
occur when growth of phytoplankton populations, promoted 
by favorable environmental conditions, dramatically increases, 
resulting in algal biomass production. The term “harmful 
algal blooms” (HABs) is frequently used synonymously to 
describe these events because of the potentially negative effects 
associated with the formation and proliferation of algal blooms. 
Dense cell concentrations associated with HABs may manifest 
as nuisance accumulations in near-surface waters, along 
shorelines, or in bays and coves, thereby negatively affecting 
aesthetics, recreational use, and local economic benefits derived 
from being on or near water (Hudnell, 2010; Sanseverino 
and others, 2016). Additionally, aquatic ecosystem function 
and health can be affected by HABs, including reduced water 
clarity, loss of dissolved oxygen during bloom senescence, and 
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changes in aquatic food webs (Hudnell, 2008; Graham and 
others, 2016; Chorus and Welker, 2021). HABs associated with 
higher concentrations of cyanobacteria are of particular concern 
and are differentiated by the term “CyanoHABs” herein. Some 
taxa of cyanobacteria have known cyanotoxin-producing strains 
and exposure can cause acute and chronic illnesses in humans 
and animals, including skin and respiratory irritation, liver and 
kidney damage, and neurological problems (Chorus and Welker, 
2021). Cyanobacteria are a diverse phylum consisting of 
numerous genera and species, and not all cyanobacteria produce 
cyanotoxins (New York State Department of Environmental 
Conservation [NYSDEC], 2019a, b, c; EcoLogic LLC and 
Anchor QEA LLC, 2022b). Exposure to CyanoHABs and 
associated cyanotoxins can result from ingestion of contami-
nated water or from dermal contact with algal accumulations, 
making it particularly concerning when CyanoHABs are found 
in water bodies used as drinking-water supplies and recreational 
resources (Boyer, 2007; Graham and others, 2008).

Globally, the frequency of reported CyanoHABs seems 
to be increasing (O’Neil and others, 2012; Favot and others, 
2023; Gorney and others, 2023), and reports of human and 
animal illness and animal deaths from exposure to Cyano-
HABs are increasingly common (Yoo and others, 1995; 
Hudnell, 2008; Treviño-Garrison and others, 2015; Graham 
and others, 2016), thereby intensifying the need for early 
CyanoHAB detection and management strategies. Factors 
known to affect CyanoHAB formation include weather 
(warm, calm periods); nutrient concentrations (Downing and 
others, 2001); food-web changes due to invasive species, 
such as zebra mussels (Dreissena polymorpha) and quagga 
mussels (Dreissena bugensis) (Hecky and others, 2004; 
Raikow and others, 2004); and lake geometry or orientation 
(Paerl and Otten, 2013). Localized nutrient sources, nitrogen-
to-phosphorus ratios, nutrient fractions (dissolved or 
particulate), nutrient speciation, and seasonal nutrient inputs 
may be a proximate cause of some blooms in some lakes 
(Downing and others, 2001; Anderson and others, 2002; 
Glibert and Burford, 2017). CyanoHABs tend to occur most 
often in eutrophic (high productivity) lakes but may also 
occur in oligotrophic (low productivity) systems. Nutrient 
enrichment and a warming climate are generally considered 
to be primary causes of increased occurrence of CyanoHABs 
in oligotrophic environments (Carey and others, 2008, 2012; 
Sterner and others, 2020; Reinl and others, 2021); however, 
the interactions among causal mechanisms, effectiveness 
of management strategies to combat CyanoHAB and 
cyanotoxin occurrence, and the ability of in-waterbody 
controls to limit effects on waterbody usage remain unclear.

The New York State Department of Environmental 
Conservation (NYSDEC) has documented CyanoHABs in 
more than 400 waterbodies throughout the State between 
2012 and 2020, and an increased number of reported 
CyanoHABs during the same period (Gorney and others, 
2023). The Finger Lakes are in central New York State and 

are important recreational, drinking-water, and economic 
resources (NYSDEC, 2019a; Halfman and others, 2023; 
Prestigiacomo and others, 2023). The Finger Lakes 
region, named for 11 large north-south-oriented lakes 
known as the Finger Lakes (fig. 1), has also experienced 
an increasing number of reported CyanoHABs in recent 
decades (NYSDEC, 2019a). In 2017, NYSDEC reported 
that all 11 Finger Lakes experienced open-water or 
shoreline CyanoHABs, or both, even those lakes that have 
been historically characterized by low concentrations of 
nutrients and chlorophyll-a, which is an indicator of algal 
biomass (NYSDEC, 2018a). Blooms in the Finger Lakes 
are often reported as accumulations in nearshore areas, 
although open-water blooms also occur. The NYSDEC 
differentiates harmful CyanoHABs as those with cyanotoxin 
concentrations exceeding the NYSDEC “confirmed with 
high toxins” bloom thresholds of 10 micrograms per liter 
(µg/L) of microcystin for open water samples and 20 µg/L of 
microcystin for shoreline samples (Gorney and others, 2023).

Variability of cyanobacteria concentrations in surface-
water systems poses challenges when trying to capture 
the dynamic nature of cell concentrations and cyanotoxins 
associated with CyanoHABs through monitoring efforts, 
particularly in the collection of periodic, discrete water 
samples (Ho and Michalak, 2015; Kraus and others, 2017; 
Prestigiacomo and others, 2023). These challenges are 
exacerbated by the diffuse, low-concentration nature of 
background cyanobacterial communities that are present 
throughout the pelagic zones of low-productivity lakes 
(Reinl and others 2021), including some of the Finger Lakes 
(Prestigiacomo and others, 2023). Additionally, identification 
of sources of dissolved nutrient loads that are known to 
contribute to the growth and proliferation of CyanoHABs 
(Paerl and Otten, 2013), such as nitrate and orthophosphate, 
can be challenging and expensive using discrete sampling 
methods, especially in low-nutrient systems such as 
those found in some of the Finger Lakes. High-resolution 
mapping surveys, which are surveys containing spatially 
and temporally dense measurements, have proven to be 
successful in documenting the distribution of cyanobacteria, 
chlorophyll, and concentrations of nutrients (Crawford 
and others, 2015; Foster and others, 2017, 2019; 
Stumpner and others, 2020).

The NYSDEC initiated the CyanoHABs advanced 
monitoring pilot study in collaboration with the 
U.S. Geological Survey (USGS) and the New York 
State Department of Health to develop and implement 
comprehensive monitoring strategies for CyanoHABs 
in several Finger Lakes. The advanced monitoring pilot 
consisted of a series of studies conducted between 2018 
and 2020 to assess traditional and innovative monitoring 
approaches and technologies with the goal of informing 
future monitoring strategies and improving the understanding 
of CyanoHABs in New York State.
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One objective of the advanced monitoring pilot was 
to conduct high-resolution, within-lake, nearshore mapping 
surveys (herein called nearshore surveys) with continuous 
water-quality instrumentation. Two nearshore surveys were 
conducted using boat-mounted multiparameter sondes and 
nitrate analyzers on both Owasco Lake and Seneca Lake in 
2019. The goals of this study were (1) to investigate whether 
water-quality information from nearshore surveys could be used 
to identify potential sources of nutrients beyond those captured 
by tributary sampling, (2) to identify areas with localized 

nearshore CyanoHABs, and (3) to provide baseline data that 
were representative of open-water conditions. High-resolution 
datasets, such as those collected for this study, are key to under-
standing complex spatiotemporal dynamics that may not be 
captured by monitoring strategies focusing on periodic, discrete-
sample collection. Nearshore water-quality surveys may be 
used as tools in robust monitoring strategies and may lead to the 
development of more effective early indicators of CyanoHABs 
(Downing and others, 2017; Foster and others, 2022).
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Purpose and Scope
This report presents the results of a USGS investigation 

that documented the nearshore spatial and temporal distribution 
of epilimnetic nitrate concentrations and estimated concentra-
tions of the algal pigment chlorophyll, which is a proxy for 
total algal biomass, from fluorescence measurements using 
high-resolution sensor data collected in Owasco and Seneca 
Lakes in 2019. Spatially continuous concentrations of nitrate 
and chlorophyll fluorescence recorded by the nearshore surveys 
were compared to temporally continuous measurements 
collected from fixed-location, open-water monitoring sensor 
platforms (herein called monitoring platforms) and near-surface 

discrete sensor measurements and water samples collected at 
twelve targeted nearshore locations on each lake (fig. 2). Results 
of a paired investigation in these two lakes that evaluated related 
sensor- and laboratory-measured values from the monitoring 
platforms as representative measurements of nutrients and algal 
pigments (as indicators of phytoplankton biomass) are available 
in Johnston and others (2024). Despite Owasco Lake and 
Seneca Lake being phosphorus-limited (Halfman and others, 
2023), analysis of nutrients for this study was limited to nitrate 
because orthophosphate was rarely detected above the reporting 
limit in either water samples or in data collected from the 
monitoring platform on either lake (Johnston and others, 2024).
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The survey methods used in this study may be used to 
identify nutrient sources beyond those captured by in-channel 
tributary monitoring and in areas with an increased risk of 
CyanoHAB production and proliferation. Paired with results 
from other studies conducted as part of the advanced monitoring 
pilot, knowledge gained from this study may be used to help 
identify the most informative and cost-effective monitoring 
strategies for documenting and understanding the environmental 
factors associated with CyanoHAB occurrence in these systems. 
Results from these studies may further inform the development 
and implementation of future CyanoHAB monitoring strate-
gies in the Finger Lakes region, across New York State, and 
throughout the Nation.

Description of the Study Area
The Finger Lakes region of New York State is situated 

in the central part of the State, within the eastern Great Lakes 
and Hudson Lowlands ecoregion (Omernik and Griffith, 
2014) and northeast climate region (Karl and Koss, 1984). 
The Finger Lakes region consists of 11 glacially formed lakes 
within the Lake Ontario watershed and is named based on 
the narrow, elongated shapes of the lakes, generally oriented 
north-south (fig. 1). The region is located south of Lake Ontario 
and bordered by the cities of Syracuse to the north and east, 
Rochester to the west, and Ithaca to the south. Approximately 
35 percent of the area of New York State, or approximately 
23,310 square kilometers (km2), is within the Finger Lakes 
watershed, and all or part of 14 counties.Despite a shared 
formation history and similar morphology, each of the Finger 
Lakes is associated with a unique combination of physical, 
chemical, and biological traits, and water-use functionality. 
The increased occurrences of CyanoHABs in the region, paired 
with the unique combinations of traits specific to each lake, 
offer an ideal setting to test innovative, advanced monitoring 
methodologies across multiple systems located within a 
relatively small area. Detailed descriptions of the Finger 
Lakes region and each of the individual lakes can be found in 
Callinan (2001). For this report, analysis and discussion focus 
on 2 of the 11 Finger Lakes: Owasco Lake and Seneca Lake.

Owasco Lake

Owasco Lake is the sixth-largest Finger Lake, with a 
surface area of 26.7 km2, a volume of 781 million cubic meters 
(Mm3), and shoreline length of about 37 kilometers (km; 
NYSDEC, 2019a). The area of the Owasco Lake watershed is 
approximately 525 km2, and watershed land use is primarily 
agricultural (fig. 2A). Owasco Lake serves as a drinking-water 
source for the City of Auburn and the Town of Owasco in 
addition to supporting a variety of recreational uses. Data 
collected between 2017 and 2018 indicate that Owasco 
Lake is mesotrophic (moderately productive; NYSDEC, 
2019a) based on statewide averages from New York of key 

water-quality indicators, and from assessment criteria for lake 
trophic status determined from historical statewide monitoring 
programs (NYSDEC, 2018b; EcoLogic LLC and Anchor 
QEA LLC, 2022b). As of 2018, Owasco Lake was identified 
as oligotrophic for total phosphorus (0.008 milligrams per 
liter [mg/L]), and mesotrophic for chlorophyll-a (3.4 μg/L) 
and water clarity (Secchi disk depth of 3.7 meters [m]) 
(NYSDEC, 2019a). Owasco Lake has a summer average 
of total nitrogen concentrations of 0.95 mg/L as nitrogen 
(mg/L as N), and nitrate (nitrate plus nitrite, herein referred 
to as nitrate) concentrations of 0.58 mg/L as N (NYSDEC, 
2019a). The NYSDEC has reported at least one CyanoHAB 
categorized as a “confirmed with high toxins” bloom 
(microcystin concentrations above 10 µg/L for open water or 
20 µg/L for shoreline samples) on Owasco Lake every year 
between 2013 to 2019 (NYSDEC, 2023), more commonly 
occurring in the late summer and early fall (NYSDEC, 2018b). 
In 2016, detections of microcystins at low concentrations in 
finished drinking water spurred concerns about CyanoHABs 
and led to the installation of a granulated activated-carbon 
filtration system in the drinking-water treatment facilities of 
the Town of Owasco (NYSDEC, 2018a; EcoLogic LLC and 
Anchor QEA LLC, 2022b).

Seneca Lake

Seneca Lake is the largest of the Finger Lakes, and has 
a surface area of 175.4 km2, a volume of 15,500 Mm3, and 
a shoreline length of about 121 km (NYSDEC, 2019a). The 
watershed area of Seneca Lake is approximately 1,831 km2 
and consists primarily of agricultural land, with a higher 
percentage of forested lands in the southern section of the 
watershed (fig. 2B). Seneca Lake serves as a drinking-water 
source for the City of Geneva and supports a variety of recre-
ational uses (EcoLogic LLC and Anchor QEA LLC, 2022a). 
Using assessment criteria for lake trophic status as determined 
from historical statewide monitoring programs in New York 
(NYSDEC, 2018b; EcoLogic LLC and Anchor QEA LLC, 
2022a) and statewide averages of key water-quality indicators, 
data collected between 2017 and 2018 indicated that Seneca 
Lake is shifting from meso-oligotrophic (low to moderately 
productive; Callinan, 2001) to mesotrophic (moderately 
productive; NYSDEC, 2019a). As of 2018, Seneca Lake was 
identified as mesotrophic for total phosphorus (0.011 mg/L), 
chlorophyll-a (5.4 µg/L), and water clarity (Secchi disk 
depth of 3.7 m; NYSDEC, 2019a). Seneca Lake has summer 
average nitrogen concentrations that are about half of those 
observed at Owasco Lake (total nitrogen: 0.55 mg/L as N, 
nitrate: 0.24 mg/L as N; NYSDEC, 2019a). The NYSDEC has 
reported at least one CyanoHAB categorized as a “confirmed 
with high toxins” bloom on Seneca Lake every year from 2015 
to 2019 (NYSDEC, 2023).
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Methods
All water-quality instrumentation was operated and 

maintained in accordance with USGS guidelines and procedures 
(Wagner and others, 2006; Pellerin and others, 2013; Foster and 
others, 2022; Booth and others, 2023). Discrete water samples 
were collected following USGS best practices (U.S. Geological 
Survey, variously dated). Specific sampling methodologies are 
detailed below and in Johnston and others (2024). All aspects 
of this study operated under a quality-assurance project plan 
(app. 1). All discrete sensor measurements and water-quality 
sample data, excluding phytoplankton data, are available 
through the Water Quality Portal database (WQP; Water Quality 
Portal, 2021). Phytoplankton and nearshore sensor survey data 
are available in a USGS data release (Stouder and others, 2023).

Nearshore Sensor Survey Data

Owasco Lake and Seneca Lake were each surveyed twice 
in 2019. Nearshore data were collected on June 26, 2019, and 
October 8, 2019, on Owasco Lake, and from July 9 to 10, 2019, 
and October 9 to 10, 2019, on Seneca Lake. A YSI EXO2 
multiparameter sonde and Hach NITRATAX plus sc nitrate 
sensor were fixed to an L-shaped mount that was attached to 
the side of a motorboat, which allowed the instrumentation to 
be submerged approximately 0.5 m below the water surface 
but above the keel of the boat while traveling. This depth was 
chosen based on similar studies (Foster and others, 2017; 
2019) and the shallow nature of the nearshore areas that were 
surveyed. The sonde was mounted parallel to water surface with 
sensors facing the rear of the boat to reduce air entrainment 
caused by turbulence at the sensor faces and to increase stability 
in readings. The nitrate sensor was mounted perpendicular 
to the water surface to allow flow through the instrument 
measurement pathway. Where possible, the boat traveled within 
100 m of shore around the entire circumference of each lake 
during each survey. Weather conditions—particularly fog—and 
shallow depths affected the ability of the survey boat to maintain 
a 100-m distance from shore. The boat maintained a speed of 
about 8 km per hour to maximize transit rate while minimizing 
the effects of turbulence on the sensor readings.

The YSI EXO2 multiparameter sonde was chosen because 
of its wide use throughout the USGS to collect data for studies 
focused on phytoplankton biomass and community composition 
(Foster and others, 2022). The sonde was equipped with sensors 
to measure water temperature, specific conductance, turbidity, 
pH, dissolved oxygen, fluorescent dissolved organic matter, 
chlorophyll (fluorescence), and phycocyanin (fluorescence). 
All parameters were recorded at 30-second intervals. 
A centralized antifouling wiper was programmed to clean each 
sensor every 5 minutes during the survey. Specifications for the 
sonde and individual sensors are detailed in YSI Inc. (2021).

The Hach NITRATAX plus sc is an ultraviolet nitrate 
sensor with a 2-millimeter (mm) measuring pathway, and was 
chosen for its ease of use, durability, and measuring range. The 
measured value is reported in units of mg/L as N. The sensor 

contains a two-beam absorption photometer with integrated 
compensation for turbidity. Continuous sensor measurements 
were recorded at 30-second intervals. The measuring window 
was mechanically cleaned with an antifouling wiper every 
5 minutes throughout the survey. Specifications for the sensor 
are detailed in Hach Co. (2023).

Global positioning system (GPS) location data were 
collected using a Garmin GPSMAP 64s handheld unit. The 
internal clocks of the water-quality sensors and the GPS 
unit were synchronized to local time before each nearshore 
survey. Location information was collected at irregular time 
intervals, but generally, location readings were taken at least 
every 30 seconds to 1 minute. The time interval for location 
information is comparable to the time interval for collection of 
water-quality sensors, although the timestamps of water-quality 
data and GPS location data did not correspond precisely. 
Timestamps for all GPS and nearshore sensor survey measure-
ments were rounded to the nearest recording interval, which 
was typically 30 seconds or 1 minute, depending on the sensor 
used. Water-quality sensor data and GPS coordinates were then 
aligned to provide approximately 1-minute data intervals with 
corresponding location information. Where GPS location data 
were not collected within 15 seconds of water-quality sensor 
measurements, both location data and water-quality measure-
ments were excluded from the final dataset.

The nearshore survey data do not correspond precisely 
in time or space with the collection of discrete sensor 
measurements and water-quality samples. Two boats and field 
teams were used for each survey event. One team collected 
continuous, nearshore sensor-survey data and the other team 
collected nearshore discrete sensor measurements and water 
samples. The boats traveled in opposite directions around each 
lake during the first survey event. The boats traveled in the 
same direction in October 2019, which decreased the time offset 
between sensor survey data and discrete water-quality measure-
ments and sample collection. In Seneca Lake, the survey and 
sampling efforts were completed over 2 consecutive days, with 
both boats operating on the northern half of the lake on the 
first day and the southern half on the following day. Nearshore 
sensor survey data are available in Stouder and others (2023).

Discrete Sample Data

Discrete water samples were collected from Owasco Lake 
and Seneca Lake twice in 2019 concurrent with the nearshore 
surveys. Twelve targeted locations were identified and sampled 
on each of the study lakes (table 1) based on a combination of 
records of previous CyanoHABs reported by NYSDEC and 
USGS field staff observations during the nearshore surveys, 
such as visual observations of algal indicators or the proximity 
of locations to the mouths of major tributaries. Fifty-two near-
shore discrete water-quality samples were collected during the 
study, including four sequential replicates, with one replicate 
collected on each lake (Owasco and Seneca) during each survey 
(summer and fall). All replicates were analyzed for nutrients and 
chlorophyll-a; phytoplankton abundance and biovolume and 
cyanotoxins were limited to the two fall surveys.
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At each discrete sampling location, Secchi and total 
water-column depths were measured. The multiparameter 
sonde and nitrate meter were submerged approximately 0.5 m 
below the water surface and allowed to stabilize based on 
methods described in Gibs and others (2012) before 
recording sensor measurements to be associated with 
the discrete sample(s).

Before collecting raw water directly into sample bottles, 
the tubing intake was submerged approximately 0.5 m below 
the water surface, and, using a peristaltic pump and plastic 
tubing, the line was purged for at least two minutes. Prior to 
collection of filtered aliquots, a Pall 0.45-micrometer (µm) 
filter was purged with approximately 8 liters (L) of deionized 
water before being purged with raw sample water for at least 
two minutes. Samples were processed and preserved in the field 
based on constituent-specific methodology and immediately 
stored on ice (app. 1).

Water samples were analyzed for nitrate, orthophosphate, 
extracted chlorophyll-a, and additional constituents and 
parameters that are outside the scope of this report (a complete 
list of constituents sampled and detection limits are in app. 1). 
All nitrate, orthophosphate, and extracted chlorophyll-a samples 
were analyzed by the U.S. Geological Survey National Water 
Quality Laboratory. Nitrate was determined analytically as 
nitrate plus nitrite (although nitrite only composed a small 
part of this total in this study) and is reported in mg/L as N. 
Nitrate samples were filtered and analyzed colorimetrically 
by enzymatic reduction using an automated discrete analyzer 
as described in Patton and Kryskalla (2011). Orthophosphate 
samples were analyzed by discrete analyzer phosphomolybdate 
formation and colorimetry as described in Fishman (1993). For 
chlorophyll-a samples, water was pumped directly into 1-L 
amber-colored high-density polyethylene (HDPE) bottles, then 
immediately homogenized and filtered. Chlorophyll-a samples 
were collected onto 47-mm-diameter glass fiber filters with a 
0.3-µm pore size. Chlorophyll-a was analyzed fluorometrically 
using a modification of U.S. Environmental Protection Agency 
(EPA) Method 445.0 as described in Arar and Collins (1997). 
Discrete water-quality results are available through the WQP 
(Water Quality Portal, 2021).

In October 2019, water samples were collected for 
phytoplankton identification and enumeration and cyanotoxin 
analysis at each discrete sample location. Phytoplankton 
samples were collected in 250 milliliter (mL) HDPE bottles 
and preserved with glutaraldehyde to a concentration of 
0.25 percent by volume and analyzed by PhycoTech, Inc. (St. 
Joseph, Michigan). Glutaraldehyde was used to preserve the 
fluorescence properties of the algae. Identification and enumera-
tion of phytoplankton using microscopy was conducted using 
hydroxypropyl methacrylate-mounted slides with fluorescence-
enabled microscopy, a count threshold of 400 natural units, and 
a size range of detection from 0.9 µm–25 mm. Phytoplankton 
were enumerated to the lowest possible taxonomic level, which 
was at least to genus-level for most organisms. To correctly 
enumerate and identify taxa that may vary by several orders of 
magnitude in size, counts were made at multiple magnifications 

ranging from 200× to 1,000× (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). Individuals from each species 
were then enumerated, and the average cell dimensions were 
recorded for biovolume calculations. Phytoplankton data, 
sample processing, analysis methods, and quality-assurance 
protocols are detailed in PhycoTech (2018). Phytoplankton data 
are available in Stouder and others (2023).

The cyanotoxin microcystin was analyzed by the USGS 
New York Water Science Center, an Environmental Laboratory 
Approval Program-certified laboratory for the analysis of total 
microcystins and nodularins using an indirect competitive 
enzyme-linked immunosorbent assay (ELISA) procedure 
based on EPA Method 546 (U.S. Environmental Protection 
Agency, 2016; app. 2). Ambient water samples were processed 
through three freeze/thaw cycles to lyse cyanobacterial cells 
and ensure all cyanotoxins were present in the dissolved phase. 
Lysates were filtered and analyzed using ELISA based on the 
congener-independent detection of the (all-S, all-E)-3-amino-
9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid 
(ADDA) amino acid side chain present in most microcystin and 
nodularin congeners. The endpoint of the ELISA procedure is 
the colorimetric determination of total microcystin and nodu-
larin concentration, which is inversely proportional to sample 
absorbance. A four-parameter logistic regression model was 
used for calibration. Samples were sent to the State University 
of New York College of Environmental Science and Forestry 
(SUNY–ESF) for confirmatory analysis of microcystins by 
liquid chromatography with mass spectrometry (LCMS). 
Raw water aliquots of 100 to 150 mL were lyophilized and 
extracted in 10 mL of 50 percent methanol containing 1 percent 
acetic acid using ultrasound sonication. The extracts were 
centrifuged, and supernatants were filtered before analysis using 
methods comparable to those described in Martin and others 
(2020) and Barnard and others (2021). Samples were analyzed 
for microcystins (MC) by LCMS using a Waters Micromass 
ZQ 4000 mass detector for 21 MC congeners and nodularins 
as described in Boyer (2020). Concentrations were reported as 
microcystin-LR (MC-LR) equivalents and total microcystin 
concentrations were reported as the sum of all MC congeners 
and nodularins (Martin and others, 2020).

Water samples were also analyzed for total anatoxins, total 
cylindrospermopsins, and total saxitoxins by ELISA (USGS) 
and by confirmatory analysis by liquid chromatography with 
tandem mass spectrometry (LCMS/MS; SUNY–ESF) for total 
anatoxins and cylindrospermopsins. No anatoxins, cylindro-
spermopsins, or saxitoxins were detected above reporting limits 
in any water samples collected as part of this investigation 
by ELISA or LCMS/MS and, therefore, are not described 
in this report because these data did not add substantially to 
interpretation and analysis. Cyanotoxin concentrations from 
discrete water-quality samples are available through WQP 
(Water Quality Portal, 2021).
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Open-Water Monitoring Platform Data

Continuous water-quality sensor data were collected at 
fixed, floating, open-water monitoring platforms deployed on 
both of the study lakes from mid-May to mid-November of 
2019 (fig. 1): Owasco Lake Platform (USGS site identification 
number 425327076313601) and Seneca Lake Platform (USGS 
site identification number 425027076564401; U.S. Geological 
Survey, 2020). Each monitoring platform housed three YSI 
EXO2 multiparameter sondes equipped with the same sensors 
as those used in the nearshore sensor surveys, and an s::can 
nitro::lyser II optical nitrate sensor (s::can Messtechnik 
GmbH, 2011). Sensors were wiped by an antifouling wiper 

prior to each measurement. One of the three sondes and the 
optical nitrate sensor were deployed in near-surface water at 
about 1-meter depth. The other two sondes were deployed 
near the middle and bottom of the water column; details are 
available in Johnston and others (2024). Sensor readings were 
recorded at 15-minute intervals for sondes and at 5-minute 
intervals for the optical nitrate sensors. Although the same 
sensor was not used in the collection of the nearshore and the 
discrete sensor measurements of nitrate concentrations, both 
sensors operate on the same measurement principle that uses 
the absorbance of ultraviolet light by nitrate as measured by a 
photometer, and report results in the same units (Pellerin and 
others, 2013).

Table 1.  Discrete water-quality sample sites and open-water monitoring platform sites in Owasco Lake and Seneca Lake, New York, 
and sampling dates.

[Map identifier is used in figures 2-8; site names are shortened in the text; data from Water Quality Portal (Water Quality Portal, 2021 [https://www.waterqualitydata.
us]) and the U.S. Geological Survey National Water Information System (U.S. Geological Survey, 2020); USGS, U.S. Geological Survey; NY, New York]

Map
identifier

Site
name

USGS site identification 
number

Sample
dates

A Owasco Lake Platform 425327076313601 Routine (biweekly)
A1 Owasco Lake near Sucker Brook NY 425403076314201 6/26/2019, 10/8/2019
A2 Owasco Lake near Dutch Hollow Brook NY 425138076304302 6/26/2019, 10/8/2019
A3 Owasco Lake near Adams Point NY 424816076293103 6/26/2019, 10/8/2019
A4 Owasco Lake near Seward Point NY1 424738076290701 6/26/2019, 10/8/2019
A5 Owasco Lake near Indian Cove NY 424616076280804 6/26/2019, 10/8/2019
A6 Owasco Lake near Owasco Inlet NY 0423532505 6/26/2019, 10/8/2019
A7 Owasco Lake near Unnamed Trib 12 NY 424629076292701 6/26/2019, 10/8/2019
A8 Owasco Lake near Willow Point NY 424645076294501 6/26/2019, 10/8/2019
A9 Owasco Lake near Ensenore Road NY 424743076301301 6/26/2019, 10/8/2019
A10 Owasco Lake near Glenwood Beach NY 424833076304901 6/26/2019, 10/8/2019
A11 Owasco Lake near Fire Lane 26 NY 424929076311501 6/26/2019, 10/8/2019
A12 Owasco Lake near Veness Brook NY2 425326076325401 6/26/2019, 10/8/2019
B Seneca Lake Platform 425027076564401 Routine (biweekly)
B1 Seneca Lake near Castle Creek NY 425206076583801 7/9/2019, 10/9/2019
B2 Seneca Lake near Kashong Creek NY 424550076581501 7/9/2019, 10/9/2019
B3 Seneca Lake near Keuka Outlet NY 424109076564601 7/9/2019, 10/9/2019
B4 Seneca Lake near Plum Point Creek NY 423541076550801 7/10/2019, 10/9/2019
B5 Seneca Lake near Mill Creek NY 423650076523901 7/10/2019, 10/9/2019
B6 Seneca Lake near Indian Creek NY 424102076530301 7/9/2019, 10/9/2019
B7 Seneca Lake near Kendala Creek NY 424445076551601 7/9/2019, 10/9/2019
B8 Seneca Lake near Reeder Creek NY1, 2 424708076554401 7/9/2019, 10/9/2019
B9 Seneca Lake near Big Stream NY 422925076543901 7/10/2019, 10/10/2019
B10 Seneca Lake near Catharine Creek NY 422308076515501 7/10/2019, 10/10/2019
B11 Seneca Lake near Glen Eldridge NY 422534076521601 7/10/2019, 10/10/2019
B12 Seneca Lake near Sawmill Creek NY 422956076532601 7/10/2019, 10/10/2019

1Replicate samples for measurements of discrete concentrations of nitrate as nitrogen and chlorophyll-a were collected during summer sample collection.
2Replicate samples for measurements of discrete concentrations of nitrate as nitrogen and chlorophyll-a, phytoplankton abundance, phytoplankton biovolume, 

and concentrations of cyanotoxins, were collected during fall sample collection.

https://www.waterqualitydata.us
https://www.waterqualitydata.us
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Discrete water-quality samples were collected biweekly 
at the monitoring platforms at near-surface depth (1 m) and 
analyzed for the same parameters as discrete nearshore water 
samples. A detailed description of the monitoring platform 
design and the results of a USGS investigation evaluating 
the deployed continuous sensor technologies is available in 
Johnston and others (2024). Continuous and discrete water-
quality sensor and sample data from the monitoring platforms 
are available through the U.S. Geological Survey National 
Water Information System (NWIS; U.S. Geological Survey, 
2020) and WQP (Water Quality Portal, 2021), respectively. 
Continuous nitrate sensor data were not measured at the 
monitoring platform in Owasco Lake on the dates of the 
nearshore survey in June 2019. Continuous nitrate sensor data 
were not measured at the monitoring platforms on the dates in 
October 2019 corresponding to nearshore surveys and discrete 
water sample collection in either lake.

Ancillary Data

The monitoring platforms were equipped with Vaisala 
WTX536 multiparameter weather sensors (Vaisala, 2022) that 
reported air pressure in units of millibars (mbar), air temperature 
in degrees C, relative humidity in percent, precipitation in units 
of inches (in.), wind speed in units of meters per second (m/s), 
and wind direction in degrees (°). Details specific to weather 
sensor installation are available in Johnston and others (2024), 
and meteorological data collected at the monitoring platforms 
are available in Johnston and others (2023). The multiparameter 
weather sensors were chosen to provide information about 
meteorological conditions to potentially relate meteorological 
conditions to changes in water quality or other environmental 
data. Daily mean discharge data were recorded at two USGS 
streamgages: Owasco Inlet below Aurora Street at Moravia 
NY, a primary inflow to the southern end of Owasco Lake 
(USGS site 04235299); and Catharine Creek at Montour Falls, 
NY, a primary inflow to the southern end of Seneca Lake 
(USGS site 04232200). The two streamgages were referenced to 
describe generalized tributary inputs in the days preceding the 
nearshore surveys. Discharge data are available from the NWIS 
database (U.S. Geological Survey, 2020).

Data Synthesis and Analysis

Timestamps for all GPS and nearshore sensor survey 
measurements were rounded to the nearest recording interval, 
typically 30 seconds or 1 minute, dependent on the sensor 
used. Water-quality sensor data and GPS coordinates were 
aligned to provide approximately 1-minute data intervals. 
Where GPS location data were not collected within 15 seconds 
of water-quality sensor measurements, both location data and 
water-quality measurements were excluded from the final 
dataset. Data were reviewed for accuracy, and any outliers or 
“spikes” (instantaneous values that depart substantially from 
adjacent data points) were removed judiciously from the final 

dataset based upon visual examination of the data. Outliers 
most commonly occurred because of air entrainment due to 
turbulence at the sensor faces or when collocated data indicated 
otherwise stable physiochemical conditions. Nearshore sensor 
data were not averaged or smoothed across multiple readings. 
Continuous data generated from monitoring platforms were 
subset to (1) encompass only those measurements collected at 
the near-surface depth on the dates coinciding with nearshore 
surveys, and (2) include only those results corresponding to 
the period between the initial and final measurement of a given 
nearshore survey. Data were compiled using R Statistical 
Software (R Core Team, 2022).

The operating range of the Hach NITRATAX plus sc is 0.1 
to 50 mg/L as N (measuring nitrate and nitrite) with an accuracy 
of 3 percent plus or minus 0.5 mg/L as N (Hach Co., 2023) and 
a resolution of 0.1 mg/L as N. Laboratory reporting limits for 
nitrate were less than 0.04 mg/L as N. No laboratory results 
from samples were reported as being below the laboratory 
reporting limit. The operating range of the YSI Total Algae-
Phycocyanin sensor is 0 to 400 µg/L for chlorophyll (YSI Inc., 
2021). Because sensor-measured concentrations of chlorophyll 
are derived from a scale of relative fluorescence units and thus 
are effectively qualitative by nature (Foster and others, 2022), 
field readings of values less than 0 are possible. In both Owasco 
and Seneca Lakes, concentrations of chlorophyll below 0 µg/L 
were recorded in the nearshore surveys, nearshore discrete 
measurements, and the monitoring platforms (Stouder and 
others, 2023; Johnston and others, 2023, 2024). Negative sensor 
measurements were censored at 0 because they fall outside of 
the operational range of the sensor and cannot be quantified. 
Laboratory analyses of chlorophyll-a had reporting limits of 
0.1 µg/L. All laboratory-analyzed chlorophyll-a concentrations 
were reported above laboratory detection limits (number of 
samples [n]=48), and no censoring was applied.

Descriptive statistics were calculated for each 
nearshore survey, parameter, and data-collection method. 
Direct comparisons between laboratory-measured 
concentrations and sensor-measured concentrations with 
the monitoring platforms are not included in this report. 
A previous study utilizing data collected at the monitoring 
platforms demonstrated agreement between discrete sensor 
measurements and laboratory-measured concentrations of 
nitrate and chlorophyll over an extended time interval during 
which this investigation occurred (Johnston and others, 
2024). Concentrations of nitrate and chlorophyll in Seneca 
and Owasco Lakes that were derived from laboratory- and 
sensor-measured concentrations were compared using 
correlation analysis (Helsel and others, 2020). Results of 
these comparisons indicated monotonic relations between 
laboratory- and sensor-measured concentrations of nitrate 
and chlorophyll in Seneca and Owasco Lakes.

Subsets of continuous data from the monitoring 
platforms were created to include data collected during 
the 24-hour period corresponding to the date of nearshore 
surveys, and data corresponding to the clock time during 
which nearshore surveys were conducted. Maps were 
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created from the nearshore survey data for each lake, date, 
and constituent. The maps highlight concentrations above 
the 75th percentile from nearshore survey data to allow 
for the visual identification of potential localized nutrient 
inputs to the lakes and areas with localized CyanoHABs. 
Phytoplankton community composition and cyanotoxin 
concentration at the discrete sampling locations were 
described relative to the concentrations of nitrate or chloro-
phyll, or both, in nearshore surveys.

Quality Assurance and Quality Control
Quality assurance and quality control samples were 

collected as sequential replicates to evaluate variability 
resulting from water sample collection and processing 
techniques or temporal changes resulting from shifting 
environmental conditions (app. 1; Mueller and others, 2015). 
During the study, 48 environmental water samples and a single 
replicate from each lake for each survey (totaling 4 sequential 
replicates, or about 10 percent of all water samples) were 
collected and analyzed. Relative percent differences (RPDs) 
were used to quantify differences in analytical nitrate and 
chlorophyll-a concentrations but could not be calculated if one 
or both samples from the replicate pair were not analyzed or 
were associated with a censored value (a value less than the 
laboratory reporting limit; Zar, 1999). The RPD was calculated 
using the following equation:

​RPD ​ =  100​
[

​​|A − B|​ _ 
​A + B _ 2 ​

 ​
]

​​,

where A and B are concentrations in each replicate pair.
RPD values associated with laboratory-analyzed nitrate 

samples ranged from 0.53 to 4.30 percent with a median RPD 
of 1.80 percent (n=4 replicate pairs). Variability in concentra-
tions from chlorophyll-a result pairs was higher; RPD values 
ranged between 8.00 and 65.2 percent, with a median RPD of 
36.5 percent (n=4 replicate pairs). The two replicate pairs with 
the highest RPDs (57.6 and 65.2) had low chlorophyll-a concen-
tration differences between replicate pairs (1.75 and 2.84 µg/L, 
respectively). No cyanotoxin detections above reporting limits 
were reported from replicate discrete sample pairs.

Absolute value logarithmic difference (AVLD) was used 
to estimate differences in phytoplankton and cyanobacterial 
biovolume in cubic micrometers per milliliter and in cell 
concentration in cells per milliliter between replicate pairs. 
AVLD was used because RPD is sensitive to rare taxa found in 
one of the samples and not the other. AVLD is calculated using 
the following equation:

​AVLD ​ = ​ |​log​ 10​​ A− ​log​ 10​​ B|​​,

where A and B are biovolume in cubic micrometers per 
milliliter or algal cell concentration in cells per milliliter in 
each replicate pair (Francy and others, 2015). Replicate pairs 
with AVLDs of less than one differed by less than an order of 
magnitude, and those with AVLDs of more than one differed 
by an order of magnitude or more.

The AVLDs for phytoplankton biovolume (n=2 replicate 
pairs) ranged from 1.13 to 1.42 (median AVLD: 1.27) for 
total phytoplankton biovolume, and 1.59 to 1.83 (median 
AVLD: 1.71) for cyanobacterial biovolume. AVLDs for 
cell concentration (n=2 replicate pairs) ranged from 0.29 
to 1.12 (median AVLD: 0.70) for total cell concentration, 
and 0.31 to 1.16 (median AVLD: 0.73) for cyanobacterial 
cell concentration. Cyanophyta made up 12 to 60 percent 
of phytoplankton biovolume and 87 to 97 percent of 
phytoplankton cell concentration across each of the 
included samples (n=4).

Higher variability between replicate pairs of laboratory-
analyzed chlorophyll-a and phytoplankton samples was 
attributed, in part, to both the environmental variability of 
algal populations, particularly at the chosen sampling loca-
tions, and field sample collection and processing techniques. 
Samples were collected as sequential replicates, which may 
have been affected by the natural spatial variability and 
colonial nature of some of the cyanobacterial genera (for 
example, Microcystis) identified in the samples.

Cyanotoxin samples were not collected during the June 
and July 2019 surveys. LCMS and LCMS/MS analyses 
were performed for all water samples collected during the 
October 2019 surveys. Microcystins were not detected 
above the LCMS or LCMS/MS detection limits in any of 
the samples collected from Owasco Lake or Seneca Lake in 
October 2019.

Comparison of Open-Water Monitoring 
Platform Data to Nearshore 
Survey Results

This section summarizes results from each of the data 
collection efforts in Owasco and Seneca Lakes: nearshore 
sensor surveys, discrete sensor measurements and water 
samples from nearshore sampling locations, and continuous 
sensor measurements and discrete water samples from the 
fixed, open-water monitoring platforms. Concentrations of 
nitrate and chlorophyll were summarized by data collection 
effort for each lake to compare results across the range of 
methodologies and environmental conditions (tables 2 and 3).
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Table 2.  Summary statistics for nitrate concentrations and chlorophyll measured in Owasco Lake, New York.

[Statistics are presented to represent results for concentrations derived via different methodologies employed in this study. Statistics are calculated from data 
available in Stouder and others (2023). Concentrations of chlorophyll shown for water samples are of chlorophyll-a. n, number of samples; —, not analyzed]

Month Method n Minimum Median Maximum

Nitrate (in milligrams per liter as nitrogen)

June Discrete nearshore water sample 12 0.75 1.16 3.09
Discrete nearshore sensor measurement 12 0.90 1.30 4.30
Nearshore sensor survey 487 0.12 1.05 4.22
Monitoring platform (day of nearshore survey) 0 — — —
Monitoring platform (time of nearshore survey) 0 — — —

October Discrete nearshore water sample 12 0.61 0.87 1.64
Discrete nearshore sensor measurement 12 0.70 0.80 0.90
Nearshore sensor survey 358 0.78 0.85 0.88
Monitoring platform (day of survey) 0 — — —
Monitoring platform (time of survey) 0 — — —

Chlorophyll (as micrograms per liter)

June Discrete nearshore water sample 12 2.1 3.1 21.7
Discrete nearshore sensor measurement 12 10 0.8 3.4
Nearshore sensor survey 552 10 0.7 29.6
Monitoring platform (day of survey) 96 3.8 7.4 12.2
Monitoring platform (time of survey) 37 3.8 6.0 9.1

October Discrete nearshore water sample 12 1.2 2.3 3.8
Discrete nearshore sensor measurement 12 0.3 0.5 1.2
Nearshore sensor survey 358 0.1 0.6 85
Monitoring platform (day of survey) 96 1.1 2.0 2.8
Monitoring platform (time of survey) 23 1.8 2.0 2.6

1Negative concentrations were censored at 0 µg/L.



Comparison of Open-Water Monitoring Platform Data to Nearshore Survey Results    13

Table 3.  Summary statistics for nitrate concentrations and chlorophyll measured in Seneca Lake, New York.

[Statistics are presented to represent results for concentrations derived via different methodologies employed in this study. Statistics are calculated from data 
available in Stouder and others (2023). Concentrations of chlorophyll shown for water samples are of chlorophyll-a. n, number of samples; —, not analyzed.]

Month Method n Minimum Median Maximum

Nitrate (in milligrams per liter as nitrogen)

July Discrete nearshore water sample 12 0.25 0.29 0.32
Discrete nearshore sensor measurement 12 0.30 0.40 0.50
Nearshore sensor survey 879 0.13 0.37 0.68
Monitoring platform (day of survey) 576 0.39 0.41 0.46
Monitoring platform (time of survey) 177 0.40 0.41 0.43

October Discrete nearshore water sample 12 0.28 0.33 0.35
Discrete nearshore sensor measurement 12 0.20 0.20 0.30
Nearshore sensor survey 781 0.28 0.32 0.37
Monitoring platform (day of survey) 0 — — —
Monitoring platform (time of survey) 0 — — —

Chlorophyll (as micrograms per liter)

July Discrete nearshore water sample 12 0.5 1.4 3.2
Discrete nearshore sensor measurement 12 10 10 0.2
Nearshore sensor survey 782 0.1 0.5 3.5
Monitoring platform (day of survey) 192 1.0 1.9 2.8
Monitoring platform (time of survey) 59 1.1 1.6 2.5

October Discrete nearshore water sample 12 0.6 1.4 6.9
Discrete nearshore sensor measurement 12 0.1 0.4 3.9
Nearshore sensor survey 781 0 1.0 78
Monitoring platform (day of survey) 189 0.4 2.1 5.8
Monitoring platform (time of survey) 52 1.1 1.9 5.8

1Negative concentrations were censored at 0 µg/L.
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Conditions During Nearshore Surveys: 
Owasco Lake

Conditions on the day of the summer nearshore survey 
(June 26, 2019) on Owasco Lake were clear, with a light 
breeze until noon when there was a brief isolated thunderstorm 
on the southern half of the lake. Meteorological data were 
not recorded at the monitoring platform. Discharge data from 
the Owasco Inlet below Aurora Street at Moravia, New York 
(USGS station number 04235299) streamgage indicated that 
daily mean discharge was more than five times higher than the 
median daily mean discharge for that date based on a 21-year 
period of record (U.S. Geological Survey, 2020).

Conditions on the morning of the fall nearshore survey 
conducted on October 8, 2019, were foggy, then clearing to 
partly cloudy, then clear throughout the rest of the day. The 
morning fog on October 8 dramatically reduced visibility 
and the ability of the nearshore survey boat to travel safely 
within 100 m of shore. (The effects of weather and other 
factors on data collection and interpretation are described 
in subsequent sections.) In the three days before October 8, 
winds were slackening from 9.9 m/s to 2.5 m/s on the day of 
sampling. Wind directions were noted as coming from the 
southwest the day before sampling and from the south on the 
day of sampling. A precipitation event totaling about 2 in. of 
rain occurred from October 6 to October 7, 2019. Discharge 
data from the Owasco Inlet below Aurora Street at Moravia, 
New York streamgage indicated that daily mean discharge was 
approximately three times higher than the median daily mean 
discharge for October 8 based on a 21-year period of record 
(U.S. Geological Survey, 2020).

Conditions During Nearshore Surveys: 
Seneca Lake

Conditions on the days of the summer nearshore 
survey on Seneca Lake (July 9 and 10, 2019) were 
clear and calm, with slight wind gusts on the morning 
of July 10, 2019. Average daily wind speeds were low 
(2.5 to 4.4 m/s) for the three days preceding the survey. 
Winds generally blew from the south on July 9, 2019, and 
from the south-southeast on July 10, 2019. There was a 
precipitation event totaling about 4 in. of rain on July 5 and 
6, 2019. Discharge data from the Catharine Creek at Montour 
Falls, New York streamgage (USGS station number 04232200) 
indicated that daily mean discharge on the two sampling days 
was at or below the median daily mean discharge for either 
day based on 3 years of data (U.S. Geological Survey, 2020).

Conditions on the days of the fall nearshore survey 
on Seneca Lake (October 9 and 10, 2019) were cloudy and 
calm on October 9, 2019, and partly cloudy breaking up 
to clear skies on October 10, 2019. Winds during the days 
of the surveys were low, averaging around 1.8 m/s coming 
from the southeast both days. Before the survey, winds 
were slightly stronger and from the south and southwest. 

There was no precipitation on the days of the survey. 
A precipitation event totaling about 1.8 in. of rain occurred 
on October 6 and 7, 2019. Discharge data from the Catharine 
Creek at Montour Falls, New York streamgage indicated 
that daily mean discharge on the two sampling days was 
approximately twenty to thirty percent lower than the median 
daily mean discharge for either day based on 3 years of data 
(U.S. Geological Survey, 2020).

Nitrate

Nitrate concentrations measured in Owasco Lake ranged 
from 0.12 to 4.3 mg/L as N across laboratory and sensor-derived 
methods, with higher median concentrations observed in 
summer regardless of methodology (table 2). The results from 
samples collected for analysis of nitrate concentrations from 
the monitoring platform on June 27, 2019 (0.953 mg/L as 
N) and October 2, 2019 (0.845 mg/L as N), were within the 
ranges observed during nearshore sensor surveys (Johnston 
and others, 2023). Median nitrate concentrations in samples 
from this study were notably higher than the average summer 
nitrate concentration of 0.582 mg/L as N documented in 2018 
(NYSDEC, 2019a). Near-surface nitrate concentrations on 
Owasco Lake as reported by the NYSDEC Citizens Statewide 
Lake Assessment Program (CSLAP) collected between July 8 
and September 30, 2019, ranged between 0.735 mg/L as 
N on September 16 and 0.825 mg/L as N on July 23, 2019 
(NYSDEC, 2019b). Nitrate concentrations in discrete samples 
were typically lower in Owasco Lake in fall than in summer, 
potentially a result of the timing of sample collection relative 
to riverine loading events in days preceding the nearshore 
surveys. Nitrate was not measured at the monitoring platform 
in Owasco Lake during either nearshore survey date, but 
disparities in median nitrate concentrations across discrete 
sensor measurements and sample analyses were minimal, with 
differences in median concentrations of less than 0.15 mg/L 
as N in summer and within 0.08 mg/L as N in fall, and 
comparable to that observed at the monitoring platform over 
the entirety of the deployment period (within 0.08 mg/L as N; 
Johnston and others, 2024).

Nitrate concentrations were generally lower in Seneca 
Lake than Owasco Lake across methodologies and survey 
dates, although nitrate concentrations were generally low in 
both systems. Nitrate concentrations measured in Seneca Lake 
ranged from 0.13 to 0.68 mg/L as N across methods. Samples 
collected from the monitoring platform on July 12, 2019, and 
October 3, 2019, had concentrations of 0.300 and 0.225 mg/L as 
N, respectively (Johnston and others, 2023). Nitrate concentra-
tions in fall were generally comparable across methods in 
Seneca Lake. Median shoreline nitrate concentrations in 
Seneca Lake were similar across nearshore survey dates and 
approached previously measured average summer concentra-
tions (0.241 mg/L as N) for this lake (NYSDEC, 2019a). 
Epilimnetic nitrate concentrations on Seneca Lake reported 
by the NYSDEC CSLAP collected between June 4, 2019, 
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and September 17, 2019, ranged between 0.152 mg/L as N 
on July 29 and 0.346 mg/L as N on June 4, 2019 (NYSDEC, 
2019c). Concentrations of nitrate measured in Seneca Lake 
using a nitrate sensor were comparable between the summer 
and fall survey dates, and likely were representative of the 
overall low range of nitrogen concentrations observed in this 
system. Sample and sensor methods produced results that were 
comparable to those determined from open-water conditions 
at the monitoring platform during the summer survey. 
Median nitrate concentrations measured during the summer 
nearshore survey were comparable to median continuous nitrate 
concentrations measured at the monitoring platform on the 
day of the survey (within 0.12 mg/L as N of median sample 
concentrations, 0.01 mg/L as N of median discrete sensor 
measurement concentrations, and 0.04 mg/L as N of nearshore 
survey concentrations; table 3). Across methods, nitrate results 
generated during the summer survey of Seneca Lake varied 
by a similar magnitude when compared with results from 
comparisons of median discrete- and laboratory-measured 
nitrate (within 0.09 mg/L as N) as presented by Johnston and 
others (2024). Nitrate was not measured at the Seneca Lake 
monitoring platform during the fall survey.

Although some minor spatiotemporal variability in nitrate 
concentrations was observed in both lakes, concentrations 
varied by less than 0.25 mg/L as N across methods within a 
single survey. Differences in median nitrate concentrations 
observed between discrete sensor measurements and sample 
concentrations approached differences in concentrations previ-
ously observed at monitoring platforms (Johnston and others, 
2024), varying by less than 0.15 mg/L as N for a given survey.

Chlorophyll

Chlorophyll concentrations measured in Owasco Lake 
ranged from 0 to 85 µg/L across methods, with higher 
median concentrations occurring in summer regardless of 
methodology (table 2). The nearshore surveys and nearshore 
samples revealed several areas of elevated chlorophyll in 
Owasco Lake. Chlorophyll-a concentrations in near-surface 
water samples at the monitoring platform on June 27 
(3.01 µg/L) and October 2, 2019 (4.06 µg/L), were within 
the ranges measured during the nearshore surveys (Johnston 
and others, 2023). Epilimnetic chlorophyll-a concentrations 
on Owasco Lake from samples collected between July 8 
and September 30, 2019, and reported by the NYSDEC 
CSLAP, ranged between 4.01 µg/L on July 8, 2019, and 
9.54 µg/L on September 16, 2019 (NYSDEC, 2019b). The 
widest ranges in chlorophyll concentrations were associated 
with the nearshore survey data, ranging from 0 to 30 µg/L 
in summer and from 0.09 to 85 µg/L in fall. However, the 
discrete nearshore sensor measurement results indicated 
a substantially narrower range in concentrations (table 2), 
likely reflective of the small sample size of the nearshore 
sensor measurements relative to the number of nearshore 
survey measurements. Median concentrations of chlorophyll 

measured in Owasco Lake across these methodologies varied 
by less than 0.13 µg/L, indicating discrete sample locations 
were representative of general nearshore conditions.

Chlorophyll concentrations measured in Seneca Lake 
ranged from 0 to 77.52 µg/L across methods. Similar 
to Owasco Lake, the most variability in chlorophyll 
concentrations for Seneca Lake was observed in the 
nearshore surveys. Approximately 46 percent of the 
nearshore discrete sensor measurements of chlorophyll 
concentrations were below the operating range of the 
sensor in Seneca Lake. Median chlorophyll concentrations 
from the nearshore surveys were within the same order of 
magnitude as those from all other methods, with just four 
individual measurements exceeding 10 µg/L (table 3). 
Water samples collected from the Seneca Lake monitoring 
platform on July 12 and October 3, 2019, had chlorophyll-a 
concentrations of 2.9 and 2.2 µg/L, respectively (Johnston 
and others, 2023). Despite a few higher readings associated 
with the nearshore surveys, overall median concentra-
tions of chlorophyll measured in Seneca Lake across all 
methodologies varied by less than 0.65 µg/L. Median 
chlorophyll concentrations in Seneca Lake observed in this 
study were similar to the median chlorophyll concentration 
observed in 2019 (5.4 µg/L; NYSDEC, 2019a). Epilimnetic 
chlorophyll concentrations on Seneca Lake reported by the 
NYSDEC CSLAP that were collected between June 4 and 
September 17, 2019, ranged between 2.90 µg/L on June 4 
and 9.98 µg/L on July 7, 2019 (NYSDEC, 2019c).

Overall, concentrations of chlorophyll observed in both 
lakes were below the Alert Level 2 guideline values in the 
Alert Level Frameworks (Chorus and Welker, 2021), which 
are defined as less than 12 µg/L chlorophyll-a for drinking 
water and less than 24 µg/L chlorophyll-a for recreation 
for blooms dominated by cyanobacteria, except for isolated 
areas identified by nearshore surveys and water samples. 
Chlorophyll concentrations in water samples were typically 
higher than paired discrete sensor measurements in both 
the nearshore and open-water areas of the lakes, consistent 
with samples collected at the monitoring platforms on either 
lake (Johnston and others, 2024). Spatial variability in 
chlorophyll is discussed in subsequent sections.

The results from this study are limited to narrow 
ranges of chlorophyll concentrations encountered on the 
study lakes during each of the four nearshore surveys, 
indicative of low productivity oligotrophic lakes that did 
not experience extensive CyanoHABs in the year of study. 
These results mirror conditions that were observed at the 
monitoring platforms (Johnston and others, 2024) and 
in other monitoring on those lakes (NYSDEC 2019a, b, 
c). Despite the lack of observed open-water CyanoHABs 
during the nearshore surveys and the results generated from 
nearshore spatial surveys, nearshore CyanoHABs were 
reported during the 2019 study period (Halfman and others, 
2021; NYSDEC, 2023). For example, on Seneca Lake, the 
NYSDEC received multiple shoreline reports of near-surface 
cyanobacterial blooms that were designated as “confirmed 
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with high toxins” based on sampling results on October 7, 
2019 (NYSDEC, 2023), just two days before USGS field 
crews began their survey, highlighting the dynamic nature of 
phytoplankton communities and, more specifically, Cyano-
HABs, particularly in large, oligotrophic lakes.

Phytoplankton Community Composition and 
Cyanotoxins

Previous studies of the Finger Lakes have documented 
the spatial and seasonal variability of CyanoHABs within 
individual lakes (NYSDEC, 2019a; Halfman and others, 
2023; Prestigiacomo and others, 2023). Open-water Cyano-
HABs were not observed during much of the study period. 
However, nearshore CyanoHABs were reported in Owasco 
and Seneca Lakes in 2019 (NYSDEC, 2019b, 2023; Halfman 
and others, 2021). On Owasco Lake, there were four 
CyanoHAB reports received by NYSDEC within days of a 
monitoring-platform sampling event (October 2, 2019) and 
the fall nearshore survey (October 8, 2019), including four 
on the same day as the survey (NYSDEC, 2023). In the week 
preceding the fall nearshore survey, the NYSDEC received 
nine CyanoHAB reports for Seneca Lake. Of the reported 
CyanoHABs, several shoreline reports were designated 
as “confirmed with high toxins” blooms and occurred on 
October 7, 2019, (NYSDEC, 2023), two days prior to the 
nearshore survey.

Water samples from the monitoring platforms were 
collected and analyzed for phytoplankton community 
identification and enumeration and cyanotoxins on 
October 2, 2019, on Owasco Lake, and October 3, 2019, 
on Seneca Lake. Phytoplankton community and cyanotoxin 
samples were collected from the nearshore discrete sites 
approximately 1 week later, concurrent with the fall 
nearshore survey on Owasco Lake on October 8, 2019, and 
the fall nearshore survey during October 9 and 10, 2019, 
on Seneca Lake. Overall, phytoplankton and cyanobacterial 
abundance and biovolume were slightly higher in Owasco 
Lake relative to Seneca Lake, mirroring the chlorophyll 
concentrations.

The total phytoplankton abundance measured at the 
monitoring platform in Owasco Lake on October 2, 2019, 
was 72,492 cells per milliliter (cells/mL) (708,863 cubic 
microliters per milliliter [µm3/mL] biovolume), while cyano-
bacterial abundance was 69,234 cells/mL (619,519 µm3/mL 
biovolume; fig. 3). Cyanobacteria dominated the phyto-
plankton community (95.5 percent cell abundance; 
87.4 percent biovolume; fig. 3). Microcystis comprised 87 
percent of cyanobacterial biovolume on October 2, 2019 
(fig. 4A). In the nearshore water samples, cyanobacteria 
made up 89 to 97 percent (median 94 percent; n=12) 
of the cell abundance and 2 to 97 percent of biovolume 
(median 58 percent; n=12; fig. 3). Overall, 50 percent of 
the nearshore samples (6 of 12) had biovolumes of cyano-
bacteria greater than or equal to 50 percent. Cyanobacterial 

biovolumes ranged from 4,105 to 1,900,664 µm3/mL 
(median=58,114 µm3/mL; n=12), and cyanobacterial 
abundances ranged from 7,047 to 44,618 cells/mL (median 
value of 20,535 cells/mL; n=12; fig. 4A). Microcystis was 
present in nearly all samples collected from Owasco Lake 
in October 2019, except for the sample collected at Owasco 
Inlet (A6) (table 1; fig. 4A).

Cyanobacterial community compositions in the 
nearshore samples from Owasco Lake were largely similar 
to the communities observed at the monitoring platform in 
the days prior to the nearshore survey (fig. 4A). However, 
two nearshore sites had higher cyanobacterial biovolume 
(attributed to Microcystis) than the open-water sample 
(619,519 µm3/mL biovolume): Indian Cove (A5) was 3.07 
times higher, and Willow Point (A8) was 1.54 times higher 
(table 1; fig. 4A). In addition to the spatial heterogeneity 
characteristic of open-water algal community dynamics, 
the higher cyanobacterial biovolumes at the nearshore sites 
may be further attributed to the commonly observed nature 
of cyanobacteria to accumulate along shorelines due to 
wind and wave action. The NYSDEC received reports of 
CyanoHABs in Owasco Lake in early October 2019, but 
the location of these reports did not coincide with either the 
Indian Cove (A5) or Willow Point (A8) sites (table 1; fig 2A; 
NYSDEC, 2023).

The total phytoplankton abundance measured at the 
monitoring platform in Seneca Lake on October 3, 2019, 
was 5,610 cells/mL (159,545 µm3/mL), and cyanobacterial 
abundance was 4,851 cells/mL (84,260 µm3/mL; fig. 3). 
Cyanobacteria dominated the phytoplankton community 
present at the monitoring platform (87 percent cell 
abundance; 53 percent biovolume; fig. 3). Microcystis 
comprised 52 percent of cyanobacterial biovolume (fig. 4A). 
This pattern was largely representative of the results of the 
phytoplankton communities in the samples collected during 
the nearshore survey the following week. In the nearshore 
samples, cyanobacteria made up 39 to 96 percent (median 
90 percent; n=12) of the cell abundance and 6 to 78 percent 
of biovolume (median 27.6 percent; n=12). Overall, 2 of 
12 nearshore samples had biovolumes of cyanobacteria 
greater than or equal to 50 percent. Cyanobacterial 
biovolumes ranged from 3,791 to 704,143 µm3/mL (median 
11,759 µm3/mL) and cell counts ranged from 1,614 to 
22,809 cells/mL (median 5,214 cells/mL; n=12; fig. 4A).

Overall, phytoplankton and cyanobacterial abundance 
and biovolume were about five times higher in Owasco 
Lake relative to Seneca Lake, as suggested by higher 
chlorophyll concentrations in Owasco Lake. The results of 
the phytoplankton and cyanobacteria community composi-
tion analyses from the monitoring platforms were within 
the range of values observed across nearshore discrete 
samples collected in concert with the October 2019 surveys. 
Thus, in the absence of lakewide or nearshore CyanoHABs, 
the open-water snapshot from the platform was largely 
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representative of the broader spatial heterogeneity present in 
the nearshore samples despite the time offset associated with 
sample collection.

The number of cyanobacterial genera and potential 
microcystin-producing genera present were determined 
using methods in Graham and others (2008) and Bernard 
and others (2017), and were comparable between Owasco 
(total: n=15; potential producers: n=8) and Seneca Lakes 
(total: n=12; potential producers: n=6). Microcystis 
comprised the bulk of the cyanobacterial biovolume in the 
samples collected (fig. 4A). On both lakes, Microcystis, 
Synechococcus, Aphanocapsa, and Pseudanabaena were the 
most commonly detected potential microcystin-producing 
genera in most samples and were the most abundant 
cyanotoxin-producing genera when present (fig. 4A). A 
small-celled taxon that could only be identified down to the 
family level as Chroococcaceae was also found in every 
sample from both lakes and contributed substantially to the 
cyanobacterial abundance, but not biovolume estimates.

The only monitoring platform sample that had detect-
able microcystins by ELISA (0.50 µg/L) from Owasco 
Lake was collected on October 2, 2019 (fig. 4B). However, 
microcystins were not detected by LCMS or LCMS/MS 
above the detection limit (0.37 µg/L) in this sample. This 
toxin detection occurred five days prior to the NYSDEC 
receiving reports of CyanoHABs on the shoreline of Owasco 
Lake (October 7, 2019; NYSDEC, 2023). During the 
October 2019 nearshore survey, 7 of 12 samples collected 
had concentrations of microcystins ranging from 0.331 to 
0.863 µg/L (median: 0.623 µg/L; n=7) via ELISA but were 
not above detection limits by LCMS or LCMS/MS (Water 
Quality Portal, 2021).

Similar to Owasco Lake, the only monitoring platform 
sample from Seneca Lake that had detectable microcystins 
by ELISA (0.32 µg/L) was collected on October 3, 2019 
(fig. 4B). Total microcystins were detected by ELISA in 
only one nearshore sample at the Sawmill Creek (B12) 
site (0.38 µg/L; table 1). The NYSDEC received nearshore 
CyanoHABs reports that they designated as “confirmed with 
high toxins” blooms in proximity to the monitoring platform 
and Sawmill Creek in early October 2019 (NYSDEC, 2023). 
Microcystins were not detected above LCMS/MS detec-
tion limits in any samples collected from Seneca Lake in 
October 2019 (Water Quality Portal, 2021).

Detectable concentrations of microcystin were not 
consistently associated with samples with the highest 
cyanobacterial biovolume or cell counts on either lake 
(fig. 4). When microcystin was detected in nearshore 
samples, it was also detected at the monitoring platform. 
NYSDEC confirmed the presence of shoreline accumulations 
containing high concentrations (greater than 20 µg/L) of 
microcystins within days of the nearshore surveys conducted 
in this study, but none of the open-water or nearshore 
samples collected in October 2019 exceeded either the 
Alert Level 2 guideline of 8,000,000 µm3/mL biovolume 
in the recreational Alert Level Framework for blooms 
dominated by cyanobacteria (Chorus and Welker, 2021), or 
the EPA drinking-water 10-day health advisory threshold 
for adults (1.6 µg/L total microcystin) in drinking water 
(U.S. Environmental Protection Agency, 2015; NYSDEC, 
2023). These results highlight the spatiotemporal variability 
of cyanobacterial populations and complexities associated 
with monitoring CyanoHABs, both of which have been 
demonstrated in neighboring Finger Lakes (Prestigiacomo 
and others, 2023).
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Figure 3.  Graphs showing total phytoplankton biovolume and abundance in water samples collected from open-water monitoring 
platforms and nearshore locations in A, Owasco Lake and B, Seneca Lake, New York, in October 2019. Samples collected from the 
open-water monitoring platforms were collected approximately 1 week before the nearshore survey was conducted. See table 1 
for list of site identifiers (letter and number), full site name, and site numbers from the U.S Geological Survey (USGS) National Water 
Information System database (NWIS) (U.S. Geological Survey, 2020). 
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Figure 4.  Graphs showing biovolume and abundance of cyanobacterial taxa and total microcystins in water samples collected from the 
open-water monitoring platforms and nearshore sampling locations in A, Owasco Lake and B, Seneca Lake, New York, in October 2019. 
Microcystin concentrations below laboratory reporting limits were substituted with the reporting limit of 0.3 micrograms per liter (µg/L). 
Lines correspond to the laboratory reporting limit and U.S. Environmental Protection Agency (U.S. EPA) 10-day treated drinking-water 
threshold for adults (1.6 µg/L total microcystins), respectively. See table 1 for list of site identifiers (letter and number), full site name, and 
site numbers from the U.S. Geological Survey (USGS) National Water Information System database (NWIS) (U.S. Geological Survey, 2020). 
ELISA, enzyme-linked immunosorbent assay. 
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Nearshore Algal Biomass and Nitrate
The results from the nearshore surveys of Owasco Lake 

and Seneca Lake reveal areas of enrichment of nitrate and 
chlorophyll and highlight seasonal variability of spatial patterns 
in these constituents. The 75th percentile concentration for a 
given analyte per each nearshore survey was used as a threshold 
value for visualizations associated with these mapping efforts. 
Areas where values were greater than or equal to the 75th 
percentile were selected for evaluation in relation to watershed 
characteristics of nearby tributary mouths, phytoplankton 

abundance, and total microcystin concentrations to illustrate 
the utility of nearshore mapping to identify potential nutrient 
loading beyond what can be captured by routine tributary 
sampling and areas with localized CyanoHABs.

Gaps in nearshore data coverage occurred when the boats 
began traveling prior to the stabilization of the water-quality 
instrumentation during each of the summer surveys. Because 
gaps in nearshore coverage may subsequently affect 75th 
percentile thresholds for determining enrichment of nitrate and 
chlorophyll, gaps in nearshore data coverage are noted within 
affected descriptions of nearshore results.
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Figure 4.—Continued
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Nitrate

Nearshore mapping conducted in Owasco Lake identified 
areas of nitrate enrichment that varied seasonally (fig. 5). Nitrate 
concentrations above the 75th percentile value (1.11 mg/L as N) 
during the summer survey occurred along the southeasternmost 
shoreline of the lake, in the vicinity of Owasco Inlet (A6) and 
Indian Cove (A5), and along the western shoreline (table 1; 
fig. 5A). During the summer survey in Owasco Lake, nitrate 
concentrations were not measured in the southwest corner 
of the lake, approximately between Owasco Inlet (A6) and 
Willow Point (A8) (table 1; fig. 5A). Results from the vicinity 
of Dutch Hollow Brook (A2), Willow Point (A8), and 
Ensenore Road (A9) tributaries suggest localized tributary 
inputs may be affecting nearshore nitrate concentrations in 
Owasco Lake (table 1; fig. 5A). Findings from a concurrent 
NYSDEC study in the Owasco Lake watershed indicated that 
Owasco Inlet and Dutch Hollow Brook had elevated nitrate 
concentrations compared to other tributaries in the watershed 
in 2019 (NYSDEC, 2023). Furthermore, Owasco Inlet and 
Dutch Hollow Brook were identified in a previous investigation 
as primary contributors of sediment and nutrient loading to 
Owasco Lake (Halfman and others, 2019, 2023). The towns of 
Groton and Moravia discharge treated wastewater to Owasco 
Lake Inlet several miles upstream from where it discharges into 
Owasco Lake. Historically, the wastewater from these towns 
was a major source of phosphorus and nitrogen to Owasco 
Lake Inlet (Bode and others, 2007; Smith and others, 2012). 
The wastewater infrastructure for Groton and Moravia has 
undergone upgrades to provide advanced removal of phos-
phorus (EcoLogic LLC and Anchor QEA LLC, 2022b). The size 
of the Sucker Brook (A1) watershed approaches that of Owasco 
Inlet and Dutch Hollow Brook (table 1; fig 2A); however, 
nitrate concentrations measured by the NYDEC in 2019 in 
Sucker Brook were markedly lower than that of Owasco Inlet 
and Dutch Hollow Brook. In this study, nitrate concentrations 
recorded in the vicinity of Sucker Brook did not exceed 75th 
percentile concentrations during either survey (fig. 5).

Some smaller tributaries were associated with areas of 
nearshore nitrate enrichment, and the highest nitrate concentra-
tions in the laboratory-analyzed samples were collected during 
the summer survey on Owasco Lake (fig. 5A). The highest 
nitrate concentrations in Owasco Lake were measured at 
the Glenwood Beach (A10) and Ensenore Road (A9) sites 
(discrete samples: 3.09 and 2.32 mg/L as N, respectively; 
discrete sensor measurements: 2.50 and 4.30 mg/L as N, 
respectively; table 1; fig. 5A). The smaller watershed outlets 
near these sites were not previously identified as areas of 
potential nitrate enrichment prior to the nearshore surveys, 
thereby suggesting the utility of the survey methods to 
document previously unidentified sources of constituents 
such as nitrate to larger water bodies. Although this finding is 
interesting, smaller contributing watersheds, such as those near 
the Glenwood Beach (A10) and Ensenore Road (A9) sites, 
likely contribute less total nitrate by mass to Owasco Lake 
than larger tributaries.

In contrast, nitrate concentrations in Owasco Lake during 
the fall survey were less variable (fig. 5B). Nitrate concentra-
tions exceeded 75th percentile values only in the southernmost 
area of Owasco Lake in the vicinity of Owasco Inlet (A6) and 
Indian Cove (A5) (table 1; fig. 5B). The shoreline area in the 
vicinity of Indian Cove was previously identified by NYSDEC 
as an area of interest relative to potential failing septic systems 
in developed areas and documented occurrence of CyanoHABs 
(NYSDEC, 2018a). Thus, our findings may be indicative of 
nonpoint-source contributions of nitrate at the time of nearshore 
surveys, which were at low discharge conditions. The highest 
values from laboratory-analyzed nitrate samples from the fall 
survey on Owasco Lake were collected at the Dutch Hollow 
Brook (A2) and Seward Point (A4) sites (1.64 and 1.40 mg/L 
as N, respectively), although comparable nitrate concentrations 
were not observed in the nearshore survey data or discrete 
sensor measurements (table 1; fig. 5B). Discrepancies between 
laboratory-analyzed and nearshore survey measurements 
may be attributed to nearshore survey data being collected at 
distances greater than or equal to 100 m from shore because 
fog reduced visibility on the morning of October 8, 2019 
(fig. 5B). Discrepancies between discrete laboratory-analyzed 
and discrete sensor measurements of nitrate may be attributed to 
uneven mixing of tributary waters enriched with nitrate and less 
nitrate-enriched lake water near the tributary outlets.

Results from nearshore mapping in Seneca Lake 
revealed several areas of nitrate enrichment (fig. 6), albeit 
at relatively low overall concentrations compared to 
Owasco Lake. In Seneca Lake during July 2019, nitrate 
concentrations above the 75th percentile value (0.39 mg/L as 
N) occurred along much of the shoreline (fig. 6A). Individual 
measurements that were above the 75th percentile value 
spanned a narrow range in concentration (0.39 to 0.68 mg/L 
as N). Despite the narrow range of nitrate concentrations, 
the summer survey identified several locations where 
nitrate concentrations may indicate inputs from nearby 
tributaries. Nitrate concentrations more than 0.50 mg/L as N 
tended to occur in proximity to major tributaries. Readings 
in the vicinity of Keuka Outlet (B3) had higher nitrate 
concentrations than surrounding waters (table 1; fig. 6A). 
Keuka Outlet has previously been identified as a source of 
nitrate into Seneca Lake (Halfman, 2011; NYSDEC, 2023). 
The readings recorded in the vicinity of Kashong Creek 
(B2) and Big Stream (B9) also suggest localized inputs of 
nutrients to Seneca Lake (table 1; fig. 6A); this finding was 
substantiated by data collected from these tributaries in 
2019 by the NYSDEC (NYSDEC, 2023), and by Halfman 
(2011). Furthermore, the Penn Yann Wastewater Treatment 
Plant discharges treated wastewater into Keuka Outlet, 
and the Dundee Wastewater Treatment Plant discharges 
treated wastewater into Big Stream, upstream of the respec-
tive stream outlets into Seneca Lake. In contrast, Castle 
Creek and Reeder Creek have comparatively smaller total 
watershed areas than Keuka Outlet, Kashong Creek, and 
Big Stream, and lower nitrate concentrations (NYSDEC, 
2023). Although many of the highest measurements recorded 
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in July coincided with the locations of major tributaries 
(Keuka Outlet [B3], Kashong Creek [B2], Indian Creek [B6], 
Big Stream [B9]; table 1; fig. 6A), the differences were small 
between nitrate concentrations identified by nearshore sampling 
and discrete sensor measurements and the median concentration 
of nitrate associated with the nearshore survey dataset (0.10 to 
0.20 mg/L as N; table 3). The survey dataset had overall low 
variability relative to the resolution of the sensor used in the 
survey (0.1 mg/L as N).

During the fall survey in Seneca Lake, nitrate concentra-
tions exceeded the 75th percentile concentration (0.34 mg/L 
as N) most frequently along the southern shoreline (fig. 6B). 
Nitrate concentrations along the southern shoreline were more 
homogenous, with a narrow range in values (0.34 to 0.45 mg/L 
as N), suggesting an absence of marked tributary influence. The 
narrow range of nitrate concentrations detected may also be 
attributed to lower overall tributary inflows during the week 
preceding the survey.
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Figure 5. Maps showing nitrate concentrations in Owasco Lake, New York, as measured during continuous nearshore surveys 
and paired discrete near-surface sensor measurements and laboratory measurements from A, June 26, 2019 (Summer), and 
B, October 8, 2019 (Fall). Nitrate concentrations above the 75th percentile are shown as colored points. See table 1 for list of site 
identifiers (letter and number), full site name, and site numbers from the U.S. Geological Survey (USGS) National Water 
Information System database (NWIS) (U.S. Geological Survey, 2020). 
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Figure 5.—Continued
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Figure 6. Maps showing nitrate concentrations in Seneca Lake, New York, as measured during continuous nearshore surveys 
and paired discrete near-surface sensor measurements and laboratory measurements from A, July 9 to 10, 2019 (Summer), and
B, October 9 to 10, 2019 (Fall). Nitrate concentrations above the 75th percentile are shown as colored points. See table 1 for list of 
site identifiers (letter and number), full site name, and site numbers from the U.S. Geological Survey (USGS) National Water 
Information System database (NWIS) (U.S. Geological Survey, 2020). 
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Chlorophyll

The findings of the nearshore surveys of chlorophyll 
in Owasco Lake underscored the utility of these methods 
to identify distinct areas where chlorophyll concentration 
patterns may indicate algal and cyanobacterial biomass in 
the nearshore environment (fig. 7). Results from the summer 
survey revealed two distinct areas of elevated chlorophyll 
concentrations relative to the rest of Owasco Lake (fig. 7A). 
Most of the readings that were above the 75th percentile 
value (1.46 µg/L of chlorophyll) occurred within clearly 
defined stretches along the southernmost shoreline and 

along the northeastern shoreline near the outlets of 
Sucker Brook (A1) and Veness Brook (A12) (table 1; 
fig. 7A). The nearshore sample results (2.3 to 21.7 µg/L of 
chlorophyll-a) in these areas confirmed the survey results. 
Observed chlorophyll concentrations along the northeastern 
shoreline of Owasco Lake in June 2019 had corresponding 
nitrate concentrations that were relatively low compared to 
other nearshore areas.

During the October 2019 survey, chlorophyll concentra-
tions above the 75th percentile concentration (0.84 µg/L) 
were primarily located along the eastern shoreline, with 
the highest concentrations associated with the southeastern 
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shoreline approximately between Adams Point (A3) and 
Indian Cove (A5) (table 1; fig. 7B). The nearshore sample 
results from Adams Point (A3), Seward Point (A4), and 
Indian Cove (A5) during this survey were similarly high 
(table 1; fig. 7B). Mapping of chlorophyll concentrations 
relative to nearshore CyanoHAB formation is generally 
supported by phytoplankton biovolume and abundance 
results from the discrete sample sites. The highest 
phytoplankton biovolume and abundance in any sample 
collected during the fall survey on Owasco Lake was 
from Indian Cove (A5) (table 1; fig. 3). Microcystin 
was detected in samples collected at Adams Point (A3), 
Seward Point (A4), and Indian Cove (A5) in October 2019 
(table 1; fig. 4B). On the southwestern shore, the Unnamed 
Trib[utary] 12 (A7) and Willow Point (A8) sites were 
similarly associated with cooccurrences of nearshore survey 
measurements of chlorophyll above the 75th percentile, 
elevated chlorophyll-a concentrations in laboratory-
measured samples, higher abundances of phytoplankton 
and cyanobacteria relative to other sites, and detections of 
microcystins. Like the summer survey, the highest value 
from a laboratory-analyzed chlorophyll-a sample from the 
fall survey on Owasco Lake was collected at the Veness 
Brook (A12) site (3.82 µg/L chlorophyll-a; table 1; fig. 7B), 
although comparable concentrations were not measured in 
the nearshore survey data or the paired discrete chlorophyll 
sensor measurement (0.67 µg/L). Discrepancies between 
laboratory-analyzed and nearshore survey measurements 
again may be attributed to (1) nearshore survey data being 
collected at distances too great to capture site conditions 
closer to the tributary outlet where sample collection 
occurred; or (2) the discrepancies may be an artifact of the 
precision of sample collection methods relative to the ephem-
eral nature of lake systems; or (3) because concentrations of 
chlorophyll reported by algal fluorometers are based upon 
indirect, or proxy-based, measurements of the fluorescence 
response of algal pigments in water at a specific absorption 
wavelength, and the concentrations reported by the sensors 
extrapolated from those measurements may or may not 
necessarily be directly proportional to the concentration of 
algal pigments in water (Foster and others, 2022).

Chlorophyll concentrations measured during nearshore 
surveys of Seneca Lake exhibited spatial patterns that were 
similar among surveys (fig. 8). Nearshore surveys in Seneca 
Lake in summer resulted in a narrow range of chlorophyll 
concentrations, with a 75th percentile concentration 
of 0.74 µg/L of chlorophyll (fig. 8A). Chlorophyll 
concentrations were not recorded in the northwest corner of 
Seneca Lake, approximately between Castle Creek (B1) and 
Kashong Creek (B2), on July 9, 2019, and also not recorded 
midway along the western shore between Plum Point 
Creek (B4) and Big Stream (B9) on July 10, 2019 (table 1; 
fig. 8A). The maximum laboratory-measured concentration 
of chlorophyll-a associated with July 2019 surveys on 
Seneca Lake (3.23 µg/L) occurred at Catharine Creek (B10; 
table 1). Catharine Creek was associated with a part of the 

shoreline where chlorophyll concentrations exceeded 75th 
percentile values of the nearshore dataset for July 2019 
(fig. 8A). Comparisons of laboratory-analyzed chlorophyll-a 
concentrations with other parts of the Seneca Lake shoreline 
where nearshore data exceeded 75th percentile concentra-
tions showed mixed agreement. Chlorophyll concentrations 
were generally below 75th percentile thresholds along 
the eastern shoreline of Seneca Lake. The overall low 
concentration ranges of chlorophyll limited insights into 
the causes of variations along the shoreline and may simply 
indicate that the variations are not ecologically meaningful.

Chlorophyll concentrations measured during the fall 
survey in Seneca Lake varied by several orders of magnitude 
and were largely similar in distribution around Seneca Lake 
as those found in the summer survey (fig. 8B). The highest 
concentrations of chlorophyll in the fall were detected along 
the northwesternmost and southwest shorelines of Seneca 
Lake. The highest chlorophyll concentration (77.52 µg/L) 
was observed in the vicinity of the outlet of Kashong Creek 
(B2) (table 1; fig. 8B). Shoreline CyanoHABs were reported 
to the NYSDEC along the shoreline south of Kashong Creek 
on October 1 and 7, 2019 (NYSDEC, 2023). However, 
phytoplankton community composition from the discrete 
sample collected at the Kashong Creek (B2) site during the 
October survey was not associated with elevated concentra-
tions of cyanobacteria (table 1; fig. 4A). The maximum 
laboratory-analyzed chlorophyll-a concentration associated 
with the fall survey of Seneca Lake (6.92 µg/L) occurred 
at Castle Creek (B1) and was associated with the area of 
similarly elevated chlorophyll concentrations identified from 
the nearshore survey (table 1; fig. 8B); however, biovolume 
and abundance were low in discrete samples collected from 
the Kashong Creek (B2) and Castle Creek (B1) sites relative 
to the rest of Seneca Lake (table 1; fig. 4A). The Catharine 
Creek (B10) outlet and surrounding waters along the southern 
shoreline of Seneca Lake were identified as an area where 
chlorophyll concentrations were consistently above the 75th 
percentile (table 1; fig. 8B). When compared to more northerly 
sites, Cyanophyta abundance was also elevated in samples 
collected from sites located along the southernmost shorelines 
of Seneca Lake in October 2019 (fig. 4A). This indicates that 
concentration ranges of chlorophyll observed during nearshore 
mapping of Seneca Lake conducted in October 2019 were 
adequate for identification of localized Cyanophyta occurrences, 
although abundances remained low. Furthermore, laboratory-
measured chlorophyll-a concentrations showed general align-
ment with mapped areas of higher chlorophyll concentrations 
on Seneca Lake during October 2019 surveys.

Unlike optical nitrate sensors, which report direct 
measurements of concentration calculated from photometric 
measurements of ultraviolet light absorbance by ions in solution 
(Pellerin and others, 2013), concentrations of chlorophyll 
reported by algal fluorometers are based upon indirect, or proxy-
based, measurements of the fluorescence response of algal 
pigments in water at a specific absorption wavelength (Foster 
and others, 2022). As a result, the concentrations reported by 
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the sensors extrapolated from those measurements may or may 
not necessarily be directly proportional to the concentration of 
algal pigments in water. Additionally, fluorescence concentra-
tions reported by algal fluorometers are subject to several 
confounding factors (Foster and others, 2022). These factors 
range from the biological (efficiency of various taxa to harness 
light, the overall health of an algal community), environmental 
(diurnal variability), and those related to the maintenance and 
calibration of the sensors. Collectively, these factors may affect 

the amount of algal pigment in a system, the ability of algal taxa 
to fluoresce, or the ability of a sensor to provide representative 
relative environmental concentrations (Foster and others, 
2022). Although measurements of algal pigments, particularly 
chlorophyll, have become preferred for many studies and 
monitoring programs as a proxy for phytoplankton biomass, 
the relationship among laboratory-measured algal pigments and 
phytoplankton abundance or biovolume can vary substantially 
(Canfield and others, 2019).
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Figure 7.  Maps showing chlorophyll concentrations in Owasco Lake, New York, as measured during continuous nearshore 
surveys and paired discrete near-surface sensor measurements and laboratory measurements from A, June 26, 2019 (Summer), and 
B, October 8, 2019 (Fall). Chlorophyll concentrations above the 75th percentile are shown as colored points. Negative concentrations 
(less than zero; <0) were censored at 0 µg/L. See table 1 for list of identifiers and corresponding site names and numbers; 
U.S. Geological Survey (2020).
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Figure 7.—Continued
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Figure 8.  Maps showing chlorophyll concentrations in Seneca Lake, New York, as measured during continuous nearshore 
surveys and paired discrete near-surface sensor measurements and laboratory measurements from A, July 9 to 10, 2019 (Summer), 
and B, October 9 to 10, 2019 (Fall). Chlorophyll concentrations above the 75th percentile are shown as colored points. Negative 
concentrations (less than zero; <0) were censored at 0 µg/L. See table 1 for list of identifiers and corresponding site names and 
numbers; U.S. Geological Survey (2020). 



30    Spatiotemporal Variability of Algal Biomass and Nitrate, Owasco and Seneca Lakes, Finger Lakes Region, New York, 2019

Summary
The proliferation of cyanobacteria in aquatic ecosystems 

poses a serious water-quality concern. Periodic monitoring 
of cyanobacterial harmful algal blooms (CyanoHABs) is 
complicated by the inherent spatiotemporal variability of 
cyanobacteria, the ephemeral nature of cyanotoxins associated 
with CyanoHABs, and financial constraints posed by traditional 
analytical methods. Thus, high-resolution mapping surveys may 
be a reasonable alternative to discrete monitoring for identifying 
areas of cyanobacteria, chlorophyll, and nutrient concentrations. 
Since 2012, the New York State Department of Environmental 

Conservation (NYSDEC) has documented CyanoHABs in 
more than 400 waterbodies in New York State, including the 
Finger Lakes, which are important recreational, drinking-water, 
and economic resources for New York State. Two of the Finger 
Lakes—Owasco Lake and Seneca Lake—have recorded at 
least one CyanoHAB exceeding the NYSDEC “confirmed 
with high toxins” threshold(s). Owasco Lake has had at least 
one CyanoHAB exceeding the NYSDEC “confirmed with 
high toxins” threshold(s) recorded every year from 2013 to 
2019, and on Seneca Lake, at least one CyanoHAB exceeding 
the NYSDEC “confirmed with high toxins” threshold(s) was 
recorded every year from 2015 to 2019.
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The advanced monitoring pilot study is a collaboration 
among the U.S. Geological Survey (USGS), the New York State 
Department of Environmental Conservation (NYSDEC), and 
the New York State Department of Health aimed at developing 
and implementing a comprehensive monitoring strategy in 
select Finger Lakes that have been affected by CyanoHABs. 
This study assessed traditional and innovative approaches 
for understanding occurrences of CyanoHABs in two of the 
Finger Lakes with the goal of informing future monitoring 
strategies and improving the understanding of CyanoHABs in 
New York State. Nearshore mapping surveys were conducted on 
Owasco Lake and Seneca Lake using continuous water-quality 
instrumentation measurements to identify potential sources of 
nutrients that were not captured by tributary sampling, identify 
areas with localized nearshore CyanoHABs, and investigate 
whether water-quality information from high-resolution 
nearshore surveys was representative of open-water conditions.

Owasco Lake and Seneca Lake each had nearshore 
surveys conducted twice for this study. Discrete samples and 
paired near-surface sensor measurements from twelve targeted 
locations measuring nitrate and chlorophyll were also 
collected from Owasco Lake and Seneca Lake concurrent 
with the nearshore surveys. Additional samples were collected 
from both lakes for phytoplankton community identification, 
enumeration, and cyanotoxin analysis in October 2019. 
Continuous sensor data were collected at open-water, 
fixed-location, monitoring platforms on each of the study 
lakes. Discrete water-quality samples were collected at the 
monitoring platforms and analyzed for the same parameters 
as discrete nearshore samples, including phytoplankton 
identification, enumeration, and cyanotoxins. Water-quality 
data corresponding to monitoring platforms were used to 
assess how continuous sensor data compared to laboratory 
measurements and how well the monitoring platforms 
represented overall lake conditions. Data from determination 
of concentrations of nitrate and chlorophyll were summarized 
by methodology for each lake and survey effort to compare 
concentration ranges across methodologies and under different 
environmental conditions.

Median nitrate concentrations were higher during summer 
nearshore surveys in Owasco Lake across methods. Median 
nitrate concentrations did not vary consistently among methods 
or across seasons in Seneca Lake because concentrations 
typically spanned narrow ranges. Samples collected from both 
monitoring platforms had nitrate concentrations within the 
ranges produced by nearshore surveys.

Chlorophyll concentrations in Owasco Lake were 
generally higher during summer nearshore surveys regardless 
of methodology. Comparisons of median chlorophyll 
concentrations across methodologies in Seneca Lake produced 
mixed results with no clear distinction between survey dates. 
Chlorophyll concentrations measured at both monitoring 
platforms were also within the ranges produced by nearshore 
surveys on both lakes. Discrete sensor measurements of 
chlorophyll concentrations spanned narrower ranges than 
results produced by nearshore surveys on Owasco Lake and 
Seneca Lake. Overall, median chlorophyll concentrations 

observed in this study were less than 3 µg/L across 
methodologies, with notable exceptions observed during 
nearshore surveys and at the open-water monitoring platform on 
Owasco Lake during the summer survey. Laboratory-analyzed 
discrete samples of chlorophyll-a concentrations were typically 
higher than paired discrete sensor measurements. Despite 
several relatively high chlorophyll concentrations measured 
during nearshore surveys, median chlorophyll concentrations 
were generally comparable across methods.

Cyanobacteria dominated the phytoplankton community 
at the monitoring platforms and in about half of the discrete 
samples that were collected during the nearshore surveys of 
Owasco Lake and Seneca Lake. Microcystis was present in 
nearly all discrete samples collected from Owasco Lake in 
October 2019 and comprised the bulk of the total cyanobacterial 
biovolume in most samples collected from both lakes. 
Microcystis, Synechococcus, Aphanocapsa, and Pseudanabaena 
were the most-detected potential microcystin-producing 
genera in most of the samples collected from Owasco and 
Seneca Lakes. Results of the cyanobacterial community compo-
sition analyses from the monitoring platforms were within the 
range of values observed across discrete nearshore samples 
collected concurrently with October 2019 nearshore surveys in 
Owasco and Seneca Lakes. Total microcystin, as measured by 
enzyme-linked immunosorbent assay (ELISA), was detected 
in a single discrete sample collected on Seneca Lake and in 
seven discrete samples collected in Owasco Lake during the 
fall surveys. Detectable concentrations of microcystin were not 
consistently associated with those samples with the greatest 
cyanobacterial cell counts; however, when microcystin was 
detected in discrete nearshore samples, it was also detected in 
samples at the monitoring platforms.

Nearshore mapping conducted in Owasco Lake 
showed areas of nitrate enrichment that varied seasonally. 
Nitrate concentrations above the 75th percentile during summer 
in Owasco Lake primarily occurred along the southeasternmost 
and western shorelines. Higher nitrate concentrations coinciding 
with the outlets of major tributaries suggest that tributary 
inputs may be affecting nearshore nitrate concentrations in 
Owasco Lake. Several of the tributaries near areas of nitrate 
enrichment identified in the nearshore surveys had been 
identified previously as primary contributors of sediment and 
nutrient loading into Owasco Lake. Nitrate concentrations in 
Owasco Lake during the fall survey were less variable but still 
were able to indicate areas of nitrate enrichment consistent with 
prior investigations.

Results from nearshore mapping conducted in Seneca Lake 
revealed several areas of nitrate enrichment, albeit at concentra-
tions that would generally be considered low. Despite the 
narrow range in nitrate concentrations associated with nearshore 
surveys of Seneca Lake conducted in July 2019, several 
locations were identified where nitrate concentrations may 
indicate localized inputs from tributaries. Areas of enrichment 
in nitrate concentrations tended to occur in proximity to the 
lakeshore near outlets of major tributaries into Seneca Lake 
and varied between survey dates.
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Chlorophyll mapping efforts in Owasco Lake in 
June 2019 revealed two distinct areas of high chlorophyll 
concentration relative to other parts of Owasco Lake, 
with most of these areas occurring within clearly defined 
stretches of the southernmost shoreline and at the outlet 
of certain tributaries. During the October 2019 survey, the 
highest chlorophyll concentrations were largely constrained 
to the eastern shoreline of Owasco Lake. When compared 
to phytoplankton abundance and biovolume analyzed in 
discrete samples, chlorophyll concentrations measured during 
nearshore surveys typically covaried with biovolume and 
abundance; however, the concentration ranges observed 
in nearshore data were not always proportional to those of 
chlorophyll concentrations from discrete samples.

Chlorophyll concentrations that were measured during 
nearshore surveys of Seneca Lake exhibited patterns that 
were comparable across survey dates. Chlorophyll mapping 
in Seneca Lake in July 2019 showed narrow ranges of 
chlorophyll concentrations, limiting the ability to identify 
meaningful differences in chlorophyll concentrations along 
the shoreline. Chlorophyll concentration patterns along the 
northwesternmost and southwestern stretches of shoreline in 
July 2019 were largely the same as those in the October 2019 
survey, but generally were more extensive and exhibited 
higher concentrations of chlorophyll. Phytoplankton and 
Cyanophyta biovolume and cell abundances in discrete 
samples that were collected in proximity to the northernmost 
shoreline where the nearshore survey data indicated the 
highest measurements of chlorophyll did not mirror the pattern 
of chlorophyll concentrations from the survey.

General patterns of nearshore concentrations of nitrate 
and chlorophyll associated with nearshore mapping were 
supported by previous investigations of tributary loading and 
loosely covary with increases in chlorophyll concentrations 
measured in discrete samples and in phytoplankton abundance 
and community composition. However, there was not 
universal agreement in the nearshore sensor measurements 
and laboratory results, which may be attributed to the small 
range in observed concentrations and further complicated 
by the ephemeral nature of cyanobacteria and associated 
biogeochemical cycles within lake systems.
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Appendix 1.  Quality Assurance Project Plan for Discrete Water-Quality 
Samples, Measurements, and Shoreline Surveys Conducted for the 
Cyanobacterial Harmful Algal Blooms Advanced Monitoring Pilot Study

This document details U.S. Geological Survey standards, policies, and procedures for activities related to the collection, 
processing, storage, and analysis of water-quality data associated with the cyanobacterial harmful algal blooms (CyanoHABs) 
advanced monitoring pilot study. Reproduced with kind permission from the New York State Department of Environmental 
Conservation (A.J. Smith, New York State Department of Environmental Management, written commun., 2020).

This appendix file can be found as a separate pdf document linked at https://doi.org/​10.3133/​sir20245118.

https://doi.org/10.3133/sir20245118
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Appendix 2.  Standard Operating Procedure for the Analysis of Total 
Microcystins and Nodularins in Discrete Water-Quality Samples for the 
Cyanobacterial Harmful Algal Blooms Advanced Monitoring Pilot Study

This document details the standard operating procedure followed by the U.S. Geological Survey for analysis of total micro-
cystins and nodularins in discrete water-quality samples collected for the cyanobacterial harmful algal blooms (CyanoHABs) 
advanced monitoring pilot study.

This appendix file can be found as a separate pdf document linked at https://doi.org/​10.3133/​sir20245118.

https://doi.org/10.3133/sir20245118
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