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Satellites reveal localized algal
bloom intensi cation in a
culturally signi cant reservoir
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Algal blooms are a growing human and ecosystem health concern for many
freshwater systems, particularly reservoirs. However, reservoirs are poorly mon-
itored relative to large lakes and thus the dynamics of blooms are less understood.
One such system is the Allegheny Reservoir (AR) where algal blooms have been
documented as early as 1972 with annual bloom occurrence reported since 2012.
The AR is located between New York and Pennsylvania and partially within the
Seneca Nation of Indians’ (SNI) Allegany Reservation where the persistence of
blooms is an environmental justice concern. However, there is limited historical
data to quantify where blooms occur and if frequency or severity are increasing.
This study attempts to |l these gaps and focus on how chlorophyll-a (chl-a)
concentrations and bloom dynamics are changing over time by generating high
resolution chl-a maps back to 1984 using satellite remote sensing. Algal blooms
have occurred over the full record predominantly near the transitional zone of the
AR, largely within SNI territory. Notably, mean whole reservoir bloom coverage
over the entire record is 32.93% while mean bloom coverage within SNI territory is
52.39%, highlighting environmental justice concerns. Whole reservoir, spatially
integrated mean chl-a concentrations display no signi cant change over time,
however the SNI portion of the AR is increasingly changing at the pixel-level.
These results highlight the power of spatially-explicit, long-term analysis enabled
by satellites to reveal localized patterns of chl-a variation otherwise obscured by
point sampling or whole-reservoir averaging. Pinpointing where blooms occur
and where their spatial footprint may be changing is critical for understanding
their formation, management, and highlighting environmental justice concerns
that are often highly localized.

KEYWORDS
algal bloom, chlorophyll-a, environmental justice, landsat, remote sensing, reservoir,
water quality

1 Introduction

Reports of algal blooms, both cyanobacteria and green algae, in inland waterbodies have
increased considerably throughout the world over the past several decades (Carmichael,
2008; Ho et al., 2019). Increased reporting has been attributed to increases in bloom
frequency and severity (Legleiter et al., 2022). However, other recent studies attribute bloom
increases to more awareness and monitoring efforts (Gobler, 2020; Hallegraeff et al., 2021).
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Algal blooms can negatively impact aquatic ecosystems, public
health, and economies, with annual estimated economic loss in
the United States to be in the several billions of dollars (Paerl et al.,
2001; Dodds et al., 2009). Blooms can inhibit recreational use and
increase drinking water treatment costs (Dearmont et al., 1998;
Kudela et al., 2015). Moreover, toxins produced from cyanobacteria
and green algae can harm human health, impacting skin, digestion,
and liver functions (Moore et al., 2008; Kouakou and Poder, 2019).
Blooms typically occur during the recreational season (May
November) and can decrease water quality and species richness
while increasing eutrophication and pH (Amorim and Moura,
2021). While the occurrence of algal blooms has been well-docu-
mented over the past decade in economically important large lakes
(Binding et al., 2013; Ho and Michalak, 2015; Stumpf et al., 2016;
Ho et al., 2017; Castagna et al., 2020), historical records of bloom
indicators, such as chlorophyll-a (chl-a), in smaller lakes and
reservoirs are often lacking. These long-term chl-a records from
inland water bodies are needed to understand how algal blooms are
changing over time in critical inland waterbodies vital for drinking
water and recreation (Hayes et al., 2017, Wilkinson et al., 2020;
Steyaert and Condon, 2022; Steyaert et al., 2022).

Satellite remote sensing using Landsat data has been widely
used to observe the spatiotemporal trends of various water quality
parameters including suspended sediment (Gardner et al., 2023),
dissolved organic matter (Slonecker et al., 2016), trophic state
(Meyer et al., 2024), and chl-a (Kuhn et al.,, 2019; Topp et al,
2021) in inland waterbodies. In addition to these parameters,
remote sensing can also be used to estimate algae proxies, such as
chl-a at recurrent yover frequencies, over long time periods, and
with detailed spatial coverage (Yip et al., 2015; Binding et al., 2018;
Rolim et al., 2023). Although quantifying algal blooms in inland
waterbodies using remote sensing derived measurements of chl-a
can accurately estimate bloom coverage, extent, frequency, and
concentration (Brezonik et al., 2005; Matthews et al., 2012; Binding
et al., 2013; Torbick et al., 2013), the majority of remote sensing for
freshwater algal bloom monitoring studies have been conducted in
large lakes, as these water bodies can be resolved using sensors with
coarse spatial resolution (Binding et al., 2013; Soontiens et al.,
2019). In contrast to large lakes, reconstructing long-time series of
chl-a in smaller lakes and reservoirs requires sensors with higher
spatial resolution, such as Landsat. For smaller reservoirs that lack a
historical record, Landsat is the only satellite currently capable of
generating observations of algal blooms over multiple decades.
Importantly, high-resolution per-pixel analysis enabled by
Landsat allows characterization of spatial heterogeneity in bloom
occurrence within a single waterbody that can reveal localized
hotspots and spatial trends otherwise obscured by whole-reservoir
averaging or sparse in-situ point sampling.

The Allegheny Reservoir (AR) is a data-scarce reservoir that has
experienced algal blooms (Coin, 2017; NYDEC, 2019; Schellhammer,
2019). Since 1972, the AR has experienced occasional blooms
occurring every two to ve years (USEPA, 1975). However, since
2012, bloom frequency has anecdotally increased and also seem to be
of longer duration (WINs, 2014). Yet the causes and history of algal
bloom in the AR do not conform to typical nutrient delivery
conditions observed in many lakes where blooms occur. The entire
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watershed of the AR is dominated by forest cover (80%) and there is
little agricultural land use to yield extensive fertilizer inputs (9%)
(Figure 1). Internal phosphorus loading from sediment resuspension
and release under periodic anoxia may also serve as a nutrient source
independent of watershed land use (Nowlin et al., 2005). In the case
of the AR, bloom events are also a signi cant environmental justice
concern, as the northern portion of the reservoir, where blooms are
often visually observed, lies within the Seneca Nation of Indians
(SNI) Allegany Reservation (Figure 1).

Until the construction of the Kinzua Dam in 1965 that created
the AR, the Allegheny River Valley was inhabited by over 600
Seneca natives who were relocated following the breaking of the
1794 Treaty of Canandaigua (Josephy, 1968; Bilharz, 1998). Seneca
families were relocated as the US Army Corps of Engineers
(USACE) invoked eminent domain that designated 32% of the
Seneca Allegany reservation as necessary for ood control (Randell
and Curley, 2023). Families lost their homes, but the Seneca
community also lost sacred burial grounds and religious areas. Of
particular concern to the Seneca Nation was the loss of access to the
burial site of Chief Cornplanter, war chief during the U.S.
Revolutionary War and negotiator of treaties between the Seneca
and U.S. government (Campisi and Starna, 1995; Rosier, 1995).
Given that the AR remains an area of immense cultural, spiritual,
ecological, and economic importance to the people of the Seneca
Nation, it is all the more important to understand how algal bloom
occurrence is impacting the AR as a resource.

Characterizing the frequency, duration, and spatial extent of
algal blooms provides critical insight into their underlying causes.
Quantitative records of chlorophyll-a concentrations prior to 2012
are limited, with scarce data available before 2000. In their absence,
visual observations of algal bloom occurrence were sporadically
documented by the U.S. Army Corps of Engineers (USACE) from
1965 to 2011. Since 2012, the USACE has collected chl-a eld
samples throughout the bloom season. In addition to grab samples,
in 2018 the USACE installed a buoy to measure chl-a continuously
during the bloom season. Even with this additional data source,
knowledge gaps remain about the AR algal blooms. What is the
spatial extent each year? Is there interannual variability? Do blooms
generally start in the same location annually? Where are bloom
intensities the worst? How much Seneca land surrounding the AR is
unusable because of the blooms?

To address these observational questions, this study focused on
three key objectives: 1. How do chl-a concentrations vary
interannually? 2. Where are the hotspots for algal blooms within
the AR? 3. How are metrics of algal bloom severity and extent
changing over time? Additionally, preliminary associations between
bloom metrics and hydroclimate drivers including discharge and
precipitation were explored. These questions are addressed by
utilizing both paired pixel-level and whole-reservoir analyses,
allowing us to distinguish spatial heterogeneity in bloom occurrence
from whole-system trends.

To address these objectives, Landsat s long historical record to
reconstruct chl-a concentrations in the AR from 1986 to present
were used. Landsat 5, 7, 8, and 9 images from 1986 2023 were used
to estimate chl-a at the pixel level (30 meters) across the AR. Using
this approach, annual bloom severity that accounts for both bloom
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FIGURE 1

Land cover classi cations of the Allegheny Reservoir watershed. Source National Land Cover Database (Dewitz and U.S. Geological Survey, 2021), public domain.

[0 Barren Land
I Deciduous Forest
I Evergreen Forest
[ Mixed Forest
[0 shrub/Scrub
Herbaceuous
Hay/Pasture

I cultivated Crops
Woody Wetlands
I Emergent Herbaceuous Wetlands
[ Allegheny Reservoir
&= state Boundary
(B2 Allegany Reservation
£ Allegheny Reservoir Watershed

Land Cover
I Open Water
Developed, Open Space
N Developed, Low Intensity
k Developed, Medium Intensity
Il Developed, High Intensity

18 36
Kilometers

concentration and size was quanti ed (Stumpf et al., 2016; Binding
et al,, 2021). Using Landsat, only modeled bulk chl-a can be
estimated and the presence of cyanobacteria or any speci ¢ algal
taxa cannot be distinguished, therefore this study focuses on algal
blooms generally and not speci cally on harmful algal blooms.

2 Materials and methods
2.1 Study site

The AR is a 24-mile-long reservoir, with a total storage capacity
of 1.6km?® that drains a 5650 km? watershed located between
Pennsylvania and New York (41°4622 N 42°09 24 N, 78°52
55 W  78°42 58 W) where the reservoir is within the Allegany
Reservation of the SNI (Figure 1). Primary uses for the reservoir are

ood control and improving downriver water quality with second-
ary bene ts that include recreation and shing (USACE, 1977,
Ensign, 2014). The reservoir is not used for drinking water. Mean
water residence time is 77 days from the northern reach of the AR to
the Kinzua Dam (USEPA, 1975). The entire reservoir watershed
land use is dominated by forest cover, 80% including Allegany State
Park in New York and Allegheny National Forest in Pennsylvania
with farmland accounting for 9% and development accounting for
less than 1% of the watershed area above the reservoir. There are
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over fteen federal, state, county, and tribal agencies with jurisdic-
tion for parts or all the reservoir with USACE and SNI being the two
most active entities (WINs, 2014).

Since 2012, the USACE has conducted eld sampling of varying
frequencies throughout each bloom season, but only data from 2016
2025 has been made available for this study. Beginning in 2018, the
USACE initiated high frequency monitoring using in-situ chl-a and
phycocyanin sensors. This data documents two annually recurring
bloom events; one typically in mid-May and a second in mid-
September (Figure 2A). The rst bloom predominantly consists of
green algae while the second bloom is primarily composed of
cyanobacteria, Microcystis aeruginosa and Aphanizomenon os-aquae
(Supplementary Figure 1). Both blooms create seasonal peaks in chl-a,
whereas the later cyanobacterial bloom generates peaks in both
phycocyanin and chl-a indicating that satellite retrieval of chl-a is a
suitable proxy for detecting both bloom types in the AR (Figure 2).

2.2 Image processing and chlorophyll-a
model

Given the interest in long-term trends, Landsat is the only long-
running mission with imagery before 2000 and with high enough
spatial resolution (30 m) for this study site. Images from Landsat
Collection 2-Tier 1 Surface Re ectance product including Landsat
5,7, 8,9 (Earth Resources Observation and Science (EROS) Center,
1982, 1999, 2013, 2020) from 1986 2023 were processed in Google
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FIGURE 2

USACE in-situ sensor data from 2018—2023 for chl-a (A) and phycocyanin (B) measurements as points against day of year. The red lines represent
a 5-point rolling average for chl-a (A), phycocyanin (B). The dashed line, located at 10 pg/L for panel (A) and 8 pg/L for phycocyanin in panel (B),
represents the threshold used to determine algal bloom occurrence. Day 140 represents May 20th which is around the start of the rst bloom.
Day 265 is September 22nd and is the approximate start of the second bloom.

Earth Engine (Gorelick et al., 2017). Collection 2 is the best available
product with improved radiometric and geometric corrections and
atmospheric corrections, resulting in improvements such as more
accurate surface temperature over water than land (Rengarajan
et al., 2020; Wulder et al., 2022; Crawford et al., 2023). The Landsat
surface re ectance product uses atmospheric corrections intended
for land including the Landsat 5 and 7 Ecosystem Disturbance
Adaptative Processing System (LEDAPS) algorithm and Landsat 8
and 9 Landsat Surface Re ectance Code (LaSRC) (Ju et al., 2012;
Crawford et al., 2023). However, there is no consensus on the best
atmospheric correction method for inland waters (Ansper and
Alikas, 2018; Pereira-Sandoval et al., 2019; Grendaite and
Stonevicius, 2022). Further, Landsat surface re ectance has com-
parable performance to water-based atmospheric correction algo-
rithms when extracting water quality (Kuhn et al., 2019). Moreover,
there is a large and growing literature that has successfully applied
Landsat surface re ectance for time series analysis of a wide range of
water quality variables from a single waterbody to global scale
(Topp et al., 2021; Dethier et al., 2022; Yang et al., 2022; Cao et al.,
2023; Yin et al., 2023; Prum et al., 2024; Mamun and Yang, 2025;
Sillen et al., 2026).

Images during the bloom season from May through November
and that had less than 40% cloud cover were analyzed. The selected
threshold was used to balance the number of quality scenes while
minimizing the risk of cloud and cloud-shadow contamination in
chl-a estimates. This 40% cloud cover lter is the rst of two Iters
applied in this study; a second Iter excludes images in which more
than 40% of the reservoir water extent is masked by clouds, cloud
shadow, or low-con dence water classi cation. This is consistent
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with the previous rationale of prioritizing scene quality over raw
scene count. Images were processed with the goal of maximizing high
quality, open-water pixels over the AR. Clouds, cloud-shadow, snow,
and ice were removed using FMASK (Zhu and Woodcock, 2012; Zhu
et al., 2015) and water masks were created using the Dynamic Surface
Water Extent (DSWE) algorithm (Jones, 2015, 2019). From DSWE,
only pixels classi ed as high con dence water were included
removing low con dence water and vegetated water. Bottom re ec-
tance is unlikely to be a signi cant source of error in this study as
these effects on chl-a retrieval are most pronounced in optically
shallow, clear waters where light penetrates to the soil substrate (Yan
et al., 2025b). The eutrophic conditions of the AR during bloom
events increase light attenuation from chl-a and other particulates,
reducing bottom visibility when chl-a concentrations are highest.
Sillen et al. (2026) further identi ed that shallow, clear-water reaches
is the primary risk for benthic algae interference in this same system,
speci cally the tailwater immediately downstream of Kinzua Dam,
which falls outside the reservoir boundary analyzed within this study.
To enable time series analysis across Landsat missions and USGS
atmospheric correction approaches, widely used methods for empir-
ical correction that harmonizes surface re ectance for each band
across Landsat 5, 7, 8, and 9 using a second-order polynomial
regression of quantiles during periods of mission overlap were
applied (Roy et al., 2016; Claverie et al., 2018; Gardner et al., 2021,
Sillen et al., 2026). In total, 279 images of the reservoir were exported
spanning the period 1984 2023.

To retrieve chl-a concentrations from multispectral images, a
recently developed data-driven model (Sillen et al., 2026) that was
trained, validated, and tested in rivers and lakes across the Ohio
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