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Front cover and above.  Some northern temperate lakes like this one near the United States-Canadian border are experiencing harmful algal blooms (HABs) 
into the fall, which could lead to increased exposure for tourists looking for fall color or dogs flushing waterfowl during fall hunting seasons. Photograph by 
Jaime LeDuc, National Park Service, 2018.
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Many blooms are described as swirling blue-green paint, like this bloom in Voyageurs National Park. Photograph by 
Alec Wilcox, National Park Service, 2023.
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Executive Summary

Overview

Algal blooms in water, soils, dusts, and the environment 
have captured national attention because of concerns 
associated with exposure to algal toxins for humans and 
animals. Algal blooms naturally occur in all surface-water 
types and are important primary producers for aquatic 
ecosystems. However, excessive algae growth can be 
associated with many harmful effects ranging from aesthetic 
to toxicity concerns, so this excessive growth is commonly 
called a harmful algal bloom (HAB).

Ecological imbalances that can lead to excessive 
algal growth, such as increased nutrient availability to 
waterbodies from natural and anthropogenic sources, are 
well documented in scientific literature. On the other hand, 
fundamental scientific understandings of environmental 
causes and controls leading to algal toxin production, 
environmental exposures, and adverse health outcomes for 
humans and animals could benefit from more attention by 
U.S. Geological Survey (USGS) scientists. Understanding 
when, why, and how the toxin is produced by individual 
algal cells or communities and why the toxin is released to 
the surrounding waterbody requires fundamental research 
to determine a toxin’s role, whether it provides competitive 
advantage or if other potential reasons exist for toxin 
production and release, such as secretions from otherwise 
benign biological processes. This research will require 
groundbreaking scientific discovery about underlying 
biologic and abiotic (non-living) processes commonly 
complicated by local variation in land use, microbial 
species composition, and ecosystem structure of the 
surrounding watershed.

Although underlying processes by which HABs form 
may be similar from one waterbody to another, individual 
waterbodies may be controlled by local factors for HAB 
development and toxin production that are unique to the 
watershed. Consequently, many fundamental science gaps 

exist that prevent informed mitigation and prevention of 
toxic HAB events. There are also gaps in understanding 
local conditions that control algal growth unique to 
specific watersheds. Addressing these science gaps is 
needed to inform evidence-based decisions that protect 
human and animal health and that reduce recreational and 
socioeconomic losses.

This vision document identifies opportunities where 
USGS science can address critical gaps and presents a 
Bureau-wide vision for integrated harmful algae science 
(sidebar ES1). It is organized based on the following 
questions that the USGS is poised to answer:

•	 What are the beneficial and detrimental functions 
associated with harmful algae or HABs?

•	 What are the natural and anthropogenic drivers of 
algal blooms and the degree of harm across various 
environmental gradients in surface waters?

•	 What are the fundamental processes that drive algal 
toxin production and release?

•	 How can the USGS provide the knowledge to 
support local, regional, and national early warning, 
prevention, and mitigation efforts?

•	 What are the USGS capabilities and tools needed 
to characterize algal blooms, toxin production, 
and exposure?

This document is intentionally designed for flexible 
future implementation of science, scoping up or down in 
proportion to resources, stakeholder priorities, and other 
considerations. The interdisciplinary science opportunities 
envisioned in this document can be designed to address 
HABs issues at local, regional, and national scales and at 
varying timeframes as stakeholders are engaged and their 
needs evolve. This vision document is intended to serve 
as a resource for USGS scientists who are prioritizing and 
planning research on HABs or the processes that make 
them harmful and intended to be useful for developing 
partnerships with other scientists, agencies, and stakeholders.
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partnerships with the drinking-water and wastewater 
industries, other Federal agencies, Native American 
Tribes, academia, and a range of local, regional, and 
national decision makers. The USGS workforce is rare, 
if not unique across Federal science agencies in its 
interdisciplinary makeup, including biologists, chemists, 
data scientists, ecologists, geographers, geologists, 
geochemists, hydrologists, numerical and process-based 
modelers, phycologists, physical scientists, social scientists, 
programmers, statisticians, and wildlife toxicologists, among 
others. Integrating science input from these disciplines 
is essential to understand HABs complexities. Integrated 
science across disciplines that is done with a nationally 
consistent framework, oversight of field and laboratory 
protocols and approaches, and consistent and long-term 
datasets are unique strengths of the USGS not common in 
academia, industry, or other Government agencies. These 
capabilities underpin opportunities for USGS to address 
current HAB science needs.

USGS scientists have contributed a wide range of 
capabilities to many research activities related to harmful 
algae (refer to app. 1). The authors of this document 
conducted a series of meetings, assembled literature, and 
reviewed the state of the science for each subtopic to 
determine the science gaps and opportunities. The science 
opportunities identified herein are integral to the strategic 
vision for USGS harmful algae science and represent 
high-priority areas of research for USGS scientists who 
are planning harmful algae research. The opportunities 
are intentionally independent of scale and scope; thus, 
interdisciplinary science activities aligned with these 
priorities can be designed to address individual stakeholder 
needs. The subtopics for the major scientific opportunities 
are summarized in table ES1 and are detailed in individual 
sections of chapter 2. The integration of these topics as a 
collaborative opportunity for USGS science, dependent on 
available funding, is summarized in chapter 3.

Fiscal Support

This vision document does not provide detailed funding 
guidance but rather identifies HAB- and algal toxin-related 
science opportunities that the USGS could address. These 
opportunities are divided into short term (1–3 years, using 
existing resources) and longer term (that would likely require 
additional resources).

USGS Interdisciplinary Science Capabilities 
and Opportunities

The USGS has world-class analytical capabilities, 
national groundwater- and surface-water quality monitoring 
networks, and remote observations of surface water from 
satellite imaging. The USGS also has long-standing 

Sidebar 1.  Vision for an 
Interdisciplinary Science  
Approach for Research on Harmful 
Algal Blooms and Algal Toxins
The U.S. Geological Survey strategic vision is 
to provide knowledge that supports fundamental 
and applied understanding of harmful algal 
bloom proliferation and toxin production through 
interdisciplinary research and monitoring approaches. 
Achieving this vision would provide natural resource 
and health protection stakeholders with critical 
information needed to minimize the effects of harmful 
algal blooms and the toxins they produce.  

Table ES1.  Summary of scalable science opportunities for studying harmful algal blooms and algal 
toxins determined through literature review and gap analysis.

Science opportunities that could be addressed by U.S. Geological Survey capabilities Table

Beneficial functions and harmful effects of algae or blooms Table 1

Natural and anthropogenic drivers of algal blooms Table 2

Fundamental processes that drive toxin production and release Table 3

Provide knowledge and models for prevention, early warning, and mitigation Table 4

Advance capabilities for characterizing algal blooms, toxin production, 
and toxin exposures to humans and other organisms

Table 5
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Chapter 1.   
Introduction 

Excessive growth of algae in water bodies can be associated with many harmful effects ranging from aesthetic to toxicity 
concerns; thus, when algae growth is excessive, it is often called a harmful algal bloom (HAB). Harmful algal blooms (refer 
to sidebar 1 for definitions) have been identified in all surface-water types. These include natural water bodies such as ponds, 
streams, rivers, wetlands, lakes, reservoirs, and coastal and marine waters, as well as constructed water bodies such as canals or 
aqueducts. Algal blooms can produce toxins that cause mortality or illness of humans, pets, livestock, fish, and wildlife (National 
Science and Technology Council, 2017). Other possible harmful effects include hypoxia (depletion of dissolved oxygen in 
the water column), ecosystem-wide food web impairment, secondary poisoning through the consumption of fish or shellfish, 
taste-and-odor problems in drinking water, lost recreational opportunities, and declining property values.

Once called blue-green algae because of their bright blue and green colors, blooms like this one in Lake 
Kabetogama in Minnesota are often described as pea soup, spilled paint, or a green smoothie. Photograph 
by Victoria Christensen, 2022.
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The environmental factors that cause some types of 
HABs are generally understood, such as nutrient inputs 
from either natural or anthropogenic sources that promote 
excessive growth (Heisler and others, 2008; Glibert, 
2017). In those situations, site-specific monitoring data, 
assessments, and decision tools can inform evidence-based, 
targeted mitigation and prevention. However, options to 
reduce legacy nutrients can be challenging and HABs can 
exist along a gradient of trophic or nutrient conditions 
(Carey and others, 2012; Cottingham and others, 2015; 
Glibert, 2017). Understanding HAB occurrences along 
multiple environmental gradients is essential for mitigation 
and prevention, and traditional approaches are insufficient 
for oligotrophic systems (those having low nutrients 
or productivity) where drivers are not well understood. 
Causal factors also remain poorly understood for the toxins 
produced and released by some HABs, and these factors are 
the focus of current ecological and environmental health 
research; consequently, effective, targeted prevention and 
mitigation remains elusive.

Clearly, as technological capabilities improve, as 
scientific knowledge and education advance, and as 
human and animal populations expand, contact with 

and recognition of algal blooms and their associated 
harmful effects are detected and reported more frequently 
(Hallegraeff and others, 2021). Localized studies 
(Trevino-Garrison and others, 2015) document quantifiable 
increases in HABs over the last three decades and regional 
changes in weather patterns may benefit many species of 
harmful cyanobacteria (Paerl and Huisman, 2009).

The ecological purpose of toxin production by algae 
remains unknown; toxin production may result from a 
benign physiological process. Geologic evidence suggests 
this phenomenon predated humans (Castle and Rodgers, 
2009) and some researchers hypothesize that toxin 
production is not accidental but rather a defense mechanism 
or other process of adaptation to particular environments 
(Baselga-Cervera and others, 2015). The role humans have 
had on exacerbating the spread and increase of blooms 
and the potential harmful effects associated with exposure 
are not clear. Likewise, clarity is needed on actions that 
are available to prevent and mitigate harmful effects when 
they do occur. Socioeconomic losses remain unclear from a 
national perspective, although they are estimated to exceed 
several million U.S. dollars annually (Anderson and others, 
2000; Bingham and others, 2015).

Sidebar 1.  Harmful Algal Blooms and Algal Toxins 

Algae  The term algae is commonly used as 
an umbrella term for microscopic aquatic plants. As 
scientific understanding has progressed, the organisms 
traditionally called algae are currently (2024) recognized 
as a diverse collection of organisms. Herein, the term 
“algae” is used to describe an ecological grouping of 
unicellular or simple multicellular organisms, including 
cyanobacteria, diatoms, and dinoflagellates, which 
conduct oxygenic photosynthesis using chlorophyll 
a and are primary producers that serve as the base of 
aquatic food webs. This term includes free-floating 
phytoplankton and benthic algae attached to sediment 
or rocks. In the scientific context, true algae include 
eukaryotic organisms such as diatoms, dinoflagellates, 
euglenoids, and haptophytes distinguished separately 
from cyanobacteria. We have retained the umbrella term 
of “algae” (inclusive of cyanobacteria) for this vision 
document and specifically mention cyanobacteria when 
necessary.

Bloom  Herein, the term “bloom” is used to 
describe excessive algal growth and accumulation.

Harmful algal bloom  Herein, the term “harmful 
algal bloom” describes an algal bloom that could or 
has caused adverse effects in any waterbody, including 
freshwater and marine or coastal areas.

[Refer to the Glossary at the end of this document 
for definitions of other technical terms.]

The term “harmful algal bloom” (HAB) commonly 
refers to all unwanted algal blooms. The underlying 
generalizations implicit in the HAB phrase can be 
confusing. Blooms can include rapid reproduction 
of filamentous algae that degrade the aesthetics of a 
waterbody and cause no health hazard; excessive algal 
biomass that depletes oxygen upon decay and harms 
the health of oxygen-dependent aquatic organisms; and 
cyanobacteria, dinoflagellates, or diatoms that release 
health-threatening toxins. Thus, algal blooms may, or 
may not, release toxins to the environment. Therefore, 
effective and accurate communication requires clarity 
by calling out specific types of blooms along with the 
associated harm they may cause.

Definitions of HAB terms, as used in this vision 
document, are as follows:

Harmful  The term harmful refers to the myriad 
of adverse effects that may be associated with excessive 
algal growth. These harmful effects may include clogged 
filters and increased oxidant demand in drinking-water 
treatment plants, aesthetic issues, fish mortality because 
of oxygen depletion, as well as animal illness or 
mortality or human illness caused by exposure to algal 
toxins. However, it is not always clear if or how much 
harm will be caused by a bloom until after the effects are 
observed and measured.
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1.2.1. What Are the Beneficial and Detrimental 
Functions Associated With Harmful Algae 
or HABs?

Although most emphasis is placed on the harmful 
consequences of blooms, algae have clear benefits, 
including beneficial uses for toxin-producing algae (for 
example, anticarcinogenic effects; Zanchett and Oliveira-
Filho, 2013), cyanobacteria (Demay and others, 2019), or 
accumulations (for example, sequestration of microplastics; 
Peller and others, 2021), and reduction of mercury in 
fish and zooplankton (Pickhardt and others, 2002). Algae 
and cyanobacteria living in the Earth’s surface waters are 
primary producers that provide atmospheric oxygen and fix 
carbon, which reduces carbon dioxide in the atmosphere. 
Aquatic food webs are supported by algal primary 
production, including some taxa that form blooms; thus, 
algae support healthy fisheries and other ecosystem services. 
Although evidence suggests that cyanobacteria are less 
nutritious than green algae (Zhang and others, 2020), even 
toxin-producing algae provide food and produce oxygen. In 
terrestrial environments, cyanobacteria crusts add moisture 
and organic matter to rebuild soil horizons (Ling and others, 
2022), reversing the process of land transitioning into desert 
by adding carbon and moisture. Some cyanobacteria can fix 
atmospheric nitrogen to augment fertilizer requirements for 
crops like soybeans, other legumes, and rice (Sanyal and 
others, 2022), and can help reduce the need for nitrogen 
amendment in future crop rotations. Rarely does mitigation 
only affect harmful algae; therefore, mitigation of harm 
should be balanced with the benefits provided by algae 
and cyanobacteria.

The USGS continues to use an interdisciplinary 
science approach to document when and if blooms lead 
to harm, particularly for blooms that threaten human 
and animal health. Understanding the balance between 
benefits and harmful effects of blooms is critical to defining 
better management practices to sustain natural resources. 
Food-web bloom dynamics and ecotoxicological studies of 
toxin exposure that examine potential human and ecological 
health effects should consider organism life stages, preferred 
nutrition, habits, habitats, sustainable population levels, 
weather patterns, resource availability for intended uses, and 
other factors.

1.1. Existing Literature on HABs and 
Algal Toxins

The vision for USGS HAB science defined by this 
document is based upon a thorough review of the literature 
and assessment of the state of the science, which are well 
summarized in previously published reviews such as 
by Ramsdell and others, (2005), Hudnell (2008, 2010), 
Carmichael and Boyer (2016), Anderson and others (2021), 
and Chorus and Welker (2021). USGS studies have already 
contributed substantially to this body of knowledge about 
HABs (refer to app. 1). These studies illustrate the range 
of USGS capabilities and expertise that can be applied to 
tackle many other opportunities for USGS HAB science. 
The USGS has developed expertise in emerging areas 
of HAB research, resulting in numerous publications on 
the harmful effects and study design of HABs, algae, and 
algal toxins. Opportunities become evident where USGS 
expertise overlaps with existing gaps (for example, new 
research on the possible beneficial functions of HABs). 
Gaps are described in more detail in chapter 2, along with 
related opportunities uniquely suited for USGS research 
teams, based on capabilities and expertise.

1.2. Overarching Research Questions
Complex challenges create opportunities that require 

an integrated and interdisciplinary science approach 
involving multiple disciplines working together and in 
partnership with stakeholders, policymakers, and the 
public. The USGS has been involved with many studies 
documenting blooms and toxins in waterbodies from 
inland freshwaters to coastal and marine waters (Mize and 
Demcheck, 2009; Drake and others, 2010; Graham and 
others, 2010, 2012, 2018, 2020; Miller and others, 2012; 
Stelzer and others, 2013; Terrio and others, 2013; Loftin 
and others, 2016a, 2016b; Moorman and others, 2017; 
Rosen and others, 2017; Larson and others, 2018; Tatters 
and others, 2021; Zuellig and others, 2021). Human illness 
and animal illness and mortality occur across the freshwater 
to marine continuum with sufficient frequency that Federal 
agencies, States, and Tribes are reporting events to systems 
such as the One Health voluntary reporting system (Roberts 
and others, 2020) at https://www.cdc.gov/habs/ohhabs.html 
or the USGS National Wildlife Health Center’s Wildlife 
Health Information Sharing Partnership (WHISPers) at 
h​ttps://www​.usgs.gov/​centers/​nwhc/​science/​whispers. In 
conjunction with other agencies, the USGS is poised to 
answer the following overarching questions to understand 
the magnitude and scope of effects of HABs and algal toxins 
on ecosystems and human health.

New and improved 
on-site sensors, 
like this one in 
Washington Park 
Lake in New York, 
can help scientists 
understand the 
variability of field 
measurements 
related to harmful 
algal blooms (HABs). 
Photograph by 
Michael Stouder, 
U.S. Geological 
Survey, 2019.

https://www.cdc.gov/habs/ohhabs.html
https://www.usgs.gov/centers/nwhc/science/whispers
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1.2.2. What Are the Natural and Anthropogenic 
Drivers of Algal Blooms and the Degree of 
Harm Across Various Environmental Gradients 
in Surface Waters?

Variations among waterbodies present a challenge for a 
universal approach to address harmful algae. The scientific 
community generally agrees that nutrients are a primary 
factor affecting bloom occurrence and growth. However, 
theories citing the importance of nutrients are changing 
(Glibert, 2017) and challenging long-held paradigms of 
bloom occurrence. Blooms can occur in nutrient-poor 
surface waters (Cottingham and others, 2015), suggesting 
that understanding vertical mobility of algae and bloom 
occurrence along the trophic gradient is essential for 
mitigation and prevention. Benthic blooms may commonly 
occur in clear, nutrient-poor systems because of nutrient 
influx from groundwater, lake hydrodynamics, or food web 
structure (Vadeboncoeur and others, 2021). Additionally, 
water temperatures are a key factor, and interactions between 
multiple factors such as nutrients and increasing water 
temperatures have been reported as having a synergistic 
effect (Havens and Paerl, 2015).

The USGS can address this problem through 
interdisciplinary science to help understand multiple 
drivers. Although nutrients and temperature may account 
for substantial variation in biomass production, they may 
not account for the complexity of co-occurring biological 
processes, such as successional changes amongst the 
microbial community, which vary substantially among 
watersheds and coastal systems. Many other factors, such 
as the continuum between fresh and saline water, variations 
in ecosystems, geology, sediment type, weather patterns, 
and anthropogenic factors among watersheds, may result 
in unique controls on HAB development in individual 
waterbodies and shorelines. With interdisciplinary research 
required to understand the influence of all these processes, 
USGS is in a unique position to advance HAB science.

1.2.3. What Are the Fundamental Processes 
that Drive Algal Toxin Production and Release?

Drivers of toxin production remain poorly understood 
for the biosynthesis of toxins, and scientists do not have 
the same level of foundational knowledge to build upon 
as they have for algal biomass production. Moreover, 
multiple understudied toxin classes and hundreds of toxin 
variants within some classes exist (for detailed lists, refer 
to Meriluoto and others, 2017), and each variant may 
have different drivers. Some algal toxin producing species 
are found more frequently in certain types of waters, 
for example saline or brackish (Patiño and others, 2023; 
Buratti and others, 2017; Van Dolah, 2000). The presence 
of species known to produce various toxin classes does 
not automatically indicate toxin production will occur. 
More research is needed to understand how, why, and 
when some blooms are associated with toxin production 
and release, whereas others are not. More work is also 
needed to determine whether cyanobacteria in soil crusts 
can produce toxins and if so, which toxins they produce, 
how they are released, their potential exposure pathways 
(including transport through wind or dust; Massey and 
others, 2018), and toxicological impacts on humans and 
other terrestrial organisms. 

The USGS can address the multifaceted issue of the 
drivers and controls leading to algal toxin production and 
release through interdisciplinary collaboration. Input from 
scientists from many disciplines will be key to solving this 
complex problem that sits at the nexus of constraints in 
knowledge, scientific observations, sufficient experimental 
control, complete system characterization, and technological 
limitations. An improved understanding of the drivers 
of toxin production and release will require consistent 
approaches and multiyear experiments. The USGS is 
particularly suited to undertake long-term studies. USGS 
scientists are working on long-term laboratory to field 
scale studies evaluating multiple drivers and interactions 
with biological, chemical, and physical factors. Short-term 
studies cannot capture the full range of environmental 
variability that can affect toxin production (changes in 
weather patterns, water management, water quality, land use, 
and land cover) or effects of treatment practices for bloom 
and toxin mitigation. An interdisciplinary science approach 
will be critical to understanding algal toxin drivers, leading 
toward more reliable predictive capabilities and clarifying 
management options.

Understanding toxin exposures for wildlife is a particular challenge 
due to predation, remote locations, and movement of wildlife between 
waterbodies. Photograph by Alec Wilcox, National Park Service, 2023. 



1.2. Overarching Research Questions    7

1.2.5. What Capabilities and Tools Do We 
Need to Characterize Algal Blooms, Toxin 
Production, and Exposure?

To effectively assess blooms and their associated 
harmful effects, additional advancements in 
ground-to-satellite methods are necessary to provide 
measurements that can help evaluate trends through time or 
geographic space. To evaluate the intersection of occurrence 
and health outcomes, the USGS already has developed a 
variety of methods covering algal bloom assessment, toxin 
and taste-and-odor compound occurrence, and biological 
assessments over short periods (for example, Francy and 
others, 2015; Graham and others, 2016; Christensen and 
others, 2021). To have sufficient statistical rigor, trends 
analysis requires assessment across decadal timescales to 
integrate the multitude of changes that may affect trends. 
More long-term datasets are needed for trend analysis, and 
the scale of effort would have to match the scale of the 
question (local, regional, national, or global).

The scientists at the USGS are poised to scope the 
duration, magnitude, and frequency of algal blooms and 
associated harmful effects through an interdisciplinary 
science approach. The USGS has a rich history in trends 
analysis using validated, robust methods to understand 
changes to the Earth and its processes, and is uniquely 
positioned for long-term data collection. The USGS is 
positioned through continued advancement in these methods 
when coupled with refinement in experimental approaches 
that uncover the factors controlling algal blooms and their 
associated harmful effects.

1.2.4. How Can We Provide the Knowledge 
and Models to Support Local, Regional, and 
National Early Warning, Prevention, and 
Mitigation Efforts?

Understanding the drivers of HAB formation and toxin 
generation is likely the best way to determine successful, 
time-appropriate management solutions. Fully implementing 
strategies for nutrient reduction in water bodies is a 
challenge. Best management practices combined with 
natural attenuation may not reduce nutrients to an acceptable 
level for decades, even if no new nutrients are added. The 
urgency for a solution to the harmful effects is commonly 
demanded within days of a potentially harmful bloom event, 
but this timescale is incongruent with nutrient management 
strategies. Solutions are needed that fit the urgency of 
the problem in real time until long-term solutions start to 
have an effect. Defining what constitutes an unacceptable 
harm, determining where and when a bloom will occur, 
and identifying the environmental indicators and thresholds 
that can help define an unacceptable change (for example 
changes in bloom size, duration, location, or toxicity) are 
critical to identify and prioritize actions that best minimize 
risks to quality of life, property, and the economy.

USGS scientists can address this issue by integrating 
knowledge of HAB drivers with our understanding of 
toxin production. An understanding of the bloom ecology 
is needed to model individual systems, which will require 
scientists from multiple disciplines, and collaboration 
inside and outside the agency (for example, using the 
National Ecological Observing Network; National Science 
Foundation, 2019). This interdisciplinary approach puts the 
USGS in a position to help collaborators in prevention, early 
warning, and mitigation of harmful events. For example, the 
USGS has long-term datasets, as well as the technological 
capability of providing data on drivers in real time, and 
thus is well suited to provide improved short-term forecasts 
needed by drinking-water purveyors so that they can protect 
their intakes from a bloom.
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Chapter 2.   
Data Gaps, Capabilities and Expertise, and 
Opportunities for Algal Bloom and Algal 
Toxin Monitoring and Research Activities

2.1. Weighing the Beneficial Functions of Algae or Blooms Against the Harmful 
Effects Caused by HABs and Their Toxins

Vision.—Scientists 
should be able to 
balance the complex 
benefits of algal 
blooms or individual 
algal species against 
known harmful 
effects so that 
resource managers 
can make informed 
water-resource 
decisions that 
consider HAB effects 
on ecosystems, 
humans, animals, 
agriculture, 
and socioeconomics.

Algal blooms compete with floating and submerged plants for nutrients and sunlight, like 
this bloom in the Caloosahatchee River, Florida. Photograph by Viviana Mazzei, 2021.



2.1. Weighing the Beneficial Functions of Algae or Blooms Against the Harmful Effects Caused by HABs and Their Toxins    9

2.1.1. Science Gaps

In many cases, algae are beneficial for ecosystems 
because they are primary producers that form the foundation 
of aquatic food webs. Even harmful algae can be considered 
primary producers (Demoulin and others, 2019) and 
contribute to ecosystems in many ways. Although much 
research details the benefit of algae, and new research on 
the benefits of algal toxins and other secondary metabolites 
is emerging (for example, cancer-fighting properties, 
Zanchett and Oliveira-Filho, 2013; Ferdous and Yusof, 
2021), evidence and documentation of the often-overlooked 
beneficial aspects of algal blooms is needed. These aspects 
may include quantifying oxygen production (Rai and others, 
2000), exploring the potential for bioenergy applications 
(Blank and Sánchez-Baracaldo, 2010), and documenting the 
role of spring algal blooms in driving aquatic food webs. 
For example, documenting the role of spring algal blooms 
in freshwater and marine ecosystems may be important in 
some ecosystems where the absence of a spring bloom could 
lead to insufficient energy resources for zooplankton and 
planktivorous young-of-the-year fish, potentially causing 
food webs to collapse.

Likewise, although the scientific community 
increasingly regards the relation between eutrophication and 
HABs as complicated (for example, Glibert, 2017; Heisler 

and others, 2008), communication about environmental and 
societal effects of excessive algal growth could be improved 
with a consistent and universal definition of a “harmful algal 
bloom” (HAB) with specific conditions that define when an 
algal bloom is harmful. An example is the recent framework 
suggested by USGS scientists (Gorney and others, 2023). 
Harmful effects from algal blooms can be viewed in terms 
of hazards and risks and incorporating an assessment of risk 
into a consistent definition is warranted (fig. 1). According 
to Holmes and others (2013, p. 57–58), the USGS defines 
hazard, risk, and exposure as follows:

•	 A hazard is “a dangerous process, phenomenon, sub-
stance, activity, or condition that may cause loss of 
life, injury, or other health impacts, property damage, 
loss of livelihoods and services, social and economic 
disruption, or environmental damage.”

•	 A risk is “a combination of the probability of a haz-
ard occurring and the value of assets in harm’s way.”

•	 An exposure is “people, property, infrastructure, 
or other societal or valued natural elements that are 
present in hazard zones and, thus, subject to potential 
losses.” Simply put, a hazard poses no risk if assets 
are not exposed to the hazard.

          Figure 1.  The relation between hazards, risk, and exposure.

U.S. Geological Survey
risk research

and
applications

Hazards Society
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Given those definitions, potential harmful effects could 
be better defined in terms of ecosystems, humans, animals, 
agriculture, or socioeconomics. Acute, chronic, lethal, and 
sublethal effects of algal toxins in fish and wildlife are poorly 
understood with few exceptions; moreover, for almost all 
algal toxins, gaps remain in understanding acute, subacute, 
and chronic toxicity. Far less is known about the long-term 
health effects from chronic exposures, exposures to toxin 
mixtures, or co-exposures with other chemicals.

Research on algal toxin exposures is ongoing, and 
several gaps in knowledge remain. For example, ingestion 
of animals, plants, or drinking water that contain toxins is 
a known route of exposure, but the frequency, magnitude, 
and health implications of this exposure route are not yet 
understood. Exposure to algal toxins through inhalation and 
through skin or mucous membranes is poorly understood. 
Although skin irritation has been observed in some studies, 
these observations do not address the potential for absorption 
of toxins through tissues (Nielsen and Jiang, 2020). 
Improving the scientific knowledge around toxin absorption, 
distribution, metabolism, and excretion would help to 
understand adverse outcomes.

2.1.2. USGS Capabilities and Expertise

The USGS continues to build capabilities to address the 
environmental and socioeconomic effects of excessive algal 
growth. The USGS has documented capabilities of aquatic 

primary productivity research (Godwin and others, 2014; 
Hall and others, 2015) and algae research in desert soils 
(Belnap, 2001). Studying benefits of algae related to biofuels 
would be an opportunity for interdisciplinary studies among 
USGS programs and mission areas with mineral resource and 
ecosystems capabilities.

In terms of harmful effects, the USGS has substantial 
expertise on algae-driven hypoxia (Battaglin and others, 
2009; Sullivan and others, 2010) and there are opportunities 
for integration within the USGS on hypoxia effects on 
aquatic life, evaluating impaired food web dynamics, and 
acute (lethal and sublethal) toxicity to fish and wildlife, 
particularly with the laboratory capabilities at the USGS 
National Wildlife Health Center, USGS Columbia 
Environmental Research Center, and other USGS facilities.

The USGS also has developed tools to help managers 
select, implement, and evaluate natural resource management 
decisions (Alhassan and others, 2020) and is poised 
to use these tools to manage, mitigate, and reduce the 
effects of harmful algae (Pindilli and Loftin, 2022). One 
recent example of USGS capabilities (refer to sidebar 2) 
demonstrates how the USGS and collaborators provided a 
decision-making framework to the New York State Office 
of Parks, Recreation and Historic Preservation to help them 
make decisions about preventing and responding to blooms 
in lakes under their jurisdiction (Graham and others, 2022).

Blooms are highly variable and data collection methods, including sample timing and frequency, are important for studies of algal blooms, such as this 
sampling in Washington Park Lake, New York. Photograph by Jennifer Graham, 2019.
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Sidebar 2.  A Tool to Help Decisions for Managing Harmful Algal 
Blooms in New York State Parks

In 2020, the U.S. Geological Survey partnered 
with the New York State Office of Parks, Recreation and 
Historic Preservation and the New York State Department 
of Environmental Conservation to develop a structured 
decision-making template for cyanobacterial bloom 
management (fig. S1). Structured decision making 
is a systematic approach that breaks down complex 
decisions into elements and reconstructs the problem in 
a framework, allowing collaborative examination and 
development of suitable actions. The New York State 

Office of Parks, Recreation and Historic Preservation 
faces many unknowns and difficult decisions about 
preventing and responding to blooms in park lakes. 
Management goals and strategies for bloom mitigation 
were described, consequences were evaluated, 
tradeoffs were managed, and the potential challenges of 
implementing preferred alternatives were discussed. Two 
parks served as case studies to inform the decision-making 
process at other parks throughout New York. The process 
and findings are presented in Graham and others (2022).

Define the 
problem

Elicit 
objectives

Develop 
alternatives

Predict 
consequences

Evaluate 
tradeoffs

Implement 
action

Figure S1.  A structured decision-making template to provide knowledge for managing harmful algal blooms in New York State 
parks. Modified from Graham and others (2022).
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2.1.3.  USGS Short- and Long-Term 
Science Opportunities

Benefits.—The USGS could invest in projects that 
quantify the benefits of algae, particularly cyanobacteria 
and algae blooms (table 1). Evaluating HAB primary 
productivity requires consistent definitions and a 
consideration of tradeoffs between non-HAB primary 
productivity and HAB primary productivity. Long-term 
opportunities on the benefits of algae could include 
research in the areas of oxygen production, carbon dioxide 
consumption, promotion of biocrust formation through 
reverse desertification, agricultural soil amendments, and 
measurement of the potential benefits of algae used in 
select bioremediation applications. Additionally, exploring 
bioenergy applications provides an opportunity to integrate 
studies on algae and energy, such as exploring the use of 
algae as biofuel or the efficacy of using microbes to assist in 
oil extraction. Algae may be beneficial as food supplements 
or pharmaceuticals (Hassan and others, 2022), which 
could be studied in collaboration with other agencies, and 
developing a multitiered, interdisciplinary approach for 
bloom characterization would be helpful.

Harmful effects.—Certain harmful effects to ecosystems 
could be addressed by the USGS in the short term, such 
as documenting algae-driven hypoxia effects on specific 
aquatic species. The USGS could also improve toxin dosage 
methods in ecotoxicology studies (studies of substances 
that are harmful to the environment) and could develop and 
optimize bioaccessibility methods to prioritize potential 
health risks to toxin exposure. Longer-term opportunities 
related to ecological harmful effects may include integrating 

HAB studies with investigations on invasive species 
(including the interactions between multiple species) and 
how invasives affect food web dynamics and other aspects 
of the algal environment through direct consumption, 
food web alteration, altered nutrient cycling, and physical 
change (such as light or substrate). Food web studies could 
include determining whether HABs or their toxins cause 
population-level harm to consumers. Other long-term studies 
could measure acute, chronic, lethal, and sublethal toxicity to 
fish and wildlife or could develop and validate biometric and 
chemometric approaches to measure up and down regulation 
of toxin production, toxin exposure, and health outcome 
biomarkers in vertebrates. The development and optimization 
of bioaccessibility methods (simulated digestion, for 
example) could prioritize potential health risks to toxin 
exposure. Opportunities related to potential harm to humans 
and companion animals include developing studies of 
chronic, acute, lethal, and sublethal toxicity and examining 
secondary intoxication by consumption of drinking water 
(including the creation of disinfection byproducts; refer to 
sec. 2.4.3) and agricultural food products. The USGS could 
address some of the socioeconomic harmful effects on a 
smaller scale or case-study basis, similar to the recently 
completed evaluation of management costs for reservoirs in 
Kansas (Pindilli and Loftin, 2022). Long-term opportunities 
exist to expand socioeconomic research to other natural 
resources. Further long-term opportunities exist related 
to socioeconomic harmful effects including evaluating 
increased costs for drinking water treatment and agricultural 
production, estimating decreased tourism and tax revenues, 
identifying natural resource access limitations, studying 
the effects of impaired aesthetics, and evaluating decreased 
property values.

Table 1.  Scalable science opportunities to study the beneficial functions and harmful effects of algae or blooms.

Science opportunities that could be addressed by U.S. Geological Survey capabilities
Short term 
(1–3 years)

Long term 
(3+ years)

Benefits

Document the positive contributions of harmful algae or blooms to primary production, land cover, soil 
amendments, bioremediation, oxygen production, carbon sequestration, and bioenergy

No Yes

Harmful effects

Document algae-driven hypoxia effects on aquatic life Yes Yes
Evaluate impaired food-web dynamics and other ecological harmful effects No Yes
Develop studies of chronic, acute, lethal, and sublethal toxicity to fish and wildlife Yes Yes
Investigate bioaccessibility to prioritize potential health risks to toxin exposure Yes Yes
Develop studies of chronic, acute, lethal, and sublethal toxicity to humans and companion animals, 

including studies of secondary contamination and aerosolized exposure
No Yes

Evaluate potential socioeconomic harmful effects of algal blooms and toxins No Yes
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2.2. Drivers of Algal Blooms

population, community, or ecosystem level is exceedingly 
difficult. However, emerging research is showing that 
chemical mixtures and other environmental factors may 
be important drivers for aquatic ecosystem health (Maity 
and others, 2021). Future analysis focused on sustained, or 
longer-term, effects of water-quality conditions on aquatic 
community structure and function may provide a better 
understanding of HABs and toxin production.

Additional research gaps include overwintering of 
key organisms, the significance of sediment as a source of 
nutrients and trace metals, ways in which aquatic system 
interconnectivity affects blooms, lag times between nutrient 
load changes and HAB response (whether within the same 
season or across years), and HABs in low-nutrient and 
remote systems. Furthermore, climate change may affect 
the timing and magnitude of nutrient delivery and alter 
the physical structure of the water column and thermal 
optima. Likewise, some nutrient sources (for example, 
atmospheric deposition) have been overlooked and 
relative contributions of current versus historical nutrient 
sources to HABs lack clarity. Mechanisms driving shifts in 
watershed nutrient retention for different land cover types 
also lack understanding. Finally, effects of natural resource 
management practices on land, water, and biota, and how 
they may or may not affect HABs, need clarifying. To 
date, few watershed monitoring studies have demonstrated 
improvements in water quality that could be attributed 
directly to the implementation of conservation practices, 
partially because of a lack of best management practice 
(BMP) information (García and others, 2016; Kreiling and 
others, 2020).

Vision.—Scientists 
should understand the 
contribution of natural and 
anthropogenic bloom drivers 
for a range of surface-water 
types in response to 
stakeholder needs.

U.S. Geological Survey Hydrologist Guy Foster 
collects a sample of blue-green algae in Milford 
Lake, Kansas. Photograph by Eric R Looper, 2021.

2.2.1. Science Gaps

Algal blooms are driven by a complex interplay of 
physical, chemical, and ecological factors (fig. 2). Algal 
bloom drivers can be any natural or anthropogenic factor that 
directly or indirectly triggers the initiation of a bloom, affects 
its duration, or changes its species composition. Although 
much work has been conducted to understand drivers of algal 
blooms, largely focusing on nutrients (for example, Day 
and Henneberg, 2023; Fraker and others, 2023), knowledge 
gaps remain for a multitude of environmental variables that 
can influence HABs. Testing multi-stressor effects at the 

John Byrnes and Joshua Rosen prepare to remove harmful 
algal bloom buoy from Washington Park Lake in Albany, New 
York. Photograph by Elizabeth Nystrom, 2020.
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lead to cyanotoxins in locations far from where a 
bloom occurred.

Figure 2.  Harmful algal blooms and potential toxins may be driven by many factors, and the complex interplay of those factors is not 
easy to unravel. Modified from Graham and others (2016).
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use and water management. Upstream 
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can be transported downstream from 
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cyanobacterial harmful algal blooms and 
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Nutrient Inputs
Inputs from agricultural areas, 

urban areas, wastewater and 
industrial effluents, and atmospheric 
deposition contribute nutrients to streams, 
rivers, and lakes. Nutrients can also enter 

these waters through the groundwater, an 
often overlooked source of nutrients.
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Nutrients, temperature, and light are a 
few of the many factors that can contribute 
to cyanobacteria growth, resulting in an 
algal bloom

Cyanobacteria and cyanotoxins can be transported 
in a number of ways, such as downstream transport 
from reservoirs or through the atmosphere. This can 
lead to cyanotoxins in locations far from where a 
bloom occurred.

Figure 2.  Harmful algal blooms and potential toxins may be driven by many factors, and the complex interplay of those factors is not 
easy to unravel. Modified from Graham and others (2016).
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2.2.2. USGS Capabilities 
and Expertise

Major HAB drivers such as climate and 
nutrient inputs are being studied (Ryberg 
and Chanat, 2022; Burford and others, 2020; 
Zuellig and others, 2021) but alone cannot fully 
explain bloom conditions observed across the 
United States. The scale of study is critical, and 
USGS programs are well situated to integrate 
large-scale monitoring and assessment with 
focused smaller scale studies led by individual 
USGS science centers that can address gaps in 
understanding of HAB environmental drivers. 
The USGS could develop and advance HAB 
science of small- to medium-size lakes and 
reservoirs that are interconnected through vast 
stream and river systems at a national scale.

The USGS measures, manages, and 
distributes a plethora of environmental data 
records (hydrological, aquatic, biological, 
and chemical) and a comprehensive suite of 
land change data products that could aid in 
quantifying the effects of land use pressure on 
hydrological and aquatic systems where HABs 
have been documented. The USGS Landsat 
program is now producing an operational 
remote sensing surface temperature product 
(h​ttps://www​.usgs.gov/​landsat-​missions/​
landsat-​collection-​2-​us-​analysis-​ready-​
data) at fine spatial scales that spans nearly 
four decades (Crawford and others, 2023). 
This product could serve as an unparalleled 
baseline for how more recent variability, 
change, and trends in warming surface 
temperatures is encoded in waterbodies that 
are either prone to or increasingly susceptible 
to HABs with toxin-production potential. 
Additionally, USGS has recently completed 
the Lake Trophic State–US (LTS–US) dataset 
for 55,662 lakes (Meyer and others, 2024), 
which couples satellite-based remote sensing 
with fundamental limnological principles 
to provide the means to identify macroscale 
patterns and trends at a national scale. The 
USGS real-time water quality network 
(https://​waterwatch​.usgs.gov/​wqwatch/​), with 
improved sensing capabilities particularly 
for toxins, could help determine trends in 
HAB-related data and support modeling 
and prediction efforts (refer to sec. 2.4). 
Developing systems or platforms for compiling 
and integrating these different data sources 
would better support scientific research on the 
complexities of HAB drivers.

Finally, USGS maintains sediment core repositories (Honey and Ivis, 
2023) and has expertise determining water-quality trends from lake sediment 
cores (Juracek, 2015). The USGS has applied paleolimnological research to 
diatoms (Benson and others, 2021) and combining these areas of expertise 
could improve our understanding of toxin producing species or indicators of 
blooms in the sedimentary record before human influence.

2.2.3. USGS Short- and Long-Term Science Opportunities

The USGS could identify potential natural and anthropogenic 
factors related to HABs, including the roles of bottom sediment, internal 
loading, watershed inputs, atmospheric contributions, and predation on 
HAB initiation, proliferation, succession, and transport (table 2). These 
research efforts could include additional investigation of bottom sediment 
as a source of metals due to the requirement for metals in phytoplankton 
metabolic functions (Larson and others, 2023). USGS scientists also have an 
opportunity to investigate factors and determine the thresholds that control 
successional transition between different algae and cyanobacteria.

Further work is needed to understand the pathways and exposure routes 
of aerosolized algal toxins. Cyanobacteria play key roles in stabilizing arid 
soils by forming crusts composed of sands bound to polysaccharides that 
they secrete; these cyanobacteria also produce a variety of toxins that can 
be aerosolized if the crusts are physically disturbed (Richer and others, 
2015). Algal toxins in dusts generated from disturbed cyanobacterial soil 
crusts have been postulated as the potential cause of sporadic amyotrophic 
lateral sclerosis among veterans of the Gulf War (Cox and others, 2009). 
Additionally, algal toxins from aerosolized red tides were suspected in the 
death of green tree frogs at Padre Island National Seashore (Buttke and 
others, 2018). Finally, the USGS is also beginning to study the effects of 
toxins and pathogens in waterfall mist (Krall and others, 2023).

Long-term monitoring also is required to characterize changes in HAB 
trends and understand the interplay of various drivers and best management 
practices to develop mitigation and control strategies. Further research 
on the drivers of HABs could be addressed with long-term monitoring to 
explain HAB trends and with experimental studies at various scales and 
across environmental gradients and water types (for example, from fresh to 
saline). Existing Earth-observing networks could be used to relate drivers 
of HABs to short-term HAB occurrence; however, new sensors resulting 
from a longer-term investment in these networks would be required to relate 
real-time parameters to bloom intensity, persistence, and toxin production.

Table 2.  Scalable science opportunities to study natural and 
anthropogenic drivers of algal blooms.

[HAB, harmful algal bloom]

Science opportunities that could be addressed 
by U.S. Geological Survey capabilities

Short term 
(1–3 years)

Long term 
(3+ years)

Identify and differentiate potential natural 
and anthropogenic factors responsible for 
HAB initiation, proliferation, accumulation, 
succession, and transport

No Yes

Characterize changes in HAB trends No Yes
Relate drivers of HABs to HAB occurrence, 

intensity, and persistence across a range of 
water-body types

Yes Yes

https://www.usgs.gov/landsat-missions/landsat-collection-2-us-analysis-ready-data
https://www.usgs.gov/landsat-missions/landsat-collection-2-us-analysis-ready-data
https://www.usgs.gov/landsat-missions/landsat-collection-2-us-analysis-ready-data
https://waterwatch.usgs.gov/wqwatch/
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2.3.1. Science Gaps

The exact mechanisms and the natural and 
anthropogenic drivers of algal toxin production 
are poorly understood. Clearly differentiating 
processes that control HAB growth from 
processes that control toxin production is 
needed. Given the energetic cost of toxin 
production to algae, the toxin production likely 
serves a purpose in their survival, but this 
purpose remains a research gap. Moreover, 
determining the effects of infection by phages, 
fungi, and bacteria on toxin production may 
help scientists distinguish between infection 
that alters HAB succession from infection 
that may turn on, amplify, or decrease 
toxin production.

2.3. Drivers of Toxin Production 
and Release

Vision.—
Scientists should 
have a fundamental 
understanding of 
the mechanisms of 
toxin production 
and release to 
provide resource 
managers with the 
information needed 
for the protection 
of wildlife, fish, 
domestic animals, 
and human health.

2.3.2. USGS Capabilities and Expertise

The environmental causes and controls leading to algal toxin 
production and release have been a subject of research of the USGS 
Ecosystems Mission Area and the Toxins and Harmful Algal Blooms 
Research Team. In collaboration with scientists inside and outside the 
USGS, this group has examined cyanotoxin and potential exposures 
across public lands (Laughrey and others, 2021), studied neurotoxins and 
rapid-detection methods (Christensen and Khan, 2020; LeDuc and others, 
2020), and studied co-occurring algal toxins (Howard and others, 2021), 
which may help explain the mechanisms that cause toxin production 
and release.

USGS laboratories have a long history of large-scale studies and 
consistent analytical techniques that include documented experimental 
control, system characterization, and technical limitations (Romanok and 
others, 2018). In collaboration with external partners, this expertise has 
been applied to mesocosm studies (Harris and others, 2014), cyanobacteria 
in drinking water (Coffer and others, 2021), and documenting cell-lysis 
techniques (Rosen and others, 2010). These consistent approaches and 
multiyear experiments poise USGS scientists to address the full range 
of variability encountered in the environment that can affect toxin 
production. By integrating USGS laboratory expertise with the USGS 
Water Mission Area’s existing real-time sensors, researchers could 
develop the capabilities to study and measure onsite metagenomics and 
metatranscriptomics, along with existing statistical capabilities to identify 
key environmental drivers of toxin production.

2.3.3. USGS Short- and Long-Term Science Opportunities

The opportunities (table 3) related to toxin drivers are long term and 
include many areas that are understudied. Primarily, opportunities are 
available to differentiate between the factors that cause HABs and those 
that cause synthesis and release of toxins. Research that characterizes the 
biosynthesis pathways of toxin production may help determine why toxins 
are produced. Additionally, studies of allelopathy and biological responses 
to toxins released by other algae, and studies of the effects of infection 
by phages, fungi, and bacteria, may help in this effort. Finally, long-term 
investments in data collection, technology, and other resources are needed 
to characterize changes in toxin trends over time, which may be related 
to changes in various drivers (for example, water temperature or clarity; 
Rose and others, 2016).

Table 3.  Scalable science opportunities to study fundamental processes 
that drive toxin production and release.

Science opportunities that could be addressed 
by U.S. Geological Survey capabilities

Short term 
(1–3 years)

Long term 
(3+ years)

Identify and differentiate between factors that 
cause harmful algal blooms from factors that 
cause toxins

No Yes

Determine why toxins are produced and released No Yes
Characterize changes in toxin trends No Yes
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2.4. Modeling and Predicting 
Harmful Algal Blooms and Toxins 
for Prevention, Early Warning, 
and Mitigation

Vision.—Scientists 
should have the fundamental 
understanding of HAB and 
toxin drivers to integrate 
mechanistic and statistical 
modeling to predict the risk 
of exposure to harmful algae 
and toxins.

2.4.1. Science Gaps

Understanding blooms, toxin concentrations, and 
associated health effects requires research on many complex 
processes over a range of temporal and spatial scales 
(Burford and others, 2020; Reynolds, 1998). Models are 
important tools to understand these processes (such as those 
driving occurrence, algal community composition, and 
toxin production) and to make decisions based on near-term 
forecasts or future scenarios (Chapra and others, 2017; 
Rousso and others, 2020). Choosing the appropriate models 
for a specific question and location of interest remains a 
challenge. Uncertainties propagate throughout a modeling 
framework, and defining sources of model uncertainty is an 
essential, and often overlooked, part of algal bloom and toxin 
occurrence models (Rousso and others, 2020). Models are 
often underpowered and overparameterized because of the 
lack of resources, time, or data. Characterizing the statistical 
power to achieve model certainty and breaking down 
mechanisms into subprocesses are needed.

Another challenge is characterizing the spatial and 
temporal scales of the interacting processes that affect algal 
bloom occurrence and toxin production. Scales of effect 
range from subcellular processes controlling algal growth 
and toxin production to global processes that drive weather 
phenomena. Models have been developed across this range 
of scales; however, models that connect organism-, local-, 
and broad-scale processes are generally lacking. Moreover, 
some environments, such as benthos and lotic ecosystems, 
are understudied relative to the water column of lakes 
and reservoirs (Graham and others, 2020; Charles and 
others, 2021).

Models that couple physicochemical and biological 
processes, watershed and waterbody processes, and processes 
across the freshwater to marine continuum are needed to 
advance our ability to forecast algal- and toxin-related events 
and predict outcomes under various management and climate 
scenarios. Field-deployed sensors, community science 
networks, remotely deployable instrumentation, and satellites 
can provide the required data types across a broad range of 
spatiotemporal scales. Using these measurement techniques 
and data types in models has lagged technological advances. 
Research is needed to determine how best to interpret and 
integrate these data streams into early warning systems, 
forecasts, and predictive models (Anderson and others, 2019; 
Stauffer and others, 2019; Burford and others, 2020).

A hybridized approach, with either a nested suite of 
models (Glibert and others, 2010) or ensemble modeling 
(where independent models work independently on the 
same outcome), may ultimately prove to be the most timely 
and useful in the near term, particularly in ecosystems 
experiencing HABs containing multiple organisms or toxins. 
Continued focus on mechanistic approaches is needed 
to improve the ability to understand and manage bloom 
and toxin extent, frequency, and magnitude to minimize 
associated harmful effects. Temporal and spatial model, 
prediction, and forecast scalability should be well described 
to understand the limits of models and forecasts.

Finally, the models and approaches used for algal 
biomass may not be appropriate for toxins, although 
mechanistic models for toxins might be linked or 
incorporated as modules into existing modeling frameworks 
to better understand the relation between algal growth and 
toxin production. Scientific advances in the processes driving 
potentially harmful species and strains and toxin production 
may help refinement of existing, and development of novel, 
modeling approaches. Progress on the science gaps and 
research needs described in other sections of this vision 
document, such as sample collection, study design, improved 
sensors, and laboratory measurement, may advance the 
development of robust models.

2.4.2. USGS Capabilities and Expertise

The USGS is poised to address many of the challenges 
related to HAB and toxin modeling. The long history 
and expertise in geospatial analysis and in correlative 
and mechanistic large-scale models will allow USGS 
researchers to further address issues related to HABs and 
toxins; for example, the empirical water-quality USGS 
Spatially Referenced Regression on Watershed Attributes 
(SPARROW) and the USGS Load Estimator (LOADEST) 
models have been used to investigate nutrient loads on 
a regional scale (Battaglin and others, 2009; García and 
others, 2016). USGS expertise in modeling large rivers is 
unparalleled, and this expertise can be expanded to solve 
issues related to harmful algae and toxins (Graham and 
others, 2020; Schmadel and others, 2024). The USGS also 
has expertise in smaller scale models such as CE–Qual–W2, 
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a mechanistic, two-dimensional model of water quality and 
hydrodynamics, which has been used to model temperature 
(Rounds and Stratton Garvin, 2022), nutrients (Rasmussen 
and Christensen, 2005), algal community dynamics (Smith 
and others, 2014; Smith and Kiesling, 2019), and other 
water-quality parameters in various waterbodies. These tools 
could be integrated with other HAB and toxin models to 
understand the processes that lead to HAB events.

The USGS also has well-established statistical expertise 
(Helsel and Hirsch, 1993), including analyses of water-quality 
trends (Ryberg and Vecchia, 2013; 
Oelsner and others, 2017; Nustad and 
Vecchia, 2020), atmosphere and climate 
trends (Hirsch and Ryberg, 2012), 
and biological trends (Prevéy, 2020). 
Additionally, the USGS has experience in 
integrating satellite imagery with surface 
properties (Titus and others, 2022), water 
quality (Petrakis and others, 2022), and 
HABs (Clark and others, 2017; Legleiter 
and Hodges, 2022). Combined with the 
long-term data portals and real-time water 
quality networks, the capabilities of many 
USGS scientists could be helpful for 
quantifying HABs and estimating toxin 
concentrations. Short-term ecological 
forecasting (Bradford and others, 
2020) also has potential to improve 
early warning of HABs or toxins. The 
complexity of data needed will require a broad spectrum of 
expertise, from ecologists, hydrologists, statisticians, and 
modelers to climate scientists and economists. This talent 
is essential to advancing robust, reliable models for early 
warnings, forecasts, and predictions under various scenarios 
of change.

2.4.3. USGS Short- and Long-Term 
Science Opportunities

Data availability and modeling methodology 
improvements.—The USGS has an opportunity to clearly 
articulate the degree of operational success of existing 
models and to determine performance targets and evaluation 
procedures for future models in the short term (table 4). 
The fit-for-purpose concept can be used to determine 
appropriate targets and level of model complexity. For 
model and data readiness, the USGS could develop and 
validate automated data-cleaning approaches along with the 
development or improvement of existing data portals, which 
could include model storage, multivariate quality assurance, 
and output for biological, chemical, and physical data fit 
for modeling (including weather and remote sensing data). 
The USGS also could pursue more mechanistic models 
and ensemble or hybrid modeling approaches to clarify the 
subprocesses involved with a hierarchy for model inclusion 
over a range of temporal and spatial scales. Describing model, 

prediction, and forecast readiness should be an important part 
of transitioning research efforts into publicly available, robust 
applications with solid characterization of uncertainty and 
boundary condition testing.

Modeling and prediction of HABs.—Several long-term 
opportunities relate to the modeling and prediction of HABs, 
including a need to improve, validate, calibrate, and verify 
models of key factors concerning bloom lifecycles (for 
example, transport, species succession, and hypoxia associated 
with bloom decline). This could include three-dimensional 

models of bloom transport within 
and between waterbodies, such as 
the fresh-to-saline water interface or 
transport of toxins by wind. Additionally, 
the USGS is well poised to develop or 
improve models describing ecosystem 
dynamics including HAB contributions 
to food webs, nutrients, and elemental 
cycling from cyanobacteria and algae—
and could use extensive USGS datasets, 
as well as other datasets (for example, 
the National Ecological Observing 
Network; National Science Foundation, 
2019). Alternately, the USGS has an 
opportunity to study water-quality 
changes driven by HABs, such as 
HAB-driven light attenuation that 
mitigates aquatic vascular plant growth 
or sustainability, the effect of HABs on 

pH and subsequent water treatment, disinfection bioproducts, 
invasive species, and redox potential. Combining predictive 
modeling capability of biomass, toxins, exposures, health 
outcomes, and socioeconomic tradeoffs could be used to 
develop a decision support tool for human and animal health. 
Early warning indicator models of potentially harmful bloom 
events could be improved, including those that estimate 
biomass (Smith and Kiesling, 2019).

Modeling and prediction of toxins.—Although numerous 
models exist to predict HAB biomass or chlorophyll a, few 
predict toxins. Toxin-predicting models that do exist (Francy 
and others, 2015; Christensen and others, 2021) could be 
improved by incorporating more mechanistic components and 
comparisons to various health thresholds. Opportunities that 
are specific to toxins include the creation of thermodynamic 
and kinetic fate models for toxin formation, intracellular 
release, and natural attenuation. The USGS also could develop 
and improve thermodynamic and kinetic models for all toxin 
classes. To improve the ability to model and predict toxin 
occurrence or concentrations, the USGS has an opportunity 
to integrate real-time meteorology, high-frequency water 
temperature and dissolved oxygen depth profiles, and surface 
layer algal pigments, with high performance computing 
three-dimensional lake and reservoir hydrodynamic and 
water-quality models, mechanistic algal biomass models, 
and decision-support systems. Finally, long-term data for all 
categories are valuable for the modeling of HAB and toxin 
trends (sec. 2.2).

It is not unusual to see snapping turtles, like this 
one near Pipestone National Monument, with algae 
growing on their shells. Photograph by Victoria 
Christensen, 2018.
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2.5. Sampling, Monitoring, and 
Analytical Methods to Characterize 
Algal Blooms, Toxin Production, 
and Exposure

Vision.—Scientists 
should have the tools and 
advanced capabilities to be 
responsive to stakeholder 
needs by providing the 
knowledge to prevent, 
control, or mitigate harmful 
algae, algal blooms, 
and toxin exposure (for 
example, refer to sidebar 3).

Spring bloom of P. parvum in an impounded urban stream system 
in Lubbock, Texas. Fish in the affected areas appeared lethargic 
and unresponsive, and most died withn a few days. Photograph by 
Reynaldo Patiño, 2019 (approximately).

Table 4.  Scalable science opportunities to provide knowledge and models for prevention, early warning, and mitigation.

Science opportunities that could be addressed by U.S. Geological Survey capabilities
Short term 
(1–3 years)

Long term 
(3+ years)

Data availability and modeling methodology improvements

Characterize fit for purpose data availability and define model prediction readiness Yes Yes
Develop and validate automated data cleaning approaches for model and prediction readiness Yes Yes
Develop or improve and link existing portals for biological, chemical, and physical data No Yes
Develop model and prediction selection criteria for ensemble/hybrid modeling approaches Yes Yes

Modeling and prediction of HABs

Develop or improve, validate, calibrate, and verify models of key factors controlling bloom lifecycles 
and transport

No Yes

Develop or improve models describing ecosystem dynamics No Yes
Develop or improve models of water-quality changes driven by harmful algal blooms No Yes
Develop an integrated, scenario-based decision support tool for human health, animal health, and 

resource management
No Yes

Modeling and prediction of toxins

Create thermodynamic and kinetic models No Yes
Develop or improve toxin transport models No Yes
Develop models and predict early warning indicators for toxins exceeding a health threshold of concern Yes Yes
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Sidebar 3.  A Technique to Identify Potentially Toxic Blooms

Detecting and identifying 
harmful algal blooms (HABs) 
by remote sensing techniques to 
determine the conditions leading 
to toxin production requires 
the integration of biological, 
geochemical, and high-resolution 
spectral data. U.S. Geological Survey 
researchers are addressing this 
challenge by studying the dynamics 
of HABs in lake systems around 
the United States, including Upper 
Klamath Lake in Oregon. After 
years of sample collection in these 
blooms, hyperspectral microscopy 
was integrated into this effort 
(fig. S2). Hyperspectral microscopy 
of individual cells and small 
assemblages may help researchers 
identify the organisms responsible 
for these HABs and improve the 
remote sensing tools to detect and 
track HAB occurrence at wide 
geographic scales.

Spirulina
Oscillatoria
Nostoc
Microcystis
Merismopedia
Lyngbya*
Gloeotrichia*
Gloeocapsa
Eucapsis
Cylindrospermum
Aphanizomenon*
Anabaena*
Unclassified

[*, dominant cyanobacterial genera]

Upper Klamath Lake, Oregon
August 10, 2020

Algal genera
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Figure S2.  Microscope image of algae from Upper Klamath 
Lake at × 20 magnification was used to increase comparability 
with hyperspectral space-based sensors (Legleiter and 
others, 2022).
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2.5.1. Science Gaps

Several gaps in sampling design and methods exist, 
particularly with respect to representative sampling for 
HABs. Cross-comparisons of data among studies can be 
a challenge, and blooms are highly variable (Foster and 
others, 2017). Representative sampling for HABs based on 
monitoring objectives or well-constructed study hypotheses 
will require consistent measurement of blooms, algae, and 
toxins. Emerging methods of sample and data collection, 
both field and remotely sensed, require validation augmented 
by robust laboratory methods. Ancillary and toxin data 
collection may require new or improved sensors, with clearly 
articulated methods for validation and ongoing verification, 
to measure parameters that do not currently (2024) exist.

For aquatic remote sensing to realize its full potential 
as a monitoring capability, a suite of high-quality and 
well-validated remote sensing products for coastal and 
inland waterbodies is needed. These data products should 
focus on not only detecting and retrieving algal biomass 
and toxins, but also characterizing the upper water columns 
for other physical, biological, and chemical properties that 
can aid in more reliable monitoring strategies for programs 
that prioritize algae sampling. Additionally, aquatic remote 
sensing science applications, particularly those focused 
on algae and cyanobacteria, could benefit from the higher 
spectral resolution sampling that imaging spectroscopy 
provides (Zolfaghari and others, 2022).

Identifying key organisms is difficult (Rosen and 
St. Amand, 2015); some identification methods, including 
visual counting, are prone to human error; and visual 
characterization is often not specific (for example, 
similar looking species may not be genetically related, or 
morphologies may exist that look quite different for closely 
related species; Anderson and others, 2005). Moreover, 
visual identification is inadequate for distinguishing toxic 
and nontoxic varieties of the same species (Medlin and 
Orozco, 2017) and many organisms cannot be successfully 
cultured in the laboratory.

Understanding of some understudied toxins has 
considerable gaps. Laboratory detection methods for 
many toxins need to be improved; and rapid, simple, and 
inexpensive assays are urgently needed for some common 
toxins such as cylindrospermopsin and anatoxin–a. More 
complex laboratory studies could identify the role of 
bacteria, viruses, and fungi in controlling or preventing 
HABs (for example, growth inhibition), including 
degradation of HAB toxins (Liu and others, 2020). Finally, 
a better understanding of the correlation between gene 
expression and toxicity may be accomplished through studies 
that use empirical environmental DNA (eDNA) as a way to 
understand how algal and microbial species ecology vary as 
a function of temperature, water chemistry, location within a 
bloom, and other factors.

2.5.2. USGS Capabilities and Expertise

The USGS is capable of addressing many of the 
identified gaps, particularly those related to sample 
collection, quality assurance, and analyzing water, sediment, 
and tissue. The USGS has a history of documented sampling 
and data collection protocols that are regularly updated in 
the USGS National Field Manual (U.S. Geological Survey, 
2018), including sections on sampling algal biomass 
indicators (sec. 7.4) and cyanobacteria (sec. 7.5). The USGS 
has guidelines for developing studies of cyanobacterial 
toxins and taste-and-odor compounds (Graham and others, 
2008) and has a field and laboratory guide to identifying 
cyanobacteria and freshwater HABs for native communities 
(Rosen and St. Amand, 2015), both of which could be 
updated and expanded.

The USGS has a world-class, real-time water 
monitoring network, which includes water-quality and 
surrogate time-series data, that could be expanded to include 
more parameters related to HABs. USGS expertise in 
real-time data delivery (for example, USGS Water Quality 
Watch, https://​waterwatch​.usgs.gov/​wqwatch/​) could be 
improved to include additional fluorescence parameters 
and emerging toxin sensing capabilities. Improved 
sensing capabilities for toxins is an area for research and 
development that would be particularly helpful for predictive 
models. The network and other USGS advanced research 
computing capabilities could be used for compiling and 
integrating additional data sources to help improve data 
delivery of information related to HABs.

The USGS is moving towards developing and applying 
spectral analysis methods to retrieve and characterize 
HAB pigments and taxonomy at scales ranging from petri 
dishes to satellites. The USGS and the National Institute 
of Standards and Technology (NIST) are developing a 
hyperspectral microscopy capability to image HAB pigments 
and taxonomy at the cellular level, which has resulted in a 
rich new source of remote sensing HABs data to complement 
field sampling efforts. The USGS is situated in a strong 
position to contribute to the development and advancement 
of aquatic remote sensing science from several standpoints. 
First, the USGS already measures, monitors, analyzes, 
and manages national water resources. The Cyanobacteria 
Assessment Network (CyAN) project, which is a joint 
USGS, National Aeronautics and Space Administration 
(NASA), National Oceanic and Atmospheric Administration, 
and U.S. Environmental Protection Agency program focused 
on HABs, incorporates satellite remote sensing analytics, 
interpretation, and information for HABs rapid response, 
management, and decision making. These capabilities 
allow vast possibilities for USGS to address current HAB 
observational gaps by exploiting existing or designing new 
aquatic and hydrological measurement networks. These 
networks could be on site and automated and could be 
integrated with remote sensing techniques to measure water 
quality and algal biomass more effectively at a national scale. 

https://waterwatch.usgs.gov/wqwatch/
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The USGS Core Science Systems Mission Area could be 
a substantial force for advancing basic and applied aquatic 
remote sensing HAB science through Landsat aquatic data 
product development (Crawford and others, 2023; Maciel 
and others, 2023) and HABs modeling and prediction. 
Looking ahead, the USGS could accelerate and expand its 
footprint in aquatic imaging spectroscopy more broadly 
through the Sustainable Land Imaging program research 
and development initiatives that leverages partnerships 
with NASA, as well as international governments that are 
operating or planning imaging spectroscopy missions (Turpie 
and others, 2023).

The USGS has a long history of developing and 
evaluating analytical methods, often in collaboration 
with academic institutions and other Federal agencies 
(for example, Foreman and others, 2021; Erwin and 
others, 2021). The USGS is particularly well suited for 
the development of toxin analysis methods in water and 
sediment at the USGS Kansas Organic Research Laboratory 
(Lawrence, Kansas), the National Water Quality Laboratory 
(Lakewood, Colorado), and other USGS laboratories across 
the United States. The USGS Ecosystems Mission Area 
has a history of analyzing and verifying biological tissue 
methods (for example, De La Cruz and others, 2022). Recent 
technological advancements within the USGS portfolio 
include bioinformatic (genomics) and chemoinformatic 
(metabolomics and proteomics) approaches to explain the 
processes of life, metabolism, biomarkers of exposure, and 
biomarkers of health effects. These and other resources set 
up the USGS to be responsive to the changing needs of our 
stakeholders and partners.

2.5.3. USGS Short- and Long-Term 
Science Opportunities

Study designs and sampling.—The USGS has several 
opportunities to enhance study design and sampling 
techniques (table 5). Studies on improving data consistency 
include the development of sampling schemes and metrics 
to characterize algal bloom heterogeneity horizontally 
and vertically within the water column as a function of 
waterbody type. Moreover, the USGS has an opportunity 
to define monitoring and hypothesis-driven representative 
sampling approaches and minimum methods validation 
criteria for field and laboratory data for a given waterbody 
type independent of salinity, season, or other variables that 
could affect sample collection. Research on improving 
sample splitting techniques is underway for phytoplankton 
and could be expanded to include periphyton and epiphyton. 
This research could enhance accuracy and precision with 
measurements by multiple methods. The USGS is actively 
researching the collection of data with passive samplers, 
measuring water properties with new and improved on-site 
sensors (such as fluorometric and chlorophyll sensors as 
surrogates for biomass or ground-to-space verification), 

and has an opportunity to develop capability for collecting 
water samples in difficult-to-access areas with autonomous 
drones. Opportunities, such as defining HAB features with 
measurable endpoints (for example, bloom initiation and 
growth phase), in addition to culturing microorganisms, 
may inform mechanisms of toxin production and explain 
favorable environmental conditions for overgrowth. 
Integrating data from local, state, and community science 
networks with documented protocols may be a way to 
increase involvement and collaboration for HABs issues.

Remote sensing.—For remotely sensed data, short-term 
opportunities exist to determine the appropriate scope 
and scale of sampling frequency for ground-to-space or 
ground-to-airborne measurement verification (including 
leveraging multiple imaging sources). The aquatic remote 
sensing community currently is evaluating and conducting 
algorithm comparisons for removal of atmospheric effects 
(Pahlevan and others, 2021), working to converge on 
quantifying algorithm uncertainties for aquatic science 
applications and developing prototype aquatic data products. 
Related opportunities exist to determine the frequency of 
cloud-free imagery and the minimum and maximum pixel 
resolution necessary to estimate HABs. Additional spectral 
bands that may improve algal assemblage characterization 
are being evaluated. The USGS could invest in improving 
response times for image collection by autonomous remote 
sensing (for example, aerial, on-water, submersible drones, 
and cameras) and could optimize and standardize image 
collection and quality from fixed camera or optical sensor 
installations. Another opportunity is to use light detecting 
and ranging (lidar) technology to remotely monitor algae 
at depth in water bodies, similar to work that has been 
done to characterize vertical distributions of freshwater 
cyanobacteria populations in Lake Erie (Moore and others, 
2019). The USGS has long-term opportunities to expand 
or improve remote sensing products and algorithms 
for estimating parameters associated with algal bloom 
dynamics (for example, Secchi depth or turbidity, water 
surface temperature, water-quality constituents, aquatic 
plant coverage, and dissolved organic carbon). These 
opportunities may include machine learning techniques and 
the development of algorithms at pixel resolutions adequate 
for all waterbody types with multiple operational platforms 
(for example, USGS Landsat 8 or 9, or other appropriate 
emerging commercial or international hyperspectral 
platforms). Together, these techniques and algorithms 
could provide high-temporal imaging frequencies and 
the spatial resolution necessary to automatically exclude 
human-induced features (similar to Pahlevan and others, 
2021) from waterbodies, such as boats, boat docks, and 
bridges. The USGS could also invest in the development of 
aquatic spectral libraries and an integrated portal for remote 
sensing data search and discovery, including methods to 
integrate imagery from multiple remote sensing sources for 
quantitative interpretation and decision support. Ideally, this 
portal would be able to match ground samples coincident or 
near-coincident to Earth-observing system overpass.
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Analytical methods.—In terms of analytical 
improvements, the USGS has a short-term opportunity 
to develop, improve, and implement algal pigment 
measurement (phycocyanin, phycoerythrin, and other 
pigments) to validate and correlate with remote sensing 
applications for bloom characterization and trend evaluation 
in fresh and marine waters. Scientists also could expand 
nontarget approaches to capture all toxin classes and their 
congeners. Short-term opportunities exist to develop and 
(or) validate the mode of action assays to help identify 
unknown toxins, and to screen biosynthetic toxin precursors, 
metabolites, transformation, and treatment byproducts. 
Long-term opportunities related to analytical methods 
include harmonizing morphologic, phylogenic, and 
chemotaxonomic approaches, or polyphasic taxonomy, 
to identify and quantify phytoplankton (including 

picocyanobacteria, periphyton, and epiphyton). The USGS 
could also invest in the resources to develop and improve 
molecular genomic and transcriptomic techniques that 
identify and quantify phages, phage-associated Clustered 
Regularly Interspaced Short Palindromic Repeats 
deoxyribonucleic acid sequences (called “CRISPRs”), 
evidence of fungal infections in algae, and toxin production. 
This opportunity also could include establishing a molecular 
technique to distinguish live versus dead organisms and 
identifying toxic and nontoxic strains of cyanobacteria or 
algae to characterize blooms. The USGS could develop and 
validate biometric and chemometric approaches to measure 
up and down regulation of luxury element uptake, storage, 
and utilization processes, including the identification of 
intermediate biomolecules used in toxin production and 
their purpose.

Table 5.  Scalable science opportunities to advance capabilities for characterizing algal blooms, toxin production, 
and exposure.

Science opportunities that could be addressed by U.S. Geological Survey capabilities
Short term 
(1–3 years)

Long term 
(3+ years)

Study design and sampling

Develop a sampling scheme and metrics for characterizing algal bloom heterogeneity and representa-
tive sampling of harmful algal blooms

Yes Yes

Develop and validate sample collection, splitting methods, and other quality-assurance criteria for all 
types of sampling (remote, passive, and so on)

Yes Yes

Develop capability for collecting water samples in difficult to access areas Yes Yes
Remote sensing

Determine the appropriate scope and scale of sampling frequency for ground-to-space or ground-to-
airborne verification

Yes Yes

Expand or improve remote sensing products and algorithms that estimate parameters associated with 
algal bloom dynamics

No Yes

Improve response times for image collection by autonomous remote sensing Yes Yes
Optimize and standardize image collection and quality from fixed camera installations Yes Yes
Develop an integrated portal for ground-to-space data collection matchups No Yes

Analytical methods

Harmonize approaches that identify and quantify phytoplankton, periphyton, and epiphyton No Yes
Develop and improve molecular (genomic and transcriptomic) techniques No Yes
Develop and validate biometric and chemometric approaches No Yes
Develop and improve algal pigment measurement Yes Yes
Expand non-target approaches to capture all toxin classes and their congeners Yes Yes
Develop and (or) validate mode-of-action assays to assist with identification of unknown toxins Yes Yes



3.1. Integrating Science and USGS Capabilities to Support Studies of HABs    25

Chapter 3.   
Vision for Interdisciplinary USGS 
HAB Science

3.1. Integrating Science and USGS Capabilities to Support Studies of HABs
The USGS has a workforce that includes scientists from a variety of fields and with specializations in many aspects of 

HAB research. These scientists include biologists, chemists, data scientists, ecologists, geographers, geologists, geochemists, 
hydrologists, numerical and process-based modelers, phycologists, physical scientists, social scientists, programmers, 
statisticians, and wildlife toxicologists. Specialty research ranges from the study of neurotoxins in remote areas to monitoring 
airborne contaminants to broad geospatial analysis capabilities (Christensen and others, 2021; Krall and others, 2023; Pearlman 
and others, 2019). The USGS draws on its wide-ranging interdisciplinary and transdisciplinary expertise, nationally consistent 
laboratory and field capabilities, Earth-observing systems, and computing capabilities (including artificial intelligence, and deep 
learning capabilities) to support needed data collection and research to test hypotheses related to HABs and associated benefits 
or harmful effects (for example, refer to sidebar 4). An interdisciplinary science approach can provide stakeholders with the tools 
and data they need to make decisions to identify, mitigate, and prevent HABs.

In-lake experiments like this 
one in the Caloosahatchee 
River, Florida, are an 
important part of the research 
conducted by U.S. Geological 
Survey (USGS) science 
centers across the United 
States. Photograph by Emily 
Karwacki, former USGS 
contractor, 2021.
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The USGS has documented capabilities related to many 
of the opportunities outlined herein. In terms of benefits 
and harmful effects of algae, the USGS has documented 
aquatic primary productivity research (Godwin and others, 
2014; Hall and others, 2015), has documented substantial 
expertise on algae-driven hypoxia (Battaglin and others, 
2009; Sullivan and others, 2010), and has developed tools 
to help managers select, implement, and evaluate natural 
resource management decisions (Alhassan and others, 2020; 
Graham and others, 2022; Pindilli and Loftin, 2022). USGS 
programs are able to integrate large-scale monitoring and 
assessment with focused smaller-scale studies of individual 
USGS centers that can help address drivers across a range 
of environmental gradients, evaluate emerging technologies, 
and identify novel challenges. The USGS measures, 
manages, and distributes hydrological, aquatic, biological, 
and chemical data records and a comprehensive suite of 
satellite data products that could be helpful for quantifying 

the effects of land use on hydrological and aquatic systems 
with respect to HABs. The USGS real-time water quality, 
fixed-site, and next generation water observing networks 
that include improved sensing capabilities particularly for 
toxins, along with well-established statistical expertise 
(Helsel and Hirsch, 1993; Hirsch and Ryberg, 2012; Nustad 
and Vecchia, 2020; Ryberg and Vecchia, 2013), could help 
determine trends in HAB-related data and support modeling 
and prediction efforts. The USGS is able to address gaps 
related to sample collection, quality assurance, and analyzing 
water, sediment, and tissue. Finally, the USGS has a long 
history of generating sampling and data-collection protocols 
(U.S. Geological Survey, 2018), and of developing analytical 
methods in collaboration with academic institutions and 
other Federal agencies. These and other resources set up 
the USGS to be responsive to the changing needs of its 
stakeholders and partners.

Sidebar 4. 
Wildlife have long been recognized as sentinels of 

pollution and other environmental stressors, and this is 
certainly the case for harmful algal bloom (HAB) events 
in the Chesapeake Bay region (fig. S3). Between 2000 
and 2020, many Chesapeake Bay locations had recurring 
HAB events. The dominant algal toxins in Chesapeake  

 
 
drainage with harmful effects to avian wildlife are 
microcystins. Many mortality events were suspected to 
be related to HABs, and some incidents were coincidental 
with bloom events; however, few wildlife mortality 
incidents were definitively linked to HABs (Rattner and 
others, 2022).

Figure S3.  Calidris pusilla (Linnaeus, 1766) (semipalmated sandpiper) foraging in an algal bloom at Poplar Island, Chesapeake 
Bay, Maryland, on September 14, 2021. Photograph by Serguei V. Drovetski.



Research gaps in harmful algal bloom science include an understanding of the risk of toxin exposure through aerosolized water droplets, such as those from 
this wake behind a boat at Lake Kabetogama (photograph by Jaime LeDuc, National Park Service, 2018) or mist from this waterfall at Pipestone National 
Monument (photograph by Victoria Christensen, 2019).
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3.2. Conceptual Interdisciplinary 
Science Approach to Studying HABs

Individual groups of scientists in several USGS 
mission areas are studying HABs. An integrated workflow 
process has been suggested (Tokranov and others, 2021), 
which can be applied to HAB research (fig. 3). Briefly, 
interdisciplinary science can help address the topic areas in 
chapter 2: weighing the beneficial functions and harmful 
effects of algae or blooms (sec. 2.1); understanding the 
natural and anthropogenic drivers of algal blooms (sec. 2.2); 
understanding the fundamental processes that drive toxin 
production and release (sec. 2.3); and providing knowledge 
and models for prevention, early warning, and mitigation 
of algal blooms and their toxins (sec. 2.4). Advancing 
capabilities and tools to characterize algal blooms, toxin 
production, and exposure encompasses all areas of the 
integrated approach. The critical elements of the workflow 
for interdisciplinary science activities could include 
agreed-upon mechanisms for shared technical requirements, 
leveraging program resources, and collaborative design and 
implementation across many science centers. A workflow 
model that has Bureau support (work plans, project reviews, 
accountability, and coordinated communication) can 
leverage USGS resources and help ensure the success of 
interdisciplinary science activities related to HABs.

Moreover, interdisciplinary science includes 
collaborative work with researchers and stakeholders outside 
the USGS. The USGS continues to collaborate with local 
and regional stakeholders, as well as with many Federal 

agencies as outlined in the Harmful Algal Bloom and 
Hypoxia Research and Control Act (Public Law 115–423), 
to coordinate and integrate HAB research in all Federal 
programs. The USGS will continue its interagency efforts 
to assist with the science needed to deploy new tools for 
remote sensing and event warning systems. On Federal 
lands, including National Park Service units and U.S. 
Fish and Wildlife Service refuges, the USGS is assisting 
with research, data management, and structured decision 
making. USGS is an active member agency of the Harmful 
Algal Bloom and Hypoxia Research and Control Act 
Interagency Working Group, and USGS scientists also 
collaborate with individual agencies on HAB research, 
such as the USGS-National Park Service Water-Quality 
Partnership program.

3.3. Conclusions
The opportunities documented here and discussed 

among the writing team, reviewers, and other USGS 
colleagues have been instrumental in establishing a strategic 
vision for HAB research with an interdisciplinary science 
approach. This strategic vision can guide the implementation 
of interdisciplinary science that provides water managers 
with data needed for decisions, helps build research 
partnerships, and is an information source for other HAB 
researchers. The interdisciplinary science activities guided 
by this vision can address issues at local, regional, and 
national scales and at varying timeframes as stakeholder 
needs evolve.

3.2. Conceptual Interdisciplinary Science Approach to Studying HABs
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Figure 3.  Iinterdisciplinary science areas, shared technology, leveraged program resources, and collaborative study design and 
implementation for a coordinated approach to the study of harmful algal blooms (HABs) and algal toxins.
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Glossary
allelopathy  Allelopathy is the chemical 
inhibition of one organism by another.

algal toxin  Algal toxins are produced by 
algae (including cyanobacteria or other 
organisms commonly called algae). Scientists 
use the more specific term “cyanotoxins” for 
toxins produced by cyanobacteria.

anthropogenic  Environmental change 
originating from human activity.

benthic/benthos  Benthic is a term used to 
describe organisms (or benthos) at the bottom 
of a waterbody.

bioaccessibility  Bioaccessiblity refers to 
the proportion of an ingested chemical that 
can be used by an organism.

bioinformatic  Bioinformatic approaches 
are those that develop and use tools for 
understanding complex biological data.

biosynthesis  Biosynthesis is the production 
of molecules withing living organisms or cells.

chemoinformatic  Chemoinformatic 
approaches combine chemistry, computer 
science, and information science techniques 
to solve chemistry related problems.

chemotaxonomic  Chemotaxonomic 
refers to the classification of algae 
based on similarities or differences in 
biochemical composition.

cyanobacteria  Cyanobacteria are 
prokaryotic organisms that are true bacteria 
with algal characteristics capable of 
oxygenic photosynthesis. Some researchers 
use the terms “CyanoHAB” or “harmful 
cyanobacterial bloom (HCB)” to distinguish 
cyanobacterial blooms from other types of 
potentially harmful algal blooms.

genomics  Genomics is an interdisciplinary 
field of biology focusing on the structure, 
function, and mapping genomes 
(chromosomes in a microorganism).

epiphyton  Epiphyton are algae or other 
organisms that grow on plants.

eutrophication  Eutrophication occurs 
when a body of water receives an excessive 
nutrient load, particularly phosphorus 
and nitrogen.

lotic  Lotic describes an environment of 
rapidly moving water.

mechanistic  A mechanistic model is based 
on fundamental laws, including physical and 
biochemical principles.

metabolomics  Metabolomics is the study of 
the metabolites inside an organism or cell.

metagenomics  Metagenomics is the 
study the genomic (DNA and RNA) content, 
identifying which microbes are present within 
a water sample or other material.

metatranscriptomics  Metatranscriptomics 
is a set of techniques used to study gene 
expression of microbes in a water sample or 
other material.

metabolites  A metabolite is a substance 
formed from a living organism in order to 
maintain life.

microplastics  Microplastics are very small 
pieces of plastic, some so small that they 
cannot be seen without a microscope.

morphologic  Morphologic approaches 
identify algae based on form or structure.

periphyton  Periphyton are algae or 
other organisms attached to plants, 
rocks, or objects projecting above the 
bottom sediments.

phylogenic  Phylogenic approaches identify 
organisms based on the relationship among 
them.

polyphasic  Using multiple approaches 
to identifying algae is referred to as 
polyphasic taxonomy.

polysaccharides  Polysaccharides are 
carbohydrates with molecules that consist of 
sugar molecules bonded together.

proteomics  Proteomics is the study of 
proteins within an organism or cell and 
their functions.

trophic gradient  Trophic gradient refers 
to the range of varying amounts of living 
biological material in a waterbody.
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Appendix 1.  Select U.S. Geological Survey Publications Related to Harmful 
Algal Blooms (HABs) or Algal Toxins, 2013–2024
Select U.S. Geological Survey publications published from 2013 to 2024 that are related to harmful algal blooms (HABs) or 
algal toxins are provided in a linked file at https://doi.org/​10.3133/​cir1520. 

Understanding the balance between benefits and harmful effects of blooms like this one at Kabetogama Lake Visitor 
Center is critical to defining better management practices to sustain natural resources. Photograph by Geneveive Schave, 
Voyageurs National Park Field Fellow Intern, 2023.

https://doi.org/10.3133/cir1520 
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