
Phytoplankton, microscopic marine algae, are at the base 
of the food chain in most freshwater and marine systems 
and provide many positive benefits, including production 
of about half the oxygen on the planet and transforma-
tion of sunlight and inorganic elements into the organic 
material and energy that drive productive aquatic eco-
systems. A subset of the phytoplankton, referred to as 
harmful algal bloom (HAB) species, such as the domoic- 
acid- producing Pseudo-nitzschia, are persistent threats to 
coastal resources, local economies, and human and ani-
mal health throughout US waters. HABs will likely intensify 
in response to anthropogenic climate change, and there is 
an immediate need for more effective strategies for mon-
itoring and communicating the risks of HABs to human 
and ecosystem health.

The ocean science community has developed sev-
eral novel sensors and methods for monitoring and pre-
dicting this diversity of HAB events. These include the 
Imaging FlowCytobot (IFCB) and various biophysical mod-
eling systems optimized for HAB prediction. Research 
efforts funded by agencies such as California Sea Grant 
and the NOAA competitive HAB programs have resulted 
in advances in understanding and monitoring HABs in 
California and elsewhere, but outcomes were necessar-
ily focused on specific regions, organisms, and impacts. 
California HAB researchers, stakeholders, and monitor-
ing programs identified a needed statewide capacity that 
encompasses existing and emerging HAB issues and more 
effectively leverages new technologies in a coordinated 
manner. This led to development of the California Harmful 
Algal Bloom Monitoring and Alert Program (Cal-HABMAP) 
with an ambitious set of goals, including studies to nor-
malize the diverse methodologies used in HAB research 
and monitoring, development of an economic analysis 
of resources along the California coast and the potential 
impact of HABs on these resources, and design and devel-
opment of an integrated network of observations and 
models that are accessible to all HAB stakeholders. 
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Cal-HABMAP began as a grass-roots network of observ-
ing sites in 2008 with eight shore stations spanning 
southern to central California. While predating the estab-
lishment of the US Integrated Ocean Observing System 
(IOOS), it was quickly adopted by, and integrated with, the 
Central and Northern California Ocean Observing System 
(CeNCOOS) and the Southern California Coastal Ocean 
Observing System (SCCOOS) to provide robust California- 
wide observations. Integration into the IOOS network 
ensured long-term stability of both funding and products 
and an opportunity to leverage ongoing efforts to facilitate 
research-to-operations as new technologies matured and 
were widely adopted by the community. 

Today, Cal-HABMAP has greatly expanded in research 
scope and geographic range, achieving the vision set forth 
more than a decade ago (Kudela et  al., 2015). In addi-
tion to the eight original sites, shore stations have been 
added at Bodega Marine Lab and Humboldt Bay. Northern 
California has emerged as a new HAB “hotspot” for domoic 
acid driven by climate change and the northward expan-
sion of Pseudo-nitzschia, which led to the massive disrup-
tion of West Coast ecosystems, fisheries, and economies 
during the 2014–2015 marine heatwave; the Cal-HABMAP 
network effectively documented the impact and recovery 
of this event. 

A limitation of Cal-HABMAP has been the lack of cov-
erage along the coast and offshore, where sensing and 
sampling had historically occurred at only a small num-
ber of shore stations. The development of the California 
Harmful Algae Risk Mapping (C-HARM) system (Anderson 
et  al., 2019) has largely addressed this limitation for the 
most common HAB events driven by the toxic diatom 
Pseudo-nitzschia. C-HARM generates and validates routine 

FIGURE 1. Probability of cellular domoic acid (DA) exceeding 
10 picograms per cell (left) and the overlap of that probabil-
ity exceeding 60% with regions of high probability of bycatch 
(from the EcoCAST model), shown in purple (right) for May 5, 
2020. Purple indicates areas with multiple risks for fishing. The 
merging of C-HARM and EcoCAST is an example of value- 
added projects that support the California Marine Protected 
Area networks. On the right panel, several shore stations host-
ing Imaging FlowCytobots are indicated by black dots along 
with two mooring deployments marked by green dots. 
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FIGURE 2. An Imaging FlowCytobot was 
recently deployed on a wave-powered 
buoy (bottom left). Photo credit: MBARI 
It processes 5 mL of seawater every 

~30 minutes, producing high-resolution 
images of each particle (top). The 
last three plankton images show the 
harmful algal bloom (HAB) organisms 
Alexandrium, Dinophysis, and Pseudo-
nitzschia. The data are processed using 
machine learning to identify major groups 
(bottom right), providing an index of the 
entire plankton assemblage as well as 
target HAB species, in this case for June 
2020 from Santa Cruz Wharf, California. 0
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nowcast and forecast products for both Pseudo-nitzschia 
blooms and domoic acid. Statistical ecological models 
rely on an understanding of the underlying mechanics of 
bloom formation and utilize near-real-time information 
from numerical model simulations, satellite imagery, and 
field observations from both Cal-HABMAP and marine 
mammal stranding programs (Anderson et  al., 2019). 
These maps are intended to be easily interpreted by end 
users; for example, a quote from the public portal notes 
that “as Dungeness crab fishermen, we are following these 
models daily.” C-HARM predictions are also combined with 
other IOOS data to provide value-added products such as 
interactive data displays where stakeholders can identify 
overlapping areas of risk (Figure 1). 

An exciting new network of IFCBs is being brought 
online to complement shore station and model observa-
tions with high temporal resolution (~30 minutes) plank-
ton imagery. These instruments provide automated mon-
itoring and classification of phytoplankton imagery at 
critical sites where many environmental observations are 
currently collected. The IFCB takes high-resolution images 
of fluorescing particles, primarily phytoplankton, and com-
puter vision techniques provide standard morphometric 
data for each image, such as cell size and aspect ratio. 
Machine learning algorithms are then used to categorize 
images of taxonomic groups of interest, for example, 
Pseudo-nitzschia, while also providing information about 
the full community assemblage (Figure  2). Capturing the 
full assemblage is critical for understanding and predict-
ing HAB events since HABs are just one component of the 
plankton. California leads the nation and world in creating 
the first such network of its size and paves the way for a 
National HAB Observing Network.

Cal-HABMAP’s success emerges from several core 
principles. First, sustained funding and a pathway from 
research-to-operations has allowed the HAB community 
to capitalize on the rich historical research and monitoring 

programs in California. Second, Cal-HABMAP is compli-
ant with standardization of essential ocean variables 
(Muller-Karger et al., 2018), and its goals are well aligned 
with the needs and goals of local, state, and federal agen-
cies. Finally, Cal-HABMAP is responsive to the needs and 
requirements of end users. As noted by one stakeholder, 
Frances Gulland, Commissioner at the US Marine Mammal 
Commission and former Senior Scientist at the Pacific 
Marine Mammal Center, “There have been repeated calls 
for such capability at workshops and in publications from 
oceanographers, veterinarians, ecologists, and public 
health officials, as these blooms have dramatic effects on 
marine mammal health as well as on the economy and 
human health.” We are hopeful that Cal-HABMAP can pro-
vide a successful example of how best to implement simi-
lar networks regionally, nationally, and internationally. 
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