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ABSTRACT 
Harmful algal blooms (HABs) are on the rise 
worldwide. Known drivers for the proliferation 
and intensification of HAB events include 
increasing nutrient pollution, climate change, 
regulation and modification of hydrological 
flow, and the combined effect of climate drivers 
and nutrient pollution. The San Francisco 
Bay–Delta system has largely been immune to 
severe or acute HAB events, but there is both 
a potential and realized threat which has been 
underestimated and under-reported, in part 
because of the lack of coordinated sampling and 
data reporting. There is also increasing evidence 
that HABs must be considered in the context of 
a freshwater-to-marine continuum, and that the 

physical and political boundaries separating 
components of the Bay–Delta system are porous 
barriers to HABs and their toxins. Much remains 
to be learned about the ecology and physiology 
of HAB organisms in this system, but five 
primary environmental drivers can be identified: 
temperature, salinity, irradiance, nutrients, and 
stratification/residence time. All these drivers 
are responding rapidly to climate change, but 
nutrients are the primary variable that is largely 
under human control. Plans for the development 
of a comprehensive monitoring, prediction, 
and mitigation strategy across the freshwater-
to-marine continuum have been documented; 
effectively following through on these plans 
provides a roadmap toward identifying the 
drivers and threats—and reducing the potential 
consequences now and in the future. While HABs 
alone are not a sufficient motivator for potentially 
costly and extensive mitigation efforts, there is 
strong evidence that decreasing nutrient loads, 
maintaining hydrological connectivity while 
minimizing stagnant regions, and managing 
the biota to maintain biodiversity of the Bay–
Delta system will result in multiple co-benefits, 
including reduction of the HAB threat potential. 
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INTRODUCTION AND BACKGROUND
This paper is a contribution to the State of the 
Bay–Delta Science assessment for 2022 and 
addresses the increasing interest in potential 
effects of harmful algal blooms in the system. 
Harmful algal blooms (HABs) are a catch-all term 
for phytoplankton and macroalgae that result in a 
recognized negative effect as perceived by society. 
This classically includes high-biomass events 
that may result in low oxygen, poor aesthetics, 
or disruption of food webs and altered carbon 
and nutrient cycling, as well as the presence 
of algal toxins with or without high biomass 
(Smayda 1997; Sunda et al. 2006; Kudela et al. 
2015). This paper focuses primarily on production 
of algal toxins and disruption to food webs; a 
related analysis (Sutula et al. 2017) provides more 
direct linkages between nutrients, biomass, 
harmful algal events, and low oxygen. There is 
clear evidence for global expansion of HABs in 
freshwater, estuarine, and marine waters (Paerl 
et al. 2018; Glibert et al. 2018), with corresponding 
effects and consequences for ecosystem health, 
food and water security, human health, and 
the recreational and aesthetic value of these 
waters. Known drivers for the proliferation and 
intensification of HAB events include increasing 
nutrient pollution (Anderson et al. 2008; Heisler 
et al. 2008; Paerl et al. 2018; Burford et al. 2020); 
climate change (Wells et al. 2015; Gobler 2020; 
Griffith and Gobler 2020), which includes rising 
temperatures, shifts in rainfall patterns and 
shifts in both species distribution and phenology, 
regulation, and modification of hydrological flow 
in freshwater systems (Paerl et al. 2018); and the 
combined effect of climate drivers and nutrient 
pollution (Burford et al. 2020; Glibert 2020; Paerl 
and Barnard 2020)—in addition to numerous 
and complex local processes related to species 
succession, habitat suitability, temperature, 
nutrients, physical structure, etc. (Paerl 1988; 
Anderson et al. 2019). 

Estuaries can be particularly complex in terms 
of HABs, given the competing influence of both 
the watershed and rivers (source waters) and 
the ocean (receiving waters) with the estuarine 
system forming a dynamic mixing zone (cf. 
Peierls et al. 2012; Hall et al. 2013; Harding et al. 

2016). Arguably, estuaries are where the greatest 
potential effects for HABs occur, given that 
estuarine systems are both highly populated 
by humans and highly productive; they provide 
numerous valuable ecosystem functions, and 
are sites of intensive aquaculture, subsistence, 
and commercial fisheries. Some well-studied 
examples include the Pearl River and Changjiang 
(Yangtze) River estuaries (China; Zhou et al. 2017), 
the Indian River Lagoon (Florida, USA; Phlips et 
al. 2011), Nauset (Cape Cod, MA, USA; Crespo et 
al. 2011), Chesapeake Bay (USA; Tango and Batluk 
2013), the Neuse River (North Carolina, USA; 
Rothenberger et al. 2009), and the New South 
Wales estuaries (Australia; Ajani et al. 2013). 
Conspicuously absent from this list are several 
large and productive estuarine systems in the US, 
including the Columbia River estuary and the San 
Francisco Bay–Delta system, where until recently 
HAB problems were considered to be negligible or 
at least under-reported. 

For description of specific geographic and 
ecological regions within the San Francisco 
Estuary (estuary; Figure 1), this chapter generally 
follows the convention of Sutula et al. (2017) and 
Lehman et al. (2021). The Delta extends from the 
Sacramento River (north) and the San Joaquin 
River (south); it extends northward to the head 
of tide at Freeport on the Sacramento River and 
Vernalis on the San Joaquin River. San Francisco 
Bay (SFB) consists of South Bay, Central Bay, 
and San Pablo Bay, with Suisun Bay acting as a 
transitional brackish system that connects the 
more marine SFB waters with the fresher Delta 
waters (note that Figure 4 divides SFB into Suisun, 
San Pablo, Central, South Central, and South 
Bay). The entire system is referred to as the San 
Francisco Estuary (estuary) and is the largest 
Pacific estuary in the Americas. The region 
combining Suisun with the Delta is often referred 
to as the upper San Francisco Estuary (upper 
estuary) to separate it from the more marine SFB. 

As described in Sutula et al. 2017, nutrient over-
enrichment has led to ecosystem impairments 
in the majority of the world’s estuaries (Nixon 
1995; Boesch et al. 2001; Diaz and Rosenberg 
2008; Bricker et al. 2008), and this impairment 
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Figure 1 Map of the study region showing San Francisco Bay, the Sacramento–San Joaquin Delta (green shading), and the sampling sites used in 
Figure 5B.  
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often includes the presence or expansion of 
HAB organisms that respond directly to nutrient 
enrichment (Heisler et al. 2008). SFB has largely 
been resistant to proliferation of HABs, in part 
because of vigorous tidal mixing and flushing, 
which leads to both light limitation and rapid 
flushing that precludes biomass accumulation 
(Cloern 1982, as summarized in Sutula et al. 
2017). Within the marine to brackish waters of 
SFB, several well-known HAB organisms have 
been identified, including the diatom genus 
Pseudo-nitzschia, which produces the neurotoxin 
domoic acid (DA), and the dinoflagellate genus 
Alexandrium, which produces paralytic shellfish 
toxins. These two organisms and toxins are 
generally considered to be the dominant HAB 
issues on the US West Coast (Lewitus et al. 
2012) and have been present at background 
concentrations for decades in SFB, with 
occasional blooms that are greatly muted relative 
to comparable coastal waters in California 
(Sutula et al. 2017) or the Chesapeake Bay as 
a comparative mid-latitude estuarine system 
(Wolny et al. 2020). 

Within the riverine end of the system, the 
upper estuary has also exhibited some signs of 
resistance to freshwater HABs, with absence of 
the toxic cyanobacterial genus Microcystis before 
~1982 (Lehman and Smith, 1991) and absence of 
large Microcystis blooms before ~1990 (Lehman 
et al. 2005). Most HABs are attributable to 
cyanobacteria (cyanoHABs) in freshwater (Paerl 
et al. 2018; Huisman et al. 2018), and severe events 
are typically caused by the cyanobacterial genus 
Microcystis, a non-nitrogen-fixing cyanobacterium 
that produces microcystin, a potent hepatotoxin 
(Vesterkvist et al. 2012). 

HARMFUL ORGANISMS AND TOXINS IN THE BAY–DELTA
Harmful Algal Bloom Organisms in Fresh, Brackish, and 
Marine Waters
In freshwater, Microcystis is the most commonly 
reported cyanoHAB in the region, and 
microcystins are generally considered to be 
the most common cyanoHAB toxin globally 
(Vesterkvist et al. 2012; Preece et al. 2017). Several 
other cyanoHAB genera are also present in the 

upper estuary, however (Table 1), including 
Anabaenopsis, Aphanizomenon, Dolichospermum, 
Lyngbya, Phormidium, Planktolyngbya, Planktothrix, 
and Oscillatoria (Cloern and Dufford 2005; 
Lehman et al. 2010; Kurobe et al. 2013, 2018; 
Spier et al. 2013; Sutula et al. 2017). The toxin-
producing cyanobacterium Cylindrospermopsis 
raciborskii has also been observed in the Delta (cf. 
Mioni et al. 2011) despite it being uncommon in 
North America (Vico et al. 2020). While generally 
considered a tropical or subtropical taxon, this 
organism has been documented to have expanded 
in temperate regions, and it is considered an 
invasive species (Dyble et al. 2002; Briand et al. 
2004; Paerl and Huisman 2008). 

Assessment of cyanoHABs in the upper estuary 
has relied primarily on intermittent monitoring 
(e.g., Lehman et al. 2005, 2013, 2020), and has 
focused nearly exclusively on quantification 
of Microcystis and microcystins until recently. 
Microcystis was reported as early as 1920 (Allen 
et al. 1920) as part of a diverse cyanobacterial 
assemblage but was not dominant. While 
there is always a concern that cells and toxins 
were presumed absent because of a lack of 
sampling, as noted, it was not dominant during 
more routine sampling between 1975 and 1990 
(Lehman and Smith 1991). Both cyanobacteria 
and dinoflagellate biomass have increased 
between 1975 and 1993 throughout the upper 
estuary, with a coincident decrease in diatom 
biomass (Lehman 2000). Before 1999, the colonial 
(bloom) morphology of Microcystis was not 
observed in the upper estuary (Lehman et al. 
2005). However, blooms have been recorded in 
the upper estuary from 1999 onward (Lehman 
2000; Lehman et al. 2005, 2008, 2010; Spier et al. 
2013), and have become an increasing threat. 
Biomass and toxins from Microcystis have been 
documented as present through at least 180 km 
of waterways from freshwater to brackish water 
environments, and microcystins are routinely 
detected, even in the full-salinity waters of SFB 
(Peacock et al. 2018). The emergence of anatoxin 
and saxitoxins is even more recent; these toxins 
were not detected during Microcystis blooms 
before 2016 (cf. Lehman et al. 2021), suggesting 
that the simultaneous presence of toxin-producing 
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Dolichospermum, Aphanizomenon, and Microcystis 
in the upper estuary is becoming more common 
(Lehman et al. 2021). 

The Delta is not unique in occurrence of multiple 
toxigenic organisms when compared to other 
California water bodies. Recent studies have 
demonstrated that potential toxic cyanobacterial 
genera and their associated toxins are widespread 
(e.g., Fetscher et al. 2015; Tatters et al. 2019), 
and that there is significant transfer of cells and 
toxins across the freshwater-to-marine continuum 
(Figure 2; e.g., Gibble and Kudela 2014; Preece et 
al. 2017; Peacock et al. 2018; Tatters et al. 2021), 
such that what are considered freshwater taxa 
have effects downstream, while many freshwater 

and marine taxa exhibit fairly wide salinity 
tolerances (see “Salinity and Temperature”).

In brackish and marine waters of the estuary, 
multiple toxigenic organisms have also been 
identified and/or the presence of toxins has 
been confirmed (Table 1). In addition to Pseudo-
nitzschia spp. (domoic acid), Alexandrium 
catenella (paralytic shellfish toxins, or PSTs), 
and Microcystis aeruginosa (microcystins), the 
dinoflagellates Dinophysis spp. (diarrhetic 
shellfish toxins), Karenia mikmotoi (haemolytic 
and cytotoxic effects), Karlodinium veneficum 
(karlotoxins), Heterocapsa triquetra (fish-killing), 
and the raphidophyte Heterosigma akashiwo 
(fish-killing; exact toxic mechanism is not 

Figure 2 Conceptual model of factors that control HABs in estuarine systems 
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known) are all present, as is the dinoflagellate 
Akashiwo sanguinea, which does not produce 
a toxin but produces instead a low-molecular-
weight compound that disrupts the waterproofing 
effect of bird feathers, leading to mortality from 
hypothermia. Akashiwo blooms have resulted 
in widespread bird mortalities in California 
(Jessup et al. 2009), and Akashiwo has on occasion 
produced spectacular blooms in South Bay (Cloern 
et al. 2005). All the marine taxa are recognized as 
being persistent members of California coastal 
assemblages and were likely always present in 
SFB, although there is evidence that opening of 
the South Bay Salt Ponds may have resulted in 
geographical expansion of some previously rare 
or unreported organisms (see “Case Studies from 
the San Francisco Estuary”).

Relevant Harmful Algal Bloom Toxins
Harmful Algal Bloom toxins are diverse; many of 
these compounds are secondary metabolites with 
unknown function for the producing organism, 
and there are many more metabolites that have 
toxic effects on some but not all organisms. 
Toxins of concern include the most common 
compounds that have a known, deleterious effect 
on fish, birds, and mammals. In many cases, 
a given genus may produce multiple toxins 
(Table 1), but for a specific geographic region it is 
more common for a subset of toxins to be present. 
Following Table 1, the major toxin groupings will 
be addressed, recognizing that for some groups, 
such as microcystins, there are well over 100 
known variants (Vesterkvist et al. 2012). The most 
commonly monitored (and observed) toxin in the 
upper estuary belongs to this group, while in the 
marine environment domoic acid and paralytic 

Table 1 Potential HABs from San Francisco Bay and the Sacramento–San Joaquin Delta, known toxins or effect, and salinity range. ATX = anatoxin-a; 
PbTx = brevetoxin; CYN = cylindrospermopsin; DA = domoic acid; DST = diarrhetic shellfish toxins (okadaic acid, pectenotoxins); ICX = ichthyotoxin; LYN = 
lyngbyatoxin; MC = microcystin; STX = saxitoxin and analogues. 

      Salinity range

Genus Group Potential toxin(s) or effect Low (0 to 4) Moderate (4 to 16) High (16+)

Anabaena Cyanobacteria ATX, CYN, MC, STX X X  

Anabaenopsis Cyanobacteria MC X X X

Aphanizomenon Cyanobacteria ATX, CYN, STX X X  

Cylindrospermopsis Cyanobacteria ATX, CYN, STX X  

Cylindrospermum Cyanobacteria ATX, MC X  

Dolichospermum Cyanobacteria ATX, CYN, MC, STX X X  

Lyngbya Cyanobacteria CYN, LYN, STX X X X

Microcystis Cyanobacteria MC X X X

Oscillatoria Cyanobacteria ATX, CYN, MC, STX X X X

Phormidium Cyanobacteria ATX, MC X X X

Planktolyngbya Cyanobacteria ATX, MC X X X

Planktothrix Cyanobacteria ATX, MC X X

Pseudo-nitzschia Diatom DA   X X

Akashiwo Dinoflagellate Bird mortality X

Alexandrium Dinoflagellate STX   X X

Dinophysis Dinoflagellate DST   X

Heterocapsa Dinoflagellate ICX X X

Karenia Dinoflagellate PbTx   X

Karlodenium Dinoflagellate ICX X X X

Heterosigma Raphidophyte ICX X X
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shellfish toxins are considered to be the most 
prevalent in California and more broadly on the 
West Coast of the United States (Lewitus et al. 
2012). 

The toxins are listed below in alphabetical 
order, with Anatoxin-a, Cylindrospermopsin, 
Lyngbyatoxin, and Microcystins being 
predominantly freshwater in origin. When 
relevant, the lethal dose for 50% of a human 
population (LD50; typically determined using 
mice as model organisms) is provided. 

Anatoxin-a (ATX). Anatoxin-a is an alkaloid 
that inhibits neuromuscular receptors by 
disrupting cellular ion channels, resulting in 
muscle failure and sometimes death. There are 
several variants including homoanatoxin-a and 
dihydroanatoxin-a, and homodihydroanatoxin-a 
(Puddick et al. 2021). ATX production occurs in 
multiple cyanobacteria genera (Table 1) and in 
California is often associated with benthic mat-
forming species (Bouma–Gregson et al. 2018). ATX 
exposure is typically through ingestion of cells 
or water, Iding drinking water. Anatoxins have 
generally been reported at trace concentrations 
in the Delta (Lehman et al. 2005, 2010) but were 
persistent and reached ~0.24 µg L–1 in 2016 in the 
upper estuary (Lehman et al. 2021). LD50: 200 to 
375 µg kg–1 (Carmichael and Boyer 2016). 

Brevetoxin (PbTx). This is a lipid-soluble cyclic 
polyether produced by the marine dinoflagellate 
Karenia, with multiple analogues identified 
in various species and strains of the genus. 
These compounds open voltage-gated sodium 
ion channels in cell membranes, leading to an 
influx of sodium, and subsequent cytotoxicity. 
Brevetoxin exposure occurs through direct 
ingestion, aerosolization, and accumulation in 
the food web, particularly in shellfish (Fleming et 
al. 2011). LD50:200 to 6600 µg kg–1, depending on 
exposure route (Kirkpatrick et al. 2004). 

Cylindrospermopsin (CYN). Cylindrospermopsin is a 
hepatotoxic polyketide-derived alkaloid originally 
associated with the cyanobacterial genus 
Cylindrospermopsis, but also identified in a wide 
range of genera (Table 1). The molecule is highly 

water soluble, and exposure is typically through 
ingestion of water, although contact exposure 
has also been documented through, for example, 
recreational activities (Moreira et al. 2013). It 
is considered to be cytotoxic, dermatotoxic, 
genotoxic, and hepatotoxic. LD50: 2.1 mg kg–1 
(short-term exposure) or 200 µg kg–1 (chronic 
exposure; Carmichael and Boyer 2016).

Diarrhetic Shellfish Toxin (DST). This group of 
polyketide marine toxins include okadaic acid 
and the analog dinophysistoxin and are primarily 
associated in California with the marine 
dinoflagellate Dinophysis (Shultz et al. 2019). 
This class of compounds are protein phosphatase 
inhibitors. Exposure is typically through 
consumption of shellfish and leads to food 
poisoning-like symptoms. DST was detected in the 
majority (> 91%) of shellfish samples collected in 
2012 and 2014 in SFB, with concentrations up to 
146 µg/kg (Peacock et al. 2018). LD50:192 µg kg-1 
(Van Dolah 2000). 

Domoic Acid (DA). This small-molecular-weight 
amino acid is primarily produced by the marine 
diatom Pseudo-nitzschia. It is a neurotoxin that 
interacts with and activates neural receptors in 
vertebrates and is more specifically an antagonist 
for glutamate receptors. Acute symptoms 
include food poisoning-like conditions as well as 
confusion, loss of memory, brain damage, and 
death. Exposure is nearly always through direct 
consumption of algae or filter-feeding organisms 
that accumulate the toxin. While primarily a 
marine toxin, it has frequently been detected in 
the brackish waters of SFB; concentrations in 
bivalves ranged from ~ 20 to 565 µg kg–1, and DA 
was present in 100% of tested mussels in 2012 and 
2014 (Peacock et al. 2018). LD50:35 to 70 mg kg–1 for 
oral ingestion (Van Dolah 2000). 

Ichthyotoxin (ICX). This is a catchall for secondary 
metabolites produced by algae that are harmful 
to fish and other organisms. It includes specific 
toxins such as karlotoxin (produced by the 
brackish/marine dinoflagellate Karlodinium) as 
well as compounds such as hydrogen peroxide 
produced by the raphidophyte Heterosigma. 
Ichthyotoxic effects are observed in both 
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freshwater and marine systems, but the causative 
compounds are often not identified. 

Lyngbyatoxin (LYN). This compound and its 
derivatives and related toxins (aplysiatoxin, 
debromoaplysiatoxin) are alkaloids that most 
commonly cause contact dermatitis (“swimmer’s 
itch”), although ingestion can also lead to 
gastrointestinal irritation and food poisoning-
like symptoms (Jiang et al. 2014). This toxin 
is primarily marine, associated with benthic 
cyanobacteria, but at least one case of contact 
dermatitis in a dog exposed to Lyngbya in 
California lake waters has been reported, with the 
causative toxin identified as debromoaplysiatoxin 
(Puschner et al. 2017). These compounds have not 
specifically been identified in the estuary system. 
LD50:250 µg kg–1 (Carmichael and Boyer 2016).

Microcystins (MCs). This group of toxins are small, 
monocyclic peptides that undergo frequent 
substitutions of L-amino acids, leading to the 
numerous variants; toxicity depends on the 
specific substitution, and is often reported 
as equivalents to MCLR, the most common 
compound. All microcystins have an Adda 
amino acid group, and some detection methods 
specifically target this part of the molecule (e.g., 
US EPA 2016). The genes for MC production are 
widespread in cyanobacteria genera (Table 1). 
MCs act by inhibiting protein phosphatase in 
cells, leading to liver damage, tumors, and death 
(cf. Preece et al. 2017). Microsystin exposure 
is typically through ingestion of cells or water, 
including drinking water. Microcystins are 
frequently detected in estuarine sampling of 
phytoplankton as well as in marine bivalves 
within SFB, with concentrations exceeding 
3.5 µg L–1 in the estuary and up to 18.9 µg kg–1 in 
SFB bivalves (Peacock et al. 2018; Lehman et al. 
2021). LD50:25 to 1000 µg kg–1 (Carmichael and 
Boyer 2016).

Paralytic Shellfish Toxins (PSTs). This is a broad 
group of compounds related to saxitoxin 
that occur in both cyanobacteria and marine 
dinoflagellates. Toxicity depends on the specific 
chemical structure and is typically reported as 
STX (saxitoxin) equivalents. These are potent 

neurotoxins that act as selective, reversible, 
voltage-gated sodium channel blockers. Exposure 
leads to a variety of neurological symptoms 
culminating in death. Exposure can occur 
through direct consumption of algae, trophic 
transfer through, for example, shellfish, as well as 
consumption of the dissolved toxin in water and 
drinking water. PSTs in the upper estuary were 
low but present in sampling from 2014 to 2018 
(Lehman et al. 2021). In SFB, PSTs are routinely 
detected in marine bivalves at up to 34 µg kg–1 
(Peacock et al. 2018). LD50:10 to 30 µg kg–1 STX 
equivalents (Carmichael and Boyer 2016).

Regulatory Monitoring and Guidance 
For many of the HAB organisms there is no 
consistent monitoring for associated toxins, 
and the specific toxin(s) and mechanisms are 
poorly characterized for some organisms (e.g., K. 
mikimotoi, H. akashiwo). Routine monitoring for 
DA, MCs, DSTs, and (with less frequency) PSTs has 
taken place as part of the US Geological Survey’s 
shipboard time-series that spans 145 km from 
lower South Bay to the lower Sacramento River 
since 2011 (Cloern and Schraga 2016; Sutula et 
al. 2017; Peacock et al. 2018). The San Francisco 
Estuary Institute has expanded this effort to 
include bivalves (mussels) at several sites in 
SFB (Peacock et al. 2018). For the upper estuary, 
consistent sampling for cells and toxins (MC, ATX, 
STX) has been ongoing since 2014 (Lehman et 
al. 2021). Before that date, sampling was project-
specific. While limited to a subset of toxins and 
focusing primarily on the marine end of the 
system, results from both multi-decade time-
series of HAB presence and abundance (Figure 3) 
and occurrence of toxins (Figure 4) demonstrate 
that harmful algal taxa are nearly always present 
at low to moderate abundance and concentration 
in the system, and that classically “marine” and 
“freshwater” toxins readily exchange across the 
full 145-km range and salinity gradient of the 
USGS cruises (Sutula et al. 2017). 

Assessment of cyanoHABs in the freshwater Delta 
has relied primarily on intermittent monitoring 
(e.g., Lehman et al. 2005, 2013, 2020), and has 
focused nearly exclusively on quantification of 
Microcystis and microcystins. Some monitoring 



9

FEBRUARY 2023

https://doi.org/10.15447/sfews.2023v20iss4art6

has been done for other common toxins, 
including ATX and CYN (Mioni et al. 2011; 
Lehman et al. 2021; Figure 5A), but those toxins 
were absent in the first study, and highly variable 
in the second study. More consistent monitoring 
(Lehman et al. 2021; Figure 5A) identified several 
co-occurring toxins but also confirmed that, 
for now, MCs are likely the dominant and most 
relevant cyanotoxins of interest for the upper 
estuary. There is currently no formal monitoring 
of cyanoHABs in the upper estuary, although 
numerous research groups and agencies routinely 
collect relevant data on blooms, MCs, and 
associated environmental parameters (Thronson 
et al. 2020). The much higher levels of MCs 
compared to Lehman et al. (2021) are documented 
in Discovery Bay and Stockton Basin (Figure 5B), 
highlighting the importance of reduced mixing 
and long retention time. 

Regulatory guidance for HAB organisms 
(abundance) and toxin levels is generally lacking 
except for a few specific organisms and toxins 
(Table 2); for convenience, toxin thresholds 
are provided in regulatory units (which vary 
by toxin and source) and as equivalent ppm. 
For human consumption of fish and shellfish, 
the US Food and Drug Administration (FDA) 
regulates the marine toxins DA and PSTs with 
thresholds of 20 mg kg–1 (20 ppm) and 80 µg 100 g–1 
(0.8 ppm), respectively. The FDA also provides 
guidance for DSTs of 0.16 mg kg–1 (0.16 ppm). 
There is no regulatory toxin level for MCs in fish 
and shellfish, although California’s Office of 
Environmental Health and Hazard Assessment 
(OEHHA) set a guidance level for MCs in fish 
tissue for human consumption at 10 µg kg–1 
(0.01 ppm; OEHHA 2012). Multiple agencies 
also provide guidelines for presence of marine 
HAB organisms in water bodies, but criteria 
vary widely, depending on both the organism 
and agency. As an example, for California, a 
commonly accepted threshold of concern for 
Pseudo-nitzschia is 10,000 cells L–1 (Anderson et al. 
2016), while the mere presence of Alexandrium is 
considered problematic (Sutula et al. 2017). 

Cyanotoxins have a wide range of guidance 
and thresholds. (Table 2). The most widely 

Figure 3 Abundances of six HAB taxa in SFB from 1993 to 2014. Symbols 
indicate abundance (cells mL–1) by cruise. The sample with the highest 
cell density is indicated for cruises with HAB enumerated at multiple 
locations. Inset values give abundance at stations > 200 cells mL–1. 
Source: Sutula et al. 2017, with data from Nejad et al. 2017.

Figure 4 Concentration of domoic acid (ng g-1; A) and microcystins 
(ng g-; B) from Solid Phase Adsorption Toxin Tracking (SPATT) passive 
samplers deployed in the R/V Polaris surface mapping system for South 
Bay (SO), South/Central Bay (SOC), Central Bay (CE), San Pablo Bay (SP), 
and Suisun Bay and eastern stations (SUI). Circles indicate domoic acid 
concentration; for SPATT greater than 400 ng g-, the inset numeric value 
indicates the concentration. Source: Sutula et al. 2017. White circles with 
no color indicate samples with toxins below the minimum detection limit. 
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Figure 5 Average concentration of cyanotoxins (A) reported by Lehman et al. (2021) for ten sites in the upper estuary, and (B) concentrations of 
microcystins for Discovery Bay (grey; monthly sampling) and Stockton Basin (blue; annual summer sampling for June through August). The horizontal 
dashed line indicates the 0.8 µg L–1 alert level. Surface scum was not included in either data set, but for Panel B, scum values were 189 +/– 128 µg L–1 (n = 3; 
Discovery Bay) and 274 +/– 361 µg L–1 (n = 6; Stockton) for the mean and standard deviation of collected scum samples. 
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recommended guidelines are from the World 
Health Organization (WHO), which set 
recreational guidance and action levels for 
cyanobacteria, chlorophyll-a, and microcystin-LR 
using a tiered approach (WHO 2006). The 
WHO guidance levels are categorized into low, 
medium, or high probability of adverse health 
effects. The low category has guidance levels 
of < 20,000 cyanobacteria cells mL–1, < 10 µg L–1 
(< 0.01 ppm) of microcystin-LR, or < 10 µg L–1 of 
chlorophyll-a. The medium category has levels 
of 20,000 to 100,000 cells mL–1, 10 to 20 µg L–1 
(0.01–0.02 ppm) microcystin-LR, or 10 to 50 µg L–1 
of chlorophyll-a. The high-probability category 
has levels of 100,000 to 10,000,000 cells mL–1, 20 
to 2,000 µg L–1 (0.02–2 ppm) microcystin-LR, and 
50 to 5,000 µg L–1 of chlorophyll-a. For drinking 
water specifically, chlorophyll-a levels are 
lowered to 1, 12, and 24 µg L–1 respectively for all 
cyanotoxins (WHO 2020a, 2020b, 2020c, 2020d). 

The US Environmental Protection Agency (USEPA) 
recently introduced guidelines and criteria for 
both recreational contact and water consumption. 
For recreational contact, water quality criteria 
and swimming advisories were set at 8 µg L–1 
(0.008 ppm) for MCs and 15 µg L–1 (0.015 ppm) for 
CYN (USEPA 2019). The USEPA established health 
advisory thresholds based on a 10-day exposure 
for drinking water in MCs and CYN at 1.6 and 
3.0 µg L–1 (0.016 and 0.03 ppm), respectively, 
which is reduced to 0.3 and 0.7 µg L–1 (0.0003 and 
0.0007 ppm) for MCs and CYN in children (USEPA 
2015a, 2015b). 

Most states have separate guidance for 
recreational contact with cyanotoxins that 
deviates significantly from both USEPA and WHO 
guidelines. Mehinto et al. (2021) summarized the 
range of health thresholds for each state as 0.8 to 
20 µg L–1 for MCs (Kansas and Utah use 2,000 µg L–1 

Table 2 Potential HABs from the San Francisco Estuary. Alert levels based on cell abundance used in other regions, and regulatory limits or guidance. 

Organism Alert level Regulatory guidance for toxins Reference

Alexandrium Presence 800 µg kg–1 STX equivalents http://www.scotland.gov.uk/
Publications/2011/03/16182005/37 

Dinophysis 100 to 1,000 L–1 160 µg kg–1 DST
http://www.scotland.gov.uk/
Publications/2011/03/16182005/37;  
Vlamis et al. 2014

Karenia mikimotoi 5,000 L–1 800 µg kg–1 PbTx NSSP

Karlodinium veneficum 5,000 L–1 Alan Plaice (2015 pers. comm. with RMK 
unreferenced, see “Notes”)

Pseudo-nitzschia 10,000 to 50,000 L–1 20,000 µg kg–1  
(30,000 µg kg–1 for Dungeness crab viscera)

Cal-HABMAP; Shumway et al. 1995; 
Anderson et al. 2009

Cyanobacteria*
(Recreational Contact 
Health Thresholds) 4 to 100 x 106 L–1

ATX: Detection, 20, 90 µg L–1  
(Caution, Warning, Danger)
CYN:1, 4, 17 µg L–1 (Caution, Warning, 
Danger)
MC:0.8, 6, 20 µg L–1 (Caution, Warning, 
Danger)

https://mywaterquality.ca.gov/habs/
resources/habs_response.html

Cyanobacteria*
(USEPA Recreational 
Water Quality Criteria)

None 15 µg L–1 CYN
8 µg L–1 MCs

USEPA 2019; Water-quality criteria allow 
states to list a waterbody as impaired on 
the 303(d) list of impaired waterbodies.

Cyanobacteriaa

(USEPA Drinking 
Water Health Advisory 
Thresholds) 

None MCs:0.3 µg L–1 (children)
MCs:1.6 µg L–1 (adults)

USEPA 2015a, 2015b.
Based on a 10-day exposure.

Cyanobacteria*
(human consumption)

ATX:5000 µg kg–1

CYL:70 µg kg–1

MCs:10 µg kg–1
OEHHA 2012

a. There are numerous, conflicting guidelines for cyanoHABs; the limits most relevant to California are included.
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or 2 ppm), 1 to 20 µg L–1 (0.001 to 0.02 ppm) for 
CYN, detection to 300 µg L–1 (0.3 ppm) for ATX, 
and 0.8 to 75 µg L–1 (0.008 to 0.075 ppm) for STX. 
California includes quantitative health threshold 
guidelines for both biomass and cyanotoxins, 
including MCs, CYN, and ATX, but does not have 
any thresholds for STX. California’s thresholds 
represent the most conservative end of the range 
used by most states, including USEPA criteria, 
and uses a tiered system with three different 
thresholds for recreation: Caution, Warning 
Tier, and Danger Tier. The caution level for ATX, 
CYL, and MCs is detection, 1, and 0.8 µg L–1, 
respectively (or detection, 0.001, and 0.0008 ppm). 
Warning Tier I thresholds are set at 20, 4, and 
6 µg L–1 (0.02, 0.004, and 0.006 ppm) for ATX, CYL, 
and MCs, respectively. Danger Tier 3 levels are set 
at 90, 17, and 20 µg L–1 (0.09, 0.017, and 0.02 ppm). 
Separate guidelines are provided for consumption 
by livestock and pets (OEHHA 2012), including 
subchronic and acute thresholds for MCs and 
CYL (but not ATX). Subchronic action levels are 
set at 2 and 10 µg L–1 (0.002 and 0.01 ppm) for MCs 
and CYL, 50 and 60 µg L–1 (0.05 and 0.06 ppm) for 
cattle, and 100 and 200 µg L–1 (0.1 and 0.2 ppm) 
for dogs, respectively. Note that other than for 
cyanotoxins, there are no separate guidelines for 
chronic exposure to the majority of HAB toxins. 

ENVIRONMENTAL DRIVERS OF HARMFUL ALGAL 
BLOOMS IN THE SAN FRANCISCO ESTUARY
Landscape-Scale Drivers: The Air and Watershed 
Perspective
Phytoplankton are the main primary producers 
at the base of all aquatic food chains (Malone 
et al. 1999; Cloern 2001). These organisms drive 
biogeochemical cycling, convert inorganic 
and organic nutrients to organic matter, and 
are critical to the health and functioning of 
aquatic ecosystems. In a healthy system, there 
is considerable diversity in the phytoplankton 
community, driven by the availability of light, 
nutrients, temperature, and other abiotic 
factors such as salinity. The global expansion 
and intensification of harmful algal blooms 
in both freshwater and marine systems is well 
documented (cf. Anderson 2021; Gobler 2020; 
Hallegraeff et al. 2021; Paerl and Barnard 

2020) and is generally a response to favorable 
environmental conditions for a particular subset 
of the phytoplankton community. This response 
is highly site-specific (e.g., Anderson et al. 2021), 
and often driven by multiple environmental 
factors at local, regional, and global scales 
(Figure 2; Wells et al. 2015; Glibert et al. 2018; 
Paerl et al. 2018; Burford et al. 2020), which should 
not be surprising given the diversity of HAB 
organisms and habitats (cf. Glibert et al. 2018). 

Despite this complexity, a few environmental 
drivers are known to play a disproportionate 
role in promoting HABs, particularly for 
temperate coastal estuaries such as the estuary 
(Figures 2, 6). These drivers include changes 
in the hydrological cycle, which includes but 
is not limited to changes in drought intensity 
(Lehman et al. 2020) and residence time (Paerl et 
al. 2011, 2018; Kudela et al. 2020), eutrophication, 
or nutrient pollution (Paerl 1988; Anderson 
et al. 2002, 2008; Heisler et al. 2008; Sutula et 
al. 2017; Cloern et al. 2020), and the effects of 
climate change, often acting as a co-factor with 
nutrients and hydrology (Paerl and Paul 2012; 
Glibert 2020; Gobler 2020; Griffith and Gobler 
2020; Wells et al. 2015, 2020). Berg and Sutula 
(2015) specifically identified stratification and 
residence time, water temperature, water column 
irradiance, and salinity, and nutrients as the five 
main drivers that control cyanoHAB events in 
the upper estuary, although these same factors 
apply equally well to the marine waters of the 
SFB (Cloern and Dufford 2005; Cloern et al. 2017; 
Wells et al. 2015). These factors are described in 
more detail below, beginning with the air and 
watershed, followed by hydrological controls, bio-
physiological interactions (temperature, salinity, 
irradiance), and, lastly, nutrient concentration 
and form. 

While HAB events are often considered to 
be a “local” problem, the land, the air, and 
freshwater and marine receiving waters are 
linked components of the ecosystem—all of which 
contribute to or are influenced by the presence 
of HABs (Figure 2; Paerl et al. 2018). The airshed 
is often overlooked but is a critical component 
in promotion of HABs (particularly cyanoHABs) 
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and negative effects (Plaas and Paerl 2021). 
Atmospheric deposition of anthropogenically 
generated N (NHx, NOx, organic N) has been 
directly related to numerous HAB events (Paerl 
1997). Atmospheric N deposition is increasing 
globally (cf. Glibert et al. 2018). There is a dearth 
of specific estimates for atmospheric N deposition 
in the SFB watershed (Cloern et al. 2020), with 
even less known about deposition for the upper 
estuary, but McKee and Gluchowski (2011) provide 
a conservative estimate of 393 metric tons per 
year total N for South Bay (south of the Bay 
Bridge) alone, and 16 metric tons per year of total 
P. For comparison, Cloern et al. (2020) estimated 
stormwater accounts for 3,942 and 474.5 metric 
tons of N and P, respectively, per year for the 
entire SFB. Scaling up by a factor of 10 from South 
Bay to the full region, atmospheric N deposition 
would be approximately equal to stormwater, 

while atmospheric P deposition is considerable 
but proportionally lower. 

Moving into the watershed, Paerl et al. (2018) 
highlighted the importance of holistically 
examining linkages from source waters such as 
headwater streams, through riverine systems, 
into the estuary, and finally to the coastal marine 
receiving waters. The estuary watershed covers 
more than 194,000 km2. A recent survey of over 
1,200 wadeable stream segments in California 
identified the common occurrence of multiple 
potentially toxic benthic cyanobacteria, with 
co-located cyanotoxins found in one-third of 
all sites (Fetscher et al. 2015), suggesting that 
cyanoHABs and associated toxins could readily 
be imported to the Bay–Delta system even if there 
were no resident populations (see Bouma–Gregson 
et al. 2017 for a comparable assessment of the 
Eel River). At the coastal end of the watershed, 

Figure 6 Environmental factors known to contribute to HABs in the San Francisco Estuary. The increasing (decreasing) rates arrows indicate the 
physiological/evolutionary traits associated with individual genera and taxa which may promote or suppress a bloom, while the diversity arrow indicates 
that the emergent community composition is also controlled by what organisms are present.

Positive
• High nutrients
• Low turblence
• Long residence time
• High (adequate) light
• Warm temperatures
• Low grazing rates
• Seed population/Refugia
• Low biodiversity
Modulating Factors
• Strong environmental gradients  

(e.g. stratfication, salinity)
• Nutrient forms & ratios
• Diverse habitats/connectivity
• Selective grazing
• Predator/Prey co-evolution
• High (adequate) light
• Toxin production
Negative
• Low nutrients*
• High turblence
• Short residence time
• Low light
• High grazing rates
• High biodiversity
• Extreme temperatures (warm/cold)
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there are steadily increasing reports of freshwater 
toxins appearing in marine systems. For example, 
cyanotoxins have accumulated in aquatic marine 
birds (Lehman et al. 2010; Gibble et al. 2017) and 
bioaccumulate in estuarine and marine shellfish 
(Garcia et al. 2010; Miller et al. 2010; Preece et al. 
2015; Gibble et al. 2016; Peacock et al. 2018; Tatters 
et al. 2019; Biré et al. 2020). Higher-trophic-
level marine mammals have been exposed to 
microcystins, such as cetaceans in southern 
California (Danil et al. 2021), sea otters in 
Monterey Bay (Miller et al. 2010), and bottlenose 
dolphins in Florida (Brown et al. 2018), as well 
as the recent dramatic example of bald eagle 
poisoning associated with a recently described 
cyanotoxin (Breinlinger et al. 2021). Marine 
HABs can also extend considerable distances into 
brackish and freshwater systems, with estuarine 
circulation acting to mix toxins from marine and 
fresh waters throughout the waterway (Figure 4; 
cf. Peacock et al. 2018).

Hydrology, Mixing, and Downstream Transport
Many HAB organisms in the Bay–Delta system 
benefit from reduced mixing and stratification 
(i.e., stagnant conditions). Microcystis is relatively 
slow-growing compared to other algae (Paerl and 
Otten 2013), but it regulates buoyancy to balance 
demands for photosynthetic carbon fixation 
and acquisition of nutrients—particularly P—
from the subsurface and benthic environments, 
respectively (Harke et al. 2016), leading to 
characteristic surface scums when Microcystis and 
similar genera aggregate in light to moderately 
wind-mixed surface waters. Intensification of 
vertical stratification combined with plentiful 
nutrients are particularly favorable conditions for 
development and persistence of scum-forming 
blooms (Jöhnk et al. 2008; Paerl and Huisman 
2008; Huisman et al. 2018). One important 
aspect of this regulated buoyancy is that cells 
and colonies can be transported by a variety 
of processes, including directional transport 
by currents, vertical distribution caused by 
turbulence, and directed vertical movement 
through buoyancy. Some cyanobacterial genera—
including Microcystis, Planktothrix, Anabaena, 
Aphanizomenon, and Dolichospermum—produce 
gas vesicles and carbohydrate storage products 

(Oliver 1994). The carbohydrate storage products 
provide negative buoyancy, and the amount 
produced varies as a function of species, 
irradiance, and growth rates (Visser et al. 
1997; Wallace and Hamilton 1999). As a result, 
cyanobacteria are rarely randomly distributed 
and often aggregate in surface slicks, patches, and 
downwind, as well as in backwaters and areas of 
reduced flow (Puddick et al. 2016), particularly 
in areas experiencing high light, warm water 
temperatures, and elevated nutrients (Lehman 
et al. 2005). While benthic cyanobacterial mats 
have not yet been identified as a serious threat in 
SFB, other colonial cyanoHABs such as Anabaena 
have been observed to disperse great distances 
downstream through formation of oxygen bubbles 
in normally benthic Anabaena mats (Bouma–
Gregson et al. 2017). 

Given the particular combination of eco-
physiological characteristics and attributes 
of Microcystis, what typifies all the places it is 
found is weak vertical, turbulent mixing and 
thus temperature-stratified water columns 
(Huisman et al. 2004, 2018; Paerl et al. 2018). The 
reason for this is that much as how turbulence 
affects sediment flocs, turbulent shear breaks 
up colonies, reducing flotation speeds (O’Brien 
et al. 2004), and mixes cells over the entire depth 
(Hozumi et al. 2019), i.e., to depth with lower 
light levels, or as is common in the Bay–Delta, to 
depths where respiration rates are greater than 
rates of primary production (e.g., Lucas et al. 
1999; Cloern and Jassby 2012). When mixing is 
weak, conditions are ideal for the development 
of Microcystis blooms because of their high 
degree of buoyancy. Conversely, if mixing is 
relatively strong, Microcystis blooms tend not 
to develop; most likely because they will then 
have to compete with other, faster-growing, non-
cyanobacterial taxa (chlorophytes, diatoms). 
Weak mixing regimes are often associated with 
localized environments such as Discovery Bay and 
downtown Stockton; these and other localized 
regions likely serve as sources of Microcystis 
biomass and toxins for the entire Delta and 
downstream. These are generally expected to 
be regions where currents are especially weak, 
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reducing turbulent mixing and flushing, and 
allowing summertime stratification to develop.

In estuarine and marine waters, stratification is 
also an important factor that regulates abundance 
of HABs (Figure 2). Flagellates (predominantly 
dinoflagellates) are well-adapted to a “swim” 
strategy that allows them to aggregate at the 
surface and vertically migrate to the subsurface 
to acquire nutrients (Smayda 1997). This 
includes several common genera from SFB, 
notably Alexandrium catenella (Rines et al. 2010) 
and Akashiwo sanguinea (Cloern et al. 2005; 
Peacock and Kudela 2014). Other members of 
the community such as Dinophysis and Pseudo-
nitzschia are frequently associated with “thin 
layers” or aggregations in the subsurface on 
density gradients (Rines et al. 2010; Berdalet et 
al. 2014). Besides making routine monitoring 
and detection difficult, these responses to the 
physical/chemical structure of the environment 
add to the difficulty of predicting the occurrence 
of HAB events in SFB (Cloern and Dufford 2005; 
Cloern et al. 2010). 

Salinity and Temperature 
Salinity and temperature are closely related to 
density stratification, but these factors also exert 
control at the organismal level. Estuaries exhibit 
strong gradients in salinity from freshwater to the 
coastal receiving waters, and algal communities 
shift along that gradient. Cloern and Dufford 
(2005) examined data extending from lower South 
Bay to the confluence of the Sacramento and 
San Joaquin rivers for 1992–2001; they identified 
500 distinct phytoplankton taxa that clustered 
into six seasonal patterns, ranging from spring 
bloom diatoms to groups imported from either 
the freshwater or marine sources. The HAB 
dinoflagellate Alexandrium catenella was identified 
as a canonical “episodic” organism that would 
appear sporadically. CyanoHABs were generally 
restricted to freshwater or moderately brackish 
water (salinity < < 10) and included Anabaena, 
Oscillatoria, and Aphanizomenon (Microcystis 
was not identified in the data set), although 
salinity per se does not exclude all cyanoHABs. 
For example, the N2 fixing and toxin-producing 
bloom-former Nodularia has been found in 

hypersaline lakes (e.g., Pyramid Lake, Nevada 
(Galat et al. 1990) and estuarine/coastal waters 
ranging in salinity from ~10 to full strength 
seawater (> 32) (Moisander and Paerl 2000; 
Moisander et al. 2002). Fortunately, Nodularia has 
not (yet) been detected in the estuary. 

From that study, marine HABs—including 
Alexandrium, Dinophysis, and Heterocapsa—were 
generally present in brackish- to full-coastal-
salinity waters (~10 to 33 salinity). While there is 
an ecological boundary at approximately salinity 
of 10, this boundary is porous, particularly for 
downstream transport of toxins rather than 
intact cells. Kudela et al. (2020) demonstrated that 
Pseudo-nitzschia grew in salinity as low as 18, with 
increasing levels of DA as salinity decreased. 

Lehman (2000) and Lehman et al. (2005, 
2008) reported Microcystis in salinity ranging 
from 0.1 to 18. Preece et al. (2017) conducted 
a thorough review of cyanoHABs along the 
freshwater-to-marine continuum, and noted that 
several common genera—including Anabaena, 
Anabaenopsis, Microcystis, and Oscillatoria—are 
particularly salt tolerant. While individual 
experimental results vary widely, Tonk et al. 
(2007) demonstrated that M. aeruginosa could 
survive up to 9 days in salinity of 17.5, while both 
Miller et al. (2010) and Gibble et al. (2016) reported 
that intact Microcystis colonies were present 48 
hours after transfer to full-strength seawater 
(salinity of ~33). Salinities up to 10 generally do 
not inhibit microcystin production (cf. Preece 
et al. 2017), and toxins can persist for at least 21 
days in full-salinity seawater (Miller et al. 2010). 
Microcystis tolerance to salinity has been linked 
to spontaneous mutations within the population 
(Melero–Jimenez et al. 2019). These mutations 
result in selection for salt-tolerant strains, and 
this selection is enhanced by gradual exposure 
to increasing salinity, as would occur with 
downstream transport in an estuarine system 
(Melero–Jimenez et al. 2020). A main point from 
these studies is that the salinity gradient in the 
estuary is not a particularly effective barrier for 
either marine or freshwater HABs, consistent 
with the observed presence of multiple toxins 
throughout the SFB (Figure 4). 
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Temperature is also a strong modulator of 
organismal growth and toxicity, but highly 
depends on the specific organism and related 
environmental conditions. Laboratory studies 
have shown that, in general, cyanobacteria 
exhibit optimal growth at higher temperatures 
(often above 25 °C) compared to dinoflagellates 
and diatoms (Paerl et al. 2011; Griffith and 
Gobler 2020). As a result, the general consensus 
is that climate change (warming) will exacerbate 
cyanoHABs globally (Paerl and Huisman 2008; 
Harke et al. 2016; Burford et al. 2020; Griffith and 
Gobler 2020). 

In contrast to prokaryotic cyanobacteria, 
eukaryotic HAB organisms may exhibit very 
different physiological responses to rising 
temperatures. SFB is currently dominated by 
diatoms (Cloern and Dufford 2005), and Pseudo-
nitzschia (a DA producer) is of particular concern. 
While toxic outbreaks along the US West Coast 
have been linked to warming temperatures 
(McKibben et al. 2017; Trainer et al. 2020), there 
is also evidence that Pseudo-nitzschia toxicity is 
suppressed above a temperature of about 20 °C 
(Smith et al. 2018). During the massive DA event 
in 2015 (McCabe et al. 2016), very little toxicity 
was observed in SFB despite extraordinarily 
high levels on the coast (Peacock et al. 2018). 
This may have been caused by higher estuarine 
temperatures exceeding the thermal optimum 
of Pseudo-nitzschia during the concurrent marine 
heat wave (Kudela et al. 2020). In contrast, 
dinoflagellates may benefit from the cascading 
environmental effects of increasing temperature, 
such as enhanced stratification. Another marine 
heat wave in September 2004, for example, 
allowed a massive red tide of Akashiwo sanguinea 
to develop in the South Bay in response to thermal 
stratification (Cloern et al. 2005). That species also 
exhibits a thermal optimum considerably higher 
(~30 °C; Boyd et al. 2013) than most diatoms (Paerl 
et al. 2011). 

Irradiance
Irradiance is a fundamental controlling factor 
on phytoplankton in both freshwater and marine 
waters of the estuary (e.g., Cole and Cloern 1984; 
Cloern 1999; Lehman et al. 2013; Strong et al. 

2021). Phytoplankton have multiple strategies 
for modulating exposure to sunlight, but the two 
most relevant are vertical migration through 
active swimming, and buoyancy regulation. 
Dinoflagellates are strong vertical migrators, 
which allows them under some conditions to 
produce spectacular blooms (e.g., Cloern et al. 
2005). Cyanobacterial buoyancy can provide a 
competitive advantage over other phytoplankton 
such as diatoms, which typically rely on 
turbulence, and cyanobacterial blooms as well as 
dinoflagellate blooms are dominant in stagnant, 
well-stratified waters (Reynolds et al. 1987; Paerl 
and Fulton 2006; Ji and Franks 2007; Huisman 
et al. 2018; Xiao et al. 2018; Wu et al. 2021). The 
cyanobacterial blooms can also increase local 
heating of surface waters, leading to a positive 
feedback mechanism that continues to promote 
dominance once the bloom is established 
(Huisman 2018). 

Under future climate change, irradiance is 
generally expected to vary only slightly to 
moderately from present conditions at global 
scales (Wells et al. 2015), but there are examples 
of climate-driven shifts that affect both SFB and 
the upper estuary. Cloern et al. (2007) reported 
positive monthly trends in suspended particulate 
material (SPM) for 1978–2005, although there 
was no significant trend in salinity, which 
can alter bloom frequency by stratifying the 
water column and reducing light limitation. 
They concluded that light limitation remained 
essentially unchanged for the period 1978–2005. 
Other analyses estimate an annual decrease in 
SPM of 1.2 to 1.3% yr–1 in Suisun Bay (Wright 
and Schoellhamer 2004; Cloern and Jassby 2012), 
resulting in order of a 50% increase in algal 
growth (primary productivity) potential in Suisun 
Bay (Cloern and Jassby 2012). Given the strong 
statistical relationship between biomass and 
HAB species (Sutula et al. 2017), the implication 
is that the long-term trend of decreasing SPM 
will indirectly promote HAB events in strongly 
light-limited regions of the estuary. This declining 
trend is generally attributed to hydrological 
control of the San Joaquin and Sacramento 
rivers (Cloern and Jassby 2012), but Bever et al. 
(2018) also documented a decadal (1995–2015) 
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reduction in SPM as a result of declining wind 
speed, attributed to decadal changes in the Pacific 
Decadal Oscillation (Bever et al. 2018). Hestir 
et al. (2016) also suggested a positive-feedback 
mechanism in which increased light penetration 
led to more submerged aquatic vegetation, which 
accelerates the decline in SPM. Overall, several 
mechanisms could lead to increased water clarity, 
leading to more algal productivity and HAB 
potential in light-limited regions of the estuary 
such as Suisun Bay. 

Nutrient Concentrations and Forms 
The estuary has historically been resistant 
to classic eutrophication issues, including 
stimulation of HABs (Sutula et al. 2017; Cloern et 
al. 2020). Two recent summaries of the estuary 
(Beck et al. 2018) and SFB (Cloern et al. 2020) 
provide relevant information on concentration, 
forms, and trends for nutrients in this region. 
For the estuary, nitrogen concentrations have 
consistently decreased since the mid- to late-
1990s, but with a long-term trend of increasing 
ammonium in Suisun starting in the 1970s and 
extending until at least the 2000s. Subsequent 
ammonium reductions are associated with 
wastewater treatment plant (WTP) upgrades 
(Beck et al. 2018), including a major upgrade to 
the Sacramento Regional Wastewater Treatment 
Plant (SRWTP), which included the Biological 
Nutrient Removal project, reducing ammonium 
to undetectable levels, beginning in mid-2021. 
For SFB, the main sources of external nutrients 
are from WTPs and refineries, stormwater 
runoff, and outflow from the Delta (Cloern et 
al. 2020), although, as noted above, atmospheric 
deposition is poorly constrained as an additional 
source (Figure 2). Cloern et al. (2020) place 
SFB in the 87th and 91st percentile for N and 
P loading respectively, compared to 162 other 
estuaries worldwide. The overall conclusion is 
that nutrient concentrations exhibit seasonal and 
interannual variability related to multiple drivers, 
but the estuary and SFB are generally highly 
nutrient enriched, leading to the assumption that 
phytoplankton (including HABs) are, in general, 
not limited by N and P. It should be noted however 
that the nutrient-eutrophication connection in the 
estuary and SFB proper is quite different from 

the Delta, where relatively long residence times 
can lead to significant uptake of nutrients by 
high phytoplankton biomass, triggering periods 
of nutrient limitation. Some regions are also 
influenced by submerged and floating aquatic 
vegetation (Christman et al. this issue; Brown 
et al. 2016). While both can influence nutrient 
concentrations in the water column either 
through direct uptake or through processes such 
as denitrification in the sediment (Racchetti et al. 
2017; Wang et al. 2021), the relative sink or source 
terms are highly variable in space and time, and 
thus likely to have an overall moderate effect 
on nutrient concentrations in the upper estuary 
(Cornwell et al. 2014).

While nutrient concentrations and loads are 
indisputably high, there has been considerable 
interest in whether the form or ratio of 
nutrients influences phytoplankton community 
composition (Figure 2). In particular, there has 
been an ongoing debate as to whether elevated 
ammonium inhibits diatoms (Dugdale et al. 
2007; Glibert et al. 2014), and whether the ratio—
rather than the absolute concentration—of N 
and P are driving community composition and 
growth (e.g., Glibert et al. 2011; Glibert 2020). The 
SRWTP has been the single largest point source 
of N, resulting in very high (> 70 to 80 µM) levels 
of ammonium (Glibert et al. 2014; Strong et al. 
2021). Observations of impaired water quality and 
potential HABs in Suisun (Dugdale et al. 2007; 
Parker et al. 2012; Glibert et al. 2014) and both 
conceptual (Glibert et al. 2010) and numerical 
(Dugdale et al. 2013) models have supported the 
concept that elevated ammonium suppresses 
nitrate utilization by (especially) diatoms, 
leading to potential HAB events by selecting for 
organisms such as chlorophytes or cyanobacteria 
that readily uptake and assimilate ammonium.

In contrast to those studies, several lab and field 
experiments have found little to no evidence to 
support these hypotheses. For example, Berg et al. 
(2017) found no difference in laboratory growth 
rates as a function of N form for chlorophytes 
vs. diatoms isolated from SFB, and that diatoms 
grew well on elevated ammonium concentrations. 
Berg et al. (2019) subsequently showed that the 
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common estuarine diatoms Thalassiosira weisflogii 
and Entomoneis paludosa were not inhibited by 
ammonium concentrations typical for Suisun 
Bay. Specifically addressing the role of the 
SRWTP, Strong et al. (2021) conducted a series of 
controlled experiments where water collected 
upstream or downstream of the outfall was 
amended with nitrate, ammonium, or effluent. 
Results showed a preference for ammonium with 
no inhibition, and fastest growth by diatoms in 
all treatments. The author concluded that light is 
the primary factor limiting phytoplankton in the 
estuary. Lee et al. (2015) also showed that while 
Microcystis isolated from SFB prefers ammonium, 
it readily grows on all forms of N with no 
inhibition of nitrate uptake by ammonium. 

Two other studies of direct relevance to the 
planned upgrades to WTPs were conducted by 
Esparza et al. (2014) and Kraus et al. (2017). The 
first study showed no inhibition of diatoms 
after acute exposure to ammonium (> 1000 
µmol ammonium compared to background 
concentrations of ~2 µmol ammonium), and, in 
fact, ammonium strongly stimulated diatom 
growth. In the second study, the SRWTP diverted 
discharge of effluent for 2 days in spring and 
autumn, allowing investigators to conduct 
a Lagrangian experiment with and without 
enhanced nutrients. Results from these studies 
did not support the hypothesis that wastewater 
effluent and high ammonium concentrations 
result in downstream declines in phytoplankton, 
and there was also no detectable shift toward 
HABs in this study, with diatoms dominant with 
or without effluent. It is also important to note 
that ammonium-N may be rapidly taken up by 
phytoplankton or cycled to nitrate (Damashek 
et al. 2016), making total N reductions at least as 
important as a shift in form, consistent with a 
National Research Council (NRC 2011) report. 

These studies are consistent with the rich 
literature on nutrient form for marine HABs as 
well (Kudela et al. 2010). Many HAB organisms 
will readily use multiple N forms and are well 
adapted to use nutrients at both low and high 
concentrations, which is somewhat unusual 
compared to the canonical view that some groups 

are low-nutrient adapted and others are not (cf. 
Kudela et al. 2010). A separate issue is whether 
nutrient form favors toxin production. Some 
strains of Pseudo-nitzschia, for example, are more 
toxic when grown on reduced forms of N such 
as urea (Kudela et al. 2008). Similarly, Chen et 
al. (2019) demonstrated that Microcystis produces 
more MC precursors when utilizing ammonium, 
suggesting that growth on ammonium may 
favor toxicity, while a recent study by Wagner et 
al. (2021) found that toxicity of Microcystis was 
highest with elevated nitrate and micronutrients, 
but N addition—regardless of form—stimulated 
biomass and toxicity, and there is extensive 
literature from Lake Erie that demonstrates 
reduced toxicity of Microcystis with decreasing 
N concentrations (Davis et al. 2010; Gobler et al. 
2016; Wilhelm et al. 2021).

It is difficult to project short-term experiments 
to permanent shifts in nutrient form and 
concentration, but a variety of studies consistently 
identify factors other than (or in addition to) 
nutrients as primary drivers of phytoplankton 
composition and therefore HABs. This is also 
supported by several statistical analyses of 
cyanoHAB abundance in the estuary and 
environmental conditions. For example, Mioni et 
al. (2011) identified temperature as the primary 
driver associated with cyanoHAB biomass 
and toxins but did not include stratification 
or residence time. Lehman et al. (2008) also 
found temperature to be a driver, with a minor 
contribution from nutrient concentrations or 
ratios using canonical correlation analysis. In 
that study, streamflow (residence time) was also 
identified as a major controlling factor in biomass 
accumulation. More recent work has identified 
ammonium as a primary N source for Microcystis 
blooms (Lee et al. 2015; Lehman et al. 2015) but 
also identified nutrient concentrations as non-
limiting and therefore not directly regulating 
blooms (Lehman et al. 2017). Lehman et al. 
(2020) concluded that while N and P can certainly 
be important factors for controlling bloom 
magnitude (e.g., Harke et al. 2016), in the estuary, 
flow (residence time and supply rates) is more 
important, given that the estuary is very nutrient 
enriched (Jassby 2008). Nutrient loads, rather 
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than absolute concentration, are also critical, 
given that numerous transformations occur (e.g., 
nitrification, denitrification, etc; Zehr and Kudela 
2016), and it is not clear that all of the pathways 
are fully accounted for in existing nutrient 
budgets (Cloern et al. 2020). 

In summary, nutrient form and concentration 
have been documented in specific studies as 
regulators of both marine HAB and cyanoHAB 
biomass and toxicity but are not consistently 
identified as the primary drivers of blooms or 
toxicity in the estuary. For the Delta specifically, 
nutrient regulation of blooms can be important, 
given the very long residence times that allow 
blooms to deplete the ambient inorganic 
nutrients; however, once established, there is 
good evidence that Microcystis blooms can be 
maintained for long periods by regenerated 
nutrients such as ammonium (Lehman et al. 
2013, 2015, 2021; Lee et al. 2015) in areas of long 
residence time. The overriding conclusion from 
multiple studies is that both the upper estuary 
and SFB are, on average, nutrient enriched, 
leading to other environmental factors—such as 
flow, temperature—controlling the presence of 
HABs. However, there is also clear evidence of 
a potential for more HABs, given the elevated 
nutrient concentrations (Sutula et al. 2017; Cloern 
et al. 2020), and a clear statistical link between 
increasing nutrients, increasing chlorophyll, and 
therefore increasing HABs in the SFB (Sutula et 
al. 2017). While these drivers are interconnected, 
two key components are the availability of excess 
nutrients (providing the potential for blooms) 
and hydrological forcing, which influences both 
residence time and stratification, which in turn 
modulates light availability. Tidal flushing is 
likely a key regulator that minimizes blooms 
in the SFB, while long residence time is likely a 
key regulator that promotes blooms in the upper 
estuary. 

DIRECT AND INDIRECT EFFECTS FROM HARMFUL 
ALGAL BLOOMS
Human and Animal Exposure
Harmful algae can result in negative 
consequences to humans and the environment 

through a variety of effects, including nuisance 
and noxious blooms, reduction in dissolved 
oxygen, physical disruption of filter-feeding 
organisms, and disruption of ecosystem function, 
but direct human toxicity is typically of greatest 
concern (Carmichael 1981; Hallegraeff 2014; Lopes 
et al. 2019). While toxin concentrations in SFB, the 
estuary, and the Delta are generally low, several 
toxins—including DA, DSTs, and microcystins—
regularly exceed regulatory limits (e.g., Baxa et al. 
2010; Lehman et al. 2005, 2017, 2021; Peacock et al. 
2018). As noted above, a significant challenge in 
determining the effect of these toxins is the lack 
of consistent long-term monitoring, particularly 
for toxins that are assumed to be primarily 
marine or freshwater but are routinely found 
throughout the system (e.g., Figure 4). 

Human exposure to algal toxins in the SFB and 
estuary is poorly documented. Preece et al. (2017) 
reviewed and summarized potential exposure 
mechanisms for freshwater toxins, including 
direct consumption of contaminated water and 
trophic transfer through the food web, while Plaas 
and Paerl (2021) summarized other exposure 
routes such as aerosolization, and Backer et 
al. (2008) documented recreational exposure 
in a small lake. Exposure to marine toxins 
also undoubtedly occurs through recreational 
harvesting of shellfish (Peacock et al. 2018) 
and downstream transport of both freshwater 
and marine toxins to commercial fisheries 
(Gibble et al. 2016; Preece et al. 2017). While 
exposure clearly occurs, the lack of consistent 
environmental sampling has made it difficult to 
definitively document chronic or acute exposure. 
An exception is the study of Zhang et al. (2015) 
who conducted a county-level assessment of 
chronic exposure to cyanobacterial blooms and 
unexpectedly high incidence of non-alcoholic 
liver disease (presumed to be associated with 
exposure to hepatotoxins such as microcystin). 
Central California, centered on the estuary and 
northern Monterey Bay, was the only identified 
region for the western US where there was clear 
evidence for chronic human exposure, strongly 
suggesting that cyanoHABs are a serious and 
ongoing threat for this system. 
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A fundamental question which is not well 
documented is whether chronic exposure to 
low levels of one or more toxins is of concern, 
as opposed to acute exposure (i.e., above the 
regulatory limit for those toxins that have 
regulatory guidance). Given the association 
between blooms and chronic liver disease in 
humans (Zhang et al. 2015), the answer is almost 
certainly yes, it is of concern, but very few studies 
address this issue. Sub-lethal chronic doses may 
produce serious health compromises in humans 
and marine mammals (Capper et al. 2013; Ferriss 
et al. 2017), but very few studies have directly 
addressed chronic exposure to HABs (Young et al. 
2020). Of particular concern is chronic exposure 
of humans and domestic animals to microcystins 
through drinking water (Greer et al. 2018; Massey 
et al. 2018), although other potential routes also 
exist, such as transfer through plants irrigated 
with contaminated water (Crush et al. 2008; 
Corbel et al. 2014; Zhang et al. 2021). Given that 
the Delta exports large amounts of surface water 
to the California Central Valley for irrigation 
and animal stocks, it is quite likely that the 
Delta is also exporting microcystins along with 
water, leading to potential chronic exposure via 
drinking water, crop consumption, and livestock 
consumption. 

The airshed must also be considered as a 
mechanism for transport and contact of 
aerosolized cyanoHAB toxins. Respiratory 
symptoms are among the most frequently 
recorded complaints after suspected inhalation of 
water during cyanoHAB events, suggesting that 
the inhalation of cyanotoxins in spray aerosol may 
activate inflammatory responses in the human 
body. Stewart et al. (2006) found that recreational 
water users were more than twice as likely to 
report mild respiratory symptoms when exposed 
to cyanoHABs than those unexposed, and Backer 
et al. (2010) detected microcystins in onshore air 
samples and the nasal passages of recreational 
lake users during two cyanoHAB events.

An important consideration is how HAB 
events affect communities that have differing 
social-ecological status. Chronic exposure to 
microcystins is associated with hepatocellular 

cancer and colorectal cancer, which are expected 
to disproportionately affect populations with 
contaminated drinking water and poor access to 
healthcare (Meneely and Elliot 2013). Poste et al. 
(2011) noted that fish consumption can lead to 
acute exposure to microcystins, suggesting that 
subsistence fishers may be particularly affected, 
while Peacock et al. (2018) noted that elevated 
levels of multiple toxins in shellfish from SFB led 
to the possibility of enhanced risk to subsistence 
and recreational harvesters. The social-ecological 
effects of cyanoHAB events in the US are sparsely 
documented (cf. Carmichael and Boyer 2016) and 
there is little to no information about the SFE 
specifically, but Dodds et al. (2009) estimated 
the combined economic loss from freshwater 
cyanoHABs in the US to exceed $2.2 billion 
annually, including economic loss for recreational 
use and waterfront real estate, costs to treat 
drinking water, and associated costs to remediate 
lost biodiversity. Marine HABs also affect marine 
fisheries differently; closures related to the 
massive DA event along the US West Coast in 
2015–2016 affected smaller vessels and operations 
from SFB more than larger commercial operators 
(Jardine et al. 2020), demonstrating that 
socioeconomic issues affect human populations 
at all levels, but are most pronounced for those of 
lower socioeconomic status. 

The first documented microcystin poisoning of 
a dog in California after it ingested water from 
a stagnant tide pool occurred in the SFB area 
in 1991 (DeVries et al. 1993). A comprehensive 
assessment of canine cyanotoxin poisoning in 
the United States identified possible poisoning 
by anatoxin-a and microcystins in numerous 
California counties that are part of the estuary 
watershed; the authors concluded that canine 
exposure to algal toxins is probably common 
and largely unreported (Backer et al. 2013). 
Livestock are also exposed to cyanotoxins 
through consumption of mats or drinking water 
but surprisingly little information is available 
about livestock toxicosis or death in the estuary 
watershed. OEHHA (2012) provides regulatory 
guidance for livestock, and fatalities are 
documented globally (e.g., Stewart et al. 2008). 
A retrospective study of 1,199 livestock fatalities 
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in California also highlights the importance 
of microcystins but did not document specific 
exposure (Varga and Puschner 2012). As with 
the prevalence and occurrence of toxic algae in 
aquatic systems, the magnitude of microcystins 
and their effect on livestock is therefore likely 
seriously under-reported.

Trophic Transfer and Ecosystem Disruptions
In contrast to the lack of documented cases of 
HAB toxicity in canines and humans for the 
estuary, more literature documents trophic 
transfer of freshwater and marine toxins. Lehman 
et al. (2005, 2008, 2010) documented the presence 
of microcystins in zooplankton and suggested 
that the presence of liver lesions in juvenile 
Striped Bass indicated recent exposure (Lehman 
et al. 2010). Acuña et al. (2020) subsequently 
documented the presence of microcystins in the 
Threadfin Shad with subsequent accumulation of 
toxins in gut and liver tissues. Several groups have 
also documented the presence of microcystins 
in bivalve grazers throughout the freshwater-to-
marine continuum (Gibble et al. 2016; Preece et al. 
2017; Peacock et al. 2018). 

As summarized by Preece et al. (2017) there are 
now numerous examples of microcystins being 
exported from lakes and rivers to estuarine 
and marine receiving waters. Moving into SFB, 
at least four toxins (DA, PSTs, DSTs, MCs) have 
been documented simultaneously in bivalves 
(Peacock et al. 2018), with both marine and 
freshwater toxins detected across the full range 
of salinity. Organisms at higher trophic levels 
have largely been untested, but down the coast in 
Monterey Bay microcystins have been associated 
with Southern Sea otter mortality (Miller et al. 
2010), demonstrating that exported toxins are 
routinely accumulating in multiple prey items. 
Within SFB specifically, other organisms have 
not routinely been tested, but recent analysis of 
anchovy collected in the SFB also show persistent 
but low levels of both DA and microcystins (Senn 
and Kudela, unpublished, see “Notes”). Given 
the key role of anchovies in trophic transfer of 
phycotoxins (Doucette et al. 2006) this strongly 
suggests that multiple vectors can transfer toxins 
throughout the food web, including to humans 

(Gibble et al. 2016; Preece et al. 2017; Peacock et 
al. 2018), marine mammals (Lefebvre et al. 2001), 
seabirds (Gibble et al. 2021), and fish (Acuña et al. 
2020). 

In addition to direct and indirect toxicity, HAB 
events may also lead to changes in ecosystem 
functioning within the upper estuary. Ger 
et al. (2009; Ger, Teh et al. 2010) identified 
calanoid copepods as particularly sensitive to 
microcystins in feeding studies, and subsequently 
demonstrated that ingestion of toxic Microcystis by 
the copepod Pseudodiaptomus forbesi was directly 
related to population declines of that copepod, 
potentially disrupting the estuary ecosystem 
when populations of P. forbesi are suppressed. 
A follow-on study (Lehman et al. 2021) suggests 
that Microcystis blooms may exert bottom-up 
pressure on the ecosystem by favoring small 
rather than large zooplankton. Intriguingly, 
this study suggests Microcystis blooms may alter 
bacterial abundance and diversity, leading to a 
trophic cascade wherein the bacterial community 
favors nanoflagellates and other protist grazers, 
which in turn selects for small copepods such 
as Limnoithona and Paracylopina that feed 
on those protist grazers. Otten et al. (2017) 
also identified a significant loss of microbial 
community biodiversity in the estuary coincident 
with Microcystis blooms, although whether the 
causative effects were solely from microcystins or 
from toxins in combination with other secondary 
metabolites was unclear.

More focused research needs to confirm these 
broad assertions, however. Some targeted studies 
have shown that the dominant copepod P. 
forbesi is largely food-limited. Increased growth 
of zooplankton is also statistically linked to 
increased cyanobacteria concentrations in the 
estuary despite the low food quality of those prey 
items (Owens et al. 2019). Other studies have 
reported suppression of P. forbesi in the presence 
of toxic cells (Ger et al. 2009; Ger, Teh et al. 2010), 
as well as less susceptibility to toxic Microcystis 
for P. forbesi compared to Eurytemora affinis from 
behavioral selection of prey items (Ger, Arneson 
et al. 2010). These seemingly contradictory results 
may be a result of adaptation and co-evolution 
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by predators (zooplankton) and prey (algae, 
including toxic algae). Ger et al. (2016) provide 
an extensive global review and concluded that 
prolonged exposure to cyanobacteria shifts 
zooplankton communities toward better-adapted 
species and ultimately selects for genotypes more 
tolerant to exposure. 

More broadly, Microcystis blooms in the estuary 
have been associated with shifts toward less 
productive food web conditions. Glibert et al. 
(2010) proposed that increasing ammonium 
concentrations led to a fundamental shift 
away from diatoms (pre-1982) and towards 
cyanobacteria (post-2000) in Suisun Bay (Glibert et 
al. 2010), directly contributing to the documented 
Pelagic Organism Decline (POD; Sommer et 
al. 2007). Although the statistical methods 
employed in that study have been criticized 
(Cloern et al. 2012) and rebutted (Lancelot et al. 
2012), it is nonetheless clear that a shift toward 
cyanobacteria—including Microcystis—would be 
expected to lower food quality for herbivorous 
grazers (Winder et al. 2018). 

Lehman et al. (2010) documented potential 
negative effects on fishery production, linking 
Microcystis to the POD, and suggested that 
Microcystis might be particularly influential 
because of negative effects on copepods and 
Cladocera. Subsequent studies suggested subtle 
shifts in community assemblage dependent 
on Microcystis distribution (Otten et al. 2017; 
Lehman et al. 2018). Thus, it is expected that long-
term increases in cyanobacterial abundance in 
the estuary would negatively affect ecosystem 
health and the food web function, irrespective 
of the presence of toxins. As noted by Ger et al. 
(2016), however, there are numerous knowledge 
gaps and biases in the existing literature, and 
better designed lab and field experiments are 
needed to separate co-evolution from the effects 
of individual factors that are often tested on 
relatively short time-scales. While not clearly 
defined in the estuary, recent studies in Lake 
Erie document the profound and often surprising 
effects of Microcystis blooms on food web 
structure, including high levels of microcystin 
accumulation prey-fishes, leading to further 

food web effects (Briland et al. 2020). While 
effects from Microcystis are particularly well 
documented, note that other HAB genera, both 
freshwater and marine, can negatively affect food 
webs through both direct (toxicit) and more subtle 
indirect responses, highlighting the need to better 
understand the consequences of increasing HAB 
probability in the estuary (Burkholder et al. 2018). 

THE FUTURE OF HARMFUL ALGAL BLOOMS IN THE SAN 
FRANCISCO BAY–DELTA SYSTEM
Future Projections
The estuary is one of the best-studied estuaries 
in the world, providing a rich historical and 
scientific baseline for understanding how the 
ecosystem has changed through time (Cloern 
1996; Cloern and Jassby 2012; NRC 2012; Cloern 
et al. 2017; Luoma and Muscatine 2019), and it is 
clear that the long-term health of the system is 
in decline (e.g., Sommer et al. 2007; Healey et al. 
2008; Glibert et al. 2011; Sutula et al. 2017). It is 
also well documented that cyanoHABs emerged as 
a serious threat in the last few decades (Lehman 
et al. 2005). For marine HABs, it is more difficult 
to determine long-term trends given the paucity of 
data, but many potentially harmful algal genera 
have been identified in the SFB for decades (e.g., 
Cloern and Dufford 2005), and the 

SFB is directly connected to patterns and 
processes occurring along the open coast (Cloern 
et al. 2007, Raimonet and Cloern 2017).

There is no question that this system, along with 
all aquatic ecosystems, will continue to evolve 
under the pressures of both climate-driven 
changes as well as global change (e.g., increased 
human populations leading to increased cultural 
eutrophication; Wells et al. 2015), and that 
this will directly and indirectly affect HABs. 
Accurately predicting these changes, or even 
identifying a global increase in HAB events in 
response to climate (Hallegraeff et al. 2021), is 
challenging at best (Wells et al. 2015, 2020). It is 
much more tractable to predict future changes of 
the internal and external drivers that influence 
HABs in the estuary system. Given that many 
of the dominant ecological processes in the 
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estuary are controlled by flow and temperature—
including HABs—considerable effort has been 
made to predict how the system will respond in 
the future. Another factor to consider is that HABs 
in the SFB are connected to the coastal ocean 
(Sutula et al. 2017), linking long-term changes 
in the Pacific to the fate of the SFB. California’s 
Fourth Climate Change Assessment provides 
estimates of important drivers for the region 
(Ackerly et al. 2018). This includes projections of 
regional warming of 2 to 4 °C by 2050; an increase 
in frequency, intensity, and duration of marine 
heat waves; increasing high-precipitation events; 
and increasing sea levels, all of which could 
influence HABs and their penetration upstream.

Hallegraeff et al. (2021) caution against making 
broad assertions about increases in HAB events 
globally but provide evidence that at regional 
scales increases are evident. Within the California 
Current System one such change has been in 
the magnitude and intensity of Pseudo-nitzschia 
events (McCabe et al. 2016; McKibben et al. 2017). 
These events have been directly linked to climate 
change, and more specifically to increasing 
temperature (McKibben et al. 2017; Trainer et al. 
2020). As blooms increase along the outer coast, 
a reasonable expectation is that blooms or bloom 
potential will also increase within the SFB (Sutula 
et al. 2017), although it is also possible that the 
SFB will become too warm to support some HAB 
organisms (Kudela et al. 2020). Other predicted 
changes such as more frequent and severe marine 
heat waves (Laufkötter et al. 2020) provide ideal 
conditions for HAB organisms to emerge from 
background concentrations when the physical 
environment (e.g., stratification, temperature) 
becomes favorable (Cloern et al. 2005). In 
freshwater, the increasing frequency and intensity 
of drought conditions (Cayan et al. 2009; Dettinger 
et al. 2016) will also exacerbate cyanoHAB events 
(Lehman et al. 2020). 

Knowles and Cronkite–Ratcliff (2018) predict 
that a combination of sea level rise and impaired 
flow will result in further intrusion of saltwater 
upstream, potentially expanding the suitable 
habitat for marine HABs. At the same time, 
extremes in drought and high-flow events will 

increase. Past evidence suggested that wet years 
may favor cyanobacteria other than Microcystis 
while dry years exacerbate the presence of 
cyanoHABs (Mioni et al. 2011; Lehman et al. 2013, 
2017), but more recent evidence demonstrates 
that, once established, Microcystis is persistent 
across extremes in wet and dry years (Lehman 
et al. 2020), likely as a result of the formation 
of refugia in backwaters during high-flow 
years. This is also consistent with Paerl et al. 
(2016) who identified a “perfect storm” scenario 
for cyanoHABs wherein excessive episodic 
rainfall events, followed by droughts, promote 
large nutrient input pulses followed by lengthy 
residence times, enabling blooms to develop 
and proliferate. The combination of increased 
temperature and nutrients may also result in 
larger and more toxic cyanoHAB events (cf. Paerl 
and Barnard 2020). Finally, long-term trends of 
increasing water clarity caused by a combination 
of reduced sediment load, invasive filter feeders, 
and changes in flow (Beck et al. 2018; Bever et al. 
2018) may alleviate light limitation of HABs, a key 
controlling mechanism for the SFB and estuary in 
our current environment (Cole and Cloern 1984; 
Cloern 1999; Lehman et al. 2013; Strong et al. 
2021). 

While the SFB and estuary are not currently 
considered nutrient limited, efforts to 
greatly reduce nutrient inputs could result in 
precipitation and flow becoming even more 
dominant drivers in the future. Knowles and 
Cronkite–Ratcliff (2018) assumed that water 
management goals and actions would remain 
the same in the face of a changing climate, but 
many management options could be implemented 
(cf. Sommer 2020). Some, such as increased use 
of gates and barriers, may have unintended 
consequences for HABs through modification 
of retention time and flow, leading back to the 
“perfect storm” scenario. While Kimmerer et al. 
(2019) found that a temporary drought barrier 
installed on the False River in 2015 did not 
contribute to HABs, a follow-on study (Hartman 
et al. 2021) that compared the drought years 2015 
and 2021 identified localized toxic Microcystis 
blooms in Franks Tract in 2021 that may be 
attributed to increased temperature and retention 
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with the installation of a temporary drought 
barrier, even though at the landscape scale the 
years with a barrier (2015, 2021) did not enhance 
HAB events relative to years without a barrier in 
place.

 Regardless of the management actions taken, 
it is improbable that HABs will decrease under 
predicted climate scenarios, although the specific 
organisms may change as optimal habitat shifts, 
and cyanoHABs in particular will be exacerbated 
in almost any scenario (Burford et al. 2020; 
Lehman et al. 2020; Paerl and Barnard 2020). 
It is difficult to predict which HAB organisms 
will be winners or losers in response to climate 
change (Wells et al. 2015; Wells and Karlson 2018). 
However, based on historical data it is clear that 
HAB organisms in the SFB and upper estuary 
generally increase with increasing total biomass 
(Lehman et al. 2008; Sutula et al. 2017). 

Case Studies from the San Francisco Estuary
Consideration of hydrology and flow must 
consider the potential effect of changing climate 
but also management decisions, such as the 
opening of the South Bay Salt Pond System. The 
Bay–Delta has been extensively modified by a 
series of dams and levees, which in conjunction 
with consistent freshwater withdrawal has led to 
significant changes in the natural hydrological 
regime of the system (NRC 2012) California’s 
San Francisco Bay Delta Estuary remains 
biologically diverse and functions as a central 
element in California’s water supply system. 
Uncertainties about the future, actions taken 
under the federal Endangered Species Act (ESA. 
Furthermore, global climatic changes have 
resulted in protracted droughts, increased surface 
temperatures, and intensified water-column 
stratification (cf. Paerl and Paul 2012; Wells et al. 
2015). These processes reduce freshwater flow, 
resulting in increased water residence times and 
opportunities for the relatively slow-growing 
cyanoHABs to outcompete faster-growing and 
generally less problematic eukaryotic algae, e.g., 
diatoms, chlorophytes, and flagellates (Paerl and 
Otten 2013). 

Successive wet and dry years in the region have 
resulted in a more nuanced understanding 
of how flow regulates Microcystis blooms. 
Extreme drought conditions in 2014 resulted in 
the highest biomass, toxin concentration, and 
longest duration of Microcystis blooms since 
its appearance in 1999 (Lehman et al. 2017). 
The bloom was correlated with extreme water 
temperatures, long residence time, elevated 
nutrients, and both low stream flow and 
reduced agricultural diversions. After 2014, 
blooms reappeared in 2015 when the drought 
had intensified, with both drier and warmer 
conditions (Lehman et al. 2018). Based on 2014, 
the expectation was that the blooms would 
be even more severe, but 2015 was at least an 
order of magnitude smaller than 2014 (Lehman 
et al. 2017) even though median water-quality 
parameters were similar between years (Lehman 
et al. 2018). In 2015, primary correlates were 
water temperature, outflow, and the distance 
landward from the Pacific Ocean where the 
bottom salinity is 2 (X2). The general conclusion 
was that the structure and function of the estuary 
was fundamentally different between years, 
with somewhat subtle changes in surface vs. 
subsurface Microcystis colonies, and shifts in the 
community assemblage (Otten et al. 2017; Lehman 
et al. 2018). 

After these successive droughts, 2017–2018 was a 
record wet year. The expectation was that high 
flow and reduced temperatures would flush the 
estuary, resulting in greatly reduced Microcystis 
biomass and toxin production. However, this 
hypothesis was rejected when Microcystis 
remained persistent even during an extreme wet 
year (Lehman et al. 2020), although it was also 
noted that the persistent blooms occurred in 
retentive or isolated parts of the estuary. Water 
temperature and the position of X2 again emerged 
as important controlling factors. Consistent with 
the discussion above, it was hypothesized that 
highly retentive backwaters and their sediments 
could be a persistent source and refuge for 
Microcystis during a high-flow year (Lehman et 
al. 2020). The overall conclusion was that once 
Microcystis and other cyanoHABs are established 
in the estuary, blooms will persist so long as other 
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limiting factors such as temperature and nutrients 
remain conducive to growth. 

A less well documented example of hydrological 
modification enhancing HABs is related to the 
reconnection of the South Bay salt ponds to the 
main circulation of the SFB (Grenier and Davis 
2010). Sampling in South Bay Salt Pond A18 during 
2006 (Thébault et al. 2008) revealed the presence 
of six phytoplankton taxa that can potentially 
cause harmful algal blooms: Alexandrium spp. 
and Karenia mikimotoi, the raphidophyte 
Chattonella marina, and cyanophytes Anabaenopsis 
spp. and Anabaena spp. Microscopic analysis of 
samples collected by USGS monitoring in 2006 
and 2008 revealed seven additional species of 
phytoplankton that, at bloom abundances in other 
shallow marine systems, have disrupted aquatic 
food webs; caused mortality of invertebrates, 
fish, and birds; or human illness. These include 
Karlodinium veneficum, Chattonella marina, and 
Heterosigma akashiwo. These organisms are 
predominantly found in the South Bay and may 
be emerging threats. There are relatively few 
observations before the opening of the salt ponds 
but analysis of the historical USGS data (Figure 3) 
strongly suggests that the sudden appearance of 
K. mikimotoi and K. veneficum shortly after the 
initiation of the South Bay Salt Pond Restoration 
Project is not coincidental. Both organisms have 
been gradually spreading throughout the South 
Bay, suggesting that the salt ponds are analogous 
to the retentive backwaters that promote the 
persistence of cyanoHABs in the estuary. Given 
the persistence of these marine HABs, it is also 
likely that, once established, these HABs will be 
a persistent part of the SFB ecosystem. Taken 
together, these unexpected outcomes highlight 
the difficulty of predicting exactly how the 
estuary will respond to short- and long-term 
climate and global change, and is an important 
reminder that future projections, while useful, 
are not infallible. 

Comparison with Chesapeake Bay
It is important examine the management actions 
and resulting trends in Chesapeake Bay as a 
comparative system for the San Francisco Bay and 
Estuary. Doubled nitrogen loadings from 1945 to 

1980 resulted in increases in total phytoplankton 
biomass and reduced water clarity, followed 
by moderate improvements after aggressive 
nutrient management was introduced in the early 
1980s (Harding et al. 2016). Nutrient reductions 
have led to increasing sensitivity to wet vs. dry 
years (Harding et al. 2015, 2016), with wet years 
generally associated with more diatom blooms. At 
the same time, salinity intrusions and warming 
are predicted to allow expansion and persistence 
of the marine HAB organisms Karlodinium and 
Prorocentrum in the Chesapeake (Li et al. 2020) 
while Microcystis persists in the freshwater 
regions, with downstream contamination of 
fish and shellfish (Bukaveckas et al. 2018), 
comparable to the SFB (Peacock et al. 2018). 
Najjar et al. (2010) generalized the expected 
effects of climate change on the Chesapeake Bay 
system and concluded that future conditions 
would be very similar to the estuary system, with 
increased heat waves and precipitation intensity, 
increased summertime stratification, increasing 
phytoplankton production, and increasing HAB 
events, but cautioned that the trajectory of these 
changes is highly variable, depending on factors 
under direct human control (such as emissions 
of CO2 and nutrient loads). In the Chesapeake, 
aggressive nutrient management, enhanced 
salinity intrusion, and increased sensitivity 
to wet and dry years amplified HAB events in 
intensity, persistence, and toxicity while shifting 
environmental conditions both spatially and 
temporally (expanding the ecological window of 
opportunity [Moore et al. 2009]). While SFB is not 
the Chesapeake Bay, the documented changes 
in that system perhaps illustrate how other mid-
latitude estuarine systems could respond. 

Kennish (2021) summarized expected changes 
in coastal and estuarine environments in 
response to climate change and included several 
relevant summary points. First, estuaries 
are disproportionately affected through the 
combination of increasing human population and 
coastal development. Second, multiple drivers can 
act synergistically with non-linear and cascading 
responses, making specific predictions difficult. 
Third, management options should focus on the 
resilience of the entire ecosystem. Wainger et al. 
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(2017) used the Chesapeake Bay as an example 
for how to improve system resilience to improve 
multiple metrics, including HABs. They concluded 
that estuarine restoration generates multiple 
ecosystem service benefits, but only a small 
fraction of them can be monetized, given lack of 
data and knowledge on how linear and non-linear 
interactions function. They caution that reliance 
on regulation of Total Maximum Daily Loads 
(TMDLs) may not result in gradual improvement 
of the system. However, TMDLs may enhance 
resilience to novel or amplified pressures—such 
as those expected from climate change—by 
reducing stress in key ecosystem components 
such as submerged aquatic vegetation and fish 
populations, leading to increased resilience 
to novel stressors. A key take-home message 
from Chesapeake Bay is that there are no 
simple solutions and there will be unexpected 
consequences, but minimizing stressors that are 
controllable at the regional level such as nutrient 
loads will have long-term tangible and intangible 
benefits, including reducing the threat of HABs. 

MANAGEMENT RESPONSES, RECOMMENDATIONS,  
AND KNOWLEDGE GAPS
Current Monitoring Efforts
Marine HABs have long been of concern in 
California, and there are numerous monitoring 
programs and regulatory guidelines in place to 
manage and mitigate deleterious consequences 
of HABs in California and more broadly in the 
US (e.g., Lewitus et al. 2012; Frolov et al. 2013; 
Kudela et al. 2015a, 2015b; Anderson et al. 2021). 
With increasing recognition that freshwater 
HABs are also a serious issue (e.g., Lehman et 
al. 2005, 2010, 2020; Fetscher et al. 2015; Brooks 
et al. 2017; Urquehart et al. 2017), Assembly Bill 
834 established a freshwater and estuarine HAB 
program (FHAB Program) through the California 
State Water Resources Control Board. The FHAB 
program has established an assessment and 
support strategy that includes three components: 
response to HAB events, field assessment 
and ambient monitoring programs, and risk 
assessment for potential HAB events (Anderson–
Abbs et al. 2016). The California State Water 
Resource Control Board emphasizes effective 

communication and meaningful participation 
by California Native American Tribes, whether 
federally recognized or not. Recently, the FHAB 
program developed a monitoring strategy that 
includes six recommended actions that the 
California State Water Boards and other federal, 
state, and local agencies, stakeholders, and the 
California Native American Tribes, who have 
sovereign jurisdiction over their waterways, 
could take to implement a statewide monitoring 
program that would complement and coordinate 
with existing statewide marine and estuarine 
HAB monitoring efforts (Smith et al. 2021a).

Within the estuary, there are nutrient 
management and research strategic plans to 
develop a long-term approach to address nutrient 
effects, including HABs, and to identify and 
fill data gaps. SFB has a nutrient management 
strategy that documents the technical studies 
required to support nutrient-management 
decisions (Feger et al. 2012), and has developed 
an organizational structure, comprising several 
committees and advisory groups of stakeholders, 
regulators, and scientists to implement the 
strategy (Smith et al. 2021a). Similarly, the Delta 
has a Nutrient Research Plan adopted by the 
Central Valley Water Board (Resolution No. 
R5-2018-0059) which highlights the data gaps 
and research and monitoring needs to address 
nutrient and related HAB issues in the Delta 
(Cooke et al. 2018). 

Management actions to address nutrient 
issues in the Delta have included regulatory 
requirements to upgrade wastewater treatment 
through National Pollutant Discharge Elimination 
System (NPDES) permits. In 2000, virtually none 
of the Delta WTPs provided nutrient removal. 
Over the past 20 years, the Delta municipalities 
have been upgrading their WTPs to provide 
advanced treatment such as tertiary filtration and 
biological nutrient removal (BNR) to meet new 
disinfection and nutrient-removal requirements 
in their NPDES permits. The Sacramento County 
Regional Sanitation District, which makes up 
about 60% of the total WTP discharge flow to the 
Delta, recently completed construction of BNR 
facilities that resulted in a substantial reduction 
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of nutrients to the Delta. The City of Stockton 
has also implemented similar upgrades to their 
WTPs to meet current NPDES requirements. 
Today 99.8% of wastewater discharged to the 
Delta is treated to remove nutrients. While all 
these efforts represent important steps forward, 
there has been a lack of coordination amongst 
the various local, state, and federal regulatory 
agencies to develop clear and consistent 
management guidelines and monitoring activities 
to address the interconnected freshwater-to-
marine continuum. 

For the estuary, considerable monitoring efforts 
already exist for HABs but are arguably not 
well coordinated. The California Department 
of Water Resources (CDWR) currently conducts 
monitoring which routinely samples many of 
the variables of interest known to influence 
cyanoHABs—including turbidity, temperature, 
and total phytoplankton biomass—but toxins are 
not routinely collected (Berg and Sutula 2015). In 
SFB, the USGS and the CDWR routinely collect 
the same environmental data (with the addition 
of nutrients) and began toxin testing for DA and 
microcystins in late 2011 (Peacock et al. 2018). 
The CDWR also routinely monitors nutrients in 
the system. The San Francisco Estuary Institute 
(estuaryI) has attempted to provide a broader, 
freshwater-to-marine perspective, primarily 
through a series of special projects as part of 
the San Francisco Bay Nutrient Management 
Strategy. This has included support for the USGS 
toxin sampling, method development using 
new monitoring tools such as the Imaging Flow 
CytoBot (IFCB; Cloern 2018) and molecular 
methods (Otten et al. 2017), and the development 
of a California-wide satellite remote sensing 
tool for cyanoHABs in collaboration with NOAA 
and California State Water Boards as part of 
the Freshwater Harmful Algal Bloom Program 
(https://fhab.sfei.org/). Numerous short-term 
research projects funded by multiple agencies 
and programs also focus on HABs in the region. 
This includes multiple regional monitoring 
programs in both the SFB and Sacramento–San 
Joaquin Delta (SFB Regional Monitoring Program, 
Delta Regional Monitoring Program, Interagency 
Ecological Program, Delta Science Program) that 

include a HAB component; however, most of these 
efforts are uncoordinated and lack appropriate 
funding to produce long-term data sets. The 
challenge remains to integrate these disparate 
monitoring efforts into a coordinated action plan 
with an associated cohesive and comprehensive 
monitoring approach to HABs. 

Mitigation Strategies
Mitigation of HABs is a primary goal for multiple 
agencies, including NOAA, which has an active 
program focused on Prevention, Control, and 
Mitigation of HABs (PCMHAB; Fed Regist 2009). 
There are also several excellent reviews of 
mitigation strategies for both freshwater and 
marine HABs (e.g., Paerl et al. 2016; Huisman 
et al. 2018; Sellner et al. 2018; Pal et al. 2020). 
Methods can be broadly divided into physical 
(flocculation, mixing, harvesting), chemical 
(e.g., copper, barley straw, hydrogen peroxide), 
and biological (e.g., macroalgae, introduced 
grazers, bacteria, and viruses) control for both 
freshwater and marine blooms (Huisman et al. 
2018; Kidwell 2015). All of these methods have 
been used successfully in some environments 
(typically small lakes; Huisman et al. 2018) but 
are very much location-specific. For the estuary, 
most of these methods are impractical given 
the size of the estuary and the cost associated 
with implementation, except for targeted sites 
such as Discovery Bay and the Stockton Basin, 
where increased physical mixing or reductions 
in retention time could reduce these chronically 
toxic regions (Figure 5B). 

Beyond these targeted remediation strategies, two 
successful examples of mitigating HABs include 
the Chesapeake, where aggressive nutrient 
reduction and estuarine restoration appear to be 
viable (see Comparison with Chesapeake Bay) 
and the Great Lakes, where a combination of 
reductions in total N and P (Steffen et al. 2014; 
Paerl et al. 2020) and effective monitoring and 
forecasting through the use of satellite remote 
sensing and hydrological models (Stumpf et al. 
2016) have also proven useful. In both cases, 
the most effective long-term solution focused 
on reducing nutrient loads as the most tractable 
for mitigation of an entire ecosystem. Nutrient 
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reduction is already ongoing in the estuary (see 
“Salinity and Temperature”). Thus, a long-term 
strategy may be to monitor and manage the 
overall eutrophic status of the estuary ecosystem, 
particularly through the lens of nutrient loads 
(Cloern et al. 2020) since this is one driver that 
can be regulated by human activity at a regional 
scale.

On shorter time-frames, development of an 
integrated monitoring and forecasting system 
is possible but does not yet exist for the estuary. 
Immediately offshore, the California Harmful 
Algae Risk Mapping system (C-HARM; Anderson 
et al. 2016) successfully forecasts DA risk but has 
not been downscaled to the SFB. The EPA also 
supports the Cyanobacteria Assessment Network 
(CyAN; see also the California CyanoHAB Network 
of the California Water Quality Monitoring 
Council; https://mywaterquality.ca.gov/habs/
data_viewer/), which provides satellite remote 
sensing data of cyanobacterial biomass for the 
contiguous United States inland waters, but large 
parts of the estuary are not applicable given the 
spatial resolution and the physical structure of 
the river and channel network (Schaeffer et al. 
2020). The estuary is data-rich (Davis et al. 2006; 
Trowbridge et al. 2016), and there are examples of 
data frameworks that would support integration 
of HABs into water-quality forecasts (e.g., the 
USGS Next Generation Water Observing System; 
Eberts et al. 2019). Examples also exist where 
observational data are combined with new 
statistical methods to produce risk assessments 
(Myer et al. 2021; Beck et al. 2022); these tools 
could be developed for the estuary focusing 
specifically on HABs if coordination and funding 
were sufficient to implement such a strategy. 

Management Recommendations
A variety of recommendations, plans, and 
strategies directly or indirectly provide 
guidance for a comprehensive HAB program 
that are applicable to the estuary system (Berg 
and Sutula 2015; Anderson–Abbs et al. 2016; 
Holleman et al. 2017; Paerl et al. 2018; Smith 
et al. 2021a, 2021b; Howard et al. 2022). The 
FHAB Program Monitoring Strategy makes clear 
recommendations at the state level (Figure 7; 

Smith et al. 2021a). The statewide approach 
(Figure 7) has several components, including 
ambient monitoring, incident response, 
special studies (shown in green), monitoring 
partners (shown in blue), and infrastructure 
to support the program (shown in gray). These 
components produce monitoring products that 
include predictive models; assessment of status, 
trends and drivers; and data for public health 
protection, all of which inform management 
decisions and actions to protect beneficial uses 
of water (recreation, fish consumption, aquatic 
life, drinking water, and Tribal uses). The six 
main recommendations of the FHAB Monitoring 
Strategy include (1) developing and implementing 
coordinated partner monitoring, (2) strengthening 
the remote sensing program, (3) implementing 
field surveys to protect human health, (4) 
conducting focused assessments of HAB drivers, 
(5) strengthening and continuing bloom event 
response program, and (6) integrating HAB 
monitoring elements into California State 
Water Board programs, permits, and policies. 
Of relevance to the estuary system are the 
coordinated partner monitoring, remote sensing 
program, focused assessments, and field survey 
recommendations, as well as the monitoring 
products and management actions. The goal of 
coordinated partner monitoring is to promote and 
support local-level monitoring efforts to leverage 
the limited resources available and to establish 
a shared monitoring framework. The partners 
can be California Native American Tribes, local 
health departments, parks and recreational 
organizations, drinking water agencies, 
waterbody managers, scientific non-governmental 
organizations, and science groups. HAB status, 
trends and drivers, and predictive models of HAB 
occurrence and drivers collectively will produce 
assessments of freshwater HABs and field 
information to protect public health and inform 
management actions (Smith et al. 2021a). 

Paerl et al. (2018) introduced recommendations 
for a holistic approach to mitigate HAB 
expansion across the freshwater-to-marine 
continuum. Most HAB monitoring programs 
are not designed to capture the transfer of HAB 
organisms and toxins because they generally 
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focus on a single waterbody or a few waterbodies 
within the larger watershed or ecosystem. 
Management and mitigation strategies need to 
focus holistically on the watershed, be inclusive 
of all hydrologically interconnected waterways, 
and treat the freshwater-to-marine continuum 
as one interconnected system (Paerl et al. 2018). 
Additionally, Paerl et al. (2018) emphasized the 
need to reduce both N and P inputs for long-
term mitigation of HABs, and that mitigation 
efforts downstream will be unsuccessful without 
coordinated efforts upstream. This is relevant to 
the estuary system because most of the programs 
described above are uncoordinated, yet there is 
a clear hydrologic connectivity between SFB and 
the Delta. Monitoring and management efforts 
have not been applied to the whole interconnected 
system, but rather to artificial boundaries that 
reflect organizational, jurisdictional, or perceived 
ecological boundaries or funding sources. Howard 
et al. (2022) built upon the Paerl et al. (2018) 
concepts and guidance, and developed more 
detailed recommendations for HAB monitoring 
across the freshwater-to-marine continuum to 

inform management and mitigation strategies, 
and to address the physical and hydrological 
challenges encountered across the freshwater-to-
marine continuum. 

Three overarching recommendations emerge 
from this analysis which can be tiered from 
short- to long-term goals: (1) a combination of 
sample types and matrices should be employed 
to effectively monitor HAB toxin dynamics and 
transport across the watershed, (2) multiple 
toxins should be routinely monitored from these 
samples, and cyanotoxins should be included in 
estuarine and marine monitoring efforts. (3) HAB 
monitoring should be coordinated and cohesive 
across hydrologically interconnected waterbodies, 
and should cross organizational and political 
boundaries and jurisdictions. 

Traditional HAB monitoring programs rely on 
grab samples, which severely underestimate 
ephemeral or episodic events; when those 
data are compared to more comprehensive or 
integrated sampling, HABs and toxins can be 

Figure 7 Proposed freshwater HAB management strategy for the State of California. Adapted from Smith et al. 2021a
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perceived to be rarely present when they are 
ubiquitous (Fetscher et al. 2015; Peacock et al. 
2018; Tatters et al. 2019, 2021). One cost-effective 
method that has been employed in both the 
SFB and more recently the upper estuary is the 
use of passive samplers such as Solid Phase 
Adsorption Toxin Tracking, or SPATT (Mioni et 
al. 2012; Kudela 2017; Peacock et al. 2018). SPATT 
has proven particularly useful as a complement 
to traditional grab samples because it provides 
an integrative measurement of the presence 
of toxins that grab samples cannot. SPATT 
deployed in areas that otherwise would be under-
sampled (as because of resource limitations, 
difficult access, hydrological challenges, or 
other reasons) significantly expands HAB toxin 
surveillance (Gibble and Kudela 2014; Howard et 
al. 2017; Peacock et al. 2018; Tatters et al. 2019). A 
significant barrier to broader adoption of SPATT 
and other passive samplers is that the data are 
not directly comparable to grab samples, and 
therefore cannot easily be used for regulatory 
thresholds (Kudela 2017). While efforts are 
underway to calibrate passive samplers (e.g., 
D’Angelo 2019; Yao et al. 2019; Wang et al. 2022), 
technical hurdles remain, and it would be more 
effective to use multiple sampling modalities.

It is now accepted that multiple toxins exist 
throughout the freshwater-to-marine continuum. 
Many cyanobacteria species can produce one 
or more toxins (cf. Berg and Sutula, 2015), 
resulting in mixtures of different cyanotoxins 
and metabolites, many of which are not fully 
documented but which may result in deleterious 
effects (Otten et al. 2017). The frequency of 
co-occurrence of cyanotoxins is not well defined 
since the number of comprehensive toxin surveys 
that measure multiple cyanotoxins are still 
limited; even fewer studies look for the presence 
of freshwater and marine toxins (Peacock et al. 
2018; Tatters et al. 2019, 2021). 

The lack of comprehensive and coordinated 
monitoring is not unique to this system, and 
better coordination would benefit multiple 
programs and goals focused on beneficial use 
and water quality. This first recommendation 
requires multiple agencies and organizations to 

work together using the same standard operating 
procedures and quality assurance plans. 

Second, a tiered monitoring program could be 
implemented by combining satellite remote 
sensing (Zhang et al. 2015; Urquhart et al. 2017) 
to monitor status and trends synoptically with 
deployment of passive samplers (Mioni et al. 2012; 
Kudela 2017; Peacock et al. 2018) at key locations, 
and traditional grab sampling for regulatory 
purposes to inform management action. A 
significant advantage of this approach is that 
the combination of remote sensing and passive 
sampling is ideal for development of historical 
trends and predictive models (Kudela 2011; Kudela 
et al. 2015a; Schaeffer and Myer 2020).

Based on the above strategies and publications, 
there are three management recommendations 
for the estuary:

1. Develop a comprehensive HAB monitoring and 
management strategy for the estuary ecosystem. The 
strategy should include shared science and 
management goals and should be based on 
the relevant strategies and recommendations 
provided from other sources. First, HAB 
monitoring should be holistically coordinated 
throughout the estuary ecosystem to 
characterize one interconnected system. 
This coordinated approach should include 
multiple organizations and partners to 
leverage all available resources in the estuary. 
Second, multiple approaches that include a 
combination of in situ sampling with satellite-
based remote sensing should be included to 
provide a comprehensive picture of HABs and 
toxins. The in situ sampling should include 
multiple sample types and measurements to 
characterize effects on beneficial uses such 
as recreational contact and harvesting for 
human consumption. Third, multiple toxins 
should be measured and should include 
all relevant and potential toxins present 
(Table 1), including both marine toxins and 
cyanotoxins.

2. Both short and long-term management and mitigation 
approaches should be developed. Shorter-term 
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mitigation approaches and technologies 
should be developed and should be the 
focus of future funding efforts. These 
short-term mitigation approaches can help 
alleviate annual hotspots such as Stockton 
and Discovery Bay. Additionally, federal 
and state regulatory agencies such as the 
U.S. Fish and Wildlife Service and the 
California Department of Fish and Wildlife 
should be included in this effort to identify 
additional information or special studies 
needed to develop a permitting approach for 
successful implementation of these mitigation 
approaches. To inform management actions, 
appropriate long-term approaches to mitigate 
HABs include the reduction of both N and P 
as well as implementation of a coordinated 
monitoring program that can provide a 
comprehensive data set across the freshwater-
to-marine continuum. The reduction of 
nutrient loads from WWTPs is likely the most 
effective long-term mitigation strategy for SFB 
given the clear linkage between increasing 
biomass and increasing HABs (Sutula et al. 
2017), while nutrient reductions from multiple 
loading sources may be necessary for the 
upper estuary (Sutula et al. 2017; Cloern et 
al. 2020; Saleh and Domagalski, 2021). While 
a nutrient mitigation strategy would not be 
cost-effective for HABs alone, reduction in 
the potential for increased HAB events is 
certainly one potential positive outcome. 

3. Water quality objectives and health standards should 
be developed for toxins that are not well regulated, 
and for exposure to multiple toxins. While some 
federal water-quality criteria and guidance 
exist (Table 2), there is a lack of regulatory 
standards and objectives for multiple routes 
of exposure of cyanotoxins (see Regulatory 
Monitoring and Guidance). In addition, 
all existing water-quality criteria and 
thresholds are based on exposure to a single 
toxin; however, multiple toxins have been 
documented in SFB (Peacock et al. 2018), 
while there is a lack of observational data 
on multiple toxins in the upper estuary. 
Given the lack of observational data, it is not 
surprising that the effect of simultaneous 

exposure to multiple toxins is also poorly 
documented. While the effects may be 
additive given that disparate toxins have 
differing modes of action, there is growing 
evidence that combinations of toxins can be 
more intense than exposure to individual 
toxins. For example, Chia et al. (2019) 
demonstrated that exposure to microcystins 
and anatoxin-a simultaneously exerts a 
strong selective pressure on phytoplankton 
community composition, promoting or 
inhibiting chlorophytes vs. cyanobacteria. 
Alarcan et al. (2018) similarly reported that 
marine lipophilic toxins in combination 
can have both synergistic and antagonistic 
effects but are poorly defined. For marine 
toxins common to SFB, studies suggest no or 
unknown synergistic effects for simultaneous 
exposure to DA and brevetoxin in bottlenose 
dolphins (Fire et al. 2011) or brevetoxins, 
okadaic acid, and saxitoxin in manatees and 
turtles (Capper et al. 2013). The combined 
effect, even if not synergistic, likely results 
in a reduction in marine mammal fitness 
through immunosuppression (Capper et 
al. 2013). Of additional concern are the 
unknown effects of simultaneous exposure to 
cyanotoxins and phycotoxins in the presence 
of microplastics, heavy metals, and pesticides 
(Metcalf and Codd 2020). There is a clear need 
for controlled studies to understand how these 
stressors interact, if at all; however, from a 
monitoring and management perspective, 
a simple first step is to routinely assess or 
monitor for the presence of multiple stressors 
and use the data to develop appropriate 
health-based thresholds for multiple toxin and 
stressor exposure for humans and wildlife.

Knowledge Gaps 
There are multiple knowledge gaps in our 
understanding of HABs globally (e.g., Burford et 
al. 2020; Wells et al. 2015, 2020). There are also 
several critical gaps for the estuary specifically. 
First and foremost, there is a lack of consistent 
monitoring of both phytoplankton and toxins. 
While phytoplankton have been regularly 
quantified by several agencies (including USGS 
and IEP), underlying technical issues with how 
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the counts were completed introduce undesirable 
uncertainty in the historical data sets. Second, 
the fate and transfer of toxins within the airshed, 
watershed, and food web are largely unknown, 
leading to large gaps in our understanding of 
potential exposure routes and effects on both 
the ecosystem and humans. This is particularly 
important for this system if we consider the 
estuary as a freshwater-to-marine continuum, 
with effects and consequences for nutrient 
loading or toxicity, for example, often far removed 
from source locations. This is exacerbated by 
the fractionated and overlapping interests of 
the various regulatory and monitoring agencies. 
There are also clear opportunities. The estuary 
has numerous monitoring programs and a 
wealth of historical and current environmental 
data. New tools are being developed regionally 
and nationally with clear potential application 
to the estuary ecosystem. The number one 
priority should be to effectively integrate these 
programs to create an effective monitoring and 
forecasting system that will inform decision-
making now and into the future. Specific gaps 
and recommendations for addressing these needs 
include the following.

• There is a lack of data on the presence of 
multiple toxins and the implications of 
exposure to a suite of toxins. Consistently 
monitor for multiple toxin classes using 
a variety of sampling modalities and 
characterize the threat of chronic and acute 
toxin exposure to both animals and humans 
throughout the food web.

• There is conflicting evidence on how the 
food web (particularly the microbial web 
and grazers) will respond on short vs. long 
(evolutionary) time-scales to the presence of 
toxic algae. More experimental work needs to 
incorporate the potential for co-evolution. 

• Long-term mitigation strategies include 
hydrological modification and reduction 
in nutrients, but it is not clear that our 
ability to predict environmental responses 
(e.g., Lehman et al. 2017; Kimmerer et al. 
2019) is acceptable. Care should be taken 

in extrapolating past events to the future 
without better understanding of how these 
environmental drivers modulate HABs in the 
system.

• For the most part, HAB abundance models 
spanning the freshwater-to-marine continuum 
(Paerl et al. 2018) are lacking, as are 
watershed-scale models that focus on HABs. 
Nonetheless, it may be possible to leverage 
recent federal initiatives such as the NOAA 
Water Initiative and the USGS Next Generation 
Water Observing System to facilitate advances 
in this area. 

• To improve predictability on short- and 
long-term time-scales, we require both 
observational data and additional lab and 
field experimentation, particularly for HAB 
organisms other than Microcystis, to inform 
mechanistic models that can be used with 
downscaled climate predictions to anticipate 
threats and identify potential mitigation 
strategies. 

• These same research studies and models 
should holistically evaluate and quantify the 
magnitude of nutrient reduction required 
to limit HAB occurrence and severity in the 
estuary, and the potential effects to beneficial 
phytoplankton and resulting community 
composition in response to nutrient 
reductions. 

SUMMARY AND CONCLUSIONS
SFB and the upper estuary have historically been 
resistant to acute HAB events, but this resistance 
is weakening (Sutula et al. 2017; Lehman et al. 
2020). While HABs have not been a focus of 
most monitoring and management programs 
in the region, it is now clear that there is a wide 
array of marine and freshwater HABs in the 
region that are realized threats today and act as 
potential threats in the future. Under current 
conditions, HABs in both freshwater and marine 
ends of the system are strongly influenced by 
temperature, salinity, and irradiance, as well 
as circulation (residence time), all of which 
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are changing rapidly. As these changes occur, 
nutrient concentration and form may become an 
increasingly important drivers; with the expected 
nutrient reductions associated with upgrades to 
the regional WTPs, nutrient forms and limiting 
nutrient concentrations, in particular, may 
become increasingly important as drivers of 
physiological response (e.g., toxin production) and 
community composition. Successfully predicting 
how HABs will respond to climate change and 
global change is complicated, particularly given 
the very limited number of modeling studies that 
specifically address HABs (Ralston and Moore 
2020). Despite the current lack of quantitative 
predictability, HABs will remain an important 
part of the estuary system and are likely to 
increase in frequency, intensity, and duration. 
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