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ABSTRACT 
Cyanobacterial phytoplankton blooms are 
more prevalent in the freshwater Sacramento-
San Joaquin Delta (Delta) since the late 1990s, 
including blooms driven by overgrowths of 
potentially toxigenic organisms of the genus 
Microcystis. Data from 2014 to 2021 were used to 
show how flow dynamics, water temperature, and 
water clarity drive occurrence of Microcystis. We 
used a Microcystis bloom in the central Delta from 
2021 as a case study for how novel monitoring 
tools can track blooms in real-time and be used 
post hoc to evaluate the effects of management 
actions. 

Microcystis was detected throughout the Delta 
in all but the highest-flow years, and bloom 
incidence and severity increased during drier 
years. In the South Delta, Franks Tract, lower 

San Joaquin River, and Old River regions, 
where blooms are most prevalent, higher water 
temperatures and clarities, combined with 
lower exports from state and federal water 
projects, were the best explanatory factors for 
the occurrence of Microcystis blooms. Nutrient 
concentrations were lower in summer than in 
winter, but only became potentially limiting at 
high phytoplankton concentrations. 

We used satellite data and in situ continuous 
monitoring of flow, phytoplankton communities, 
and water quality to track hydro-biogeochemical 
conditions during the 2021 case study Microcystis 
bloom in the Central Delta. We did not find 
evidence that changes to Delta outflow regulatory 
standards contributed to this bloom, but changes 
in flow caused by a salinity barrier placed in 
west False River may have exacerbated the 
bloom. The frequency and severity of droughts 
are expected to increase in the future as a result 
of climate change, and our study demonstrates 
how continued monitoring of cyanotoxins, water 
quality, and phytoplankton communities could 
help improve management of cyanobacterial 
blooms in the Delta and other estuaries.
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INTRODUCTION
Communities of phytoplankton and cyanobacteria 
(blue-green algae) drive primary productivity in 
aquatic ecosystems worldwide, yet overgrowths 
of certain toxigenic species can form harmful 
algal blooms (HABs) that pose health risks to the 
humans and other organisms that inhabit these 
ecosystems (Banerjee et al. 2021; Chorus and 
Welker 2021). While saltwater HABs are generally 
caused by eukaryotic algae, predominantly 
freshwater regions typically experience HABs 
caused by cyanobacteria (cyanoHABs). Estuaries, 
a dynamic continuum of saline, brackish, and 
freshwater environments, can experience both 
types of HABs, and the increased frequency 
with which they occur is a growing concern for 
resource managers worldwide (Plaas and Paerl 
2021; Zepernick et al. 2022). 

CyanoHABs have occurred in the upper reaches 
of the San Francisco Estuary (the estuary) 
and the Sacramento-San Joaquin Delta (Delta) 
of California since the late 1990s (Hayes and 
Waller 1999), although Microcystis was reported 
in the San Joaquin River as early as 1913 and 
possibly earlier (Allen 1920). These blooms were 
described as having a green-flake appearance 
near the surface of the water, and later studies 
found them to comprise a mix of different 
taxa: Aphanizomenon spp., Microcystis spp., 
Dolichospermum (formerly Anabaena) spp., 
Planktothrix spp., and Pseudanabaena spp. 
(Lehman et al. 2010; Mioni et al. 2012). Most 
research in the Delta to date, however, has 
focused on Microcystis as the most visually 
apparent taxon and one that is most frequently 
tied to the production of toxins (Wilhelm et al. 
2020). We will also focus on Microcystis in this 
paper, except when our monitoring tools do not 
allow us to distinguish between taxa.

The Delta is a hub for California water 
management (major rivers, landmarks, water- 
management facilities, and regional divisions 
used in this paper are shown in Figure 1). Water is 
regulated through many water rights, contracts, 
and environmental regulations (as discussed 
in Durand et al. 2020; Sommer 2020). However, 
California’s Mediterranean climate, with cool, wet 

winters and hot, dry summers, plus high inter-
annual variation, complicates efforts of water 
managers to meet all water needs during Dry 
years. Consequences of extreme Dry years for the 
Delta include declines in many native fish species, 
increased temperatures, increased nutrients, 
decreased turbidity, decreased freshwater inflow, 
and salinity intrusion (Bosworth et al., this issue; 
Hartman, Stumpner et al., this issue). Preserving 
water quality in the Delta during these conditions 
often requires large-scale management actions, 
including changing operation of water-control 
structures, diversions, and export pumps; 
installing salinity barriers; facilitating water-
market exchanges; increasing salmon-hatchery 
production and trucking juvenile hatchery 
salmon downstream; and mandating urban water 
conservation. 

Resource managers in California are increasingly 
concerned over cyanoHABs in the Delta (Brown 
et al. 2016; Cloern et al. 2020; Kudela et al. 2023) 
because water diversions from this region provide 
nearly 27 million people in the state with drinking 
water, and irrigate 3 million acres of farmland 
(Durand et al. 2020). The flow of water in the Delta 
is heavily managed from upstream dam releases, 
within-Delta barriers, and strict controls on the 
timing and magnitude of water exports pumped 
from the Central Valley Project (CVP) and State 
Water Project (SWP) from the Delta (Moyle et al. 
2018). The exported water is used for drinking 
and agricultural uses in the San Joaquin Valley 
and southern California. While research studies 
on the occurrence and drivers of cyanoHABs 
have increased since their discovery in the Delta, 
a landscape-scale understanding of what drives 
cyanoHAB formation has not been achieved. 

Drivers of Microcystis
Research before 2023 has identified several 
drivers considered important in bloom formation 
(Figure 2). CyanoHABs are controlled primarily 
by light, temperature, and nutrients, which limit 
their growth rates, and by water-movement 
processes that transport them out of the Delta 
(Reynolds 1987; Paerl and Huisman 2008; Berg 
and Sutula 2015; Boesch 2019). Environmental 
conditions favoring the formation of cyanoHABs  
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in general, and Microcystis blooms in particular, 
include calm and stratified water, warm water 
temperatures, high availability of light, and 
an ample supply of nutrients ( Paerl et al. 2011; 
Huber et al. 2012; Lehman et al. 2013; Lehman 
et al. 2018). Water temperature above 19 °C was 
considered a threshold for Microcystis detections 
in the Delta by Lehman et al. (2013). This 
temperature is often first exceeded in late spring, 
and water temperatures exceed 19 °C in the Delta 
throughout the summer months. Daytime water 
temperatures measured by long-term monitoring 
surveys have been increasing through time, 
though rates and amounts of increase vary 

regionally and seasonally (Bashevkin et al. 2022a). 
Low light caused by high turbidity is thought 
to limit phytoplankton growth in the estuary 
in general (Jassby et al. 2002), with Microcystis 
being particularly reliant on high light conditions 
(Wu et al. 2009; Berg and Sutula 2015; Hellweger 
et al. 2022). However, turbidity in the Delta has 
been declining through time (Schoellhamer 
2011), creating a more hospitable environment 
for Microcystis. Nutrients are seldom limiting in 
the Delta (Jassby et al. 2002; Kraus et al. 2017; 
Cloern 2019); however, nitrogen can be depleted 
during large blooms (Wilhelm et al. 2020), and the 
ratio of nitrogen to phosphorus and the form of 

Figure 1  Maps showing the regions of the Delta used in this paper and monitoring stations used for (A) Microcystis visual index ratings and (B) nutrient 
and water-quality data along with major cities, the Emergency Drought Barrier (Barrier), and major flow parameters (Sacramento River inflow, San Joaquin 
River inflow, Delta outflow, and Central Valley Project (CVP) and State Water Project (SWP) exports).
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nitrogen present (ammonium vs. nitrate) are also 
believed to favor some phytoplankton taxa over 
others (Dahm et al. 2016; Glibert et al. 2016; Wan 
et al. 2019). 

The more time available for cyanobacteria to 
grow and divide before being transported out of 
a system, the more likely they are to develop into 
a cyanoHAB. Changes in water residence time—
the time a parcel of water remains in a given 
area (Monsen et al. 2002)—can therefore strongly 
influence bloom development (Bricker et al. 2008). 
Water residence time in the Delta is controlled by 
the combined interaction of tidal action, inflows, 
diversions, and physical characteristics of the 
Delta (Downing et al. 2016; Hammock et al. 2019). 
For simplicity, our conceptual model (Figure 2) 
represents all these hydrologic variables with 
the term “water movement.” On the larger 
scale, inflows dominate inter- and intra-annual 
differences in residence time, with major floods 
greatly reducing water residence time during 
the winter and spring months. Decreased flow 
typically occurs during July through September, 
which coincides with the occurrence of Microcystis 
blooms in the Delta (Lehman et al. 2013, 2018, 
2022; Spier et al. 2013).

Here, we evaluate the effects of hydrologic 
variability (i.e., between dry and wet years) and 
water-management actions on the abundance of 
Microcystis in the Delta and apply our conceptual 
model (Figure 2) to a particular case study of 
drought management actions: the summer of 2021.

Case Study—Summer of 2021
While the conceptual model presented above 
provides some basis for predicting when Microcystis 
blooms will occur, predicting how these drivers 
will influence bloom development in the Delta 
during any particular year is still difficult. 
The problem becomes compounded when 
management actions occur only during Dry years 
when conditions are already highly favorable for 
bloom development. We present a case study of 
management actions and Microcystis blooms that 
occurred during the summer of 2021 to illustrate 
the difficulty in extracting the influence of 
management actions from other drivers. 

Water year 2021 was the driest water year 
recorded in California since 1977, and 2021 
followed the Dry year of 2020, meaning upstream 
reservoirs were already low. The unprecedented 
dry conditions required two major changes to 
water management that could have affected 
occurrence of cyanoHABs in the Delta. First, 
the State Water Resource Control Board granted 
a Temporary Urgency Change Order (TUCO) 
(SWRCB 2021) by allowing a relaxation of 
standards that the Water Rights Decision D-1641 
(SWRCB 2021) required for the State Water Project 
(SWP) and Central Valley Project (CVP). TUCOs 
have been granted in the past in other Dry years, 
but each order has been unique and based on the 
unique hydrologic context. The 2021 TUCO had 
the following provisions:

•	 For June 1 through June 30, reduce the 
required minimum 14-day, running-average 
Delta outflow from 4,000 to 3,000 cubic feet per 
second (ft 3 s – 1) (from 113.3 to 85.0 m 3 s – 1).

•	 For July 1 through July 31, reduce the required 
minimum monthly average Delta outflow 
from 4,000 to 3,000 ft 3 s – 1 (from 113.3 to 
85.0 m 3 s – 1), with a 7-day running average of 
no less than 2,000 ft 3 s – 1 (56.6  m 3 s – 1).

•	 For June 1 through July 31, limit the combined 
maximum export rate to no greater than 1,500 
ft 3 s – 1 (42.5 m 3 s – 1) when Delta outflow is 
below 4,000 ft 3 s – 1 (113.3  m 3 s – 1).

Both decreased Delta outflow and decreased 
exports can increase water residence time in 
the South Delta and Franks Tract/Old-Middle 
River (OMR) regions (Figure 1), and increased 
water residence time is one of the major 
drivers hypothesized to increase Microcystis 
blooms (Lehman et al. 2022). Therefore, it was 
hypothesized that the TUCO might increase 
Microcystis blooms. 

The second major action in response to the 2021 
drought was the installation of an Emergency 
Drought Salinity Barrier in west False River (see 
Figure 1). The 2021 barrier was a temporary 
physical rock fill barrier that reduced the 
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intrusion of high-salinity water into the Franks 
Tract/OMR and South Delta regions. The barrier 
was installed in June of 2021 and was removed in 
October 2022. The barrier hydrologically closed 
west False River between Franks Tract and the 
San Joaquin River (Figure 1) and was structurally 
similar to the barrier installed in the same 
location in 2015.

Our research questions are as follows: 

•	 How do Microcystis blooms vary across time 
and space in the Delta?

•	 What are the major drivers of Microcystis 
blooms in the Delta?

•	 Can we apply our knowledge of Microcystis 
drivers to assess how the water management 
actions that occurred in summer of 2021 
affected Microcystis?

We use the example of HABs seen in the Franks 
Tract/OMR Region in the summer of 2021 to show 

how different monitoring tools can be used to track 
the course of a cyanobacterial bloom and be used 
to assess the effects of these management actions.

METHODS
Drivers of Microcystis Analyzed from Visual Index 
Ratings
Most monitoring surveys that collect data on 
water quality and fisheries in the Delta also 
collect visual observations of Microcystis and 
other visually detectable algal blooms. Because 
Microcystis colonies are relatively easy to 
identify visually in the field, this visual ranking 
(Microcystis visual index rating) gives a general 
idea of when and where the most common 
harmful cyanobacteria in the Delta occur 
(Figure 3). While lacking quantitative rigor, these 
visual index ratings provide a spatially broad  
and temporally intense picture of patterns of 
and temporally intense picture of patterns of 
Microcystis in the Delta that allow us to explore 
the relations between Microcystis blooms and 
environmental drivers.
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Figure 2  Conceptual model of factors hypothesized to trigger harmful algal blooms in the Delta and the effect of cyanoHABs on water quality in the Delta
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Depending on the program that collects data, a 
visual index rating is taken either after a surface-
water sample is brought on board a research 
vessel in a bucket, or when observers view surface 
water over the side of the boat. The Microcystis 
concentration is rated on a scale of 1 through 5, 
with 1 meaning “absent” and 5 meaning “very 
high” (Flynn et al. 2022). Visual index ratings 
were completed simultaneously with collections 
of data on water temperature, Secchi depth (as a 
measure of water clarity), and other water-quality 
parameters.

Visual assessment data came from four surveys: 
the Environmental Monitoring Program (EMP) 
conducted jointly by the California Department 
of Water Resources (CDWR), the California 
Department of Fish and Wildlife (CDFW), and 
the US Bureau of Reclamation (Reclamation); 
the Fall Midwater Trawl and Summer Townet 
surveys conducted by CDFW; and the South 
Delta monitoring program conducted by the 
North Central Region Office at CDWR. These 
data were subset to include only observations 
made during the summer and fall (June through 
October), because this is the time-frame during 
which cyanoHABs usually occur. Datasets were 
also subset to include only observations in the 
regions outlined in Figure 1. Total observations 
varied by region of the Delta and years, but 
ranged from 360 to 1,372 data points per 
summer (Table 1). For more information about 
the surveys and their data collection methods, 
refer to the Supplemental Information and 
the integrated IEP Discrete Water Quality data 

publication on the Environmental Data Initiative 
repository (https://portal.edirepository.org/nis/
mapbrowse?packageid=edi.731.5; (Bashevkin et al. 
2022b). 

Microcystis visual data were categorized for this 
analysis using a three-point scale to account for 
scale subjectivity. Values of 1 were re-coded as 
“absent,” values of 2 or 3 as “low,” and values of 
4 or 5 as “high.” First, the annual pattern in the 
incidence of Microcystis among years across the 
entire Delta was assessed for 2014–2021. These 
years were chosen because they include the bulk 
of the available data, encompass the most recent 
two droughts, and include 2 years with emergency 
drought barriers. Then, the data were subset 
into regions (as defined in Figure 1) to determine 
whether any region had a disproportionately 
large change in Microcystis levels. Regions where 
frequency of Microcystis observations were 
particularly high received additional analysis. 

The probability of having a high or low Microcystis 
visual index rating among water-year types were 
analyzed by fitting an ordinal model to the data 
using a Bayesian cumulative class ordinal model 
(Bürkner and Vuorre 2019) in the 'brms' R package 
(Bürkner 2017; Bürkner 2018). This model allowed 
us to assess the probability of three ranked 
ordinal classes (absent, low, and high Microcystis 
rating) against a variety of fixed and random 
predictor variables. Data were pre-processed 
to calculate the maximum Microcystis rating 
from each region and month from June through 

Figure 3  Scale for Microcystis visual index ratings used by monitoring programs in the Delta (Flynn et al. 2022)

https://portal.edirepository.org/nis/mapbrowse?packageid=edi.731.5
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October for all years in the dataset. With these 
data, the probability of observing a Microcystis 
rating of absent, low, or high was modeled using 
water-year type and region as fixed effects, with 
a random intercept for station. Model code is 
provided in the Supplementary Information.

To assess the effect of change in Delta outflow, 
SWP and CVP exports, Secchi depth, and water 
temperature on the probability of detection of 
Microcystis in visual index rating surveys, the data 
were subset to the lower Sacramento River, lower 
San Joaquin River, Franks Tract/OMR, and South 
Delta regions. These regions have historically had 
higher cyanobacterial abundances than northern 
and western regions of the Delta (Lehman et al. 
2005; Lehman et al. 2008; Mioni et al. 2012). Daily 
Delta outflow, San Joaquin River inflow, and SWP 
and CVP export data were compiled from CDWR’s 
Dayflow model for the period 2014–2021 (CDWR 
2002; CDWR 2022a). In the process of choosing 
predictor variables, we tested for high degrees 
of correlation between all variables, and found 
that San Joaquin River inflow and Delta outflow 
were too highly correlated (Pearson’s correlation 
coefficient of 0.82) to include in the model, so we 

used only Delta outflow, because changes to Delta 
outflow were included in the TUCO. Sacramento 
River inflow does not substantially influence 
water residence time in the South Delta and was 
not included as an explanatory variable in the 
final regression model (Hammock et al. 2019). 
Bayesian ordinal regressions were run on the 
probability of observing “absent,” “low,” or “high” 
Microcystis (response variables) as a function of 
Delta outflow, exports, Secchi depth, and water 
temperature at time of observation (predictor 
variables). Year (as a factor) and day of year were 
included as random-effect variables. Nutrient 
concentrations were not included in the model 
because nutrients are consumed during a bloom 
and thus are poorly correlated with Microcystis 
occurrence. All predictor variables were tested 
for collinearity before the model was run, 
and all predictor variables were normalized 
by subtracting the mean and dividing by the 
standard deviation. The regression was run using 
the brm function in the 'brms' R package, with 
2,000 iterations per chain on two chains, and 
with the first 1,000 iterations discarded as warm-
up (Bürkner 2018). All combinations of the four 
predictor variables (Delta outflow, exports, Secchi 

Table 1  Number of Microcystis visual index ratings collected by all monitoring programs combined by season and yeara

Year Water Year Type East Delta Lower Sac Lower SJ North Delta Franks/OMR South Delta

2007 Dry 22 45 63 40 18 25

2008 Critical 26 63 87 40 27 35

2009 Dry 30 62 90 67 29 38

2010 Below Normal 29 64 90 64 30 38

2011 Wet 30 64 90 112 30 38

2012 Below Normal 30 64 85 98 27 33

2013 Dry 30 64 90 111 30 38

2014 Critical 27 64 90 111 30 38

2015 Critical 35 84 113 117 40 43

2016 Below Normal 42 107 134 122 54 53

2017 Wet 44 109 133 135 95 125

2018 Below Normal 54 127 150 170 208 305

2019 Wet 51 242 144 384 177 231

2020 Dry 49 283 139 439 173 234

2021 Critical 42 221 110 345 126 190

a. Franks/OMR = Franks Tract and Old River, Middle River corridor; Lower Sac = Lower Sacramento River region; Lower SJ = Lower San 
Joaquin River region.

https://doi.org/10.15447/sfews.2024v22iss1art2
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depth, and water temperature) were run, and 
the best model was chosen as the model with the 
fewest predictors that had a Widely Applicable 
Information Criterion (WAIC) score within of 3 
points of the lowest WAIC score. The best model 
was checked for model fit by using posterior 
predictive checks and examining diagnostic plots. 
This model was used to predict the difference 
in the probability of Microcystis observations at 
varying levels for each predictor in the top-ranked 
model. (Model code is provided in Appendix B.)

Nutrients
Discrete nutrient data (dissolved ammonium, 
dissolved nitrate + nitrite, and dissolved 
orthophosphate) were collected from three 
sources: the EMP conducted jointly by CDWR, 
CDFW, and Reclamation; the Central Delta 
monitoring program conducted by the CDWR’s 
North Central Region office; and the San 
Francisco Bay Water Quality Survey (SFBS) 
conducted by the US Geological Survey (USGS) 
California Water Science Center (CAWSC). All 
nutrient grab samples collected by the EMP and 
the North Central Region Office were sampled 
at a depth of 1 m, while the samples collected by 
USGS were collected at various depths less than 
5 m from the surface. For more information about 
the surveys, data collection methods, and quality 
assurance and quality control processing methods 
used for the nutrient data, refer to Appendix A 
and the integrated discrete data publication on 
the Environmental Data Initiative repository 
(Bashevkin et al. 2022b). 

Data collected from 2014 through 2021 from the 
three surveys listed above were acquired through 
direct data requests or downloaded from either 
the 'discretewq' data package in R (Bashevkin et 
al. 2022b), CDWR’s Water Data Library (CDWR 
2022b), or the National Water Quality Monitoring 
Council’s Water Quality Portal (NWQMC 2021). 
Data were integrated into one dataset, limiting 
the stations to only those where all three nutrient 
parameters (dissolved ammonium, dissolved 
nitrate+nitrite, and dissolved orthophosphate) 
were collected (Table A1). Average concentration 
across years by month and region were plotted to 
visually compare seasonal and regional variation 

in nutrients and assess potential for nutrient 
limitation.

The potential for nitrogen or phosphorus 
limitation across the Delta in all reporting years 
was assessed with natural log-transformed 
dissolved nitrogen to dissolved phosphorus (N:P) 
ratios (Isles 2020). While nutrient limitation 
occurs only when ambient concentrations begin 
to limit cell divisions (Chorus and Spijkerman 
2021), N:P ratio can be used to infer what nutrient 
may become limiting first. Only dissolved 
nutrient data were available for this analyses, so 
we could not calculate ratios of total nitrogen to 
total phosphorus. To calculate dissolved inorganic 
N:P ratio, we converted total dissolved inorganic 
nitrogen (nitrate and ammonium) to molar mass 
N, and total dissolved inorganic phosphorus to 
molar mass P. The molar mass N and molar mass 
P were then natural log-transformed (ln(N:P)). We 
compared the calculated N:P ratio to the Redfield 
Ratio (16:1; Falkowski 2000) to characterize 
potential nutrient limitations. A ratio of > 16:1 
indicates that phosphorus may become limiting 
before nitrogen, while a ratio < 16:1 indicates that 
nitrogen may become limiting before phosphorus 
(Reynolds 1999). However, this ratio is not fixed 
among algal cells, and limitation by only N or 
only P limitation can begin to occur within a 
range of ratios, depending on the physiological 
conditions of the cells N:P. At ratios near 16, N 
and P co-limitation is common, and potential 
limitation of a single element becomes stronger 
the further the measured ratios deviate from 16:1 
(Guildford and Hecky 2000; Ptacnik et al. 2010). 
Differences in nutrient concentrations among 
years were tested with a mixed-effects model. 
Nutrient concentrations were log10-transformed 
and separated into spring (April, May, June) 
and summer (July, August, September) seasons. 
Differences in average concentrations were 
modeled with an interaction between region and 
year, and a random intercept for sampling site 
using the lmer function in the 'lme4' package in R 
(Bates et al. 2022). A post-hoc test was conducted 
to test for differences between years nested 
within each region using the 'emmeans' package 
in R (Lenth et al. 2022). Code for this analysis can 
be found in the Supplementary Information. 
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Monitoring Methods to Track the Bloom of 2021

Fluoroprobe
The EMP and USGS used vessels equipped 
with high-resolution sensors that collect data 
continuously on water quality and phytoplankton 
community composition while underway. 
During these surveys, the EMP monitors water 
quality using a YSI EXO2 water-quality sonde 
(Xylem, Inc.) to measure pH, turbidity, specific 
conductance, chlorophyll-a (with the Total 
AlgaeTM sensor), dissolved oxygen (DO), and 
water temperature. The EMP and USGS monitor 
phytoplankton community composition using a 
FluoroProbe instrument (bbe Moldaenke GmbH, 
Schwentinental, Germany) that differentiates 
among cyanobacteria, diatoms, green algae, 
and cryptophytes, based on the wavelength of 
the fluorescence given off by each taxonomic 
group’s characteristic photo-pigments (Kring et 
al. 2014). USGS conducted spatially continuous 
mapping surveys in May, July, and October 2021; 
EMP discrete surveys are conducted monthly 
throughout the year. Each month, these agencies 
covered approximately 350 miles of channels in 
the Delta throughout 3 to 4 consecutive days. 

FluoroProbe data collected by the EMP and 
USGS were spatially aligned to a common set 
of polygons to enable consistent comparisons 
across sampling areas and dates. Polygons 
were approximately 150 m in length, and the 
median value of all points within a polygon was 
calculated. Interpolated values were calculated 
in ArcGIS using the Spline with Barriers tool 
(Terzopoulos and Witkin 1988) and were used 
to create a continuous map of values (e.g., the 
concentration of pigments from cyanobacteria) 
across the mapped domain.

Satellite Remote Sensing 
Satellite data, available from the San Francisco 
Estuary Institute’s HAB Satellite Analysis Tool 
(https://fhab.sfei.org/, SFEI 2022), can provide 
estimates of cyanoHAB abundance with higher 
spatial and temporal coverage than grab samples 
and visual observations. Satellite imagery is 
collected by the Ocean Land Color Instrument 
on the Copernicus Sentinel-3 mission (pixel size 

300 m by 300 m). The Cyanobacterial Index, 
CIcyano, algorithm (Wynne et al. 2018) is applied to 
the Ocean Land Color Instrument data to estimate 
cyanoHAB abundance in the upper portion of 
the water column by analyzing wavelengths of 
light that interact strongly with chlorophyll-a 
and phycocyanin, an accessory pigment in 
photosynthesis specific to cyanobacteria. 
The CIcyano algorithm returns estimates of 
cyanobacterial abundance in an exponential, 
satellite-specific, unitless scale. 

Because of the limitations of the satellite-based 
sensor in distinguishing subtle differences in 
reflectance from cyanobacteria at levels that 
are very low (a CIcyano of 6.310 x 10– 05 is near 
natural background levels of cyanobacteria) or 
very high (CIcyano of 6.327 x 10– 02 in extremely 
dense scums), the minimum and maximum 
detectable levels have a smaller range than are 
possible using traditional water-grab samples. 
Because the smallest pixel size available is 
22 acres, only larger areas of open water, such 
as Franks Tract, can be analyzed. Smaller 
sloughs are not large enough for accurate 
classification. Further information on these 
methods is detailed on the National Ocean Service 
website: https://coastalscience.noaa.gov/research/
stressor-impacts-mitigation/hab-monitoring-system/
more-information/. 

Satellite mosaics of rasterized CIcyano data across 
the Lower San Joaquin, Franks Tract/OMR, and 
South Delta (Clifton Court Forebay) regions for 
June through October in 2020 and 2021 were 
downloaded from the San Francisco Estuary 
Institute’s HAB Satellite Analysis Tool (SFEI 2022). 
Raster pixels for two open-water regions in the 
Delta—Franks Tract and Mildred Island— were 
extracted from each file using the exact_extract 
function in the 'exactextractr' R package, 
version 0.7.1 (Baston 2021). These two regions 
were selected because the hydrology of Franks 
Tract is directly influenced by the barrier, while 
Mildred Island is not influenced by the barrier 
and is used to compare phytoplankton dynamics 
in Franks Tract with another flooded island. 
The two open-water regions were defined using 
polygons derived from CDFW’s shapefile of Delta 

https://doi.org/10.15447/sfews.2024v22iss1art2
https://fhab.sfei.org/
https://coastalscience.noaa.gov/research/stressor-impacts-mitigation/hab-monitoring-system/more-information/
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waterways and expanded by 200 m around their 
perimeters to account for the large raster pixels. 

Pixels were categorized into four CIcyano categories 
(Low, Moderate, High, and Very High) based 
on the World Health Organization’s (WHO’s) 
recreational guidance level thresholds (WHO 
2021). Additionally, pixels that were below the 
detection limit for the imagery-processing 
method (CIcyano ≤ 6.310 x 10– 05) were categorized 
as “Non Detect.” Including only pixels that were 
completely within one of the polygons of the 
two regions, the numbers of pixels within the 
“Non Detect,” “Invalid,” missing, and four CIcyano 
categories were counted for each region and 
raster image. Using only days when there were 
greater than 25% valid pixels within a region, the 
time-series of pixel counts were visualized using 
area plots for each region and year. 

Continuous Water-Quality Data
CDWR and USGS (US Geological Survey 2023) 
maintain a network of water-quality sondes 
and streamgages that collect data continuously 
(i.e., every 15 min) across the Delta. These 
stations measure water temperature, specific 
conductance, flow, DO, chlorophyll fluorescence 
(fCHL), turbidity, and pH using Yellow Springs 
Instruments (YSI) EXO2 sondes (Table 2). We 
requested quality-control data from CDWR 
personnel when available, and queried 
provisional data from the California Data 
Exchange Center (CDEC) if finalized data were not 
available. To assess how cyanoHABs affect water-
quality parameters, we plotted the daily mean of 
data collected at stations in the South and Central 
Delta that experienced cyanobacteria blooms in 
2021 versus day of the year for the past 7 years 
(2015 through 2021). We did not include 2014 in 
this analysis because the water quality station at 
Frank’s Tract (FRK) was not installed until 2015. 

Toxins
Regular monitoring for cyanotoxins has not been 
implemented in the Delta; however, two special 
studies of cyanotoxin dynamics and event-based 
monitoring provided coverage of the region that 
surrounds Franks Tract during the summer of 
2021. The two sources of data are:

A special study conducted by Ellen Preece 
(Robertson-Bryan, Inc.), Tim Otten (Bend 
Genetics, LLC), and Janis Cooke (Central Valley 
Regional Water Quality Control Board; CVRWQCB) 
included collection of water samples for 
cyanotoxin analyses. This study was supported by 
the Delta Regional Monitoring Program and the 
State Water Resources Control Board Freshwater 
Harmful Algal Bloom Program. A single 
subsurface water-grab sample was collected from 
the eastern side of Franks Tract on July 2, 2021, 
and again on August 6, 2021. Bend Genetics, LLC 
(Sacramento, California) lysed and analyzed the 
samples for total microcystins/‌nodularins, using 
the enzyme-linked immunosorbent assay that 
targets the 3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyl-4,6-decadienoic acid region of microcystin 
(the ADDA ELISA method; USEPA 2016). 

A special study of bioaccumulation of cyanotoxins 
in invertebrates in the Delta was conducted by 
David Senn (San Francisco Estuary Institute), 
Janis Cooke (CVRWQCB), Ellen Preece (Robertson-
Bryan, Inc.), and Timothy Otten (Bend Genetics, 
LLC) (Senn et al. 2020). This study was funded 
by a State of California Proposition 1 grant 
administered by the Department of Fish and 
Wildlife Ecosystem Restoration Program (grant 
#Q2096021; Senn et al. 2020). Bend Genetics used 
ADDA ELISA (USEPA 2016) to collect and analyze 
whole-water samples for microcystins. Two 
stations—DHAB007 (in the western side of Franks 
Tract), and DHAB008 (in Old River)—provided data 
relevant to the Franks Tract bloom (Table 3). 

Preliminary data from water-quality samples 
from both special studies were shared by the 
principal investigators and are presented here and 
in the accompanying data publication (Hartman 
et al. 2023). 

RESULTS
Temporal and Spatial Trends
When visually assessing the relative frequency 
of Microcystis visual index ratings (absent, 
low, and high) (see Figure 4), the 3 water years 
classified as Wet during the time-series (2011, 
2017, and 2019) have much lower frequency of 
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Microcystis observations; years classified as 
Below Normal, Dry, or Critical have higher 
Microcystis observations. The model that predicts 
incidence of Microcystis by region indicated a 
significantly higher probability of absence and 
lower probability of low Microcystis in wet years 
in all regions (Figure 5; Table 4). Of the remaining 
water year types, Critical years tended to have 
higher probabilities of observing Microcystis than 
Dry years, which tended toward higher incidence 
of Microcystis than Below-Normal years, but 
these differences were not significant at the 95% 
credible interval.

Microsystis Visual Index Rating Data
After running Bayesian mixed models for all 
possible combinations of Delta outflow, SWP 
and CVP exports, water temperature, and Secchi 
depth against the probability of Microcystis 
observation in the South Delta, San Joaquin 
River, lower Sacramento River, and Franks Tract/
OMR regions (Figure 1) during the summer and 
fall (Hartman et al. 2023), code for all tested 
models provided in Appendix B), two models had 
equal support when ranked with WAIC (Table 5). 

The two models were Exports + Temperature + 
Secchi + Outflow, and Exports + Temperature + 
Secchi. Because the addition of Outflow did not 
significantly improve the model, we chose the 
model without outflow for further analysis. 

The best model (Figure 6; Table 6) showed that as 
water temperature increases, the probability of “0 
Microcystis absent oberservations” declines, and 
the probability of “high Microcystis observations” 
increases. Low levels of Microcystis increase 
between 15 and 25 °C, then decrease above 25 °C 
as high Microcystis increases steeply. A similar 
pattern occurs with Secchi depth. As Secchi 
depth increases, the probability of no Microcystis 
observations declines, and the probability of 
high Microcystis observations increases. Low 
levels of Microcystis increase between 0 and 
225 cm, then decrease above 225 cm as high 
Microcystis increases. As project exports increase, 
probability of no Microcystis increases, while 
probability of low and high Microcystis decrease. 
This is a relatively flat relation, with an increase 
in probability of absence of only 4% to 8% 
(depending on day of the year), with a change in 

Table 2  Stations used for continuous water-quality analysisa

CDWR Station 
Code Operator USGS Station ID Station Name Latitude Longitude Sensors

FAL USGS/‌CDWR1 11313440 False River near Oakley 38.05547 – 121.667 fCHL, DO, SC, 
Turbidity, Water Temp

HLT USGS/‌CDWR1 11312685 Middle River near Holt 38.00310 – 121.5108 fCHL, DO, Turbidity, 
Water Temp

HOL USGS/CDWR1 11313431 Holland Cut Near Bethel Island 38.01582 – 121.582 DO, SC, Turbidity, 
Water Temp

OSJ USGS/‌CDWR1 11313452 Old River at Franks Tract near 
Terminous 38.07125 – 121.578 fCHL, DO, SC, 

Turbidity, Water Temp

FRK CDWR NA Franks Tract Mid Tract 38.04642 – 121.598 fCHL, DO, pH, SC, 
Turbidity, Water Temp

a. fCHL = Chlorophyll fluorescence; DO = dissolved oxygen; SC = specific conductance; Temp = temperature. Data from USGS National 
Water Information System (USGS 2023).

Table 3  Locations of Cyanotoxin monitoring data

Station Latitude Longitude Region

DHAB007 38.0486 – 121.6234 Franks Tract, western side

DHAB008 37.9641 – 121.5737 Old River near Holland Tract

Franks Tract 38.0379 – 121.586 Franks Tract, eastern side

https://doi.org/10.15447/sfews.2024v22iss1art2
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Figure 4  Time-series of relative 
frequency of absent, low, and high 
visual index ratings of Microcystis 
in the Delta. Water Year Type 
abbreviations shown at the top of 
the bars. No Above-Normal years 
occurred during this period.

  
C = Critical  
D = Dry  
B = Below Normal  
W = Wet  

Table 4  Bayesian ordinal regression parameters estimating Microcystis visual index rating from region and water year type. Model parameter estimates, 
estimate standard error, lower and upper 95% credible interval (CI) and Rhat. Rhat indicates whether chains have converged, with Rhat >1.1 indicating 
chains have not converged and model fit may be poor. Code for analysis available in Appendix B.

Parameter Estimate Estimate error Lower 95% CI Upper 95% CI Rhat

Intercept[Absent:Low] 0.95 0.23 0.51 1.40 1.0005

Intercept[Low:High] 2.85 0.23 2.40 3.32 1.0002

RegionFranksDOMR 1.80 0.26 1.29 2.31 1.0001

RegionLowerSac 0.70 0.27 0.18 1.23 1.0012

RegionLowerSJ 1.70 0.26 1.19 2.21 1.0003

RegionNorthDelta – 0.32 0.26 – 0.84 0.20 1.0001

RegionSouthDelta 1.55 0.25 1.05 2.04 1.0001

Yr_typeCritical[Absent:Low] 0.57 0.07 0.43 0.72 1.0003

Yr_typeCritical[Low:High] – 0.11 0.10 – 0.30 0.09 1.0004

Yr_typeDry[Absent:Low] 0.14 0.07 0.  01 0.28 1.0000

Yr_typeDry[Low:High] – 0.04 0.09 – 0.22 0.14 1.0001

Yr_typeWet[Absent:Low] – 1.07 0.07 – 1.21 – 0.93 1.0000

Yr_typeWet[Low:High] – 0.71 0.12 – 0.95 – 0.49 1.0005

sd(Intercept) 0.54 0.05 0.45 0.65 1.0008
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Figure 5  Model results predicting the probability of a given Microcystis visual index rating (absent, low, high) occurring during each Sacramento Valley 
Water Year Hydrological Classification Index in each region from 2007 to 2021 during the months of June through October. Error bars show the 95% credible 
interval.
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exports from 42.5 to 85 m 3 s – 1, and an additional 
increase of 10% to 16% with a change in exports 
from 85 to 170 m 3 s – 1. The wide credible intervals 
on Figure 6 indicate that very large changes in 
outflow are necessary for a meaningful change in 
probability of Microcystis. 

Nutrients
Nitrogen and phosphorus concentrations 
varied by region and season, with the highest 
concentrations of ammonium in the North Delta 
and confluence (Figure 7, note varying y-axes), 
and the highest concentrations of nitrate and 

orthophosphate in the South Delta (Figures 8 
and 9, note varying y-axes). There was no 
consistent pattern between water year type 
and ammonium concentration among seasons 
or regions. Sometimes wet years had higher 
ammonium (Franks/OMR, summer 2019 vs. 
summer 2014, p < 0.05, Table A5), and sometimes 
Critical years had higher ammonium (North 
Delta, spring 2019 vs. spring 2014, p < 0.05, 
Table A6). For nitrate, the pattern was more 
consistent with the Critical years of 2014 and 2015 
having higher (p < 0.05) nitrate concentrations 
than many Wet and Below Normal water years in 

Table 6  Top ranked model of frequency of Microcystis visual index rating in the South Delta from 2014–2021 with model parameter estimates, estimate 
standard error, lower and upper 95% credible interval (CI) and Rhat. Rhat indicates whether chains have converged, with Rhat >1.1 indicating chains have 
not converged and model fit may be poor. Code for analysis available in Appendix B.

Parameter Estimate Estimate error Lower 95% CI Upper 95% CI Rhat

Intercept[Absent:Low] – 0.991 0.564 – 2.114 0.123 1.001

Intercept[Low:High] 3.482 0.580 2.365 4.628 1.001

Water Temperature 1.232 0.113 1.016 1.458 1.000

Project Exports – 0.837 0.172 – 1.168 – 0.508 1.001

Secchi Depth 0.573 0.069 0.442 0.705 1.000

Year 1.538 0.472 0.899 2.700 1.001

Day of Year 1.822 0.171 1.504 2.171 1.005

Table 5  Model comparison of all Bayesian mixed models predicting presence of Microcystis (Absent, Low, or High) in the integrated dataset of visual 
assessment data (Hartman et al. 2023). Code for model available in Appendix A.a

Model Terms WAIC SE WAIC Delta WAIC

Temperature + Secchi + Exports 2023.30 55.74

Temperature + Outflow + Secchi + Exports 2024.64 55.87 1.33

Temperature + Outflow + Secchi 2053.51 56.12 30.20

Temperature + Secchi 2054.05 56.03 30.75

Temperature + Outflow + Exports 2082.09 55.16 58.78

Temperature 2114.48 55.58 91.18

Temperature + Outflow 2115.93 55.66 92.63

Secchi + Exports 2139.95 55.33 116.65

Outflow + Secchi + Exports 2142.99 55.45 119.69

Secchi 2159.43 55.76 136.12

Outflow + Secchi 2162.42 55.63 139.12

Exports 2268.79 53.88 245.49

Exports + Outflow 2270.83 53.95 247.53

Outflow 2288.82 54.36 265.52

a. WAIC = Widely Acceptable Information Criterion. SE WAIC = Standard error in WAIC. Delta WAIC = Difference in WAIC between model 
and best model. The model with the lowest WAIC is considered the best fit.



15

MARCH   2024

https://doi.org/10.15447/sfews.2024v22iss1art2

both spring and summer (Table A7 and Table A8). 
Nitrate concentrations in summer 2021 are lower 
than the summer concentrations in 2014 and 2015, 
the other Critical water years, likely as a result 
of the Regional San WWTP upgrade, which came 
online in 2021 and reduced inorganic nitrogen 
loads into the Sacramento River. However, 
orthophosphate was never significantly higher 
in a Wet year than a Critical year (Table A9 and 
Table A10). Average dissolved inorganic nitrogen 
to phosphorus (N:P) ratios were mostly below the 
Redfield ratio (16:1) (Figure 10). In all water year 
types the low N:P ratio suggests that nitrogen 
would become limiting before phosphorus, if 
limiting concentrations were reached.

2021 Case Study

Toxin Analysis
Microcystin concentrations in the Franks Tract/
OMR region in the vicinity of the bloom were 
relatively low, mostly below 0.8 µg L– 1, which 
is the threshold concentration used by the 
California Cyanobacterial Harmful Algal Bloom 
(CCHAB) network for recommending that a 
“Caution” advisory be issued (CCHAB Network 
2022). The highest concentration of microcystins 
(2.99 µg L– 1) measured during the bloom occurred 
on August 11 at station HAB008 on the Old River 
(Table 3), south of the main bloom in Franks Tract 
(Figure 11). 

Fluoroprobe Data
The temporal progression of the Franks Tract 
bloom and cyanobacteria in the surrounding 
waterways was captured with boat-based mapping 
surveys that measured cyanobacterial fCHL 
with a Fluoroprobe. In early June, Fluoroprobe 
cyanobacterial fCHL was ≤10 µg L– 1 across the 
Franks Tract/OMR Region (Figure 11). During 
July 15-19, 2021, cyanobacterial fCHL in Franks 
Tract increased above 10 µg L– 1, but surrounding 
rivers and channels remained below 10 µg L– 1. 
Cyanobacterial fCHL eventually exceeded 
50 µg L– 1 in Franks Tract during July 26-27, 2021, 
and remained above 40 µg L– 1 during the August 
2021 surveys. Cyanobacterial fCHL also exceeded 
20 µg L– 1 in the San Joaquin River and Old River 
during the August 2021 surveys. By the time of 

Figure 6  Conditional plots showing the predicted value (+/- 95% 
credible interval) of Microcystis with varying rates of (A) water 
temperature, (B) combined State Water Project and Central Valley Project 
water exports and (C) Secchi depth, as derived from Bayesian mixed 
model of environmental drivers (Table 5).

A

B

C
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Figure 7  Average concentration (mg-N L– 1) of dissolved ammonium, by season, region, and year for calendar years 2014–2021. Error bars represent 25% 
and 75% quartiles. Note the different y-axes between panels.
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Figure 8  Average concentration (mg-N L– 1) of dissolved nitrate + nitrite, by season, region, and year for calendar years 2014–2021. Error bars represent 
25% and 75% quartiles. Note the different y-axes between panels.
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Figure 9  Average concentration (mg-P L– 1) of dissolved orthophosphate, by season, region, and year for calendar years 2014–2021. Error bars represent 
25% and 75% quartiles. Note the different y-axes between panels.
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the September 10-14, 2021, surveys, the bloom 
had ended, and cyanobacterial fCHL was below 
5 µg L– 1. 

Satellite Data
The July–August 2021 cyanobacteria bloom in 
Franks Tract documented by the boat-based 
mapping surveys was also observed in the 
satellite data (Figure 12). The bloom of 2020 was 
more severe than in 2021. During the peak of this 
bloom from mid-July through mid-August 2021, 
at least one-third of the valid pixels were in the 
High or Very High categories, with a maximum of 
90% in late July 2021. Spatially, the pixels with the 
highest CIcyano categories were concentrated in 
the southeast corner of Franks Tract throughout 
the bloom in 2021 (Figure 13). In contrast, almost 
all pixels were in the Non-Detect category within 
Franks Tract in 2020, without a cyanobacteria 
bloom (Figure 12).

Satellite data indicated that the nearby 
comparison site at Mildred Island had 
cyanobacteria blooms in 2020 and 2021 
(Figure 12). The bloom in 2020 was more severe 
than in 2021. Mildred Island had some instances 
in 2020 when at least half of the valid pixels were 
in the High CIcyano category, with a maximum 
of 80% at the beginning of September. In 2021, 
the percentage of pixels categorized as High 
remained below 20%. There were a few gaps 
in the satellite dataset at the end of August and 
beginning of September 2020 that may have 
obscured the extent of the cyanobacteria blooms 
in Mildred Island. These gaps extended for longer 
than a week and may have occurred during times 
when there was dense smoke in the area from 
regional wildfires.

Water Quality
A focused assessment of continuous water-quality 
data collected at Franks Tract and adjacent sites 
(Figure 1) over the summer of 2021 indicated 
substantial differences in parameters linked 
to increased photosynthesis, i.e., DO and pH, 
compared to previous years. The DO (Figure 14) 
and pH concentrations (Figure 15) in Franks Tract 
began increasing in July 2021, and by August 2021, 
pH levels and DO concentrations were the highest 

recorded since 2015. DO concentrations were 
also substantially higher during July and August 
(>12 mg L– 1) at the Franks Tract station (FRK) 
than at several adjoining monitoring stations 
(Figure 14). The maximum daily pH peaked in 
early September 2021 before declining rapidly 
(Table A2), while the DO maxima was reached 
later in September 2021 before also declining 
(Table A3). 

During the bloom, daily DO maxima peaked at 
more than 200% saturation with atmospheric 
O2 and averaged more than 170% saturation for 
the months of July and August 2021, the highest 
on record for this station (Table A3). Values 
of DO saturation greater than 100% indicate 
high rates of photosynthesis in Franks Tract, 
from production of phytoplankton and aquatic 
vegetation. Daily chlorophyll fluorescence 
concentrations measured using sondes were 
higher in 2021 than in 2020 (Table A4) but were 
lower than the highest concentrations measured 
using the FluoroProbe (Figure 11, Figure A1). 
Small spikes of chlorophyll-a (< 10 µg L– 1) detected 
at nearby stations (Figure A1) were much less 
than concentrations observed by the FluoroProbe 
(present a range of observed concentration 
> 10 µg L– 1). Nitrogen concentrations declined 
sharply during the summer across the Delta, 
falling below the reporting limit in Franks Tract 
(Figure 16), while orthophosphate concentrations 
remained relatively stable (Figure 17).

DISCUSSION
We found that Microcystis was more common 
in the Delta when low flows, high water clarity, 
and high water temperature predominated. This 
finding aligns with both our conceptual model 
(Figure 2) and previous research (Lehman et 
al. 2013, 2018, 2022). By analyzing records of 
Microcystis visual index ratings (Flynn et al. 2022), 
we achieved a higher spatial resolution, higher 
temporal resolution, and a longer dataset (15+ 
years) than previous studies of cyanoHABs in 
the Delta (e.g., Lehman et al. 2022). This work 
demonstrates how modern in situ monitoring data 
(such as the FluoroProbe data) and remote sensing 
tools (such as the Ocean Land Color Instrument 
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Figure 10  Mean N:P ratios by season, region, and year for all surveyed years in the Delta (calendar years 2014-2021). Note that the y-axis is spaced on the 
log scale. The error bars represent the maximum and minimum values. The red-dashed horizontal line is the Redfield ratio (16:1).
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Figure 11  Cyanotoxin concentrations (in µg L-1, with ND meaning ‘non-detect’ for values below the detection limit of the analysis method) from discrete 
samples (white points) collected for cyanotoxin special studies displayed with maps of cyanobacterial chlorophyll fluorescence as measured by a boat-
based FluoroProbe during sampling surveys. Each panel is labelled with the date of the Fluoroprobe surveys. The July 26-27, 2021, cyanobacterial chlorophyll 
data were collected by the USGS. All other cyanobacterial chlorophyll data were collected by the EMP. Cyanobacterial chlorophyll is interpolated across the 
channel width and the actual boat tracks are shown as black lines.
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onboard the Sentinel-3 satellite) can be combined 
with visual indices to more completely assess how 
water management actions may affect cyanoHABs 
in the Delta. Our results demonstrate clear 
relations among environmental conditions that 
affect cyanoHAB formation, but distinguishing 
the effects of management actions from the 
effects of drought remains challenging.

Regional and Temporal Trends
Figure 4 shows that throughout our period of 
study, Microcystis was frequently observed in 
the Delta. This aligns with previous studies in 
the system (Lehman et al. 2017, 2022) and larger 

global trends (Huisman et al. 2018 and references 
therein). Microcystis was more likely to be 
observed during drier years when flows, water 
clarity, and summer water temperatures were 
more conducive to bloom formation (Figures 4 
and 5). Previous work also found that Microcystis 
abundance was greater in drier years throughout 
the estuary (Lehman et al. 2017; Lehman et al. 
2022), though within-year spatial and temporal 
variation could result in different intensities of 
blooms during successive Dry years (Lehman et 
al. 2018). 

Figure 12  Time-series of the percent of valid pixels within each Cyanobacteria Index (CIcyano) category for Summer-Fall in calendar years 2020 and 2021 
within Franks Tract and Mildred Island.
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The higher incidences of Microcystis blooms 
observed in the South Delta, lower San Joaquin 
River, and Franks Tract/OMR regions compared 
to other regions in the Delta (Figure 5) had also 
been documented previously (Lehman et al. 
2005, 2013); these regions typically display higher 
water temperatures, lower salinity, and higher 
water clarity than the rest of the Delta (Lehman 
et al. 2005, 2013). During Wet years, incidences of 
Microcystis blooms decreased substantially in the 
North and East Delta, but incidences of Microcystis 

blooms did not decrease in the South Delta and 
Franks Tract/OMR regions despite increased 
flows (Figure 5). Similarly, Lehman et al. (2022) 
found that lower outflows in 2014 contributed 
to high abundance and toxicity of Microcystis in 
the Central Delta, but even the extreme wet year 
of 2017 did not eliminate Microcystis from the 
area. Our analysis shows that these patterns are 
consistent throughout a longer time-frame than 
previously studied, and highlights the persistence 
of Microcystis in a system, once established. 

Figure 13  Maps of Cyanobacteria Index (CIcyano) categories at the beginning (July 10), peak (July 29 and August 10), and end (August 25) of the 
cyanobacterial bloom in Franks Tract during Summer 2021. Area visualized by the satellite is highlighted in green.
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Nutrients
Because of their high concentrations in the 
Delta, nutrients are seldom considered limiting 
to the growth of cyanobacteria and other types 
of phytoplankton (Jassby et al. 2002; Berg and 
Sutula 2015; Kudela et al. 2023). However, this 
abundance is still likely a contributing factor 
to the increased frequency and severity of 
cyanoHAB blooms seen during the past 20 years. 
Three factors regulate how nutrient conditions 
control the growth and biomass accumulation 
of phytoplankton, including cyanobacteria 
(Reynolds 1992; Chorus and Spijkerman 2021). 
First, the concentration of dissolved inorganic 
nutrients affects the rate of cellular nutrient 
uptake. Second, once nutrients enter the cell, 
their intracellular concentrations must remain 

sufficient to support cell metabolism and growth. 
Lastly, the total amount of nutrients within a 
system like the Delta will partially control total 
phytoplankton biomass and constrain the extent 
to which a bloom can occur. For example, in the 
Franks Tract/OMR Region, the concentration of 
nitrate + nitrite was 0.5–1.0 mg L– 1 during March 
and April of 2021, but decreased to <0.125 mg L– 1 
by July 2021 when a Microcystis bloom developed 
(Figures 16 and 8). If the initial pool of available 
nutrients were lower, less total biomass might 
have accumulated during the bloom. In our 2021 
case study, nutrient concentrations were highly 
variable in the North Delta, East Delta, and South 
Delta regions but did not decline during the 
summer season when the potential for Microcystis 
bloom formation was greatest. Despite the ample 

Figure 14  Daily mean concentration of dissolved oxygen (mg L– 1) in and around Franks Tract from May through November of calendar years 2015–2021. 
Data collected using a YSI EXO2 water-quality sonde equipped with an optical dissolved-oxygen sensor.
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availability of nutrients in these regions, large 
cyanobacterial blooms in the open waterways 
sampled by IEP’s monitoring programs failed 
to materialize in these regions. Nutrients were 
actually higher in these regions than in the 
Franks Tract/OMR Region where a cyanoHAB did 
form (Figures 16 and 17), indicating that nutrients 
are necessary for bloom formations but are not 
solely responsible for bloom formations in the 
Delta. Microcystis biomass was greatest during 
July and August 2021 in the Franks Tract/OMR 
Region, where nitrogen depletion began in the 
spring and continued through June (Figure 16). 
Unlike nitrogen, orthophosphate concentrations 
throughout the Delta were stable throughout 2021, 
without any noticeable declines (Figure 17).

In the South Delta region, nutrient concentrations 
were highest at station P8 near the Stockton 
Wastewater Treatment Plant (WWTP) (Figures 1, 
16 and 17). Previous isotopic studies have shown 
that nitrate from the San Joaquin River mixes 
with nitrate from the Sacramento River between 
Medford Island and Windmill Cove (river miles 
26-34), far enough downstream to enter Columbia 
and Turner cuts (Kendall et al. 2015; Novick et al. 
2015). Tidally influenced flows or high volumes 
of export pumping could therefore disperse the 
abundant nutrients near the Stockton WWTP 
into the South Delta and OMR regions, through 
Turner Cut into the channels of Middle and Old 
rivers, and downstream to the Sacramento River, 
which is the dominant source of water to the Delta 
(Jabusch et al. 2018). This dilution and dispersion, 
along with uptake of nutrients by phytoplankton 

Figure 15  Daily median pH at FRK during calendar years 2015–2021. Data collected using an YSI EXO2 water-quality sonde equipped with a pH Smart Sensor.
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and other autotrophic organisms, explain why 
the high concentrations of nitrate found near 
Stockton are not present downstream along the 
San Joaquin River or in Franks Tract. However, 
comprehensive tracking of nutrient flux through 
the Franks Tract/OMR and South Delta regions 
remains challenging because of the complexity of 
flows in the area. As a result, the process of using 
nutrient modeling to predict where Microcystis 
blooms will form is not well established. Even 
so, collecting additional data on nutrients in 
the South Delta and East Delta using real-time 
instruments such as the submersible ultraviolet 
nitrate analyzer (SUNA) probe (Sea-Bird Scientific) 
may benefit regional models and provide resource 
managers with a better understanding of the 
fate and transport of nutrients from the Stockton 
WWTP. 

The influence of different chemical forms 
of nitrogen (i.e., nitrate or ammonium) 
on phytoplankton growth and community 
composition has been studied extensively in the 
San Francisco Bay and the Delta (Dugdale et al. 
2007; Parker et al. 2012; Lee et al. 2015; Lehman 
et al. 2015; Berg et al. 2017; Strong et al. 2021). 
In our study, nitrate was highest in the South 
Delta, and ammonium was highest in the North 
Delta and lower Sacramento River (Figures 7 
and 8). However, concentrations of nitrate in the 
South Delta (~2 mg L– 1) were almost an order of 
magnitude higher than the highest ammonium 
concentrations (0.25 mg L– 1) detected in the 
North Delta (Figure 7). While the abundance of 
Microcystis is positively correlated to regions with 
higher nitrate concentrations (Franks Tract/OMR 
and the South Delta), Lee et al. (2015) showed 
that Microcystis in the Delta uptake ammonium 
faster than nitrate. Additionally, stable isotope 
experiments by Lehman et al. (2015) reported that 
Microcystis grow primarily using ammonium as a 
source of nitrogen. However, other in vitro or field 
experiments elsewhere have shown Microcystis 
can grow well using nitrate, or has no preference 
for the form of inorganic nitrogen it uses (Berg 
and Sutula 2015; Gobler et al. 2016; Chaffin et 
al. 2018; Erratt et al. 2018). Metabolic flexibility 
allows Microcystis to flourish in a variety of 
inorganic nutrient contexts, which may partially 

explain the success of Microcystis in forming large 
blooms worldwide in a variety of environmental 
contexts (Dick et al. 2021). More research could 
help determine if and how nitrogen form controls 
the formation and magnitude of cyanobacterial 
blooms in the Delta.

When nutrient concentrations are considered 
saturating, the N:P ratio has less influence 
in controlling the phytoplankton community 
(Reynolds 1999; Chorus and Spijkerman 2021). 
Phosphorus limitation in the Delta is likely 
infrequent because concentrations are always 
well above concentrations of ~0.003 mg P L-1, the 
concentration at which phosphorus limitation 
could be considered to potentially be occurring 
(Reynolds 2006; Chorus and Spijkerman 2021). 
The absence of a summer decline in phosphate 
concentrations (Figures 9 and 17) is also a 
consistently observed pattern for a phosphorus-
replete system. For nitrogen, phytoplankton 
can usually satisfy their immediate nitrogen 
demand when dissolved inorganic nitrogen 
concentrations are above 0.1 mg L– 1, below which 
nitrogen might begin to be considered as a factor 
that may limit cell division rates and population 
growth (Reynolds 2006; Chorus and Spijkerman 
2021). During summer 2021, dissolved inorganic 
N concentrations approached 0.1 mg L– 1 in the 
Franks Tract/OMR region (Figure 16). During 
this time the N:P ratio drops below 6, which, 
combined with the low inorganic nitrogen 
concentration, indicates that cells may have 
become limited by nitrogen during the height 
of the bloom, even though nitrogen was well in 
excess before the bloom. These results support 
recent findings that controlling N input into 
systems prone to cyanoHAB formation may be 
as important as controlling P (Paerl et al. 2011; 
Hellweger et al. 2022).

Drivers
Results of our analyses supported our conceptual 
model that the major drivers behind Microcystis 
occurrence and severity in the Delta are water 
temperature, light availability, and flow, 
and these drivers help explain the increased 
frequency of blooms observed during the past 20 
years. Nutrients may have also been an important 
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driver, but nutrient concentrations were not 
used in models to directly predict Microcystis 
occurrence because of the complexities with 
seasonal nutrient concentration trends and 
negative correlations between bloom biomass and 
dissolved nutrient concentrations.

Nutrients may not be the primary factor that 
drives a phytoplankton bloom, but they can 
control how much phytoplankton biomass can 
accrue. Higher springtime nitrate concentrations 

in the Delta could result in more cyanobacterial 
biomass in the summer. In the South Delta, where 
cyanobacterial blooms are more common, the 
Critical years of 2015 and 2021 had higher spring 
nitrate concentrations than Wet years 2017 and 
2019 (Figure 8). The higher temperatures, lower 
flow, and lower turbidity conditions during drier 
years (Bosworth et al., this issue), are the direct 
factors that drive phytoplankton to more fully 
utilize the higher springtime nutrient supply that 
can accrue during droughts. 

Figure 16  Time-series of dissolved nitrate + nitrite during spring and summer 2021. Note the different y-axis scales across regions. Samples measuring 
below the reporting limits are notated with vertical lines that are capped at the reporting limit. USGS data from National Water Information System (US 
Geological Survey 2023) 
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Water temperature is a well-established predictor 
of cyanoHABs in the Delta as well as other 
systems (Lehman et al. 2013; Pick 2016; de Souza 
et al. 2018; Lehman et al. 2022) , with water 
temperature above 19 °C being a particularly 
important threshold above which Microcystis 
blooms occur (Lehman et al. 2013). Our top-
ranked model included water temperature as a 
predictor, which supported previous research. 
Correlations between increased severity of 
Microcystis and observed changes to the climate 

are supported by the past 5 years being some of 
the hottest years in recorded history, with the 
US experiencing the hottest air temperatures in 
June and July on record in 2021 (NOAA National 
Centers for Environmental Information 2022). 
Water temperatures in the Delta are frequently 
hotter during low outflow years and droughts 
(Bashevkin and Mahardja 2022; Bosworth et al., 
this issue), and 15 of the past 20 years have been 
classified as Below Normal, Dry, or Critical. 
Therefore, the recent increased frequency of 

Figure 17  Time-series of discrete orthophosphate during spring and summer 2021. Note the different y-axis scales across regions. Sample measuring 
below the reporting limit is notated with a vertical line that is capped at the reporting limit. USGS data from National Water Information System (US 
Geological Survey 2023).
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Microcystis observations would be predicted based 
on increases to temperature alone. 

The association of warmer years with drier 
years likely makes Microcystis blooms more 
common during droughts. Overall, drier water 
years had higher incidence of Microcystis 
observations (Figures 4 and 5), likely because 
water residence time is an important factor in 
predicting Microcystis, and water residence time 
is longer in drier years (Hartman, Stumpner et 
al., this issue). More detailed studies that directly 
model water residence time could help confirm 
this hypothesis. The similar frequency of high 
Microcystis in Critical, Dry, and Below Normal 
years suggests that very large changes in flow 
are needed to cause an appreciable change to 
Microcystis abundance. 

We found SWP and CVP water exports to be the 
best flow predictor of Microcystis in the Delta 
that we tested in this analysis, and previous 
research has shown that SWP and CVP water 
exports significantly decrease water residence 
time, especially along the San Joaquin River 
(Hammock et al. 2019). Multiple factors contribute 
to the realized water residence time in the South 
Delta region, but SWP and CVP water exports can 
frequently be higher than Delta outflow during 
the summer when inflow is low, which can cause 
large negative flows in the South Delta (SWRCB 
2018; Cloern 2019). Therefore, SWP and CVP 
water exports have a larger controlling influence 
on water residence time than outflow during 
these periods. Changes to San Joaquin River flow 
may have a similarly large influence on South 
Delta water residence time; however, regulatory 
mandates control the ratio of San Joaquin 
River inflow and SWP and CVP water exports, 
complicating efforts to separate these two drivers. 

Light availability (as indexed by Secchi depth) 
was the other major predictor of Microcystis in the 
South Delta region. The San Francisco Estuary 
as a whole has lower productivity than other 
estuaries with similar nutrient inputs (Cloern 
2001), but low light availability is believed to limit 
overall pelagic production in the San Francisco 
Estuary (Jassby et al. 2002; Dahm et al. 2016). 

Water clarity is highest during the summers, 
when Microcystis is most common, and water 
clarity tends to be higher in drought years 
(Bosworth et al., this issue). Furthermore, water 
clarity has increased significantly during the past 
30 years because upstream dams block sediment 
transport and the proliferation of submerged 
aquatic vegetation (SAV) (Schoellhamer 2011; 
Hestir et al. 2016). Increases in frequency of 
severe droughts, water temperatures, and water 
clarity provide more suitable conditions for 
Microcystis blooms. 

2021 Case Study
A large cyanoHAB bloom that occurred in Franks 
Tract during July and August 2021 was apparent in 
datasets with high spatial resolution (FluoroProbe 
and satellite data) and high temporal resolution 
(continuous pH and DO data). The FluoroProbe 
and satellite datasets had elevated cyanobacterial 
fCHL, and CIcyano values were observed in Franks 
Tract in FluoroProbe and satellite datasets, 
respectively, during this period (Figures 11, 
12, and 13). In addition, continuous DO and pH 
values were higher at FRK during the summer 
of 2021 than at other nearby stations and other 
years (Figures 14 and 15). Higher than average 
DO and pH values indicate increased rates of 
photosynthesis (Raven et al. 2020). However, 
in Franks Tract, SAV altered its distribution 
when drought barriers have been installed 
(Kimmerer et al. 2019; Hartman et al. 2022), and 
photosynthesis by SAV would also increase DO 
concentrations. In 2015, a year when the barrier 
was installed but there was no cyanobacterial 
bloom, DO concentrations did not exceed 
12 mg L– 1 until after September 1. However, in 
July and August 2021, a cyanobacterial bloom 
occurred and DO concentrations exceeded 
12 mg L– 1. While we cannot disentangle the 
contributions of cyanobacteria and SAV to DO 
concentrations, the high DO values (> 12 mg 
L– 1) in July and August 2021 do not occur in any 
other year, and 2021 was the only year in the 
study period with a documented cyanobacterial 
bloom, leading us to conclude that a large 
proportion of DO in Franks Tract was produced 
by cyanobacteria. 
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Despite the observed cyanoHAB bloom, 
microcystin concentrations mostly remained 
below the “Caution” advisory level of 0.8 µg L– 1 
(CCHAB Network 2022) in and near Franks 
Tract in 2021. Similar average microcystin 
concentrations were observed previously during 
extremely dry summers, such as in 2014, when 
toxin concentrations in the open waters of the 
Central Delta ranged from ~0.4 to ~1.3 µg L– 1 
(Lehman et al. 2018); however, enclosed marinas 
and dead-end sloughs consistently experience 
much higher microcystin concentrations 
(> 50 µg L– 1) (Hartman et al. 2022; Kudela et 
al. 2023). The lack of consistent microcystin 
monitoring in the Central Delta limits our ability 
to put the Franks Tract bloom into context. 
Furthermore, the small number of samples 
collected in 2021 limits our ability to describe the 
full extent of toxicity during the bloom.

The barrier in west False River may have 
contributed to the formation of cyanoHABs 
in Franks Tract. Satellite data (Figure 12), and 
continuous DO and pH data (Figures 14 and 15) 
indicated cyanoHABs were not observed in 2020, 
which was a Dry year during which a barrier 
was not in place. However, 2015 was another 
Dry year with a barrier in west False River, and 
evidence for cyanoHABs was not observed in 2015. 
Kimmerer et al. (2019) looked at potential effects 
of the barrier installed in 2015 and found no 
evidence that the barrier affected the Microcystis 
visual index ratings observed at Franks Tract in 
2015. However, the high DO concentrations and 
pH values measured in September 2015 were only 
exceeded by DO concentrations and pH values 
measured in 2021 (Figures 14 and 15), indicating 
high rates of photosynthesis (Raven et al. 2020). 
These high rates of photosynthesis in September 
were likely caused by elevated biomass of 
submersed vegetation rather than cyanobacteria. 
FluoroProbe or cyanoHAB satellite data were not 
available for 2015. In the future, FluoroProbe 
or cyanoHAB satellite data may provide more 
insights into the conditions in and near Franks 
Tract during another Dry year with a barrier in 
place. 

Comparing the occurrence of a cyanoHAB bloom 
in Franks Tract near the barrier in 2021 to a lack 
of a cyanoHAB bloom in 2020 when the barrier 
was not in place indicates the barrier may have 
played some role in the formation of the bloom; 
however, available data cannot be used to confirm 
a cause-and-effect relation. Satellite data show the 
bloom initiating in the southeast side of Franks 
Tract, in the region farthest from the barrier 
(Figure 13). Modeling and monitoring completed 
during the 2015 and 2021 barrier installations 
indicated that current speeds and flow increased 
on the eastern side and decreased on the western 
side of the tract. Modeling of water age as a proxy 
for water residence time (Monsen et al. 2002) 
indicated water age decreased in the east and 
increased in the west (Hartman et al. 2022). We 
predicted that blooms would form in the western 
side of the tract, closest to the barrier, which 
would have the lowest current speeds and flows 
and highest water ages associated with barrier 
installation. However, satellite data showed 
cyanobacteria density was lowest in the area 
closest to the barrier (Figure 13). This counter-
intuitive situation may have been caused by the 
dense submerged vegetation that dominated 
the western side of the tract (Hartman et al. 
2022) because submerged vegetation can reduce 
cyanobacteria blooms (Nezbrytska et al. 2022). 
Prevailing winds in the region are typically from 
the west (Bever et al. 2018), so a bloom in the 
eastern side of the tract may have been caused by 
surface scum being pushed by the wind. Wind-
induced turbulence can also cause Microcystis 
to disaggregate (O’Brien et al. 2004), potentially 
making them more visible to the satellites. 
Additional research could help further distinguish 
drivers of episodic cyanoHABs. 

Outside of Franks Tract, similar Microcystis 
concentrations were observed in other areas 
of the Delta in 2021 as in previous Dry years 
(Figure 4), providing little evidence for an 
effect of the TUCO on frequency or intensity 
of Microcystis across the Delta. The predictive 
model of Microcystis occurrence in the South 
Delta indicated that reduced SWP and CVP water 
exports increase the probability of Microcystis 
occurrence, and the TUCO restricted SWP and 
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CVP water exports to below 42.5 m 3 s – 1 (SWRCB 
2022). However, the relation between exports and 
Microcystis is relatively flat at low export rates 
and has wide credible intervals (Figure 6). A 
large increase in exports (over 56 m3 s – 1) would 
have been required for the model to predict a 
meaningful reduction in Microcystis occurrence. 
Given the extremely dry conditions and reduced 
water storage in 2021, increasing SWP and CVP 
water exports enough to reduce Microcystis in 
the South Delta would not have been feasible 
because dry conditions with low reservoir storage 
historically corresponds greatly reduced SWP and 
CVP allocations (CDWR 2020). Also, while SWP 
and CVP water exports were the best predictive 
flow variable identified in this analysis, exports 
are only one of many hydrodynamic factors that 
contribute to water movement in the Franks 
Tract/OMR and South Delta regions. Inflow, tidal 
dynamics, wind-wave mixing, outflow, aquatic 
vegetation, channel morphology, and within-Delta 
diversions also contribute to water residence time 
and formation of blooms in the Delta (Lehman et 
al. 2017; Hammock et al. 2019).

Finally, the 2021 case study demonstrates the 
importance of incorporating multiple sources of 
monitoring data and embracing new monitoring 
tools in assessing cyanoHABs in the Delta. 
The Delta does not have a monitoring program 
currently dedicated to assessing cyanoHABs. 
However, by leveraging data collected for existing 
fish and water-quality surveys, using remote 
sensing data, and integrating data collected 
by special studies, we created a picture of the 
distribution of cyanoHABs in the Delta. Investing 
in new tools in the future could help increase 
our ability to monitor, predict, and mitigate 
cyanoHABs.

RECOMMENDATIONS
Droughts are expected to increase in frequency 
and severity in the future, and the scientific 
community could benefit from more routine 
cyanotoxin monitoring and the development of 
additional tools. Routine cyanotoxin data would 
improve understanding of baseline conditions 
and provide opportunities to compare drought 

and non-drought years. The benefits that would 
be provided by funded HAB monitoring was a 
recurring theme from the recent Harmful Algal 
Bloom workshop held by the Delta Stewardship 
Council (Birdwell and Lee 2022). 

Additional tools can also be developed to better 
understand, predict, and mitigate cyanoHABs. 
Examining advanced data-modeling techniques 
may help optimize the integration of various 
datasets to predict or better understand drivers of 
blooms. A spatio-temporal model developed using 
satellite-derived data and local environmental 
conditions might be feasible and could be used 
for short-term forecasting of cyanoHABs (such 
as explored by Myer et al. 2020). An improved 
understanding about the feasibility of large-
scale implementation of different mitigation 
approaches and technologies would inform 
decisions made by Delta resource managers. 
Mitigation efforts have three general categories 
of approaches: (1) physical (e.g screens, surface 
mixers, aeration), (2) chemical (e.g., hydrogen 
peroxide, binding agents for phosphorous), or 
(3) biological (e.g., bio-manipulation) (Paerl et 
al. 2018; Burford et al. 2019; Kibuye et al. 2021). 
Aeration, surface-water mixers, and hydrogen 
peroxide could be used in the Bay-Delta in small 
hotspot regions (marinas) but would require 
permitting to ensure no non-target effects on 
sensitive aquatic life. Local-scale mitigation, 
or control technologies or treatments might 
effectively counteract any increases in bloom 
intensity at known hotspots that could result 
from Delta-wide flow management alterations, 
which often occur during droughts. Overall, the 
large scale of the Delta makes a single solution 
impossible, so a variety of management tools will 
be needed. 

Lastly, routine monitoring and advanced tools 
would help optimize water management in 
a way that does not contribute to cyanoHAB 
formation. Many drivers of cyanoHABs (i.e., water 
movement, nutrients, and light) may be altered 
by management actions (e.g., barriers, TUCOs, 
and wastewater treatment plant upgrades). As 
management actions are implemented, additional 
HABs-related monitoring—including toxin, 
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community composition, and water quality 
analyses—would help understand how the actions 
affected phytoplankton and HABs before, during, 
and after the action. Event-based monitoring, 
where data are collected when a bloom is 
detected, can also help fill gaps in system-wide 
monitoring networks. With careful planning and 
additional tools available, resource managers 
could better assess how drought and drought-
management actions affect cyanoHABs.
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