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A B S T R A C T   

Cyanobacterial harmful algal blooms (CHABs) have become a persistent seasonal problem in the upper San 
Francisco Estuary, California also known as the Sacramento-San Joaquin Delta (Delta). The Delta is comprised of 
a complex network of open water bodies, channels, and sloughs. The terminus of the Stockton Channel is an area 
identified as a CHAB “hotspot.” As CHABs increase in severity, there is an urgent need to better understand CHAB 
drivers to identify and implement mitigation measures that can be used in an estuarine complex like the Delta. 
We investigated water quality conditions and nutrient dynamics in the Stockton Channel by measuring nutrients 
in the water column, sediments, and pore waters. In situ nutrient addition bioassay experiments were used to 
assess the effects of nutrient enrichment on total algal/cyanobacterial growth and pigment concentrations. In 
both June and September, relative to unamended controls, total chlorophyll and cyanobacterial pigment con
centrations were unaffected by nutrient additions; hence, the study area showed signs of classical hyper
eutrophication, with ambient nitrogen and phosphorus present in excess of algal growth requirements. A 
cyanobacterial bloom, dominated by Microcystis spp. was present throughout the study area but was most severe 
and persistent at the shallowest site at the channel terminus. At this site, Microcystis spp. created water quality 
conditions that allowed for a prolonged bloom from June through September. While targeted nutrient reductions 
are recommended for long term mitigation, on a shorter timescale, our findings suggest that physical/mechanical 
controls are the more promising alternative approaches to reduce the severity of CHABs in the terminus of the 
Stockton Channel.   

1. Introduction 

Eutrophication is among the most pressing environmental issues 
impacting water resources worldwide (Likens, 1972; Smith, 2003; 
Sepulveda-Jauregui et al., 2018; Beaulieu et al., 2019). In estuaries, the 
common responses to eutrophication are increased primary productiv
ity, changes in biogeochemical (i.e., nutrient, oxygen) cycling, and re
ductions in biodiversity (Glibert, 2017). Climate warming is expected to 
further exacerbate the symptoms of eutrophication, most notably, the 
increased incidences and severity of cyanobacterial harmful algal 
blooms (CHABs; Paerl and Huisman, 2008; 2009; Moss, 2011; Lürling 
et al., 2017). 

River dominated coastal systems are particularly at risk of 

experiencing more severe CHAB events due to the combined effects of 
nutrient over-enrichment, warming temperatures, and extreme weather 
events (Paerl, 2023). Indeed, a number of eutrophic estuaries around the 
world are reporting increased occurrences of CHABs (e.g., Preece et al., 
2017; Paerl et al., 2018; Bargu et al., 2019). Cyanobacteria are able to 
proliferate in the fresh and brackish waters of estuaries, even during 
extreme climate variability, due to their ability to withstand large 
changes to water chemistry and physical properties (e.g., stratification 
and transparency) (Paerl and Huisman, 2008; Lehman et al., 2022). 

Large estuarine systems that are prone to CHABs often have “hot
spot” regions (i.e., locations where cyanobacteria blooms are most se
vere and most likely to occur) along the freshwater-marine continuum 
(Paerl et al., 2018). Mechanisms that create conditions for CHAB 
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hotspots to develop vary by system, but can include; point sources of 
nutrients, flood management actions that cause freshwater pulses into 
an estuary, and tropical cyclones and other large storm events (Filippino 
et al., 2017; Vaičiūtė et al., 2021; Bargu et al., 2023). Size of the system, 
hydrodynamics, freshwater areas that are hydrologically isolated from 
high flows, and salinity gradients also influence where hotspots develop 
(Robson and Hamilton, 2004; Paerl, 2014; Paerl et al., 2018). 

Hotspots cause transient problems as cyanobacteria cells travel from 
the point of origin to other portions of the watershed. This is exemplified 
in the St. Lucie Estuary in the southern tip of Florida’s largest riverine- 
estuarine system, the Indian River Lagoon, that experiences severe 
Microcystis aeruginosa blooms that travel and accumulate from up
stream Lake Okeechobee (Laureano-Rosario et al., 2021). Similar CHAB 
hotspot occurrences also occur in the Atchafalaya-Vermilion Bay System 
along the central Louisiana coast (Jaegge et al., 2023), the Klamath 
River in Oregon, the Yangtze River Delta in China (Liu et al., 2016; 
Huang et al., 2021), Himmerfjorden in Sweden (Tett et al., 2003, Walve 
et al., 2021), and the Curonian Lagoon in Lithuania and Russia (Vaičiūtė 
et al., 2021). 

CHAB hotspots are also known to occur in the upper portion of the 
San Francisco Estuary, known as the Sacramento-San Joaquin Delta 
(Delta) (Spier et al., 2013; CCHAB Network, 2022). The Delta is a 
physically, biologically, and hydrologically complex system that re
ceives flows from the Sacramento and San Joaquin Rivers and smaller 
tributaries. In addition to fluvial systems, it contains shallow flooded 
islands, marinas, managed canals, and static peripheral areas. The entire 
Delta experiences tidal fluctuations approximately twice daily. Infor
mation on CHABs in the Delta is generally limited to the flowing river 
regions and flooded islands (Lehman et al., 2013, 2017, 2022). Notably, 

there is a paucity of studies on cyanobacteria in managed canals and 
static peripheral areas throughout the Delta, including the area known 
as the Stockton Deep Water Ship Channel (DWSC) which dead ends at 
the Stockton Waterfront, directly adjacent to the City of Stockton. These 
managed canals and static peripheral areas, including the Stockton 
Waterfront, are becoming recognized as CHAB hotspots (CCHAB 
Network, 2022; Kudela et al., 2023). Since at least 2012, CHABs domi
nated by the non N2 fixing genus Microcystis spp. have been observed 
throughout the DWSC and Stockton Waterfront (Spier et al., 2013). The 
extent of the blooms and the associated toxin concentrations vary be
tween years (CCHAB Network, 2022; Kudela et al., 2023). However, like 
other areas of the Delta, CHABs appear to have become more severe 
since they were first detected in the vicinity of Stockton (Lehman et al., 
2017, 2022). 

As CHABs have increased in intensity and frequency across the Delta, 
there is a pressing need to identify and implement mitigation measures. 
The goal of this work was to better understand nutrient dynamics and 
general water quality in the DWSC and Stockton Waterfront, in order to 
set a foundation for developing potential mitigation options. This study 
aimed to characterize: (i) the area within the DWSC and Stockton 
Waterfront with the most severe CHAB, (ii) the roles of N and P as 
potentially growth-limiting nutrients in the DWSC and Stockton 
Waterfront, (iii) identify the potential contribution of P in the sediment 
and pore waters to the water column, and (iv) identify potential miti
gation techniques that may be appropriate to implement in a tidally 
influenced estuary. 

Fig. 1. Map showing the five primary sampling sites (in orange) and three additional sites where additional sediment/porewater samples were collected (in green). 
Sites are named as follows: 1. DWSC 4, 2. DWSC 3, 3. DWSC 2, 4. DWSC 1 (turning basin), 5. Stockton Channel Transition, 6. Waterfront 1, 7. Waterfront 2, 8. 
Waterfront 3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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2. Methods 

2.1. Study site 

The primary project site includes an approximately 7 km (km) long 
corridor through the DWSC that begins near the confluence with the 
Calaveras River and ends at the terminus of the channel adjacent to the 
City of Stockton (Fig. 1). The tidally influenced project site is approxi
mately 150 m (m) wide and 11 m deep with the channel depth shal
lowing dramatically as it meets the Interstate 5 (I-5) bridge with a depth 
of approximately 4 m at the terminus of the channel. The DWSC is in
tegral to the City and Port of Stockton’s economy as it connects Stockton 
to the larger estuary and eventually the Pacific Ocean. Approximately 30 
cargo vessels pass through the DWSC each month, berth in the channel, 
and then turn around in the turning basin. 

The entire length of our study site is referred to as the Stockton 
Channel, but large ships only travel as far as the turning basin. We refer 
to the area east of the turning basin (DWSC 1) as the DWSC and the areas 
to the east of I-5 bridge as the Stockton Waterfront. The area between the 
turning basin and the Stockton Waterfront is referred to as the Stockton 
Channel Transition. 

2.2. Field sampling 

In 2022, biweekly surveys were conducted from May to November 
(n = 11 sampling events) at five sites along the Stockton Channel. On 
each date, a YSI-EXO II sonde that was calibrated following Department 
of Water Resources Standard Operating Procedures was used to collect 
data near the center of the channel at the top and bottom of the water 
column; temperature, dissolved oxygen, pH, specific conductivity, were 
recorded. An optical sensor attached to the YSI-EXO II was also used to 
measure total in situ chlorophyll and phycocyanin by fluorescence 
(Yellow Springs Instruments model 6025). In situ analysis is less accurate 
than laboratory extractive chlorophyll methods and cannot always pick 
up the signal from colonial species such as Microcystis spp. However, the 
sensor provides a good estimate of chlorophyll concentrations and a 
consistent basis of comparison between sites. Phycocyanin fluorescence 
sensor readings are also not well correlated with colonial species such as 
Microcystis spp. or in mixed species assemblages (Ma et al., 2022), but 
can give a general indication of cyanobacteria presence and relative 
changes in biomass. 

A Secchi disk was used to record water clarity at each site. A 
Microcystis visual index score was also recorded at each site. Scores were 
ranked on a scale of 1–5, 1 meaning “absent” and 5 meaning “very high” 
(Flynn et al., 2022). 

Water samples were collected from the surface and bottom (i.e., 
approximately 0.5 m above the sediment water interface) portion of the 
water column at each of the five primary sampling sites. Bottom samples 
were collected using a Kemmerer water sampler (PFTE 1.2L, Wildco 
Wildlife Supply Company) and surface samples were scooped with 
bottles by hand at approximately 0.1 m subsurface. A tow net (64 μm 
mesh nylon) was used to collect phytoplankton species from the surface 
of the water for qualitative microscopy. Samples were stored on ice 
during transport to the laboratories. 

To estimate the concentration of sediment P and internal P cycling 
properties, sediment samples were collected on three dates: August 24, 
September 20, and November 14 (2022). The purpose of the August 
event was to confirm that we could successfully isolate pore waters from 
the samples. As such, samples for pore water analysis were only 
collected at the five primary sample sites. In September and November 
sediment samples for pore water and sediment analysis were collected 
from the eight sediment/porewater sites (see Fig. 1). 

Sediment samples were collected using a Ponar sampler (Petite Ponar 
Grab Sampler, stainless steel, Wildco) to facilitate the collection of un
disturbed sediment. Samplers targeted a water depth of 4–11 m to 
collect sediment samples. The top 5 cm of sediment was scraped off the 

surface of the sediment sample, placed into glass jars, and stored on ice 
during transport to the laboratory. 

2.3. Nutrient addition bioassay experiments 

In situ nutrient addition bioassay experiments were conducted in 
June and September of 2022 to assess the effects of nutrient enrichment 
on phytoplankton growth and pigment concentrations in the Stockton 
Waterfront; cyanobacterial pigment concentration was approximated 
using the diagnostic indicator photopigments myxoxanthophyll and 
zeaxanthin as described in Section 2.4.2. Water was collected from Site 5 
(Waterfront 1) using a submersible pump at 1 m depth and dispersed 
into 4 L pre-cleaned (0.01 N HCl, followed by deionized water and 
sample water rinses) Cubitainers (Hedwin Inc.). Cubitainers received 
nutrient additions in triplicate and were compared to untreated controls. 
In June, additions of nitrate (NO3; KNO3), phosphate (PO4; KH2PO4), 
and a combined treatment of NO3 and PO4 were applied. In September, 
the same treatments were repeated with two additional treatments of 
NH4 (NH4Cl) and NH4 and PO4 to assess the relative growth responses to 
NO3 vs. NH4 (Table 1). Dissolved inorganic carbon (10 mg DIC; 
NaHCO3) and silica (43.75 μM; SiO2) were also added to each Cubitainer 
to ensure these nutrients were not depleted during the bioassay period. 
Following nutrient additions, samples were suspended in a floating 
corral fitted with a layer of neutral density screening (to prevent 
photooxidation) off a dock in the San Joaquin River in Antioch, CA, to 
incubate at ambient light and temperature conditions for six continuous 
days. On experiment days 1 (T0), 2 (T1), 4 (T2), and 6 (T3), subsamples 
were taken from each Cubitainer and processed for chemical analyses, 
including dissolved nutrients, chlorophyll a, diagnostic group-specific 
phytoplankton chlorophyll and cartenoid pigments and particulate 
carbon and nitrogen (CHN). 

2.4. Laboratory analyses 

2.4.1. Water column samples 
Upon sample receipt, 10 mL (mL) aliquots of each surface and bot

tom water sample were collected into 15 mL pre-cleaned Falcon tubes 
and stored at −20 ◦C until processing; these samples were analyzed for 
total nitrogen (TN) and total phosphorus (TP). Similarly, 10 mL of each 
sample were syringe-filtered (0.7 μm pore size) and stored at −20 ◦C 
until further processing; these samples were analyzed for dissolved nu
trients (i.e., PO4, NO3, and ammonia – NH3). Nutrient concentrations 
were analyzed following standard procedures and using Hach TNT plus 
chemistries (Hach Methods 10,205, 10,206, 10,208, 10,209, and 
10,210). Positive and negative controls consisted of Hach Mixed 
Parameter Standard (LCA 721) and laboratory deionized water, 
respectively. All reaction vials were read using a Hach DR3900 spec
trophotometer with associated reagents in accordance with established 
EPA methods or surrogate methods (Nitrate Method 10,206, Ammonia 
Nitrogen Method 10,205, Total Nitrogen Method 10,208, Total and 
Reactive Phosphorus Method 10,209/10,210). 

2.4.2. Bioassay samples 
Photopigment concentrations diagnostic for major phytoplankton 

groups were determined using high-performance liquid chromatog
raphy (HPLC) (Shimadzu model LC-20AB) equipped with an auto
injector (SIL-20AC) and photodiode array spectrophotometric detector 
(Shimadzu SPD-M20A). This is an important distinction since all chlo
rophyll/pigment concentrations collected in the field were estimated 
using an in situ YSI sonde (fluorescence), but chlorophyll/pigment 
concentrations collected during the bioassay experiments were quanti
fied using HPLC (ug/L, absorbance). 

Phytoplankton groups included chlorophytes (chlorophyll b), cya
nobacteria (zeaxanthin and myxoxanthophyll), diatoms (fucoxanthin), 
dinoflagellates (peridinin), and cryptophytes (alloxanthin) (Jeffrey 
et al., 1999). Total phytoplankton pigment concentration was 
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determined by adding these pigment concentrations together and 
chlorophyll a concentration, also determined via HPLC, was used as a 
proxy for total pigment concentration for statistical analyses. Soluble 
nutrient concentrations were determined with a LACHAT QuikChem 
8000 Flow Injection Analysis System utilizing LACHAT Instruments’ 
QuikChem methods for total dissolved nitrogen (TDN) (Method 
10-107-04-3-P) and a SEAL QuAAtro39 Continuous Segmented Flow 
Analyzer (QuAAtro SEAL Analytical Inc.) following SEAL method 
guidelines in accordance with standard U.S. EPA methods for PO4 
(Method no. Q-037-05 Rev. 4), NH4 (Method no. Q-033-04 Rev. 8), and 
NO3 (Method no. MT3B Q-035-04 Rev 10). 

2.4.3. Sediment and pore water samples 
To evaluate the potential for internal P cycling, we analyzed sedi

ment and pore water from eight sites. Sediments were analyzed for grain 
size and total organic carbon. Grain size was measured using variable 
sieve sizes to isolate fractions (PSEP, 1997). A triplicate analysis of one 
sample was analyzed per batch. All triplicate analysis has a coefficient of 
variation less than 5%. Organic carbon was analyzed by non-dispersive 
infrared spectroscopy (Method SW846 9060A; AOAC, 1997; Harris 
et al., 2001). Sediments were dried at 70 ◦C and acidified and purged 
with nitrogen to remove inorganic carbon prior to oxidation by 
combustion. 

To extract pore water, 6 g of wet sediment was weighed and placed 
into 50 mL polypropylene centrifuge tubes. Samples were spun at 4000 
rpm for 20 min on a Fristaden Lab benchtop centrifuge. Pore water was 
decanted then filtered through Whatman borosilicate glass microfiber 
GF/D filters (2.7 μm pore size) into fresh centrifuge tubes prior to 
analysis. TP was measured in the filtered pore water samples following 
the same methods as described above for water column nutrient 
analyses. 

2.5. Data analysis 

Correlations between samples collected at the top and bottom of the 
water column were tested using Pearson’s correlation with statistical 
significances at the p < 0.05 level (one-tailed). Positive correlations 
were used to determine if the top and bottom water column samples 
were correlated and could be treated as a single variable for further data 
analysis. 

Principal component analysis (PCA) was employed to compare pat
terns between water quality data and to visualize differences in water 
quality across the five primary sampling sites. Eigenvalues greater than 
1 were considered as the criterion for the extraction of the principal 
components to elucidate the variances found in the data. To verify the 
PCA results and test the significance of clustering between sites, a 
PERMANOVA based on Euclidean distance matrices was performed with 
999 permutations. A pairwise comparison using Euclidean distance and 
the Holm correction was used to determine significant differences be
tween sites. 

Differences in mean water quality variables was analyzed using one- 
way ANOVA tests. A post hoc multiple means comparison test with 95% 
confidence intervals was used to compare mean water quality variables 
across sites via specific linear combinations by the Tukey method. 

In order to evaluate differential cyanobacterial growth and overall 
pigment concentration between nutrient addition treatments of the 
bioassay experiment, the following statistical analyses were performed. 
Cyanobacterial indicating pigments and total chlorophyll a (measured 
via HPLC, as a proxy for total pigment concentration) concentrations for 
each treatment were compared to the control on T3 (experiment day 6) 
using a two-way ANOVA test (a = 0.05). A post hoc multiple means 
comparison test with 95% confidence intervals was used to compare 
each nutrient treatment to one another (e.g., NH4 to NO3) via specific 
linear combinations by the Tukey method. 

Differences in TP concentrations between the water column and pore 
water were tested with t-tests. A one-way ANOVA was used to test if 
there were differences in TP pore water concentrations across sites. 

Statistics and visualizations were completed in R v.7.2 (http://cloud. 
r-project.org) using the ‘factoextra’, ‘vegan’, and ‘ggplot’ packages 
(Oksanen et al., 2022). 

3. Results 

3.1. Water quality conditions 

Water quality differed among sites, with surface water quality con
ditions during the primary bloom season (defined as June through 
September) characterized by high mean water temperatures 
(25.0–26.3 ◦C), pH (7.8–9.5), and daytime dissolved oxygen concen
trations (6.9–12.5 mg/L) (Table 2). Mean specific conductivity was 
relatively low at all sites (491–566 μS/cm) but was highest at the DWSC 
sites and then decreased in an eastward direction as expected with the 
estuarine gradient. The Waterfront 3 site had the highest maximum 
temperature, maximum dissolved oxygen, and maximum pH, lowest 
maximum specific conductivity, and densest cyanobacteria bloom of all 
sites. The Waterfront 3 site had significantly higher mean dissolved 
oxygen, pH, chlorophyll, Microcystis visual index, and lower secchi 
depth than the sites in the Deep Water Ship Channel (p < 0.05). The 
bloom at the Waterfront 3 site also lasted the longest, with Microcystis 
spp. colonies still present on the last sampling date in November. 

From June through October, Microcystis was the dominant genus 
observed at all study sites. Other genera that were present included 
cyanobacteria Planktothrix, Aphanizomenon, Dolichospermum, Pseudana
baena, as well as numerous chlorophyta, and diatom genera. 

The Pearson’s correlation analysis of water samples collected from 
the top and bottom of the water column showed significant positive 
correlations for all nutrient forms and other water quality parameters 
(Fig. 2). The strong positive correlations between the top and the bottom 
of the water column indicated that samples could be treated as a single 
factor for further analysis. Although most factors were positively 
correlated, NH3–N was negatively correlated with temperature, dis
solved oxygen, pH, chlorophyll, phycocyanin, TN, TP, and PO4. 

Importantly, the PCA revealed some distinct traits of the DWSC: 
firstly, that key indicators of cyanobacterial blooms (visual index scores, 
chlorophyll, etc.) were not strongly correlated with dissolved nutrient 
concentrations or temperature. The first two principal components 
accounted for the majority of variance (64.9%) (Fig. 3). Principal 
component 1 showed that NH3–N and Secchi depth had an inverse 

Table 1 
Nutrient additions for each treatment of the bioassays in June and September. Values were selected to mimic typical summertime concentrations in the Stockton 
Waterfront using ambient nutrient concentrations from monitoring data accessed through the United States Geological Survey’s online portal (Bergamaschi et al., 
2020).  

Bioassay Treatments 

Month Nutrient Control NO3 (KNO3) P (KH2PO4) NO3 (KNO3) + P (KH2PO4) NH4 (NH4Cl) NH4 (NH4Cl) + P (KH2PO4) 

June N — 87.5 μM N — 87.5 μM N — — 
P — — 17.5 μM P 17.5 μM P — — 

Sept N — 87.5 μM N — 87.5 μM N 87.5 μM NH 87.5 μM NH 
P — — 17.5 μM P 17.5 μM P — 17.5 μM P  
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relationship with pH, dissolved oxygen, chlorophyll, phycocyanin, and 
the visual index. These findings indicate that NH3–N and water clarity 
decrease as cyanobacteria biomass increases. However, temperature and 
the dissolved nutrients (other than NH3–N) were more explained by 
principal component 2 (Fig. 3). These factors are likely less associated 
with the main bloom indicators because nutrients are present in excess 
throughout the entire study area (Fig. 4). 

The PCA also revealed that the sites sampled along the Stockton 
Channel are ecologically distinct. To demonstrate statistically signifi
cant differences between the primary sampling sites, colors were 
assigned to each of the five sites and 95% confidence ellipses are drawn 
around clusters identified by the PCA calculations. These ellipses indi
cate that sites are divided into three groups: on the left are the two sites 
in the main portion of the DWSC. These sites had much lower concen
trations of cyanobacteria as indicated by visual index data, chlorophyll, 
and phycocyanin than the other groups. In the middle, straddling the left 

and right are the DWSC 1 and Waterfront 1 sites (Fig. 3). These are part 
of the transition zone of the Stockton Channel and are characterized as 
having higher visual index scores, chlorophyll, and phycocyanin than 
the DWSC sites, but lower amounts of cyanobacteria than Waterfront 3. 
Finally, Waterfront 3 was primarily on the right side of the PCA plot. 
This site consistently had the highest visual index scores, and the highest 
concentrations of chlorophyll and phycocyanin of all the study sites. A 
PERMANOVA test confirmed significant differences between the PCA 
ellipses (p < 0.001). Pairwise comparisons show that the Waterfront 3 
site was significantly different than the other four primary sampling 
sites: Waterfront 1 (p = 0.023), DWSC 1 (p = 0.002), DWSC 3 (p =

0.001), and DWSC 4 (p = 0.001). Waterfront 1 was significantly 
different from DWSC 3 (p = 0.004) and DWSC 4 (p = 0.17). Pairwise 
comparisons did not reveal significant differences between the other 
sites. 

3.2. Nutrients in the water column 

Nutrient concentrations in top and bottom samples for each site are 
plotted on the same figure (Fig. 4). TP and PO4 concentrations consis
tently exceeded the threshold for nutrient limitation of (0.1 mg/L) and 
(0.01 mg/L) respectively (Ibelings et al., 2021), but the exact 
TN-threshold concentrations were less clear. A review by Ibelings et al. 
(2021) suggests that TN concentrations above which N-limitation of 
phytoplankton biomass becomes unlikely is somewhere in the range of 
0.35–2 mg/L. 

The minimum TN measured was 1.18 mg/L in November at the 
Waterfront 3 site. Overall, TN was lowest at all sites during the October 
and November sampling dates. From May to September, TN was 
generally high and exceeded the proposed 2 mg/L TN threshold con
centration below which N is likely to limit further phytoplankton 
biomass (Ibelings et al., 2021). NH3–N was consistently lowest at the 
Waterfront 3 site where chlorophyll concentrations were highest. 
NO3–N appeared to decrease with highest concentrations measured at 
the beginning of the sampling period in May and lowest concentrations 
measured at the end of the sampling period in October and November. 

3.3. Effects of nutrient enrichment on cyanobacterial pigment 
concentrations 

In June, phytoplankton communities were composed of a mixed 
assemblage of chlorophytes, cryptophytes, and cyanobacteria in rela
tively equal concentrations, but in September, diatoms dominated, fol
lowed by chlorophytes then cyanobacteria. Cryptophyte pigment 
concentrations remained low and dinoflagellate pigments were not 
observed during both experiments. Per the concerns associated with 
cyanobacterial blooms in the study area, the main focus of nutrient 

Table 2 
Maximum water depth and mean ± standard deviation of surface water quality variable (except for pH which is reported as the median) measured twice per month at 
the five primary stations between June 13 and September 30, 2022 (n = 8). Maximum recorded value presented in parentheses. Different letters indicate statistically 
significant differences between sites (p < 0.05).  

Site DWSC 4 DWSC 3 DWSC 1 Waterfront 1 Waterfront 3 

Water Depth, m 12 11 12 6 4 
Water Temperature, ◦C 25.0 ± 1.3 (26.8), A 25.1 ± 1.3 (26.9), A 25.5 ± 1.3 (27.5), A 25.8 ± 1.3 (27.6), A 26.3 ± 1.3 (28.3), A 
Percent Dissolved Oxygen, % 81 ± 7 (90), A 76 ± 7 (90), A 94 ± 22 (136), A 102 ± 18 (122), A 148 ± 42 (203), B 
Dissolved Oxygen, mg/L 6.7 ± 0.5 (7.5), A 6.3 ± 0.6 (7.5), A 7.6 ± 1.8 (11.3). A 8.3 ± 1.4 (10.1), A 11.8 ± 2.9 (15.2), B 
Specific Conductance, μS/cm 608 ± 155 (853), A 586 ± 182 (821). A 592 ± 204 (858), A 582 ± 190 (827), A 562 ± 165 (807), A 
pH 7.8 ± 0.1 (8.0), A 7.7 ± 0.1 (7.8), A 7.9 ± 0.7 (9.8), A, B 8.6 ± 0.6 (9.6), B, C 9.5 ± 0.6 (9.8), C 
Chlorophyll fluorescence, mg/L 1.6 ± 0.61 (2.9), A 1.6 ± 0.6 (2.5), A 5.0 ± 2.6 (10.1) A,B 8.4 ± 4.1 (13.9) B,C 12.4 ± 3.8 (16.1), C 
Microcystis Visual Index 2.0 ± 0.5 (3.0) A 1.9 ± 0.4 (2.5) A 2.8 ± 0.6 (3.5) A,B 3.5 ± 0.6 (4.5) B 4.4 ± 0.5 (5), C 
Secchi Disk, m 5.5 ± 1.2 (7.0) A 4.8 ± 0.7 (5.8) A 4.5 ± 0.8 (5.5) A 3.6 ± 0.9 (5.3) A,B 2.3 ± 0.8 (3.5) B 
Total Phosphorus (TP) mg/L 0. ± 0.04 (0.44), A 0.45 ± 0.06 (0.55), A 0.43 ± 0.06 (0.53), A 0.43 ± 0.05 (0.52), A 0.52 ± 0.20 (0.97), A 
Phosphate (PO4) mg/L 0.34 ± 0.05 (0.40), A 0.42 ± 0.09 (0.56), A 0.39 ± 0.06 (0.46), A 0.38 ± 0.08 (0.49), A 0.35 ± 0.11 (0.48), A 
Total Nitrogen (TN) mg/L 2.34 ± 0.63 (3.04), A 2.79 ± 0.77 (4.33), A 2.78 ± 0.60 (3.69), A 2.75 ± 1.02 (4.75), A 2.82 ± 1.70 (6.44), A 
Ammonia (NH3) mg/L 0.05 ± 0.03 (0.10), A, B 0.10 ± 0.03 (0.17), A 0.06 ± 0.03 (0.13), A, B 0.04 ± 0.04 (0.12), B 0.03 ± 0.05 (0.14), B 
Nitrate (NO3) mg/L 1.71 ± 0.65 (2.63), A, B 2.14 ± 1.00 (4.38), A 2.06 ± 0.76 (3.62), A, B 1.74 ± 0.56 (2.93) A, B 0.96 ± 0.51 (2.07), B  

Fig. 2. Correlation matrix showing correlation between samples collected from 
the top (t) and bottom (b) of the water column from the five primary sample 
sites. Blank cells show no significant correlation between variables (p > 0.05). 
Blue circles indicate a positive correlation between variables while red circles 
indicate a negative correlation between variables. The darker and larger the 
circle the more significant the correlation. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 

E.P. Preece et al.                                                                                                                                                                                                                                



Journal of Environmental Management 351 (2024) 119606

6

addition experiments was on the stimulation of cyanobacteria. Accord
ingly, for the primary analysis, chlorophyte, diatom, dinoflagellate, and 
cryptophyte pigment concentrations were grouped for direct compari
son to cyanobacterial pigments (derived from diagnostic pigment anal
ysis as described in Section 2.4.2) (Fig. 5). 

As demonstrated in the control group responses, final cyanobacterial 
pigment concentrations in Waterfront 1 were greater during the June 
bioassay (20.09 ± 0.55 μg/L at T3) when compared to September (1.11 
± 0.12 μg/L at T3) (Fig. 5), as expected by the seasonal and temperature 
preferences of the blooms (Lehman et al., 2017). During the June 
bioassay, in the absence of any N or P nutrient additions (control group), 
cyanobacterial pigment concentrations rose by more than 8 times over 
the course of the 6 day experiment with the largest growth occurring 
between T2 and T3 (Fig. 5). Similarly, HPLC-determined chlorophyll a 
in all treatments more than tripled by T3. In a stark difference, during 

the September experiment, cyanobacterial pigment concentration less 
than doubled (Fig. 5), but HPLC-determined chlorophyll a concentra
tions still increased considerably, beginning at 7.66 ± 0.21 on T0 and 
ending at 70.52 ± 1.24 μg/L on T3. This suggests that cyanobacterial 
communities outcompeted many of the other algal groups in June, but 
they did not in September when they contributed to a much smaller 
fraction of total chlorophyll a. However, it is important to note that all 
observed growth dynamics were consistent between controls and 
nutrient treatments (adj. p > 0.05) in both months. During both ex
periments, there were no statistically significant differences in chloro
phyll a observed between all treatments at T3, with the exception of 
NO3 vs NO3+P in June (adj. p < 0.05). These findings indicate that 
nutrient concentrations present in the original water samples were 
already in excess of phytoplankton growth needs and that the nutrient 
additions failed to stimulate further growth. 

Fig. 3. Principal component biplot for the first two principal components. The arrows originating from the central point of the PCA biplot indicate positive or 
negative correlations of different variables. The closeness of arrows indicates correlation strength between variables. To facilitate visual identification of patterns, 
95% confidence ellipses were constructed around clusters for each of the five primary sampling sites. 

Fig. 4. Total phosphorus (TP), orthophosphorus (PO4), total nitrogen (TN), nitrate (NO3–N), and ammonia (NH3–N) plotted by date for each of the five primary 
sampling sites. Top and bottom water column samples are shown on the same plot so there are two samples plotted per date, per site. The black dotted lines are 
nutrient thresholds that are cited in the literature as limiting cyanobacteria growth (Ibelings et al., 2021). Each point represents a single sample. 
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Nutrient concentrations exceeding the needs of cyanobacterial 
communities were confirmed by the high concentrations of TDN, NO3, 
NH4, and PO4 measured during the experiments. Total dissolved ni
trogen (TDN) was 3.04 ± 0.21 mg/L in June and 1.70 ± 0.32 mg/L in 
September at T0, continuously exceeding nutrient thresholds of 
1.00–1.30 mg/L reported as limiting cyanobacterial growth throughout 
the summer months (Ibelings et al., 2021). In June, by T3 of the 
experiment, only two-thirds of the TDN available had been used up in 
the control, leaving ample N left to support growth. Similarly, in 
September, less than one-half of the total available TDN at T0 was 
depleted by the control group. 

3.4. Pore waters and sediments 

Sediment at the sites was generally dominated by silt, clay, and sands 
with less than 30%, by mass, of grain composed of gravel (Fig. 6). The 
exception to this was the Waterfront 1 site where over 50% of the 
sediment was composed of gravel. Waterfront 3 and Stockton Channel 
Transition also had higher gravel content than the other sites. 

Sediment organic carbon content was higher in the shallower por
tions of the Stockton Channel, with the highest organic carbon at 
Waterfront 3 (Table 3). At Waterfront 3 organic carbon content in the 
sediments was almost five times higher than the DWSC sites. Grain size 
did not appear to influence organic carbon content. 

Pore waters were variable across sites and dates (Table 3). Pore 

Fig. 5. Total phytoplankton pigment concentrations and nutrient concentrations recorded during the June and September 2022 bioassay experiments. Phyto
plankton concentrations is reported on the right y-axis in μg/L, nutrient concentrations are reported in mg/L on the left y-axis. Note the difference in y-axes scales in 
June vs. September. Pigments indicating cyanobacteria (myxoxanthophyll and zeaxanthin) are shown in black, and all other detected pigments (alloxanthin 
(cryptophytes), chlorophyll b (chlorophytes), and fucoxanthin (diatoms)) are visible in gray. 

Fig. 6. Percent grain size measured at each of sediment sampling sites by mass.  
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waters had consistently higher total filterable P concentrations than TP 
in the overlying water column (Fig. 7) Welches t-test confirmed a sig
nificant difference between total filterable P in pore water and TP in the 
overlying water column (p < 0.001). 

TP in the surface sediments generally ranged from 300 to 540 mg/kg 
(Table 3). However, there were two outliers in November; one sample at 
the DWSC 3 was 87 mg/kg while one sample collected at the Stockton 
Channel Transition contained 790 mg/kg of TP. 

4. Discussion 

As previously reported and confirmed here, a Microcystis spp. bloom 
occurred in the Stockton Channel throughout the summer of 2022 (Spier 
et al., 2013; CCHAB Network, 2022). Although other species of cyano
bacteria were also present intermittently, Microcystis spp. dominated at 
all sites from late June through September. In addition to non-limiting 
nutrient concentrations, the study area exhibited warm water temper
atures throughout the summer season with mean water temperatures at 
or above 25 ◦C. 

The study area showed signs of classical hypereutrophication, with N 
and P available in non-limiting amounts (Ibelings et al., 2021). Bioassays 
confirm hypereutrophic conditions, both due to the lack of N or P (or N 
+ P) stimulation by additions and the high ambient N and P concen
trations measured in the controls throughout the bioassay period. 
Interestingly, per amount of N, experimental additions of NH4 slightly 
stimulated phytoplankton production more than NO3. This supports 
previous work, showing a preference for reduced forms of N, especially 
among cyanobacteria (Blomqvist et al., 1994; Lehman et al., 2017; 
Newell et al., 2019). On most dates, Waterfront 3 had lower NH3 
compared to the other sites, possibly because it was marginally limiting 

as suggested by the nutrient addition experiments. 
The Delta has become well recognized for having nutrient conditions 

that can exceed phytoplankton growth requirements (e.g., Wilkerson 
et al., 2006; Lehman et al., 2015; Frantzich et al., 2018). However, 
nutrient concentrations in the Stockton Channel were notably high even 
for the Delta (Lehman et al. 2017, 2022). High nutrient concentrations 
in the Delta have been tied to a combination of point and non-point 
sources (Jassby, 2008, Saleh and Domagalski, 2021). In the Stockton 
Channel there is also a large nutrient pool stored in the sediments and 
pore waters that likely contributes nutrients to the water column. These 
findings are consistent with Cornwell et al. (2014) who found significant 
and dynamic sediment nutrient fluxes especially in shallower areas of 
the Delta. There were indications of internal P loading across all sites 
due to the high concentrations of P in the pore waters, but flux rates of 
phosphorus from sediment were not quantified in this study. Further 
study is necessary to determine if the observed differences in sediment 
size and composition influenced internal nutrient loading in the study 
area (Wang and Li, 2010; Gao et al., 2014, Rahutomo et al., 2018). 

Although there were high nutrient concentrations at all study sites, 
the Microcystis spp. bloom was most severe in density and duration at 
Waterfront 3. There were some obvious physical and chemical differ
ences at the Waterfront 3 site that likely led to the more intense bloom at 
this location relative to the other study sites. Waterfront 3 was the 
shallowest and consistently warmest of all the study sites. Maximum 
temperature at the Waterfront 3 site reached 28.3 ◦C on July 21, 
exceeding the optimal M. aeruginosa growth temperatures of 27.5 ◦C 
reported by You et al. (2018). The Waterfront 1 site and DWSC also 
exceeded 27 ◦C on the same date as the maximum recorded temperature 
at Waterfront 3, but the temperature at these sites was nearly 1 ◦C 
cooler. The median pH of 9.5 at this site was also significantly higher 

Table 3 
Total phosphorus (TP) in pore waters from August September and November 2022. TP and organic carbon in sediments collected in September and November 2022. 
Each value represents a single sample.  

Site Organic Carbon in mg/kg (dry weight) TP in sediment mg/kg Total Filterable P in pore waters mg/L 

September November September November August September November 

Waterfront 3 276,000 247,000 430 310 1.2 0.4 0.6 
Waterfront 2 178,000 – 540 790 – 0.8 0.3 
Waterfront 1 164,000 – 380 340 0.7 0.6 0.5 
Stockton Channel Transition 165,000 140,000 540 320 – 0.5 0.7 
DWSC 1 51,600 74,600 410 510 0.9 1.4 1.2 
DWSC 2 65,100 – 460 380 – 0.2 0.9 
DWSC 3 61,500 – 460 390 0.6 1 0.4 
DWSC 4 54,900 37,100 300 87 0.6 0.3 0.9  

Fig. 7. Mean total filterable phosphorus measured in the pore water and total phosphorus in the overlying water column. Samples are averaged for the five primary 
sampling sites, on each date, where pore water was collected. Black bars show standard error. 
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than the pH at all the other sites which was likely driven by the high 
amount of Microcystis. This observation aligns with other studies that 
have found Microcystis not only grows well at high pH, but it also 
adapted to utilize bicarbonate as a carbon source and in doing so drives 
pH even higher during photosynthesis (e.g., Sandrini et al., 2016; Visser 
et al., 2016; Zepernick et al., 2021). Along the Stockton Waterfront 
sediment organic carbon was 4–5 times higher than the DWSC sites. 
Considering these factors, the large bloom at Waterfront 3 likely 
generated a positive feedback loop to sustain the bloom by keeping pH 
high and increasing deposition of organic matter into the sediment, 
which can promote internal nutrient cycling (Gao et al., 2014, Qin et al., 
2020). Internal and external nutrient loading likely created favorable 
conditions that allowed for a sustained Microcystis spp. bloom. 

This study did not evaluate hydrodynamics of the study area, but the 
Waterfront 3 site is demonstrated to be lacustrine in nature (Schladow 
and Monismith, 2009), and these characteristics likely also impact the 
development and sustained presence of Microcystis spp. at this site. 
Factors such as the channel morphology, depth, and different hydro
dynamic conditions likely contributed to the less severe bloom in the 
DWSC. These physical differences have been identified as factors 
limiting cyanobacteria growth, accumulation and/or bloom crashes in 
other CHAB hotspots where nutrients are replete (Qin et al., 2020, Wang 
and Zhang, 2020). 

4.1. Implications for controlling cyanobacteria blooms 

Managing CHABs has become increasingly complicated, especially as 
blooms have expanded across the freshwater to marine continuum 
(Zepernick et al., 2023). As such, there is no one size-fits-all manage
ment approach for any given water body (Erratt et al., 2022). In our 
study area it is clear that CHABs are most severe at the Waterfront 3 site 
and we suggest that initial mitigation efforts should focus on this area of 
the Stockton Channel. It is possible that mitigating this CHAB hotspot 
may also reduce cyanobacteria biomass downstream in the DWSC 
(Phlips et al., 2023). 

CHAB management tools that could be used in estuaries can be 
divided into four main categories: 1) external nutrient control that ad
dresses point and non-point sources, 2) chemical controls in the form of 
algaecides or barley straw to control blooms or flocculants to control 
internal nutrient loading, 3) biological controls that alter the physiology 
of cells, introduce top-down biological control agents, or macrophytes to 
compete with cyanobacteria, and 4) physical/mechanical controls to 
increase flushing and reduce retention time, hydrologic modifications 
that can circulate water sufficiently to disrupt the life history strategy of 
buoyant cyanobacteria and prevent the accumulation of colonies, or 
dredging that removes nutrients and cyanobacteria seedstock (Paerl 
et al., 2018; Kibuye et al., 2021a, 2021b). Based on our study results, and 
considering the physical, ecological, and management complexity of the 
Delta, we narrow the possible mitigation options that are realistic for the 
Stockton Waterfront below. 

In theory, managing eutrophication itself is straightforward – reduce 
excess nutrient supply (Paerl, 2014). Yet, in practice managing nutrient 
supply in a large hydrologically complex estuary is exceedingly difficult 
(Dolph et al., 2017). Given that nutrient levels in the water column and 
sediments in the study area are elevated, reductions in nutrient inputs 
from a few specific sources (e.g., point source, stormwater) are unlikely 
to rapidly improve water quality conditions in the Stockton Channel (Xu 
et al., 2021). Further, it is not feasible in the short-term to achieve these 
point source reductions as regulations to achieve decreases in nutrient 
point sources would take a number of years to implement. Nevertheless, 
in the long-term, nutrient reductions at a watershed scale may be needed 
to decrease occurrences of cyanobacteria in the area. 

Chemical and biological controls are currently not realistic near-term 
options for managing water quality, preventing cyanobacteria blooms, 
or suppressing established blooms in the Delta. This is because of the 
cost, application challenges, lack of research and testing for biological 

and chemical controls in a tidal environment, presence of federally and 
state listed special status fish species, and a complex regulatory and 
institutional structure with a multi-step process for obtaining appro
priate permits and approvals (Luoma et al., 2015; Ta et al., 2017). It is 
also notable that chemical control techniques for other primary pro
ducers in the Delta have at best, ephemeral success likely because these 
techniques are intended for use in lentic systems that do not experience 
tidal fluctuations (Larsen et al., 2023). Use of biological controls such as 
macrophytes are unlikely to get approval as managers are struggling to 
control the invasive macrophytes that are currently invading many areas 
of the Delta (Ta et al., 2017). 

Increasing streamflow has been shown to inhibit CHAB development 
in the Neuse River estuary, North Carolina, USA, and Scheldt Estuary, 
The Netherlands (Christian et al., 1986; Verspagen, 2006; Yang et al., 
2018). Yet in the Delta, there have long been issues reconciling and 
balancing competing objectives and resource demands related to water 
supply (Lund, 2016). These issues have been exacerbated over the past 
decade as drought has affected the reliability of the regional water 
supply (Alexander et al., 2018). Further, the Waterfront is isolated from 
the major rivers that control streamflow through the Delta. The nearest 
major river to the Waterfront, the San Joaquin River, is over 2.5 km 
downstream from the western edge of the Waterfront and over 3.5 km 
from Waterfront 3 where the most severe blooms form. 

In the near-term, the evaluation of mitigation measures could focus 
on physical/mechanical controls along the Stockton Waterfront to 
reduce the occurrence and severity of cyanobacteria blooms in the area. 
There are some physical controls currently in place to alleviate the 
problems associated with low dissolved oxygen concentration but were 
not intended to decrease CHABs. There are two aeration facilities owned 
by the Port of Stockton that add approximately 8500 pounds of pure 
gaseous oxygen into the water of the DWSC to maintain dissolved oxy
gen concentrations at or above water quality objectives. The aeration 
facilities are turned on when needed, typically late summer for 2–10 
days at a time. Fixed station and boat-mounted DO measurements, hy
drodynamic modeling and dye studies indicate the effects of the aerators 
are extensive but likely do not measurably affect DWSC 1 or the 
Waterfront sites. Along the Stockton Waterfront there are nine line 
diffuser bubbler systems that are spaced every 500 feet on the floor of 
the channel from just west of Waterfront 1 to the eastern terminus of the 
channel. During our study, the line diffuser bubbler system appeared to 
have little, if any, impact on the formation of CHABs in the area as dense 
Microcystis scum formed directly over the bubblers. The system likely 
does not create enough turbulence and mixing of the water column to 
reduce Microcystis biomass production (Huisman et al., 2004). 

Increasing the physical recirculation of the water throughout the 
Waterfront, but with a focus on the Waterfront 3 site, is a promising 
near-term option for managing CHABs in the area. To supplement 
physical recirculation, it may be useful to remove or reduce organic 
carbon, nutrients, and overwintering Microcystis seedstock through 
dredging. Combining dredging with other mitigation methods has been 
effective at improving water quality in other estuarine systems (Chen 
et al., 2021). 

5. Conclusions 

We present several independent lines of evidence for hypereutrophic 
conditions in the Stockton Channel throughout the cyanobacterial 
growth season. However, nutrients alone do not explain why blooms 
were so severe at the terminus of the channel. Blooms may be most se
vere at Waterfront 3 because it is shallowest, warmest, and most 
lacustrine site. Dense cyanobacterial blooms may drive a positive feed
back cycle by increasing and maintaining high pH, affecting dissolved 
oxygen concentrations, and creating high amounts of organic carbon in 
the sediment to continue fueling the bloom. Considering study results 
and the ecological, physical, and institutional complexity of the Delta, 
physical/mechanical mitigation measures appear to be the most 
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promising option for managing blooms at the Waterfront. In the long 
term external nutrient reductions will also likely be necessary to miti
gate the blooms. Findings from this study are relevant for considering 
mitigation actions in other “hotspots” of the Delta as well as other es
tuaries that experience CHAB hotspots. 
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