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ARTICLE INFO ABSTRACT

Keywords: Cyanobacteria harmful algal blooms (CHABs) became a concern in the upper San Francisco Estuary, California

Microcystis beginning in 1999, when yearly blooms of Microcystis began in the Delta region. Subsequent research identified

Drought that the increase in the magnitude, duration and toxicity of Microcystis blooms was associated with drought

Temperature related conditions of elevated water temperature and low streamflow. However, the impact of extreme condi-

Streamflow . - . .

Climate tions on the resilience of the bloom was unknown. The 2014 and 2017 water years provided a unique oppor-
tunity to determine the effect of climatic “whiplash” produced by the occurrence of extreme wet conditions
following extreme dry conditions on the Microcystis bloom. We hypothesized that the period of record wet
conditions in 2017 (1906-2018) would eliminate the Microcystis bloom for that year and perhaps revert the
estuary phytoplankton community back to pre-bloom conditions due to extreme flushing, despite the increase in
magnitude and spatial and temporal distribution of the Microcystis bloom during the 2014 extreme dry year. Field
sampling was conducted at 2-week or 4-week intervals between July and November at stations throughout the
Delta for both years and included a suite of physical, chemical and biological factors. Using PRIMER-e DISTLM,
we determined that retention time in the upper estuary and water temperature were key environmental corre-
lates with the Microcystis bloom amplitude and in regression models described 58-78% of the variation of the
bloom surface biovolume or subsurface abundance. The period of record high streamflow in 2017 was not
enough to eliminate the Microcystis bloom. However, the bloom was small in 2017, with a low abundance, late
initiation, short duration, narrow distribution and low toxin production. Warm water temperature enabled the
bloom to flower in late summer despite streamflow many times those measured previously. In addition, although
conditions early in the summer of 2017 favored diatoms, the summer was characterized by an abundance of
other non-Microcystis cyanobacteria. We conclude that once established, Microcystis is likely to be resistant to
extreme wet conditions, as long as water temperature and other key water quality conditions are favorable.

1. Introduction these rapid shifts in extreme environmental conditions will impact

biological communities, including cyanobacteria harmful algal blooms

Microcystis has increased worldwide and its increase is partially (CHABS). Microcystis is currently the most common freshwater CHAB
attributed to the increase in drought conditions caused by climate worldwide (Harke et al., 2016) and has expanded into estuarine habitats
change because Microcystis thrives in regions with elevated water tem- including the Chesapeake Bay, San Francisco Bay and the Neuse River
perature, decreased flushing time, water column stratification and Estuaries in the United States; the Swan River Estuary in Australia; the
accumulation of nutrients associated with drought (Harke et al., 2016; Los Platos Estuary in Brazil; and the Guadiana River Estuary in both

Paerl and Otten, 2013). Climate change is predicted to increase the Spain and Portugal (Sellner et al., 1988; Yunes et al., 1996; Rocha et al.,

frequency and intensity of extreme drought and flood events worldwide 2002; Robson and Hamilton, 2003; Lehman et al., 2005). In addition,

(IPCC, 2014). Increased frequency of these extreme events will lead to transport of Microcystis from freshwater and estuarine environments

rapid shifts from extreme dry to extreme wet conditions or climatic seaward can affect the survival and toxicity of marine species along the

“whiplash” in California (Swain et al., 2018) and it is unknown how coastal ocean (Miller et al., 2010).
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Microcystis spp. (Microcystis) has bloomed during the summer and fall
in upper San Francisco Estuary (USFE) since 1999 (Lehman et al., 2017).
The blooms are an environmental threat to estuarine species in USFE
where it has been demonstrated that these blooms affect the health and
survival of fish (Acuna et al., 2012a,b; Kurobe et al., 2018a,b),
zooplankton (Ger et al., 2009, 2010), and the composition of phyto-
plankton and bacterial communities (Lehman et al., 2010; Kurobe et al.,
2018a). Blooms vary more with wet and dry conditions than with
nutrient concentration in this nutrient replete estuary (Lehman et al.,
2008, 2017), even though Microcystis increases linearly with the per-
centage of ammonium in the total nitrogen pool (Lehman et al., 2015).
The 2014 water year was one of the driest years on record in USFE
(http://cdec.water.ca.gov/cgi-progs/iodir/WSHIST) and was accompa-
nied by a Microcystis bloom that was 13-76% larger than precious
blooms in dry or wet years, respectively (Lehman et al., 2017). Given the
large Microcystis bloom during the 2014 drought year, it is expected that
Microcystis will increase with the increased frequency of drought con-
ditions predicted to occur in California due to climate change (Dettinger
etal., 2016; Jones, 2015; Cayan et al., 2009). However, it is unclear how
Microcystis blooms and the associated primary producer community
(phytoplankton and cyanobacteria) will vary with alternating wet and
dry conditions or climatic “whiplash” (Swain et al., 2018). The potential
removal of Microcystis and return to pre-bloom conditions during
extreme wet conditions was suggested by the near replacement of
Microcystis by Aphanizomenon spp. in 2011 (Mioni et al., 2011), which
was a year with comparatively high streamflow in USFE (Dettinger et al.,
2016; http://cdec.water.ca.gov/cgi-progs/iodir/WSHIST).

We hypothesized that Microcystis would respond rapidly and on a
yearly basis to changes in extreme wet and dry conditions, and
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specifically that a Microcystis bloom would not occur in an extreme wet
year, even after an extreme drought year with a large Microcystis bloom
as a seed source. To test this hypothesis, we compared the magnitude
and toxicity of Microcystis blooms during the extreme drought of 2014
and the extreme flood of 2017. The water year 2014 was the 3rd and 4th
driest year and the water year 2017 was the 1st and 2nd wettest year on
recorded since 1906 for the Sacramento and San Joaquin River water-
sheds, respectively (http://cdec.water.ca.gov/cgi-progs/iodi
r/WSHIST). These two years also occurred within the climatic “whip-
lash” in California caused by the rapid change from extreme drought
between 2012 and 2016 to extreme flood in 2017 (Swain et al., 2018).
Comparisons were made with physical, chemical and biological data
collected at 2 to 4-week intervals between July and November, at 14
stations throughout USFE in 2014 and 2017. Environmental conditions
and primary producer communities associated with these extreme wet
and dry years were also used to determine their potential impact on the
Microcystis bloom.

2. Site description

San Francisco Estuary, located in central California, is the largest
estuary on the west coast of North America. The USFE is comprised of an
inland delta (Delta) of 2,990 km? with 1,100 km of waterways, which is
bounded by the Sacramento River on the north and the San Joaquin
River on the south (Fig. 1). The Delta extends upstream to the head of
the tide at Freeport on the Sacramento River and Vernalis on the San
Joaquin River. The location where these two major rivers converge near
Antioch is called the confluence and water flows (outflow; Fig. 2) past
the confluence into a chain of downstream marine bays - Suisun, San
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Fig. 1. Map of the upper San Francisco Estuary and stations sampled in 2014 and/or 2017. Insets indicate the location of the estuary in California and locations of the
X2 index (km), the distance inland from the Pacific Ocean where bottom salinity is 2.
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Fig. 2. Monthly average outflow (a) and the residence time index X2 (c) measured for the upper estuary between 1999 and 2017 and monthly average outflow (b)
and the residence time index X2 (d) measured during the Microcystis bloom season between July and November for 2014 (circle) and 2017 (diamond).

Pablo and San Francisco. Water depth in the Delta varies from a few
meters in shallow flooded islands to 13 m in the center of major river
channels. Tides reach 2 m in height, have velocities up to 30 cm s ™! and
range 10 km during tidal excursion. Due to its Mediterranean, climate
summers are dry, and the water year is based on precipitation from
October to the following September (Swain et al., 2018). Microcystis
blooms commonly occur during the summer between July and October
and were first observed in the Delta during the fall of 1999.

3. Methods
3.1. Field sampling

Data were obtained from two separate field studies conducted be-
tween July and November within the Delta at 10 stations in both 2014
and 2017. Both studies sampled stations across the USFE, with six of the
stations sampled in both years (Table 1). Stations which were in close
proximity and sampled in only one of the years were combined for
spatial comparisons. Stations 4 and 5 and stations 8 and 9 were renamed

Table 1

Stations sampled during the Microcystis bloom season in 2014 and 2017 are
marked with an “X”. The location of each station by number is presented in
Fig. 1.

station description 2014 2017
1 Suisun Channel X
2 Collinsville X X
3 Antioch X X
4 Sherman Island X
5 Brannon Island X

6 Jersey Point X X
7 Franks Tract X X
8 Potato Slough X
9 San Joaquin River X

10 Mokelumne River X
11 Rough and Ready Island X X
12 Venice Cut X

13 Old River X X
14 Mildred Island X
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for analysis as stations 5 and 9, respectively. Combining these stations
enabled comparison of 8 locations across the two years. Sampling fre-
quency differed between years, with samples collected every 2-weeks in
2014 and every 4-weeks in 2017. Water samples were collected with a
van Dorn bottle (0.3 m in 2014) or from a through-hull boat pumping
system (1 m in 2017) and were immediately stored at 4 °C for processing
within 1-3 h.

Water temperature, pH, specific conductance, turbidity (NTU), and
dissolved oxygen concentration were measured within the first 1 m
using a Yellow Springs Instrument (YSI) 6600 water quality sonde.

Surface Microcystis colonies greater than 75 pm in diameter were
gently collected with a 0.3 m diameter plankton net (75 pm mesh) that
was hand-towed up to 30.5 m. The net was fitted with floats that kept the
ring just below the surface, making the net tow an integrated sample of
the surface layer. The net was also fitted with a General Oceanics 2030R
flow meter to allow calculation of the total volume sampled. A surface
net tow was used to get a representative sample of the wide diameter (e.
g., 50,000 pm diameter) Microcystis colonies, because colonies were
widely dispersed across the surface of the water column. A wide mesh
was also necessary to reduced clogging from the high suspended sedi-
ment concentration, which characterizes the Delta.

3.2. Water quality

Water for chloride, ammonium, nitrate plus nitrite, silica and soluble
reactive phosphorus (SRP) analysis was immediately filtered through
nucleopore filters (0.45 pm pore size) and frozen until analysis (Amer-
ican Public Health Association et al., 1998; United States Environmental
Protection Agency, 1983; United States Geological Survey, 1985). Water
for dissolved organic carbon analysis was filtered through a
pre-combusted GF/F filter (pore size 0.7 pm) and kept at 4 °C until
analysis (American Public Health Association et al., 1998). Unfiltered
water samples for total and volatile suspended solids, total organic
carbon and total phosphate analyses were kept at 4 °C until analysis
(American Public Health Association et al., 1998).
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3.3. Phytoplankton and cyanobacteria composition

Net tow samples for determination of surface Microcystis biovolume
(>75 pm diameter size fraction) were preserved with Lugol’s solution.
The biovolume of surface Microcystis colonies was determined using area
based diameter (ABD) with a FlowCAM digital imaging flow cytometer
(Fluid Imaging Technologies; Sieracki et al., 1998). To more easily
measure the biovolume of the colonies, the samples were subdivided
into <300 pm and >300 pm diameter size fractions and read at a
magnification of 10X and 4X, respectively.

Phytoplankton and cyanobacteria cell count data were also obtained
for five stations sampled by the California Department of Water Re-
sources environmental monitoring program (water.ca.gov/Programs/
Environmental-Services/Interagency-Ecological-Program/Data-Portal).
For these samples, water was collected at 1-m depth and preserved with
Lugol’s solution in glass bottles. Identification and enumeration of taxa
to genus were done at 800X with the inverted microscopic technique
(Utermohl, 1958).

3.4. Quantitative polymerase chain reaction (qPCR) analysis

A qPCR analysis of water samples collected from 0.3 to 1 m depth
was used to quantify the potentially toxic cyanobacteria in all size
fractions within the water column. Water samples (200-300 ml) for
qPCR analysis were filtered through nitrocellulose membrane filters
(pore size 0.45 pm) and the filters were used for DNA extraction using a
NucleoSpin Plant II Kit (Macherey-Nagel, Bethlehem, Pennsylvania).
The qPCR assays were used to quantify the gene targets: 16S ribosomal
RNA genes (16S rDNA) for Dolichospermum, Aphanizomenon, Microcystis,
and total cyanobacteria (Lehman et al., 2017). The qPCR assay for total
cyanobacteria was developed against the conserved region of three
cyanobacterial genera: Microcystis, Dolichospermum, and Nostoc. The
assay also reacts with a wide range of cyanobacteria including Aphani-
zomenon, Planktothrix, and Cylindrospermum. The copy numbers of 16S
rDNA gene were divided by the number of 16S rDNA per genome to
obtain the equivalent cell number: Microcystis aeruginosa (2 copies,
GenBank accession number: AP009552.1), Dolichospermum (4 copies,
CP003659.1), and Aphanizomenon (6 copies, NZ_AZYY00000000.1). For
total cyanobacteria, the number of cell equivalents was calculated by
dividing the 16S rDNA copy number by 2 because Microcystis was the
dominant species in SFE (Lehman et al., 2005; Baxa et al., 2010).

3.5. Microcystin concentration

Microcystin concentration (microcystin-LR equivalents) in particu-
late (algal cells) and dissolved fractions (water) within water samples
was determined using a protein phosphatase inhibition assay (PPIA) kit
(Product No. 520032, ABRAXIS, Warminser, PA). Particulate and dis-
solved fractions were separated by filtering the whole water sample
through a glass fiber membrane (934-AH, 0.45 pm pore size, Whatman).
Particulate organic matter on the filter was subjected to microcystin
extraction using 80% methanol, followed by dilution before quantifi-
cation of microcystin in the algal fraction by PPIA. The filtrate was used
directly for PPIA analysis.

4. Data analysis

Streamflow and agricultural diversion data were obtained from
DAYFLOW  (https://water.ca.gov/Programs/Environmental-Services/
Compliance-Monitoring-And-Assessment/Dayflow-Data). Data were
analyzed using nonparametric techniques using the statistical package
PRIMER-e v. 7 (Clarke and Gorley, 2015). Single and multiple com-
parisons were computed using ANOSIM. Multivariate analysis was
conducted with the DISTLM routine in combination with BEST and an
adjusted R? criteria to identify and model significant variables associ-
ated with Microcystis abundance. Distance based redundancy analysis
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(dbRDA) was then used to develop an ordination with the fitted model
variables. Before multivariate analyses variables with high intercorre-
lation (r > 0.85) were removed from the analyses. Summary values in
the text are the mean and standard deviation. Multiple regression ana-
lyses were computed with R software (R Core Team, 2017).

5. Results
5.1. Hydrology

Average water year outflow reached a high of 1918 m® s™! in 2017
compared with a low outflow of 167 m® s™! in 2014 and was accom-
panied by extreme maximum and minimum monthly values of 7532 m®
s~1and 90 m®s™! for 2017 and 2014, respectively (Fig. 2a). The extreme
nature of these years becomes clearer in comparison with the average
monthly outflow for 2000-2016, excluding 2014, of 512 + 679 m> s~}
(range 5024 m? s ! to 86 m® s’l), which was 3-4 times higher or lower
than the average outflow for 2014 and 2017, respectively. During the
Microcystis bloom season between July and November, the average
outflow in 2017 of 287 =+ 44 m® s~ was over twice as high as that in
2014 of 112 + 21 m3 s ! (Fig. 2b). Outflow reflects the combined
streamflow from the Sacramento and San Joaquin Rivers, which is a
good index of the relative streamflow for most streamflow metrics in the
estuary developed for DAYFLOW. However, Microcystis is commonly
more abundant in the San Joaquin River, where average streamflow
during the bloom season increased by a factor of 9 from 13 + 8 m®s ! in
2014 to 116 + 66 m® s~! in 2017 (Table 2). Most of the outflow is
generated from the Sacramento River, which increased by a factor of 3
from an average of 94 + 14 m® s ™! in 2014 to 298 & 54 m® s~ ! in 2017
near Rio Vista. Outflow also influenced the residence time of the water
in the upper estuary, which is characterized by the X2 index. The X2
index describes the distance from the mouth of the estuary to the loca-
tion landward where the bottom salinity is 2 (Jassby et al., 1995). The
average X2 index for the 2017 water year (64 + 15 km) was the lowest
on record since 2000, indicating an extremely short residence time for
water upstream, and was accompanied by a low monthly index value of
44 km in February and March (Fig. 2c¢). During the Microcystis bloom
season, the X2 index in 2017 remained below 80 km and averaged 75 +
2km (Fig. 2d). The X2 index for 2014 (84 + 4 km) was the highest index
on record since 2000, suggesting dry conditions produced a long water
residence time upstream due to the saltwater intrusion (Fig. 2c) and the
average was slightly higher (87 + 2 km) over the bloom season (Fig. 2d).
The X2 index during the bloom season in 2014 was significantly
different from 2017 and remained above 85 km,; the highest index was at
89 km in September and October.

5.2. Bloom magnitude and distribution

Average surface biovolume for the same 8 locations measured be-
tween July and November was nearly 6 orders of magnitude (log values)
greater in 2014 than 2017 (p < 0.01; Fig. 3a). The two orders of
magnitude greater abundance of Microcystis in the subsurface water
between 2014 and 2017 was also significant (p < 0.01).

The total microcystins concentration in the subsurface water was
also significantly greater in 2014 than 2017. Average total microcystin
concentration was 1.1 & 3.8 pg L™ in 2014 and decreased by 7 times in
2017 t0 0.16 =+ 0.20 pg L1 (Fig. 3b). Toxin concentrations were greater
in July through September compared with October and November for
both years (p < 0.05). Variability was high and there were no significant
differences in the mean among stations. However, the average concen-
tration was elevated at Brannon Is. (station 5) in 2014 and Old River
(station 13) in 2017 (not shown).

Surface Microcystis biovolume was significantly different for all
months between July and November in 2014 and decreased by 3 orders
of magnitude from a peak near 10 log pm® L1 in July to 7 log pm® L™ in
November (Fig. 4a). Surface Microcystis biovolume peaked later in the
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Fig. 3. Seasonal average log surface biovolume and log subsurface abundance
(a) and total microcystins concentration (b) measured for Microcystis blooms in
2014 (orange) and 2017 (blue) at 8 locations sampled in both years. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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DISTLM analysis identified the X2 index, water temperature,
ammonium concentration and silicate concentration as variables that
described most of the variation (adj. R? = 0.48) in Microcystis surface
biovolume in 2014 and 2017. Somewhat more of the variation in sub-
surface Microcystis abundance was described with the X2 index, water
temperature, ammonium and pH concentration (adj. R? = 0.70).

The major patterns in the fitted model for the subsurface abundance
data were demonstrated by a dbRDA ordination, which accounted for a
majority (95%) of the fitted dbRDA variation and 67% of the total
variation along the x-axis (Fig. 6). The strong correlation of Microcystis
abundance with the X2 index and water temperature was demonstrated
by the increase in Microcystis subsurface abundance (bubble size) hori-
zontally along the X2 vector (X2 index) and vertically along the WT
vector (water temperature). The stronger influence of these variables
during the 2014 dry year compared with the 2017 wet year is suggested
by the positioning of the 2014 abundance data farther away from the
center of the circle than for 2017.

A 3D scatter plot in Fig. 7 demonstrates the threshold response of
Microcystis subsurface abundance with respect to the X2 index and water
temperature. Microcystis subsurface abundance and surface biovolume
(not shown) were highest in 2014 when the X2 index was above 85 km
and the water temperature was 25 °C. Peak Microcystis subsurface
abundance also occurred at 25 °C in 2017, but the overall abundance
was less than 2014 due to the relatively lower X2 index, which was less
than 80 km. The importance of the X2 index as a threshold for con-
trolling Microcystis bloom magnitude was further demonstrated by cor-
relation analysis. Microcystis subsurface abundance was linearly
correlated with the X2 index (r = 0.79, p < 0.01) for both years com-
bined, but the correlation was not significant within either 2014 (r =
0.211, p > 0.05) or 2017 (r = 0.01, p > 0.05) separately. In contrast,
Microcystis subsurface abundance consistently increased with water
temperature for both years combined (r = 0.45, p < 0.01), as well as for
2014 (r = 0.80, p < 0.01) and 2017 (r = 0.38, p < 0.01) separately.
Using multiple regression models, it was possible to predict a significant

c surface
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Fig. 4. Monthly average log surface biovolume (a) and log subsurface abundance (b) of Microcystis colonies sampled during the bloom season and the average log
surface biovolume (c) and log subsurface abundance (d) of Microcystis colonies measured among stations for 2014 (orange, circle) and 2017 (blue, diamond). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Pie charts describing the relative percent abundance of cyanobacteria taxa measured by qPCR analysis for 2014 (a) and 2017 (b) and box plots indicating the
median, 1st and 3rd quartiles, maximum and minimum log abundance of 5 phytoplankton taxa measured microscopically for 2014 (c) and 2017 (d). All computations
were conducted for subsurface samples collected during the Microcystis bloom season between July and November at 8 locations.

proportion of the variation in the log of Microcystis surface biovolume
(adj. R? = 0.78) and subsurface abundance (adj. R? = 0.58) with the X2
index and water temperature (Table 3). Interaction terms were not
significant. Addition of ammonium and silicate (surface biovolume) or
ammonium and pH (subsurface abundance; Fig. 6) did not add signifi-
cantly to the description of variance in the regression analysis.

6. Discussion

It was not unexpected that the X2 index would account for most of
the variation in the Microcystis bloom abundance in USFE. Streamflow
variables have been identified as critical factors controlling the magni-
tude of Microcystis blooms worldwide (Paerl and Otten, 2013) and in
USFE (Lehman et al., 2008). Although nutrient concentration, especially
nitrogen and phosphorus are commonly critical controlling factors for
Microcystis growth (Harke et al., 2016), streamflow would be expected
to be more important in USFE, where nutrient concentrations are in
excess (Jassby, 2008). The unexpected persistence of Microcystis during
the extreme wet conditions of 2017, caused us to reject the hypothesis
that an extreme wet year would prevent bloom formation and perhaps
return the estuary to pre-bloom conditions. Previous research suggested
that Microcystis blooms occurred when the average streamflow was
below 80 m® s~ ! in the upper San Joaquin River and below 300 m®s ™! in
the lower Sacramento River near Rio Vista (Lehman et al., 2013). These
values were well below the average streamflow of 90 m® s™! in the San
Joaquin River and 373 m® s~ in the Sacramento River near Rio Vista
measured during September 2017, when Microcystis was most abundant.
That a Microcystis bloom could persist during wet year conditions in
USFE was supported by data collected in 2011 when Microcystis abun-
dance peaked at the end of the bloom season in October (Mioni et al.,
2011), when seasonal average outflow was 331 m® s~! (Fig. 2a).

The importance of the X2 index threshold in predicting the ampli-
tude of the Microcystis bloom supports the importance of residence time

22
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Fig. 6. Redundancy analysis (dbRDA) ordination computed using DISTLM
(PRIMER) for Microcystis subsurface abundance (/4 cells mL™?) and the envi-
ronmental variables X2 index (X2), water temperature (WT), pH (pH) and
ammonium (NH4) that described a significant proportion of the data variation
for all samples collected between July and November of 2014 (orange spheres)
and 2017 (blue spheres). The relative importance of each environmental vari-
able is indicated by the vector length away from the circle center. The cell
abundance is indicated by the size of the sphere. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

thresholds for bloom development in USFE. The Microcystis bloom in
USFE reached peak levels when the X2 index was above 85 km, upstream
of Antioch at the western edge of the Delta. A salt wedge at this location
would impede the movement of colonies seaward out of the Delta.
Microcystis blooms are often more dependent on the accumulation of
colonies rather than growth, because Microcystis has a slow growth rate
compared with eukaryotes (Paerl and Otten, 2013; Lehman et al., 2008).
Streamflow thresholds are often considered to be important controls for
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Fig. 7. Association between Microcystis abundance (log cells mL™Y) for all
samples measured in the subsurface water on the Y axis (spheres) with the
environmental variables X2 index (km) on the X axis and water temperature
(°C) on the Z axis for 2014 (orange spheres) and 2017 (blue spheres). . (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

cyanobacteria blooms in estuaries and lakes. An upper streamflow
threshold was suggested to control bloom development in the Neuse
River estuary of 15 m® s~ ! (Christian et al., 1986; Yang et al., 2018) and
of 75 m® s~! for Microcystis in Lake Volkerak in the Scheldt Estuary, The
Netherlands (Verspagen et al., 2006). Similarly, streamflow threshold
values based on sustained streamflow (3.5 m3 s’l) and flushing flows
(35 m® s!) were proposed to control Dolichospermum blooms in the
Lower Darling Reservoir, Australia (Mitrovic et al., 2011). Importantly,
relatively small changes in the location of the X2 index may be impor-
tant. A shift of the X2 index by only 3 km was associated with a factor of
3 increase in the percent abundance of subsurface Microcystis cells in the
cyanobacterial community between the extreme drought years 2014 and
2015 (Lehman et al., 2018). Similarly, the increase in the X2 index from
71 km in July to between 75 and 76 km in August and September may
have facilitated retention of cells in the central Delta during the peak of
the bloom in 2017.

Water temperature is often identified as a significant factor con-
trolling Microcystis blooms (Jiang et al., 2008) and has previously been
identified as a strong correlate for blooms in USFE (Lehman et al., 2008).
The water temperature threshold during the bloom seasons in 2014 and
2017 were above the 19 °C threshold for bloom initiation in USFE
(Lehman et al., 2013), and optimum for bloom development (Paerl and
Otten, 2013). However, increasing water temperature was also impor-
tant once the threshold was exceeded, because Microcystis abundance
and water temperature were positively correlated for both years. The
lower average bloom magnitude in 2017 was partially due to the failure
of water temperature to reach 25 °C as often as in 2014. The ability of
Microcystis to increase with water temperature is thought to provide

Table 3
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Microcystis with a competitive advantage over phytoplankton and other
cyanobacteria when water temperature is above 20 °C (Huisman et al.,
2018).

Regression analysis suggested the X2 index and water temperature
were the primary factors controlling the Microcystis bloom during the
two extreme water years, even though analysis suggested other envi-
ronmental factors may have contributed to bloom development. The
factor of 2 higher ammonium concentration in 2017 than 2014 could
have favored Microcystis bloom growth but was probably not an
important causal factor due to the negative correlation with Microcystis
abundance. Microcystis has a high uptake rate (V%) for ammonium and
the efficient utilization of ammonium as a nitrogen source may enable
Microcystis to outcompete other micro primary producers (Takamura
et al., 1987; Lee et al., 2015). High ammonium uptake rate can favor
Microcystis in USFE, even though nitrogen is in excess, because Micro-
cystis increases with the percentage of ammonium in the total nitrogen
pool (Lehman et al., 2015). The strong correlation between Microcystis
and pH probably reflected the change in the hydrogen ion concentration
in the water column from increased primary productivity. However,
Microcystis grows best at pH between 7 and 9 and can outcompete Sce-
nedesmus, a common genus in the Delta, at pH 7-9, particularly when
water temperature is near 35 °C (Yang et al., 2018). The positive cor-
relation between silicate and Microcystis may reflect the importance of
freshwater habitat to bloom formation (Lehman et al., 2013).

Although not tested directly, the composition of the primary pro-
ducer community may have contributed to the persistence of the
Microcystis bloom in 2017. Cyanobacteria within the primary producer
community, comprised over 90% and 80% of the cell abundance in 2014
and 2017, respectively. Other non-toxic cyanobacteria were also more
abundant than toxic cyanobacteria in 2014 and 2017. Metagenomic
analysis identified over 19 cyanobacterial genera at one station alone in
2014 (Kurobe et al., 2018a). Cyanobacteria can release allelopathic
substances that suppress eukaryotic phytoplankton (Paerl and Otten,
2013) and toxins produced by Microcystis can inhibit the growth of
primary producers through multiple metabolic pathways (Song et al.,
2017; Sedmak and Elersek, 2006; Suikkanen et al., 2005). Similarly, a
large Microcystis bloom was associated with a decrease in the microbial
community (Otten et al., 2017). It is also possible that the presence of
Microcystis since 1999 could have slowly preconditioned the environ-
ment to support Microcystis over other primary producers and added
colonies as a seed source to the sediment.

The USFE is a complex estuarine landscape comprised of deep river
channels, flooded islands, shallow wetlands and backwater sloughs
(Moyle et al., 2010) that could retain Microcystis colonies as a seed
source for the estuary. Microcystis vegetative cells are often retained in
bottom sediments of shallow water habitats during the winter and seed
blooms the following year (Verspagen et al., 2006). Backwater areas
could also seed Microcystis cells throughout the USFE during the wet
season, when shallow water habitats flood and particles are carried long
distances (Sommer et al., 2008). Modeling studies demonstrated hori-
zontal transport is an important mechanism for bloom formation in
USFE (Lucas et al., 1999). However, net transport computations also
demonstrated shallow wetlands can retain chlorophyll despite high

Multiple linear regression equations and associated statistics computed for the dependent variables describing the Microcystis bloom amplitude as log surface bio-
volume or log subsurface abundance with the independent variables that described most of the variability in the bloom amplitude, the X2 index (km) and water

temperature (°C). n = 159.

dependent variable independent variable estimate standard error t-statistic significance level adj. R?
surface biovolume intercept -35.1 2.85 -12.29 <0.001 0.78
log pm® L1 X2 index 0.44 0.03 13.84 <0.001
water temperature 0.24 0.06 4.22 <0.001
subsurface abundance intercept -16.1 0.85 —19.01 <0.001 0.58
log cells mL~! X2 index 0.19 0.01 20.29 <0.001
water temperature 0.17 0.02 10.27 <0.001
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advective (river) and dispersive (tidal) flow in USFE (Lehman et al.,
2010). Abundance data supported the retention of Microcystis cells in the
central Delta during 2017. Once transported into the main river chan-
nels, cells would be able to grow as long as water temperature or other
water quality thresholds were met, as in 2017, when water temperature
was above the 19 °C threshold. It is also possible that Microcystis cells
persist in the sediments at the bottom of the deep main river channels
(12 m), where streamflow is low compared with the surface (Dugdale
et al., 2016), and rise into the water column as water temperature in-
creases to threshold levels in USFE. In Lake Limmaren, Sweden, Micro-
cystis recruitment from sediments occurred from both shallow and deep
areas (Brunberg and Blomqvist, 2003). However, the percent recruit-
ment of colonies from the surface sediment layer was 6 times greater for
shallow (50%) than deep areas (8%). We concluded that since Micro-
cystis blooms have become established in the estuary, they will persist
despite flushing from extreme wet conditions and will develop once
water quality conditions, particularly water temperature, become
favorable.
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