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ABSTRACT

Phytoplankton are important primary producers in estuaries and are also indicators of
environmental changes, such as freshwater inflow or nutrient loadings. Some phytoplankton are
also harmful algal bloom (HAB) species, negatively impacting estuaries with toxin production or
by generating hypoxia during bloom termination. Blooms of the HAB Dinophysis sp. have
negatively affected the Matagorda Bay (Texas) ecosystem on multiple occasions since 2008.
Estuaries of the Texas coast, such as Matagorda Bay, are vulnerable to long-term decreases in
freshwater inflow due to increasing human freshwater needs as well as climate change. It is
critical to understand how phytoplankton communities, including HABS, respond to freshwater
inflow variability to estuaries in order to project how future inflow changes may affect estuaries.
Over a 24-month period, a suite of environmental parameters along with phytoplankton
community composition and biovolume was measured to determine the influence of freshwater
inflow from the Colorado River on these parameters in Matagorda Bay. Spatiotemporal
distribution of nutrients, chlorophyll and phytoplankton were influenced by riverine inflow. In
particular, all of these factors decreased moving away from the river mouth, indicating a strong
influence of the river on their distributions. Dinophysis sp. was observed in January, February
and April 2020 during a period of cool temperatures and higher salinities, and its biovolume was
positively correlated with nitrate+nitrite and the ratio of silicate to dissolved inorganic nitrogen.
Other non-HAB phytoplankton taxa had distinct responses to environmental variability. Future
work should consider HAB taxa on an individual basis, as well as consider more frequent
sampling and toxin analysis. The unique environment, as well as phytoplankton communities and
responses of Matagorda Bay underscore the necessity of investigating changes over time on an

individual estuary basis, and for potential blooms, on a species-specific basis.
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1. INTRODUCTION

Freshwater inflow is a major driver of environmental conditions in estuaries (Gillanders
and Kingsford 2002; Burford et al. 2011). Changes in freshwater inflow are due to rainfall and
runoff, both in the short-term (storms, seasonal changes) and long-term. In Texas, variability in
the El Nifio/La Nifa cycle largely controls rainfall patterns (Kim et al., 2014), with EI Nifio
characterized by increased rainfall and La Nifia by dry conditions (Kim et al., 2014). Freshwater
inflow is also influenced by diversions of water away from rivers into reservoirs for human use
(Flemer and Champ 2006). Lastly, climate changes such as warming may cause greater
evaporation rates or extended drought periods, decreasing river flow (Konapala et al., 2020).

Inflow variability can affect important estuary attributes. For example, decreased inflow
can increase salinity in estuaries, resulting in reduced mixing and introduction of diseases and
parasites from saltier water (Longley 1994; Gillanders and Kingsford 2002). Riverine-derived
nutrients may decrease while contaminants may concentrate (Longley 1994; Gillanders and
Kingsford 2002). Fewer nutrients can result in decreased primary and secondary production as
well as loss of fish harvests and nursery habitats (Longley 1994; Boynton and Kemp 2000;
Barbosa et al. 2010; Burford et al. 2011; Barroso et al. 2018). In contrast, high inflow can expand
the brackish zone and dilute contaminants (Longley 1994). The dilution of estuarine water helps
create hospitable nursery habitats for various organisms including juvenile fish, shrimp and
oysters (Longley 1994). Increased river inflow can also bring a fresh supply of nutrients (Burford
et al. 2011; Bruesewitz et al. 2013). With sufficient nutrients and light, primary production can
increase (Flemer and Champ 2006). Increased inflow can create stratification, leading to hypoxia
in bottom waters of the estuary (Longley 1994; Gillanders and Kingsford 2002). Sediment input

and therefore turbidity may increase, which may decrease light to, or bury, bottom dwelling



organisms (Longley 1994; Gillanders and Kingsford 2002). River inflow intensity is also a
physical characteristic that can affect flushing time of the estuary. High inflow rates can push
phytoplankton populations out of the estuary, while low inflow rates may increase residence time
and allow biomass to increase (Ketchum 1954). Production and biomass in turn affect fish
recruitment and fish yields (Boynton and Kemp 2000).

Phytoplankton are important for energy transfer: almost half of global primary production
is attributed to phytoplankton (Field et al., 1998). A decrease in phytoplankton biomass may
have a negative effect in estuaries by depriving crucial production from the system, while an
increase could have the opposite effect, stimulating greater production (Cloern et al. 2014). Some
genera of phytoplankton, however, are undesirable toxin producers or physically obstructive due
to spines, making an increase harmful to the estuary (Smayda 1997a). In addition, an excess of
any one genus can generate hypoxia in the system when a bloom decomposes (Smayda 1997a,
Steidinger and del Castillo 2018). Harmful algal blooms (HABSs) are increasing around the world
and have also been recorded in the study area, Matagorda Bay (Hallegraeff 1993; Harred and
Campbell 2014). For example, Dinophysis sp. blooms were the cause of shellfish harvesting
closure seven times since 2008 in Matagorda Bay (Campbell et al., 2010, Harred and Campbell
2014).

Past drought conditions have stopped river flow completely to Matagorda Bay (Montagna
et al. 2002). Freshwater decreased significantly between 1940-1950 due to drought (Longley
1994). A dry period in the 1960s also decreased inflow rates (Longley 1994). In 1993, river flow
to Matagorda Bay was reduced by diversion from the Colorado River (Kim et al. 2009). With

increasing urbanization and population growth in its watershed, freshwater demand will also



increase, which will likely further decrease freshwater inflow (Texas Water Development Board
2017).

Each estuary, like Matagorda Bay, has its own unique watershed, hydrological features,
and level of vulnerability to land-use change and climate change. It is imperative we understand
how specific estuaries may respond to changes in freshwater inflow in terms of their ecology and
ecosystem health, especially considering climate change and future water diversion projections.
In this study, | sampled Matagorda Bay for 24 months to assess phytoplankton biomass and
community structure in varying environmental conditions, including changing freshwater input. |
evaluated three hypotheses: 1) Chlorophyll a and phytoplankton biovolume will correlate with
freshwater inflow, 2) chlorophyll maximum will be at the site closest to the Colorado River, and
3) the phytoplankton community will be dominated by functional groups that prefer brackish,

nutrient-rich conditions.



2. METHODS
Site Description

The Matagorda Bay system is located on the central Texas coast and has the second
largest surface area of Texas estuaries (Figure 1). The system is lagoonal, mostly isolated from
the Gulf of Mexico, and comprised of a main bay (Matagorda Bay) and several subsystems
including Lavaca Bay and East Matagorda Bay (Ward and Armstrong 1980). The mean depth of
Matagorda Bay is 2.8 meters, and the residence time is about 2.5 months (Ward and Armstrong
1980; Armstrong 1982; Palmer et al., 2011). Depending on the declination of the moon, the tidal
range can be semi-diurnal at about 0.2 meters (minimum declination) or diurnal at about 0.8
meters (at maximum declination) (Ward and Armstrong 1980). Circulation in the bay is also
influenced by wind-driven wave action, mainly from south to southeastern winds of the Gulf of
Mexico that keep the bay well-mixed (Ward and Armstrong 1980). For this study, sampling
locations were in the main bay, which receives freshwater input from the Colorado River. Six
sites (A1, MAD, A2, A4, A6, A9) were chosen along a river inflow gradient (Figure 1).

Sampling

From November 2019 to October 2021, monthly sampling was conducted in Matagorda
Bay, excluding March 2020 due to COVID precautions. At each site, water was collected at 10
cm below the surface in brown HDPE bottles and stored on ice for nutrient and chlorophyll a
(chlorophyll) analysis. Additional samples were kept at room temperature for phytoplankton
enumeration. Light attenuation was measured with a Secchi disk. Salinity, pH, dissolved oxygen
(DO;mgL™1), and temperature (°C) were recorded at 10 cm below surface with a YSI
multiparameter sonde. Colorado River inflow data were obtained from USGS at gauge

08162501. Freshwater inflow was recorded based on a seven-day average leading up to and



including the sampling date, based on Roelke et al. (2017), for the best reflection of the
relationship between freshwater input and phytoplankton growth.
Biogeochemical Analyses

Chilled water samples were filtered through 25 mm GF/F filters for nutrient analysis and
stored in a -20 °C freezer. Samples were thawed to room temperature and then analyzed on a
Seal QuAALtro autoanalyzer. Standard curves with five different concentrations were run daily at
the beginning of each run. Fresh standards were made prior to each run by diluting a primary
standard with low nutrient surface seawater. Deionized water (DIW) was used as a blank, and
DIW blanks were run at the beginning and end of each run, as well as after every 8-10 samples to
correct for baseline shifts. Method detection limits were 0.02 uM for nitrate plus nitrite (N+N)
and ammonium (NH4*), and < 0.01 uM for orthophosphate (PO4*") and silicate (SiO4). Dissolved
inorganic nitrogen (DIN) was calculated as the sum of NH4* and N+N.

Phytoplankton Analyses

Chlorophyll (Chl) a was obtained by filtering 25 mL of chilled sample water through
Whatman 25 mm GF/F filters that were stored in a -20°C freezer until extracted. To extract Chl
a, filters were placed in tubes with 10 mL of 90% HPLC grade acetone for 16-24 hours. Then for
analysis, a Turner Trilogy fluorometer was used to read Chl a levels using a non-acidified
method (Welschmeyer 1994; EPA method 445.0).

To determine microplankton abundance, 60 mL of sample from the bottle stored at
ambient temperature was preserved with 1 mL acid Lugol’s solution. Between 1-10 mL of
sample was settled in an Utermohl chamber for 1 hour per mL before counting on an Olympus
1X-71 inverted microscope at 20x magnification. To calculate biovolume, formulas from

Hillebrand et al. (1999) and Sun and Liu (2003) were used based on the geometric shape of the



genus, using average cell measurements from counts. Sun and Liu (2003) formulas were used if
there was a conflict between the two paper’s formulas. If no third dimension of a cell was
visible, this dimension was estimated based on relationships observed from cells for which all
dimensions could be obtained.

Sample water (4 mL) was fixed with 80 pL glutaraldehyde for flow cytometric analysis
and stored at -20 °C until analysis. Samples were thawed in the dark at room temperature then
filtered through 20 um Nytex mesh. Picoplankton were enumerated with an Accuri C6 Plus flow
cytometer. The detection limit for picoplankton was 1040 cells mL* and values below the
detection limit were treated as zeros.

Statistical Analyses

Due to non-parametric data, Kendall’s tau correlations were used to determine
correlations between phytoplankton total biovolume as well as functional group biovolume and
environmental variables at each site. Kendall’s tau was also used to determine correlations
between chlorophyll and environmental variables, as well as Dinophysis and environmental
variables. The Kruskall-Wallis test with a post-hoc Dunn test was used to determine differences
between non-normal environmental variables. All previous analyses and figures were generated
in R 4.1.2 or Microsoft Excel. Principal components analysis and figure generation was

performed in PRIMER-E Ltd. ANOVA was only used for data that met assumptions (normal).



3. RESULTS
Environmental factors

The mean Colorado River discharge was 276 m3sL. The lowest discharge was 33 m3s!
(August 2020) and the highest discharge was 2940 m3s-! (May 2021; Figure 2). Mean salinity
ranged from 5.7 in May 2021, during the peak flow of 2940 m3s%, to 29.2 in August 2020
(Figure 3). There was an increasing salinity gradient for sites with distance from the river mouth
(Figure 4). Median salinities at the three sites closest to the river mouth (A1, MAD and A2) were
significantly lower than the three sites farther away (A4, A6 and A9; p<0.001, Table 1). There
was distinct seasonality in surface temperature, with highest average temperatures observed in
August 2020 and July 2021 (30.3 °C and 29.7 °C respectively; Figure 5) and lowest temperatures
in November of 2019 and December 2020 (15.9 °C and 14.8 °C respectively; Figure 5). Mean
Secchi depth was less than 1 m for all sites over the duration of the study (Figure 6). Secchi
depth at the sites closest to the river mouth were consistently shallower than the sites farther
away (Figure 7). Al and MAD had significantly shallower Secchi depths than A4, A6 and A9
(p<0.01, Table 1). There was no significant difference in Secchi depth with different amounts of
discharge (p=0.153).

Mean N+N concentration was <20 uM for the duration of the study and reached two
maximums in the winter season (January 2020, 14.48 uM and December 2020, 16.67 uM; Figure
8). Al, MAD and A2 had significantly higher median N+N concentrations than A4, A6 and A9
(p<0.01; Table 1). N+N had a significant negative linear relationship with increasing distance
from the river (p<0.01; Figure 9) and temperature (p=0.05; Figure 10). Mean ammonium
concentration was <9 uM for the duration of the study and reached two maximums, 5.17 uM in

January 2021 and 6.93 puM in April 2021 (Figure 11). Ammonium had a significant negative



linear relationship with increasing distance from the river (p=0.01; Figure 12). There was no
significant difference in median ammonium between sites (Table 1).

The mean orthophosphate concentration for all six sites across sampling dates was 1.68
MM, and the maximum orthophosphate concentration (3.39 uM) occurred on the same sampling
date as the maximum discharge (May 2021; Figure 13). Orthophosphate had a significant
negative linear relationship with increasing distance from the river mouth (p<0.01; Figure 14).
Median orthophosphate was significantly higher at A1 compared to all other sites, and A9 had a
significantly lower median orthophosphate than A1, MAD and A2 (Table 1). Orthophosphate
had a significant positive linear relationship with discharge (p=0.01; Figure 15). The system is
consistently nitrogen-limited, based on nutrient ratios (DIN:PO4<16; Figure 16).

Silicate concentration ranged from 6.21 UM to 133.87 uM and the mean silicate
concentration across sites was 56.03 uM (Figure 17). Mean silicate concentration was relatively
low at the beginning of the study (November 2019) through April 2020, increased through
November 2020, and decreased until March 2021. After March 2021, silicate concentration
increased and peaked in May 2021. Silicate had a significant negative linear relationship with
increasing distance from the river mouth (p<0.01; Figure 18). Silicate had a significant positive
linear relationship with both discharge (p<0.01) and temperature (p=0.01; Figure 19; Figure 20).
Potential silicate limitation (Si:DIN<1) only occurred on two dates, January (0.72) and February
(0.69) of 2020 (data not shown).

Principal components analysis yielded a PC1 characterized by salinity, with most
nutrients inversely related to salinity, and a PC2 characterized by temperature and chlorophyll
inversely related to DO (Figure 21). PC1 explained 34.1% of variation, and PC2 23.0%

variation, cumulatively, 57.1% total explanation of variation. Winter and spring separated from



the other two seasons on PC1 and were characterized by higher nutrient concentrations and lower
salinity (Figure 21). PC2 shows that summer and fall had higher temperatures and lower DO
generally (Figure 21). The only spatial difference seen in the PCA by site is a separation of A1,
which had higher nutrient concentrations and lower salinity (Figure 22).

Chlorophyll and biovolume

The mean chlorophyll concentration across all sites was 16.0 pg/L, with a minimum of
5.7 ng/L and maximum of 38.4 ug/L (Figure 23). The chlorophyll maximum occurred at the site
closest to the river mouth in December 2019. Chlorophyll concentration had a significant
negative linear relationship with distance from river mouth (p<0.01; Figure 24). A9, the site
farthest from the river mouth, had a significantly lower median chlorophyll than all other sites
except A6 (p<0.001; Table 1). Chlorophyll was strongly (t>+0.3) negatively correlated with
salinity (p<0.01) and Secchi depth (m) (p<0.01; Table 2), and weakly positively correlated
(t<0.3) with orthophosphate (p=0.02), silicate (p=0.05), temperature (p=0.02) and total
biovolume (p<0.01, Table 2).

While chlorophyll concentrations were significantly lower at one site (A9), total
biovolume did not significantly differ between any sites (p=0.6; Table 1). There were also no
significant differences in the biovolume of diatoms (p=0.74), euglenoids (p=0.12), or
cryptophytes (p=0.51) between sites (Table 1). Dinoflagellates were significantly lower at A4
compared to Al (p=0.02, Table 1). Chlorophyll and total biovolume were also not significantly
correlated (p=0.14; Table 2). For example, while there was a chlorophyll maximum (125.6 pg/L)

at site Al in December 2019, this did not correspond with a biovolume maximum (not shown).



In November 2020, the opposite pattern occurred, with a biovolume maximum (5.4 x 108
um3/mL) but no corresponding chlorophyll maximum (data not shown).

Diatom biovolume had a positive correlation (t=0.13, p=0.05) with salinity and a
negative correlation with ammonium (t=-0.28, p<0.01; Table 3). Cryptophyte biovolume had a
negative correlation with salinity (t=-0.30, p<0.001) and temperature (t=-0.43, p<0.001), as well
as a positive correlation with discharge (t=0.25, p<0.001; Table 3). Dinoflagellate biovolume
was positively correlated with temperature (t=0.15, p=0.03) and salinity (t=0.20, p<0.01) and
negatively correlated with N+N (t=-0.18; p<0.01) and ammonium (t=-0.20, p<0.01).
Picocyanobacteria were negatively correlated with ammonium (t=-0.22, p<0.01) and N+N (t=-
0.21, p<0.01) and positively correlated with salinity (1=0.14, p=0.04) and temperature (t=0.27,
p<0.01; Table 3). Picoeukaryotes were negatively correlated with N+N (t=-0.14, p=0.04) and
positively correlated with temperature (t=0.33, p<0.01; Table 3). Total biovolume was
negatively correlated with ammonium (p<0.01) and positively correlated with temperature
(p=0.03).

Phytoplankton community composition

The study area is a diatom-dominated system, with diatoms comprising of 55% of total
biovolume for the entire sampling period, followed by picoeukayotes (25%), euglenoids (12%),
dinoflagellates (6%), and picocyanobacteria (2%). Chlorophytes and cryptophytes contributed
negligible biovolume compared to other functional groups. Diatom biovolume increased
beginning in the fall of 2020 at sites A1 and A2 (Figure 32; Figure 33). Diatom biomass at A4,
A6 and A9 was more constant over time (Figure 34; Figure 35; Figure 36). The minimum mean
total biovolume of all sites occurred at MAD (7.96 x 106 um3/mL; Figure 37). Euglenoid

biovolumes generally peaked during December 2019 and March 2021 when present at a site.
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Mean total microplankton biovolume for each site ranged between approximately 8-10 x 108
um3/mL. Picocyanobacteria biovolume was very low compared to other functional groups and
after September 2020 decreased to below the detection limit until May 2021. Picoeukaryotes
generally increased from the beginning of the study to a maximum of 2.65 x107 microns®/mL in
April 2020 at site A2 (Figure 27). Picoeukaryote biovolume then decreased between April 2020
and June 2020, and then increased for a second maximum of 1.48 x 107 microns3/mL in
September 2020 again at site A2. Like picocyanobacteria, picoeukaryote biovolume decreased to
almost zero after this September 2020 peak. Picoeukaryote biovolume significantly decreased
moving away from the river mouth (p<0.01; data not shown).
Harmful algae

Several genera present in samples were potential harmful algal bloom formers (HABS).
Dinoflagellate potential HABs included Heterocapsa, Prorocentrum, Akashiwo, Gonyaulax,
Cochlodinium, Karenia, Oxyphysis oxytoxoides and Dinophysis (FMRI 2002; Steidinger and del
Castillo 2018). Dinophysis was present during three sampling dates of this study: January 2020,
February 2020 and April 2020. Dinophysis concentration was strongly positively correlated only
with N+N (1=0.42, p=0.04) and strongly negatively correlated Si:DIN (t=-0.48, p=0.03; Table

4).
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4. DISCUSSION

Phytoplankton are important components of the estuarine food web because of their role
as primary producers (Field et al., 1998). Altered freshwater inflow has influenced
phytoplankton communities in estuaries across the world (Cloern et al., 1983; Barroso et al.,
2018). Freshwater inflow is projected to be further altered in the future, whether due to
anthropogenic uses (e.g., agriculture and consumption), or climate change (e.g., changes in
frequency or intensity of rainfall, storms and warming). Resource managers must work to
understand how environmental changes, including shifts in freshwater inflow, may alter
phytoplankton communities because of effects on water quality, estuarine ecology and
economically important species at higher trophic levels. To elucidate the influence that
freshwater inflow has on environmental conditions and phytoplankton in Matagorda Bay, |
quantified relevant parameters in relation to inflow over a 24 month period. Freshwater inflow
influenced the spatiotemporal patterns of nutrients, chlorophyll and biovolume. We observed the
greatest mean nutrient concentrations, chlorophyll and biovolume at a site closest to the river
mouth. During the study, diatoms were consistently the dominant functional group in terms of
biovolume. A harmful dinoflagellate, Dinophysis sp., was observed for several months, although
not at bloom levels. This study exemplifies the need for more frequent and long-term monitoring
to investigate conditions associated with blooms and Dinophysis presence.

Nutrient patterns

Freshwater inflow, distance from the river mouth, and seasonality affected the
concentration and distribution of nutrients within Matagorda Bay. All nutrients measured (N+N,
ammonium, orthophosphate and silicate) were highest near the river mouth and decreased in sites

farther away from the mouth, a spatial pattern that indicates the river is an important source of
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nutrients to the estuary. High riverine inflow is known to increase total phosphorous in
Matagorda Bay (Longley et al., 1994), which is consistent with the maximum orthophosphate
concentration that co-occurred with maximum riverine discharge in May 2021 in our study.
Matagorda Bay historically has low dissolved inorganic nitrogen (DIN), and only the area closest
to the river mouth sees a marked increase in nitrogen from river discharge (Longley et al., 1994).
DIN limitation was observed for the duration of this study, and the highest DIN concentration
was also found near the mouth of the river. Silicate had a significant positive relationship with
discharge, indicating the Colorado River was an important source, and studies have shown rivers
(either dissolved silicate or derived from dissolution of river particulate matter) are a significant
source of silicate to coasts worldwide (Frings 2017). Temperature changes associated with
seasonality can also affect nutrient availability in the water column. Increasing temperature has
been correlated to increasing silicate solubility, which may explain the significant positive linear
relationship between silicate concentration and temperature observed in this study (Varkouhi and
Wells 2020). Another nutrient that can be influenced by environmental variation is ammonium,
which was negatively correlated with total biovolume, diatom biovolume, dinoflagellate and
picocyanobacteria biovolume in this study. This negative correlation could be due to the
phytoplankton preference for ammonium as a nitrogen source, so as phytoplankton biomass
increased, ammonium was depleted (Olofsson et al., 2019). Recommended future studies include
tracking nutrient changes over time and how these changes correlate to biovolume changes, and
identifying the source of nutrients, riverine or otherwise. This is because understanding the
relationship between nutrient availability and the phytoplankton response is key to establishing
the sensitivity of phytoplankton communities in Matagorda Bay to nutrient changes that may

result from climate change and other human impacts.
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Chlorophyll patterns

Similar to nutrients entering the estuary from the river, chlorophyll concentrations were
influenced by spatiotemporal factors such as proximity to the river mouth and inflow amount.
High chlorophyll has been observed in other estuaries near river mouths, and often has a negative
relationship to salinity, a trend we also observed in this study (Cloern et al., 1983; Masotti et al.,
2018). Higher chlorophyll concentration may be due to the higher concentration of nutrients near
the river mouth, as observed in Masotti et al. (2018). We observed the highest mean chlorophyll
concentration at site A1 (21.3 pg/L), and the maximum single recording of chlorophyll was also
at site Al (125.6 pg/L). Long-term trends show a similar mean chlorophyll concentration in
other estuaries in the region, such as Galveston Bay (18.4 + 3.1 ug/L; Bugica et al., 2020).
Chlorophyll was negatively correlated with Secchi depth in this study, indicating that algal
biomass was an important contributor to light attenuation in this system. This could have
implications for bottom-dwelling organisms by shading them, perhaps decreasing benthic
primary production (Dunton 1994). Because riverine inflow appears related to chlorophyli
concentration in Matagorda Bay, potential future decreases could have an impact on the food
web by decreasing water column primary production but perhaps increasing light availability to
benthic producers (Dunton 1994).

Biovolume patterns

Although chlorophyll was higher at sites near the river mouth, there was no significant
difference in total biovolume between sites. Total biovolume homogeny across the estuary may
be due to zooplankton grazers acting as a top-down control on phytoplankton (Cloern and
Dufford 2005; Buyukates and Roelke 2005). While there was a weak (t<0.3) correlation between

total biovolume and chlorophyll, there were several instances of a mismatch between maximums
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of one and not the other. The general lack of relationship between chlorophyll maximums and
biovolume maximums is not surprising, as other authors have found this as well (Felip and
Catalan 2000; Lancelot and Muylaert 2011; Alvarez-Fernandez and Riegman 2014). For
example, there was a chlorophyll maximum in December 2019 without a corresponding
biovolume maximum, possibly due to increased chlorophyll per cell. Conversely, a November
2020 biovolume maximum did not correspond to a chlorophyll maximum. Variability in the
amount of chlorophyll per cell can be due to a variety of factors including species composition,
light and nutrient availability (Falkowski 1980; Langdon 1987; Geider et al., 1997). Boyer et al.
(2009) observed variability of 0.1 to 9.6% chlorophyll a content in fresh algal mass,
exemplifying that chlorophyll can vary widely within cells. This study underscores the necessity
of multiple measures of phytoplankton biomass to characterize the communities more accurately
in estuaries.

Across the 24 months, the highest average total biovolume occurred in November 2020 at
site A1, which corresponded with a Nitzschioid diatom bloom. This bloom occurred after a
period of decreased discharge, which may have increased residence time and allowed the bloom
to develop in the presence of ample nutrient supply (Ketchum 1954). Conversely, a bloom of the
diatom genus Leptocylindrus corresponded with maximum inflow in May 2021 and was located
at site A6. Another study observed a Leptocylindrus bloom following an extreme inflow increase
to a low-inflow temperate estuary (Bate and Adams 2000). The high inflow at the time of the
bloom may have pushed phytoplankton farther into the estuary, and fueled production through
increased nutrient availability, as shown by simultaneous increases in N+N, orthophosphate and
silicate in May 2021 (Burford et al., 2011; Bruesewitz et al., 2013). Other studies have shown the

location of the chlorophyll maximum moves downstream after periods of elevated inflow
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(Pennock 1985; Paerl et. al., 2014). The high inflow was sufficient to affect the distribution of
the bloom, but not enough to flush cells out of the estuary. In short, the blooms in this study
exemplify that different taxa proliferate under different conditions, which may require resource
managers to examine the factors that influence each taxon that generates high biovolume in
Matagorda Bay individually.
Phytoplankton community composition

Matagorda Bay’s high wind action and prevalence of river-derived nutrients allowed
diatoms to dominate over other phytoplankton functional groups in this system (Longley 1994;
Smayda 1997). Previous research in Matagorda Bay also observed dominance of diatoms over
other functional groups (Longley et al., 1994; Roelke et al., 2013). Carrick et al. (1993) observed
a two-fold increase in diatom biomass during increased wind speed in a shallow Florida lake,
potentially due to resuspension of benthic diatoms and decreased light limitation (Carrick et al.,
1993). A diatom bloom was also observed in the oligotrophic, subtropical Gulf of Eilat when
wind speeds increased from 3 ms to 10 ms* (lluz et al., 2009). In several studies, biovolume in
the estuary was dominated by diatoms when the wind speeds were between >3 and 9 ms™ (Arfi
and Bouvy 1995; de Jonge and van Beusekom 1995; Fejes et al., 2005). The mean monthly wind
speed for this study in Matagorda Bay was 7.4 ms™, so these constant elevated wind speeds in
Matagorda Bay may explain why diatoms dominated biovolume for the entire study. This may
be because diatom physiology is better adapted than other phytoplankton for utilizing nutrients
during turbulent conditions (Margalef 1978). Diatom biovolume also had a positive correlation
with salinity, indicating that this functional group was successful not only near the river mouth,
but throughout the estuary. Upwelling favorable winds in the northwestern Gulf of Mexico

promote diatom success over other functional groups, and these diatoms may be advected into
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the more saline parts of the estuary, such as site A9 (Angleés et al., 2019). A ship channel
between another Texas subtropical estuary (Aransas Bay) and the Gulf of Mexico sampled had a
community comprised mostly of diatoms, so the Gulf of Mexico is a possible source of diatoms
to Texas estuaries (Reyna et al. 2017). Also, blooms observed in another wind-driven estuary on
the Texas coast (Galveston Bay) were diatom-dominated (Roelke et al. 2013). The ratio of
Si:DIN remaining above 1 for the majority of the study period could have also contributed to
diatom success over dinoflagellates or other functional groups (Longley et al., 1994).

Picoeukaryote biovolume was positively correlation with temperature (p<0.01). The
higher temperatures in the summer corresponded with significantly greater picoeukaryotes than
during other seasons (p<0.01). Stawiarski et al. (2016) found that picoplankton generally
increase with increasing temperatures until they reach the optimal temperature for their species.
Temperature was beginning to increase in March 2020, and this correlates with a picoeukaryote
cells/mL maximum in April 2020. Temperature reached a maximum for summer 2020 in August,
and picoeukaryotes again peaked in September 2020. It appears there is a month lag time
between temperature increases and picoeukaryote increases in Matagorda Bay. Picoeukaryotes
had a negative correlation with N+N (p=0.04), which may be due to depletion of this nutrient as
picoeukaryote cells increase in number. N+N reached one of two maximums in January 2020,
and picoeukaryotes may have capitalized on this maximum as they started to increase in
February 2020 and reached a maximum in April 2020. In April 2020, N+N decreased to almost
zero, indicating it was almost completely assimilated in picoplankton cells.

Picocyanobacteria also a positive correlation with temperature (p<0.01). Cyanobacteria
cell count was positively correlated with temperature in other studies (Paerl 2014; Smucker et al.,

2021). While picocyanobacteria biovolume was weakly correlated with salinity (tau<0.30),
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studies have found that some cyanobacteria species grow in salinities of 0-20 (Moisdander et al.,
2002), but one study found highest growth of subtropical cyanobacteria at salinities between 16
and 25 (Rai and Rajashekhar 2016), which is similar to the range of the salinities in which most
cells occurred in our study (15-30). Picocyanobacteria had a negative correlation with both
nitrogen forms measured (ammonium and N+N). Another study found a negative correlation
between picocyanobacteria and nitrate, but a positive correlation between picocyanobacterial and
ammonium (Aldunate et al., 2020). A different correlation could have resulted from less
sampling dates (four) compared to the present study, which collected every month for a period of
two years. More frequent sampling may have allowed a more exact dynamic between ammonium
and picocyanobacteria. Because ammonium is the preferred nitrogen source, this nutrient could
have been depleted as picocyanobacterial increased (Olofsson et al., 2019). As ammonium
increased between June 2020 to September 2020, picocyanobacteria cells also increased to a
maximum in September 2020. Ammonium decreased after this maximum until November 2020.
In the winter of 2021, ammonium reached two peaks, without corresponding growth of
picocyanobacteria, probably due to the colder temperatures inhibiting picocyanobacteria growth
(Paerl 2014).
Dinophysis

Dinophysis was present in January, February and April 2020, corresponding with the
window of temperature (~11-19°C) in which past blooms have occurred in the Gulf of Mexico
(Harred and Campbell 2014). It appears nutrient input was less connected to discharge when
Dinophysis was present, as the taxon had sufficient nutrient resources despite lower discharge, or
there was a month-long lag between elevated nutrients and Dinophysis presence. Ammonium,

N+N, and orthophosphate all increased in concentration from December 2019 to January 2020
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with elevated discharge, so Dinophysis presence may have been a delayed response to these
increases. Past studies have linked harmful algal blooms to increased nutrient input, and our
results show Dinophysis biomass was positively correlated with N+N (Rebich et al., 2011).
Other studies did not find a correlation between nutrients and Dinophysis. However, silicate
limitation in January and February 2020, as indicated by Si:N<1, may explain this Dinophysis
success over diatoms, considering dinoflagellates are not silicate limited (Flynn and Martin-
Jézéquel 2000). Our study and others (Swanson et al., 2010) did not find a correlation between
Dinophysis and salinity, where other studies observed a negative correlation (Godhe and
Rehnstam-Holm 2002). Dinophysis has bloomed in the Gulf of Mexico in salinity ranging from
28 to 33, while in our study salinity was lower (20-23) during Dinophysis presence. This
disparity may be why Dinophysis never reached bloom levels. Lastly, prey availability could
have contributed to Dinophysis presence, as previous studies have linked this taxon to the ciliate
prey Mesodinium (Diaz et al., 2013; Harred and Campbell 2014). Mesodinium was present year-
round in Matagorda Bay, which may have supplemented the growth of Dinophysis. Dinophysis
was not observed again after January 2020-April 2020 in this study. Because the ratio of Si:DIN
increased ten-fold between February 2020 and April 2020, silicate limitation may have ceased
and thus diatoms outcompeted Dinophysis, causing the decline of the dinoflagellate. The ratio of
Si:DIN never fell below 1 again, and this may be why we did not observe Dinophysis after April
2020. These results indicate that Dinophysis may only succeed and potentially bloom when
silicate is limiting in Matagorda Bay, because all other year-round conditions are more favorable
for diatoms, including high wind action. If nitrogen concentrations increase in the future, this

could be cause for concern for Dinophysis blooms.
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Future implications

Texas’ population is rapidly growing and is projected to increase by more than 70 percent
from 2020-2070 (Texas Water Development Board 2017). With this growth, water demand is
projected to increase by 17 percent, introducing possible effects on aquatic ecosystems (Texas
Water Development Board 2017). In addition, projected climate changes could affect the amount
of freshwater inflow reaching Matagorda Bay. Texas already experiences cycling between heavy
precipitation periods and extreme drought periods, and both parts of this cycle are predicted to
intensify with the changing climate (Montroy 1997). For one, temperatures are projected to
increase, with evaporation rates exceeding precipitation rates (Seager et al., 2007; Banner et al.,
2010). While quantitative projections of droughts in Texas through modeling are not available,
factors indicate an increase in drought severity (Nielsen-Gammon et al., 2021). During these
times, evaporation will likely further decrease freshwater inflow (Konapala et al., 2020). These
decreases in freshwater inflow could result in a decrease in phytoplankton biovolume due to
unfavorable changes in salinity or decreases in nutrient inputs (Wetz et al., 2011, Phlips et al.,
2012). Decreased freshwater inflow may conversely increase phytoplankton biovolume closest to
the river mouth, possibly due to increased residence time, as we saw a diatom bloom and
Dinophysis presence during periods of decreased discharge in this study (Flemer and Champ
2006). Increased residence time is especially concerning for harmful dinoflagellates as extended
residence times allow this slow-growing functional group time to reproduce (Murrell et al.,
2002). These opposing responses from different taxa to the same environmental changes again
highlights the necessity of researching bloom causes on a taxa-by-taxa basis.

While drought events and evaporation may increase in severity based on current

indicators, average precipitation, as well as extreme rainfall events, are also expected to increase
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(Nielson-Gammon et al., 2021). Increased precipitation in the wet portion of the Texas climate
cycle could cause greater riverine inflow, potentially bringing more nutrients and increasing
biovolume in the estuary. If inflow increases above a critical point, however, any gains in
biovolume may be flushed out of the estuary (Peierls et al., 2012). To determine different
environmental change effects on the phytoplankton in Matagorda Bay, all of these climate
factors, as well as freshwater inflow and nutrients, should be measured. A long-term study would
be needed to parse out the natural climate oscillations effects versus anthropogenic effects.

To better elucidate mechanistic linkages between freshwater inflow and the ecosystem,
future studies could consider more frequent sampling and nutrient source identification. While
more frequent sampling was not possible in this study, future studies may consider daily
sampling upon detection of a potential HAB species, such as Dinophysis, because phytoplankton
biovolume and communities can change on this shorter time scale (Cloern et al., 2014). More
frequent sampling could give a clearer understanding of influential environmental factors on
blooms. For example, blooms and the species Dinophysis was present under different freshwater
inflows and nutrient concentrations. Dinophysis specifically was present during a period of
decreased inflow, despite increasing nutrients. This indicates recycled nutrients may play a larger
role than riverine nutrients. ldentifying the source of nutrients would be helpful in determining
how important riverine nutrients are to bloom/HAB species in Matagorda Bay.

Conclusion

This study shows the importance of freshwater inflow to the biochemical and physical
changes in Matagorda Bay, Texas. Freshwater inflow influences nutrient location and
availability, which in turn had an impact on where biovolume was greatest: closest to the river

mouth. Chlorophyll was also highest at our sites closest to the river mouth. Chlorophyll was
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affected by freshwater inflow, potentially due to higher nutrients at the river mouth. Increased
freshwater inflow can also push biovolume further into the estuary from the mouth, while
decreased freshwater inflow can allow for biovolume accumulation. The biovolume of the
Matagorda Bay community is dominated by diatoms, likely due to high wind action associated
with this system and nutrient ratios favorable against silicate limitation. Decreased freshwater
inflow is projected with climate change and anthropogenic influence, which could lead to effects
such as (1) biovolume concentrating near the river mouth and changing in magnitude in
Matagorda Bay and (2) inducing conditions, such as silicate-limitation, associated with success
of HAB-forming genera, such as Dinophysis, over less harmful diatom genera. Biovolume could
increase during low inflow conditions due to reduced flushing times, but also decrease due to
less nutrient input. These effects could alter the structure and functioning of estuarine food webs
and negatively impact ecological health and economic/recreational usage of Matagorda Bay.
Because every estuary has unique physicochemical conditions, resource managers should
investigate estuaries on an individual basis to inform decisions and plan for the potential impacts
of phytoplankton community and biovolume changes. This study was a critical starting point for
determining the influence of various environmental changes, including freshwater inflow, on
phytoplankton and the health of Matagorda Bay and will help resource managers understand
baseline conditions as they plan for changes associated with climate change and anthropogenic

water diversion.
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Figure 1. Map of sample sites in Matagorda Bay.
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Figure 2. Average weekly discharge from Colorado River up to sampling dates.
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Figure 3. Mean salinity from November 2019-October 2021 (shade is 95% confidence interval).
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Figure 5. Mean temperature from November 2019-October 2021 (shade is 95% confidence interval).
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Figure 6. Mean Secchi depth from November 2019-October 2021 (shade is 95% confidence interval).
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Figure 8. Mean N+N from November 2019-October 2021 (shade is 95% confidence interval).
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Figure 9. N+N gradient moving away from river mouth.
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Figure 11. Mean ammonium from November 2019-October 2021 (shade is 95% confidence interval).
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Figure 12. Ammonium gradient moving away from river mouth.
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Figure 13. Mean orthophosphate from November 2019-October 2021 (shade is 95% confidence interval).
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Figure 14. Orthophosphate gradient across sites moving away from river mouth.
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Figure 15. Mean orthophosphate versus discharge for all dates.
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Figure 16. Mean DIN:DIP ratio from November 2019-October 2021 (shade is 95% confidence interval).
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Figure 17. Mean silicate from November 2019-October 2021 (shade is 95% confidence interval).
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Figure 18. Silicate gradient across sites moving away from river mouth.
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Figure 19. Mean silicate versus discharge for all dates.
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Figure 25. Total biovolume over time.
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Figure 26. Site Al functional group biovolume over time.

62



6.00E+07

5.00E+07

4.00E+07

| —

[

|

|

| T

[

| I
| I
1 EE—

[ -

| I

| —

I
| -

|
(I

[ .

N~ N ™~ o
(@) o (@) o
¥ ¥ ¥ ¥
Ll L [N} Ll
o o o o
! o S !
o (@] i o

(Jw/gSuouoiw) swnjonolg

12-30
T¢-das
T¢-8ny
TZ-nf
Tz-ung
TC-AeN
T¢-4dy
TZ-eiN
12-9°4
Tg-uer
0¢-23Q
0¢-AON
0Z-30
0¢-dss
0z-3ny
oz-Inf
og-unf
0C-AeiN
0¢-Jdy
0zZ-1eiN
0¢-9°4
oz-uer
61-22d
6T-AON

Date

B picocyanobacteria

B diatom ™ euglenoid dinoflagellate

B picoeukaryotes

Figure 27. A2 functional group biovolume over time.
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Figure 28. A4 functional group biovolume over time.
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Figure 29. A6 functional group biovolume over time.
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Figure 30. A9 functional group biovolume over time.
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Figure 31. MAD functional group biovolume over time.
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Table 1. Kruskall-Wallis test for environmental factors and each site (adjusted p-values for multiple comparisons with Dunn Test).
Shared letters/colors signify no significant difference between two sites.

Site Al MAD A2 A4 A6 A9
Chlorophyll (mg/L) a a a a a D D
N+N (uM) a a a b b b b
Orthophosphate (UM) b b c b c c
Salinity a a b a b b

Ammonium (uUM) a a a a a a
Silicate (UM)

DIN:DIP (uM)

DIN:Si (uM) a a a a a a
Secchi depth (m) a a a b b c b c c
Total biovolume a a a a a a
Smicrons/mLz

Diatom biovolume a a a a a a
(microns/mL)

Euglenoid biovolume a a a a a a
microns/mL

Dinoflagellate biovolume

microns/mL
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Table 1. continued

Site Al MAD A2 A4 A6 A9
. ___________________________________________________________________ |

Cryptophyte biovolume a a a a a a

microns/mL

Picocyanobacteria a a a a a a

$cells/mL=

Picoeukaryotes (cells/mL) | a ‘ b b ‘ c a a ‘ c ‘ a ‘ c b




Table 2. Kendall’s tau correlation results between chlorophyll and environmental variables, as well as biovolume for all sites.
Highlighted variables indicate significant correlations (0=0.05).

Chlorophyll
p-value tau
Salinity <0.01 -0.40
Ammonium (UM) 0.27 -0.08
N+N (uM) 0.73 -0.02
PO4 (UM) 0.02 0.17
Silicate (LM) 0.05 0.14
DO (UM) 0.81 -0.01
Temperature (°C) <0.01 0.22
Discharge (m/s) 0.08 0.11
Secchi depth (m) <0.01 -0.34
Total biovolume
(microns®/mL) <O b
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Table 3. Kendall’s tau correlation results between phytoplankton total and functional group biovolume and environmental variables.
Highlighted variables indicate significant correlations (0=0.05).

Cryptophyte Euglenoid Diatom Dinoflagellat Plcocya_nobac- picoeukaryote _ Total
e teria S biovolume
p- p- p- p- p- p- p-
tau value tau value tau value tau value tau value tau value tau value
. <0.00
Salinity -0.26 1 -0.04| 061 | 0.13 | 0.05 | 0.20 | 0.004 | 0.14 | 0.04 |<0.01| 0.89 | 0.08 | 0.25
Qmmon'“ 013 | 0.06 | 009 | 0.17 | -0.28 <(i'0 000 | 0:004 | -0.22 | <0.01 | 0.13 | 006 | -0.27 | <0.01
N+N 0.02 0.78 0.02 0.73 | -0.06 | 0.38 0 _18 0.009 | -0.21 | <001 | -0.14 | 0.04 | -0.07 | 0.31
POa4 -0.05 | 0.47 | -0.05| 0.47 0.05 | 0.42 0 _05 0.44 0.02 0.75 0.10 0.14 | 0.11 0.10
Silicate -0.13 | 0.06 | -0.05| 0.48 | 0.02 | 0.77 0 64 0.57 | <001 | 097 | 0.11 | 0.12 | 0.03 | 0.64
<0.00
Temp -0.42 1 -0.11 | 0.09 0.09 | 0.17 | 0.15| 0.03 027 <0.01 | 0.33 | <0.01 | 0.15 0.03
. <0.00 -
Discharge 0.25 1 0.06 0.41 | -0.01| 094 001 0.89 0.09 0.22 0.04 0.59 | 0.03 0.63
Secchi
depth 0.06 0.42 0.07 0.37 0.12 | 0.11 | 0.09 | 0.20 0.09 0.20 | -0.12 | 0.11 | 0.05 0.47
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Table 4. Kendall’s tau correlation results between HAB biomass/Dinophysis and environmental variables. Highlighted variables
indicate significant correlations (a=0.05).

Dinophysis

tau p-value
Salinity 0.20 0.33
Ammonium (uUM) 0.05 0.82
N+N (M) 0.42 0.04
PO4 (UM) 0.02 0.94
Silicate 0.39 0.06
DIN:DIP 0.20 0.33
Si:DIN -0.48 0.03
Temperature -0.23 0.12
Discharge 0.32 0.12
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