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Abstract
Corpus Christi Bay is a shallow, wind-driven lagoon located on the semi-arid South Texas coast that has a rapidly urban-
izing watershed. Projections indicate that this region will become warmer and drier and will support an increasing urban 
population over the next several decades. Here, a 27-month field study was undertaken to quantify phytoplankton biovol-
ume, community composition, and relationships with environmental drivers. Phytoplankton biovolume varied unimodally 
with a peak in biovolume from spring through summer followed by a decline into fall and winter. Phytoplankton growth 
was related to nutrient availability during the spring and summer, while water temperature and factors affecting flushing 
were important during the fall and winter. Regions with more restricted circulation patterns (i.e., man-made canals) were 
found to support higher standing crops of phytoplankton and the occurrence of high biovolume blooms. Diatoms were 
dominant during the winter and spring, dinoflagellates were dominant during the summer and fall, and picophytoplankton 
groups were important during spring, summer, and fall. These results suggest that nutrient and physical conditions interact 
to determine phytoplankton biomass and community composition and contribute to our ability to project potential impacts 
of future increases in human populations in the watershed, decreasing precipitation due to climate change, and increasing 
frequency of short-lived flood events.
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Introduction

Estuaries are highly dynamic systems at the confluence of 
rivers and the ocean and are subject to environmental fluc-
tuations acting on multiple time scales (Cloern and Jassby 
2010; Paerl et al. 2010; Zingone et al. 2010). Phytoplank-
ton is at the base of marine food webs and are important 
primary producers in many estuaries (Cloern and Dufford 
2005; Paerl et al. 2010; Cloern et al. 2014). Variability in 
freshwater inflows is a particularly important factor influ-
encing estuarine phytoplankton dynamics due to the role 
they play in driving external nutrient loading, residence 
time, and light conditions (Paerl et al. 2010; Peierls et al. 
2012; Roelke et al. 2013; Dorado et al. 2015). For example, 

in river-dominated estuaries, nutrient loading often scales 
to the level of freshwater inflows and consequently so does 
phytoplankton growth and primary production up to a cer-
tain inflow level, after which flushing and/or light condi-
tions can become limiting (Mallin et al. 1993; Wetz et al. 
2011). This is not always the case in lagoonal estuaries 
however, where ample stores of internally cycled nutrients 
can support phytoplankton growth even when inflows are 
low (McCarthy and Bronk 2008; Glibert et al. 2010; Reyna 
et al. 2017; Geyer et al. 2018; Cira et al. 2021). Freshwater 
inflow variability can also have a major influence on phyto-
plankton community composition (Paerl et al. 2010; Peierls 
et al. 2012; Roelke et al. 2013; Dorado et al. 2015). In high 
flow conditions with high nutrient concentrations and short 
residence time, taxa with relatively fast growth rates (i.e., 
diatoms, cryptophytes, and chlorophytes) are more likely to 
be favored. In contrast, during low flow conditions with low 
nutrient concentrations and longer residence time, slower 
growing taxa (i.e., dinoflagellates) often dominate (Cloern 
and Dufford 2005; Paerl et al. 2010). Seasonal changes in 
water temperature, light, and nutrient availability are often 
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important drivers of phytoplankton biomass, with the great-
est proportion of high biomass events recorded during the 
spring and the lowest during the winter on a global scale 
(Cloern and Jassby 2008, 2010). Additionally, the ecophysi-
ology of different phytoplankton groups often results in pre-
dictable patterns of seasonal community succession, with 
diatoms tending to dominate in cooler and/or wetter seasons 
and dinoflagellates tending to dominate during warmer and/
or drier seasons (Cloern 1999; Örnólfsdóttir et al. 2004; 
Cloern and Jassby 2008, 2010).

Watershed land use at the local and regional scale rep-
resents a factor influencing nutrient delivery, and ulti-
mately phytoplankton populations, in coastal environments. 
Increases in urban and suburban development have been 
shown to increase nutrient loads and change the ratio of 
various nutrients delivered to estuaries (Paerl et al. 2014; 
Jordan et al. 2018). In Florida’s Indian River Lagoon for 
example, portions of the estuary with greater anthropogenic 
influence on watershed land use demonstrated higher mean 
phytoplankton biovolume than regions with more pristine 
watersheds (Phlips et al. 2011). Wastewater treatment plant 
(WWTP) effluent and stormwater runoff tend to deliver 
high nitrogen and phosphorus loads to receiving waterbod-
ies (Gilabert 2001; Dillon and Chanton 2005; Glibert and 
Burkholder 2011; Davidson et al. 2014), but often deliver 
less dissolved silicate than riverine sources of freshwater, 
potentially leading to the selection of non-diatom taxa over 
diatoms and/or increased prevalence of harmful algal bloom 
(HAB) forming diatoms with lower silica requirements (i.e., 
Pseudo-nitzschia spp.) (Roelke et al. 1997; Quigg et al. 
2013; Parsons and Dortch 2002; Davidson et al. 2014).

Evidence is emerging that low-inflow lagoonal estuaries 
may be particularly susceptible to anthropogenic nutrient 
inputs (Ferreira et al. 2005; Bricker et al. 2008). For exam-
ple, several studies have shown the potential for very high 
biomass blooms in these types of estuaries, including harm-
ful taxa that are suited to low rates of flushing (i.e., dinoflag-
ellates and pelagophytes) commonly found in these types of 
systems (Hemraj et al. 2017; Cira et al. 2021; Glibert et al. 
2021; Lemley et al. 2017, 2021). Despite this, there is a pau-
city of data on phytoplankton dynamics and anthropogenic 
influences on phytoplankton communities from low-inflow 
estuaries. Here, a 27-month field study was conducted in 
Corpus Christi Bay (CCB), Texas, across six sites represent-
ing different levels of anthropogenic influence. CCB has a 
neutral freshwater inflow balance and salinity levels that are 
typical of ocean conditions (Montagna et al. 2009), although 
in recent decades hypersalinty has been observed during 
drought due to both the lack of rainfall and a long-term 
decrease in inflows due to damming (Bugica et al. 2020). 
To date, there have been no comprehensive studies on phy-
toplankton dynamics in this ecologically and economically 
important estuary. Studies addressing the spatial-temporal 

distribution of phytoplankton and potential environmental 
drivers are necessary to establish an understanding of con-
temporary dynamics and to provide context for projections 
of future change in response to increased human population 
growth, land use change, increased frequency of droughts, 
and continued declines in freshwater inflows. This study 
focused on the western and southern shorelines of CCB to 
assess the role of anthropogenic activities (urbanization), 
structural modifications to the estuarine environment (canal 
construction), and freshwater inflows (riverine and storm-
water drainage) in driving phytoplankton dynamics in a low-
inflow estuary, CCB.

It was hypothesized that both phytoplankton biovolume 
and community composition would display spatial variability 
in response to different levels of anthropogenic influence on 
nutrient availability. Specifically, regions of greatest anthro-
pogenic nutrient influence would display higher nutrient con-
centrations (Paerl et al. 2014; Jordan et al. 2018) and support  
the highest overall phytoplankton biovolume (Flint 1984; 
Phlips et al. 2011). Additionally, it was hypothesized that a 
greater proportion of community biovolume would be attrib-
uted to dinoflagellate and cryptophyte taxa in the anthropo-
genically influenced regions due to the competitive ability 
of those taxa to high nutrient loads and altered (from natural 
conditions) nutrient forms (findings from Cloern and Dufford  
(2005), Burkholder et al. (2008), and Davidson et al. (2014)). 
Seasonal fluctuations in temperature, rainfall, and wind 
were also hypothesized to be important factors influencing 
phytoplankton biovolume, with maxima expected in sum-
mer months due to higher temperatures, lower frequency of 
washout events, and lower wind speeds (Flint 1984; Pennock 
et al. 1999). These factors, along with nutrient availability, 
were hypothesized to play a role in seasonal variation in 
phytoplankton community structure, with diatoms expected 
to be important in cooler months, and the relative contribu-
tions of flagellated taxa increasing in the fall with increased 
water column stability (Holland et al. 1975). In addition to 
representing the first study of its kind in a local estuary (Cor-
pus Christi Bay-Upper Laguna Madre), this study is novel 
because there are few studies on nutrient-phytoplankton 
dynamics in similar low-inflow estuaries worldwide despite 
the numerical importance of these types of estuaries (Largier 
and Behrens 2010).

Methods

Study Area

CCB is a shallow (~3 m, ship channel ~15 m), microtidal 
(~0.3 m range), wind-driven system (~18 km  h−1 yearly 
mean; Ritter and Montagna 1999; Islam et al. 2014; Turner 
et al. 2015) that comprises the largest portion of the Nueces 
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Estuary. CCB is located on the semi-arid South Texas coast 
and is separated from the Gulf of Mexico by Padre Island, 
with two inlets for water exchange (Packery Channel and 
Aransas Pass). Inflow from the Nueces River has declined 
since the construction of dams in 1958 and 1982 (Montagna 
et al. 2009; Fig. 1). The neutral inflow balance that is now pre-
sent leads to a relatively long residence time (> 5 months–1 
year) and a generally well-mixed water column. CCB is also 
susceptible seasonal hypoxia (Ritter and Montagna 1999) and 
Karenia brevis red tides, with the latter showing a marked 
increase in frequency of occurrence since the mid-1990s 
(Tominack et al. 2020).

The lower reaches of the CCB watershed are heavily 
urbanized, with the city of Corpus Christi (pop. 317,863) 
lying adjacent to the bay. Corpus Christi has undergone rapid 
population growth over the past 2 decades (8.5% increase 
2000 to 2010; 7% increase 2010 to 2019) (U.S. Census 
Bureau), with an ~13% increase in developed areas occur-
ring from 2001 to 2016, leading to increased stormwater 
inputs. Stormwater runoff has been shown to increase nutri-
ent concentrations, leading to increased phytoplankton bio-
mass following inputs (Turner et al. 2015). WWTPs are also 
an influential source of inorganic nutrients, especially in 
low-inflow systems like CCB (Yeager et al. 2006; Wetz et al. 
2017; https:// sparr ow. wim. usgs. gov/ sparr ow- south west- 
2012/). Bugica et al. (2020) found a “hot spot” of eutrophi-
cation in Oso Bay, a sub-bay of CCB, where WWTP effluent 
has been shown to be a driver of decreasing water quality 
(Wetz et al. 2016). Another factor negatively impacting the 
CCB system is the long-term decrease in freshwater inflows 
due to dam construction and water management (Montagna 
et al. 2009). Dam construction reduced freshwater inflows 
by approximately 48% (Montagna et al. 2009) and has been 
shown to be associated with increases in salinity (Montagna 

et al. 2009), and decreased loading of riverine N (Dunn 
1996) to CCB.

Sampling Sites

Six sampling sites were selected to represent an estua-
rine nutrient-salinity gradient (Fig. 2). All sampling sites 
were located along the shoreline to both ensure sampling 
events could proceed under inclement weather conditions 
and to assess the direct impacts of anthropogenic stressors 
(i.e., WWTP effluent and stormwater runoff). Although 
some observed phytoplankton-nutrient dynamics in these 
shoreline regions of CCB may not be relevant to dynamics 
in central CCB, the inclusion of relatively enriched sites 
(Canal and Oso Inlet) and those that receive point-source 
and overland runoff (Cole Park and South Shore) allowed 
for the assessment of “hot spots” of anthropogenic influence 
where critical habitats (seagrass beds, habitat and foraging 
grounds for migratory, and resident birds) and humans are 
in close proximity. In order from lowest level of anthropo-
genic influence to highest level of anthropogenic influence, 
site descriptions are as follows. The Laguna Madre site was 
located in the Upper Laguna Madre, where there is little 
connectivity with freshwater sources, freshwater inputs are 
primarily from overland runoff, and human populations 
are very sparse. The Packery Channel is a man-made inlet 
between the Gulf of Mexico and the lower CCB and is likely 
the most well-flushed site in this study. The South Shore 
site was located along the southern shoreline of CCB and 
was adjacent to a stormwater runoff drain (~90 m away) 
that receives inputs from ~5  km2 of densely populated urban 
area. Oso Inlet was at the confluence of Oso Bay and CCB, 
with freshwater sources including Oso Creek and a nearby 
WWTP effluent pipe. Previous work has shown that the Oso 

Fig. 1  Mean decadal inflows to 
the Corpus Christi Bay system 
from the Nueces River with a 
regression line demonstrating a 
decreasing trend between 1940 
and 2019. The US Geologi-
cal Survey stream gauge used 
for creation of this graph was 
8211000. Figure 1 was created 
using the R statistical software 
package

https://sparrow.wim.usgs.gov/sparrow-southwest-2012/
https://sparrow.wim.usgs.gov/sparrow-southwest-2012/
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Bay is heavily impacted by WWTP effluent, as indicated by 
consistently high nutrient concentration and phytoplankton 
biomass (Wetz et al. 2016; Wang et al. 2018). Cole Park 
was located directly in front of a stormwater runoff drain 
on the western shoreline of CCB. The stormwater drain 
receives inputs from ~6  km2 of densely populated drain-
age area. The Canal site was located in a densely populated 
residential neighborhood with extensive man-made canals 
and little connectivity to surrounding waters. The closest 
connected body of water is the Laguna Madre, and fresh-
water inputs were in the form of overland runoff from yards 
and roadways.

Field Sampling

All sites were visited following the same temporally vari-
able schedule: monthly in December, January, and Febru-
ary; biweekly in October (2017), November, and March 
through August; weekly in September and October (2016 
and 2018). This resulted in a total of 59 sampling events 
spanning 27 months. Sampling during each event began no 
earlier than 830 am and concluded no later than 200 pm, 
with most sampling events occurring between 900 am and 

1230 pm. There is a limited influence of tidal exchange 
due to relatively small diurnal tidal range on this part of 
the Gulf of Mexico coastline (Ward 1997). Surface water 
hydrographic data (temperature, conductivity (salinity), pH, 
and dissolved oxygen) were collected using a calibrated YSI 
ProPlus multiparameter sonde (YSI Inc., Yellow Springs, 
OH). Light attenuation was measured at each site with a 
Secchi disc; however, there were instances where the cur-
rent was too swift for the disc to descend at a near 90° angle 
(Packery Channel, n = 33 out of 59 and Oso Inlet, n = 7 out 
of 59). Water samples were collected from the top 15 cm of 
the water surface and transported to the lab in acid-washed 
amber polycarbonate bottles for further processing. Water 
for micro- and nanophytoplankton enumeration (500 mL) 
was stored at ambient temperature and samples for nutrient 
chemistry, chlorophyll a analysis, and picophytoplankton 
cell counts were collected as field duplicates (1-L each) and 
stored on ice (~0 °C) until return to the lab (< 3 h).

Laboratory Processing

Prior to sample processing, the collection bottles were 
gently inverted to homogenize the water and suspended 

Fig. 2  Location of sampling 
sites throughout Corpus Christi 
Bay. Corpus Christi is denoted 
with a star in the inset map. Fig-
ure 2 was created using ArcMap 
and MSOffice
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materials. Water for micro- and nanophytoplankton enu-
meration was gently poured into 50 mL conical vials and 
fixed with acidified Lugol’s solution to a final concentra-
tion of 1% and stored at room temperature in the dark. 
Water for dissolved nutrient (ammonium, nitrate plus 
nitrite, orthophosphate, silicate, dissolved organic carbon, 
and total dissolved nitrogen) quantification was filtered 
through pre-combusted (4 h at 450 °C) Ahlstrom GF/F 
filters into HDPE bottles. For chlorophyll a quantifica-
tion, a known volume of water was gently filtered (≤ 5 
mm Hg) through 25 mm Whatman GF/F filters. For pico-
phytoplankton quantification, site water was fixed with 
50% glutaraldehyde to a final concentration of 1%. For 
each variable, duplicate samples were processed. Follow-
ing sample processing described above, all samples were 
immediately stored at −20 °C until analysis.

Phytoplankton Enumeration

Micro- and nanophytoplankton were counted by following 
the Utermöhl method on an Olympus IX71 inverted micro-
scope at 200× magnification. The volume settled for each 
sample was variable based on chlorophyll a concentra-
tion and the quantity of suspended solids noted during live 
screens. The total volume settled for each sample ranged 
from 0.5 to 20 mL. Small settling volumes were associ-
ated with high chlorophyll a or high suspended sediment 
loads, whereas large settling volumes were associated with 
low chlorophyll a and low suspended sediment loads. All 
samples were settled overnight (> 12 and ≤ 24 h), allow-
ing at least 1 h of settling time per mL of sample settled. 
Picophytoplankton was counted using an Accuri C6 Plus 
flow cytometer with the CSampler Plus adapter (Beckton 
Dickinson, San Jose, CA). Instrument QC was performed 
daily following manufacturer protocol prior to sample 
preparation. Samples were thawed at 0 °C in the dark and 
gently filtered across 20 µm  Nytex® mesh to remove large 
cells and particulate matter. All samples were run on the 
fast setting, with a flow rate of 66 µL  min−1 and a core 
size of 22 µm. The auto-sampler was set to agitate the 
sampling plate and rinse the sample input port before and 
after each sample was analyzed. Additionally, polystyrene 
beads of known size (3.3 µm) were run at the same settings 
to ensure that only appropriate size ranges of cells were 
counted. Biovolumes were estimated for micro-, nano-, 
and picophytoplankton using the associated geometric 
shapes at the lowest taxonomic resolution recorded dur-
ing counting (Sun and Liu 2003). Picophytoplankton shape 
and size were not directly measured and were estimated to 
be spherical at 1.5 µm and 2.5 µm diameters for picocy-
anobacteria and picoeukaryotes, respectively.

Nutrients

Inorganic nutrient samples were thawed to room temperature 
and then analyzed on a Seal QuAAtro 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 nutri-
ent 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 µM 
for nitrate plus nitrite  (NOx) and ammonium  (NH4

+), and 
< 0.01 µM for orthophosphate  (PO4

3−) and silicate  (SiO4). 
Dissolved inorganic nitrogen (DIN) was calculated as the 
sum of  NH4

+ and  NOx. Samples for dissolved organic carbon 
(DOC) and total dissolved nitrogen (TDN) were thawed to 
room temperature and analyzed using the High Temperature 
Catalytic Oxidation method on a Shimadzu TOC-Vs ana-
lyzer with nitrogen module. Standard curves were run twice 
daily using a DIW blank and five concentrations of either 
acid potassium phthalate solution or potassium nitrate for 
DOC and TDN, respectively. Three to five subsamples were 
taken from each standard and water sample and injected in 
sequence. Reagent grade glucosamine was used as a labora-
tory check standard and inserted throughout each run, as 
were Certified Reference Material Program (CRMP) deep-
water standards of known DOC/TDN concentration. Mean 
daily CRMP DOC and TDN concentrations were 44.2 ± 2.7 
μmol  L−1 and 31.9 ± 2.4 μmol  L−1, respectively. Dissolved 
organic nitrogen (DON) was determined by subtracting dis-
solved inorganic nitrogen  (NH4

+ and  NOx) from TDN.

Accessory Data Collection

Daily precipitation totals and mean daily wind speeds were 
downloaded from the NOAA National Climate Data Center 
for the Corpus Christi Naval Air Station (station code 
USW00012926; accessed 4/6/2020). The precipitation data 
was used to assign each sampling event a value represent-
ing days since rainfall > 2.54 mm (DSR). Where rainfall 
and sampling events overlapped, a value of 0 was assigned.

Data Analysis

All raw data and associated R code are available at https:// 
doi. org/ 10. 7266/ NCPYG 0DH. Data analyses were per-
formed in R v 3.5.2 and PRIMER v7. Prior to statistical 
analyses,  NOx (n = 70) and  PO4

3− (n = 3) measurements that 
were below the detection limit were coded as the method 
detection limits of 0.02 µM and 0.005 µM, respectively. 
There was one instance where calculated DON was nega-
tive, and the value was coded as 0. DIN:DIP was calculated 

https://doi.org/10.7266/NCPYG0DH
https://doi.org/10.7266/NCPYG0DH
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as DIN divided by  PO4
3−, and DIN:Si was calculated as DIN 

divided by  SiO4. Where averages are presented (i.e., site or 
season averages), DIN:DIP and DIN:Si were calculated with 
average DIN and average  PO4

3− and  SiO4, respectively. The 
error for the ratios was then calculated using the formula

where sd indicates standard deviation, DIN is mean DIN, 
and var is either the mean of  PO4

3− or  SiO4 for the DIN:DIP 
and DIN:Si ratios, respectively. For the following analyses, 
seasons are defined as follows: spring = March, April, and 
May; summer = June, July, and August; fall = September, 
October, and November; and winter = December, January, 
and February.

Two-way ANOVAs with site and season were used to 
explore spatial and seasonal patterns in individual environ-
mental and biological variables (stats v 3.5.2; R Core Team 
2019). For environmental variables, where sampling was 
conducted on sub-monthly time scales, data were averaged 
by sampling month at each site prior to conducting ANO-
VAs to achieve a more balanced dataset. For each variable 
examined, the interaction term for site and season was used 
as an explanatory factor to test for a significant interaction 
between factor levels. If there was no significant interac-
tion, one-way ANOVAs were used to test for site and season 
differences individually, without regard to the other factor 
(stats v 3.5.2; R Core Team 2019). If a significant inter-
action was detected, one-way ANOVAs were used to test 
for site differences within each level of season, and vice 
versa. Each one-way ANOVA was tested for assumptions 
of normality (Shapiro–Wilk test) and homoscedasticity of 
variance (Brown-Forsythe Levene test). If necessary, terms 
to address heteroscedasticity were included in the ANOVA 
models (nlme v. 3.1–145; Pinheiro et al. 2020). Multiple 
comparison procedures with Tukey’s contrasts were then 
used to compare all possible season and site pairs with a 
Westfall correction applied to the p-values (multcomp v 
1.4–12; Hothorn et al. 2008). Corrected p-values were com-
pared to α = 0.1 to account for introduction of Type II error 
(Quinn and Keough 2002).

Due to an exceptional outlier event in phytoplankton 
biovolume associated with the occurrence of a short-lived 
K. brevis red tide (one event 10/14/2016), median values 
of phytoplankton biovolume as well as the biovolume of 
major taxonomic groups were reported instead of means 
as they were more representative of overall site and season 
conditions. The Kruskal-Wallis rank-based non-parametric 
test is better suited for comparing conditions among factor 
levels when there are a few strong outliers (stats v. 3.5.2; R 
Core Team 2019; Quinn and Keough 2002) and was there-
fore used to compare sites and seasons for phytoplankton 
biovolume, and the biovolume of diatoms, dinoflagellates, 

(DIN∕var) ×

√

(sd DIN∕DIN)2 + (sd var∕var)2

picocyanobacteria, and picoeukaryotes. To determine if 
there was a significant interaction between site and season, 
the five datasets were rank-transformed and an ANOVA 
with the interaction term between site and season was used 
as an explanatory variable, since the Kruskal-Wallis test is 
only for one-way designs (stats v. 3.5.2; R Core Team 2019; 
Quinn and Keough 2002). Where there was no significant 
interaction between site and season, one-way Kruskal-Wallis 
tests were performed with site and season as explanatory 
variables individually (stats v. 3.5.2; R Core Team 2019). 
Where there was significant interaction between site and 
season one-way Kruskal-Wallis tests, comparing sites were 
performed at each level of season, and vice versa. Multiple 
comparison procedures with Tukey’s contrasts were then 
used to compare all possible season and site pairs with a 
Holm correction applied to the p-values. Corrected p-values 
were compared to α = 0.1 to account for introduction of 
Type II error (Quinn and Keough 2002).

To assess seasonal and spatial environmental variabil-
ity, principal component analyses (PCA) were conducted 
in PRIMER v7 (Clarke and Gorley 2015). One PCA was 
conducted including all sampling events across all sites to 
characterize temporal and spatial variability. Salinity, tem-
perature, dissolved oxygen, pH, DON,  NOx,  NH4

+,  SiO4, 
 PO4

3−, DIN:DIP, DIN:Si, and DSR were included in the 
PCAs, and all variables were normalized prior to analysis. 
Principal components to be interpreted were selected fol-
lowing the Kaiser Guttman Criterion (Borcard et al. 2011) 
To quantify relationships between temperature and salinity 
and nutrient parameters, pairwise Kendall’s Tau correlations 
were conducted on untransformed data (stats v. 3.5.2; R Core 
Team 2019).

To quantify the relationships among environmental fac-
tors and phytoplankton biovolume, pairwise Kendall’s Tau 
correlations were conducted on untransformed data (stats 
v. 3.5.2; R Core Team 2019). Pairwise Kendall’s Tau cor-
relations between environmental variables and diatom, dino-
flagellate, picocyanobacteria, and picoeukaryote biovolume 
were conducted on untransformed data (stats v. 3.5.2; R Core 
Team 2019). These four taxonomic groups, on average, 
comprised approximately 90% of the phytoplankton com-
munity in the CCB system and were considered important 
contributors to the phytoplankton community across nearly 
all sampling events.

Results

Environmental Dynamics

Environmental conditions in the CCB system varied 
along two main principal component (PC) axes, one of 
which was generally representative of stochastic processes 



2029Estuaries and Coasts (2023) 46:2023–2044 

1 3

(PC1) and one of which was generally representative of 
seasonal variability (PC2) (Fig. 3). Eigenvalues for each 
PC and variable eigenvectors can be found in electronic 
supplemental materials (Tables S1 and S2). The vari-
ables that most strongly contributed to the creation of the 
stochastic processes axis were  NOx, salinity, and  PO4

3 
(Fig. S3). Moderate contributions to the creation of this 

axis were also seen for  SiO4, DOx, temperature,  NH4
+, and 

DSR, with approximately 22% of the dataset variability 
explained by this PC. The generally inverse relationship 
between nutrients and salinity, and between salinity and 
DSR can also be seen in Fig. 4, and the results of pairwise 
Kendall’s Tau correlations (Tables S4–S6). The spread of 
sampling events along PC1 indicated that the influence of 

Fig. 3  PCA plot with sampling 
events coded by sampling site. 
Variable abbreviations are as 
follows: Temp, temperature; 
DOx, dissolved oxygen; DON, 
dissolved organic nitrogen; 
NOx, nitrate + nitrite; PO4, 
phosphate; NH4, ammonium; 
SiO4, silicate; DSR, days since 
rainfall > 2.54 mm. All other 
variables are as displayed. Panel 
a shows sampling events coded 
by season and panel b shows 
sampling events coded by site. 
Figure 3 was created using 
PRIMER-E software
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stochastic processes was most pronounced during the fall 
season (Fig. 3a) and at the Cole Park site (Fig. 3b), though 
other seasons and sites demonstrated some degree of vari-
ability along this axis. Given the seasonal variability in 
the total number of precipitation events producing > 2.54 
mm, the mean volume of precipitation documented over 
the course of this study (Table 1), and the proximity of the 
Cole Park site to a stormwater runoff drain, the PCA was 
able to accurately represent seasonal and spatial variability 
in precipitation-driven stochasticity in the CCB system.

The seasonal variability captured in PC2 was most 
strongly related to DOx, DON, temperature, and  SiO4 
(Fig. S3). Moderate contributions to the creation of this PC 
were also seen for the variables  PO4

3−,  NOx, DIN:Si, and 
salinity, with approximately 19% of the dataset variability 
explained by this PC. The generally positive relationship 
between DON and temperature can also be seen in Fig. 4 and 
the results of pairwise Kendall’s Tau correlations (Tables 
S4–S6). The spread of sampling events along PC2 supports 
the conclusion that this axis is representative of seasonal 

Fig. 4  Scatter plots comparing salinity (a–e) and temperature (f–j) to ammonium (a, f), nitrate + nitrite (b, g), silicate (c, h), phosphate (d, i), 
and DON (e, j). Figure 4 was created using the R statistical software package and MSOffice
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processes driving environmental variability, with summer 
samples associated with higher temperatures and lower DOx 
compared to winter samples (Fig. 3a). There is also evi-
dence of some spatial variability captured by PC2 (Figs. 3b 
and 5). The Laguna Madre and Canal sites, characterized by 
larger distances from freshwater sources and a lower degree 
of overall connectivity with surrounding bodies of water, 
demonstrated higher temperatures and DON concentrations 
and lower DOx, especially during summer months, as seen 
in the generally negative PC2 scores associated with these 
sites (Fig. 5). Though difficult to see in the PCA due to over-
lapping sampling events, the Packery Channel site tended 
to be characterized by lower temperatures and higher DOx 
than other sites, especially during summer months (Fig. 5). 
Similar to the observed seasonal and spatial variability in 
stochasticity observed along PC1, these results indicate that 
spatial variability may influence the seasonal signal in envi-
ronmental conditions observed.

Results from one-way ANOVAs comparing nutrient con-
centrations among seasons and sites support the observed 
patterns in the PCA described above (Table 2). p-values for 
all pairs comparisons presented in Table 2 can be found in 

electronic supplemental material (Table S7). Additionally, 
there was a significant interaction found between site and 
season for the variables DON,  PO4

3−,  SiO4, and DIN:Si 
(Table 2), providing further evidence for the role of spatial 
variation among sites influencing observed seasonal patterns 
in environmental conditions. Results of Kendall’s Tau pair-
wise correlations between salinity and temperature and  NOx, 
 NH4

+,  PO4
3−,  SiO4, DON, and DSR at the site-specific level 

(Tables S5 and S6) and scatter plots of the same variables 
(Fig. 4) provide a more detailed look at how environmental 
conditions at each site respond to seasonal and stochastic 
processes.

At the level of the CCB system, temperature was sig-
nificantly inversely related to  NOx and  PO4

3−, positively 
related to DON and  SiO4, and unrelated to DSR and  NH4

+ 
(Fig. 4; Table S4). At the site-specific level of resolution, 
temperature was also inversely correlated with  NOx at the 
Laguna Madre, Canal, Oso Inlet, and Cole Park sites, and 
with  PO4

3− at the Canal and Oso Inlet sites (Table S6). In 
contrast, a positive relationship was found between tempera-
ture and  PO4

3− at the Packery Channel site. Positive rela-
tionships between temperature and DON were found across 
all sites other than Packery Channel, supporting the strong 
relationship between temperature and DON seen in the PCA. 
In contrast,  SiO4 only demonstrated a significant positive 
relationship with temperature and the Laguna Madre site, 
though at the Canal and Oso Inlet sites this relationship was 
only borderline non-significant (p-values of 0.084 and 0.085, 
respectively).

At the level of the CCB system, salinity was significantly 
inversely related to  NOx and  PO4

3−, positively related to 
DON and DSR, and unrelated to  NH4

+ (Fig. 4; Table S5). 
The relationship between salinity and  SiO4 was positive, but 

Table 1  Total number of rainfall events producing greater than 2.54 
mm of rain, total volume of rainfall (mm), and mean volume of rain-
fall (mm) for each season from August 2016 through October 2018

Season Number of 
rainfall events

Total volume of 
rainfall events

Mean volume of 
rainfall events

Spring 18 234.95 7.34
Summer 19 364.24 12.56
Fall 35 943.61 15.99
Winter 16 188.72 4.29

Fig. 5  Principal component 
scores for each sampling event 
plotted over time and coded by 
site to better resolve the spatial 
variability associated with 
stochasticity and seasonality. 
Figure 5 was created using the 
R statistical software package 
and MSOffice
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with a p-value of 0.050 can only be considered a borderline 
result. At the site-specific level of resolution, salinity was 
also inversely correlated with  NOx at all sites other than 
Packery Channel, and with  PO4

3− at the Packery Channel, 
Oso Inlet, Cole Park, and South Shore sites. These results 
demonstrate a generally widespread relationship between 
salinity and nutrient inputs. Significant positive relation-
ships between salinity and DON were found at the Laguna 
Madre, Canal, Oso Inlet, and South Shore sites, though at 
Cole Park the relationship was borderline (p-value = 0.053). 
At all sites, a positive correlation was found between salinity 
and DSR, indicating that salinity may be an acceptable proxy 
for precipitation and precipitation-driven nutrient inputs in 
this system. Lastly, the borderline relationship observed for 
salinity and  SiO4 at the system-wide level of resolution is 
likely explained by observed variability in the results of the 
site-specific correlations.  SiO4 was found to positively cor-
relate with salinity at the Laguna Madre and Canal sites, 
whereas an inverse correlation was observed at the Cole 
Park site and no significant relationship was observed at the 
remaining three sites.

Phytoplankton Population Dynamics

Phytoplankton biovolume varied seasonally and demon-
strated a unimodal pattern with the highest biovolume 
observed during spring and summer and the lowest bio-
volume observed during fall and winter (Fig. 6). p-values 
and estimated differences for each pairwise comparison 
for the Kruskal-Wallis results presented here can be found 
in the electronic supplemental material (Table S8). Spatial 
variability was also observed with the highest biovolume 
observed at the Canal, Packery Channel, Oso Inlet, and 
South Shore sites, intermediate biovolume observed at the 
Laguna Madre site, and the lowest biovolume observed at 
the Cole Park site (Fig. 6; Table S8). On average, diatoms 
were the largest contributor to phytoplankton biovolume, 
accounting for approximately 34.0% of total phytoplankton 
biovolume, followed by dinoflagellates (27.7%), picocy-
anobacteria (20.3%), and picoeukaryotes (8.1%) (Figs. 7 
and 8). Given that these four groups of phytoplankton 
accounted for approximately 90% of the entire commu-
nity, further statistical analyses were focused on these four 
groups.

Patterns of seasonal and spatial variability in the bio-
volume of the four major taxonomic groups of phytoplank-
ton were also observed (Table 3). Associated p-values and 
estimated differences for each pairwise comparison can be 
found in the electronic supplemental material (Table S8). 
Diatoms, picocyanobacteria, and picoeukaryotes all dem-
onstrated higher median biovolume during the spring. 
Diatoms and picoeukaryotes demonstrated a significant Ta
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decrease in median biovolume from spring into summer, 
whereas there was no difference in the median biovol-
ume of picocyanobacteria between these seasons. Median 
picoeukaryote biovolume also demonstrated a significant 
decline from summer into fall, and from fall into winter. 
Similarly, median picocyanobacteria biovolume began to 
decline from summer into fall, and from fall into winter. In 
contrast, median diatom biovolume in the fall was similar to 
that in the summer and demonstrated a significant increase 
from fall into winter.

Spatially, Cole Park consistently demonstrated the lowest 
median biovolume across major taxonomic groups, similar 
to the finding of the lowest overall phytoplankton biovolume 
at this site (Table 3). Picoeukaryotes and picocyanobacteria 
both demonstrated higher median biovolume at the Canal 
and Oso Inlet sites, in contrast to diatoms where the highest 
median biovolume was observed at the Packery Channel site. 

For all three groups, intermediate biovolume was found at 
the South Shore and Laguna Madre sites.

There was a significant interaction between site and 
season when comparing dinoflagellate biovolume. As 
such, all possible pairs comparisons of season were con-
ducted within each level of site, and vice versa. All sites 
other than Packery Channel demonstrated seasonal varia-
bility in the biovolume of dinoflagellates (Table 4; Fig. 7). 
p-values and estimated differences of pairwise compari-
sons associated with these analyses can be found in the 
electronic supplemental material (Tables S9 and S10). 
The most pronounced seasonal variability was observed 
at the Laguna Madre site with the highest median biovol-
ume observed during the summer, followed by fall, and 
then winter and spring. At the Canal site, the only differ-
ence observed was between summer (higher) and win-
ter (lower). At the Oso Inlet site, median dinoflagellate 

Fig. 6  Boxplots of phytoplankton biovolume (µm3  mL−1) across sites 
(a) and seasons (b). Thick line represents median values and outliers 
are represented by (+). There is a single outlier not shown on these 
graphs that occurred at Cole Park during the fall of 2016 (10/14/2016) 

associated with a K. brevis red tide. The total biovolume of that event 
was 1.94 ×  108 µm3  mL−1. Figure 6 was created using the R statistical 
software package and MSOffice

Fig. 7  Stacked bar graphs of median phytoplankton biovolume (µm3  mL−1) coded by major taxonomic group. Panel a represents seasonal medi-
ans and panel b represents site-specific medians. Figure 7 was created using the R statistical software package and MSOffice
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biovolume in the fall was significantly higher than in the 
winter and spring, whereas at the Cole Park site, sum-
mer and fall median biovolume were both significantly 
higher than winter. Lastly, at the South Shore site, median 
dinoflagellate biovolume was significantly higher in the 
fall than in the spring. Despite the site-specific patterns 
in seasonal dinoflagellate biovolume, the general pattern 
indicated that warmer seasons (summer and fall) typi-
cally demonstrated median higher biovolume than cooler 
seasons (winter and spring).

Spatial patterns in median dinoflagellate biovolume 
at each level of season were similarly variable (Table 4). 
During the summer, the Laguna Madre and Canal sites 
demonstrated significantly higher dinoflagellate bio-
volume than the Oso Inlet, Cole Park, and Packery 
Channel sites. The Laguna Madre also demonstrated 
significantly higher biovolume than the South Shore 
site, though there was no difference between the latter 
and the Canal site. During the fall, winter, and spring, 
there were fewer site-specific differences in median 
dinof lagellate biovolume. During the fall, the only 

observed difference was between the Oso Inlet (higher) 
and Cole Park (lower) sites, and during the winter, the 
only observed differences were between the Canal and 
South Shore sites (higher) and the Cole Park site (lower). 
Lastly, during the spring, the Canal site demonstrated 
significantly higher median dinoflagellate biovolume 
than the Laguna Madre, Oso Inlet, and Cole Park sites. 
Taken together, these results indicate that, in general, 
the Laguna Madre, Canal, and Oso Inlet sites tended 
to exhibit higher median dinoflagellate biovolume than 
other sites, regardless of season.

The remaining ~10% of the phytoplankton community 
was comprised of euglenoids (5.0%), cryptophytes (2.2%), 
cyanobacteria (1.3%), raphidophytes (1.1%), small unidenti-
fied flagellates (0.4%), silicoflagellates (0.2%), chlorophytes 
(0.1%), and unclassified organisms (0.1%). Despite the rela-
tively low overall contributions of euglenoids, cyanobacte-
ria, and raphidophytes, there were occasions where these 
groups contributed a larger percentage to the phytoplank-
ton community (Fig. 8). Peaks in euglenoid biovolume (≥ 
50% of total biovolume) occurred on 2/9/2017 (Oso Inlet), 

Fig. 8  Temporal variability in phytoplankton biovolume (µm3  mL−1) 
and major group contribution at all sites studied. Black line represents 
salinity. At Cole Park, the sampling event with phytoplankton biovol-
ume greater than the scale of the plot was on 10/14/2016 associated 

with a K. brevis red tide. The total biovolume was 1.94 ×  108 µm3 
 mL−1. Figure 8 was created using the R statistical software package 
and MSOffice
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12/14/2017 (Canal, Cole Park, South Shore), and 2/15/2018 
(Cole Park). Cyanobacteria and raphidophyte peaks occurred 
less frequently, with two cyanobacteria peaks occurring on 

4/21/2017 (Packery Channel) and 5/5/2017 (Canal) and 
only a single peak in raphidophyte biovolume on 7/12/2018 
(Canal).

Table 3  Median and (range) of biovolume (µm3  L−1 ×  105) of the four most abundant major taxonomic groups across sites and seasons

Results of one-way Kruskal-Wallis ANOVAs comparing differences among sites and seasons denoted by superscript letters, with the order a > b 
> c > d

Seasons Diatoms Picocyanobacteria Picoeukaryotes

Summer 4.49 b
(0.15–156.47)

8.11 a
(1.26–39.47)

1.86 b
(0.17–14.60)

Fall 3.67 b
(0.00–118.89)

4.79 b
(0.16–38.97)

0.90 c
(0.00–12.14)

Winter 9.82 a
(0.15–90.10)

1.65 c
(0.13–15.93)

0.52 d
(0.08–5.01)

Spring 7.90 a
(0.43–113.37)

7.40 a
(1.43–58.06)

2.96 a
(0.42–49.69)

Sites Diatoms Picocyanobacteria Picoeukaryotes

Laguna Madre 4.60 b,c

(0.26–71.63)
4.55 c
(0.16–58.06)

1.06 c
(0.04–36.25)

Canal 3.71 b,c

(0.15–56.88)
7.39 a.b

(0.32–34.25)
3.30 a
(0.13–49.69)

Packery Channel 12.66 a
(0.88–156.47)

5.02 c
(0.36–44.80)

1.12 c
(0.04–13.43)

Oso Inlet 4.27 b,c

(0.46–118.89)
12.24 a
(0.17–39.75)

2.29 a,b

(0.08–42.43)
Cole Park 3.00 c

(0.00–68.68)
3.93 c
(0.18–35.31)

0.71 d
(0.04–8.05)

South Shore 6.14 b
(0.28–77.14)

6.00 b,c

(0.12–31.47)
1.29 b,c

(0.00–10.51)

Table 4  Median and (range) of biovolume (µm3  L−1 ×  105) of dinoflagellates at each level of season with site and each level of site within season

Results of one-way Kruskal-Wallis ANOVAs comparing differences among sites within seasons and vice versa denoted by superscript letters, 
with the order a > b > c

Season comparisons at each level of site

Seasons Laguna Madre Canal Packery Channel Oso Inlet Cole Park South Shore

Summer 15.25 a
(2.10–64.71)

11.85 a
(3.39–177.33)

2.76
(0.19–31.51)

4.47 a,b

(0.49–17.66)
3.00 a
(0.10–12.83)

4.65 a,b

(0.02–23.46)
Fall 5.50 b

(0.05–22.05)
5.90 a,b

(2.01–67.04)
3.60
(0.27–103.21)

7.19 a
(0.21–42.98)

2.44 a
(0.06–1856.92)

6.15 a
(0.35–106.30)

Winter 1.31 c
(0.00–3.73)

4.18 b
(0.31–21.64)

2.40
(1.65–3.33)

1.65 b
(0.30–3.15)

0.49 b
(0.15–2.82)

3.78 a,b

(1.04–4.14)
Spring 1.46 c

(0.02–18.99)
5.27 a,b

(1.65–48.36)
1.73
(0.48–11.02)

1.16 b
(0.20–6.97)

1.43 a,b

(0.38–14.93)
2.18 b
(0.10–17.33)

Site comparisons at each level of season

Seasons Laguna Madre Canal Packery Channel Oso Inlet Cole Park South Shore

Summer 15.25 a
(2.10–64.71)

11.85 a,b

(3.39–177.33)
2.76 c
(0.19–31.51)

4.47 c
(0.49–17.66)

3.00 c
(0.10–12.83)

4.65 b,c

(0.02–23.46)
Fall 5.50 a,b

(0.05–22.05)
5.90 a,b

(2.01–67.04)
3.60 a,b

(0.27–103.21)
7.19 a
(0.21–42.98)

2.44 b
(0.06–1856.92)

6.15 a,b

(0.35–106.30)
Winter 1.31 a,b

(0–3.73)
4.18 a
(0.31–21.64)

2.40 a,b

(1.65–3.33)
1.65 a,b

(0.30–3.15)
0.49 b
(0.15–2.82)

3.78 a
(1.04–4.14)

Spring 1.46 b
(0.02–18.99)

5.27 a
(1.65–48.36)

1.73 a,b

(0.48–11.02)
1.16 b
(0.20–6.97)

1.43 b
(0.38–14.93)

2.18 a,b

(0.10–17.33)
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Phytoplankton‑Environment Relationships

At the system-wide level, phytoplankton biovolume was 
inversely correlated with  NOx,  PO4

3−, and  SiO4, and posi-
tively correlated with DSR, temperature, pH, and salinity 
(Table 5). For each of the four major taxonomic groups 
examined here, there were some similarities to the patterns 
observed for total community biovolume as well as among 
groups. All correlations between major taxonomic group 
biovolume and  NOx were inverse, similar to that observed 
for the whole community biovolume (Table 6). Other vari-
ables found to correlate with the biovolume of all four 
major taxonomic groups were temperature,  SiO4, DON, 
DOx, and DIN:Si, though the direction of the relationship 
was variable among groups.

Temperature, DON, and  SiO4 were all positively cor-
related with dinoflagellate, picocyanobacteria, and 

picoeukaryote biovolume, but inversely correlated with dia-
tom biovolume. Similarly, DIN:Si and DOx were positively 
correlated with diatom biovolume and inversely correlated 
with dinoflagellate, picocyanobacteria, and picoeukaryote 
biovolume. Of the remaining variables, average daily wind 
speed was only found to be correlated with diatoms (posi-
tive) and dinoflagellates (inverse),  PO4

3− was only found 
to be correlated with diatoms and picoeukaryotes (both 
inverse), salinity was found to be positively correlated with 
all groups other than diatoms (no relationship observed), and 
lastly DSR was only correlated with picocyanobacteria and 
picoeukaryotes (both positive).

Discussion

Corpus Christi, TX, has experienced rapid population 
growth and increases in urbanization, which have led 
to decreased freshwater inflows due to damming of the 
Nueces River (Montagna et al. 2009), increased demand 
for wastewater treatment, and increased cover of impervi-
ous surfaces (~13% increase in developed land from 2001 
to 2016). Despite the large-scale urbanization and long-
term decrease in freshwater inflows to CCB, a recent study 
found only localized eutrophication symptoms (Bugica 
et al. 2020). The purpose of this study was to quantify 
phytoplankton biovolume, community composition, and 
the environmental factors driving seasonal and spatial 
variability phytoplankton dynamics. The results of this 
study generally supported the hypotheses presented in the 
introduction. Phytoplankton biovolume and community 
composition demonstrated expected seasonal variability, 
with higher biovolume observed during spring and sum-
mer, increased importance of diatoms during the winter 
and spring, and increased importance of dinoflagellates 
during the summer and fall. Spatial variability in phy-
toplankton biovolume demonstrated both expected and 
unexpected patterns. At the anthropogenically impacted 
Canal site, high phytoplankton biovolume and increased 
importance of dinoflagellates was observed. In contrast, 
the anthropogenically impacted Cole Park site demon-
strated generally low phytoplankton biovolume as well as 
generally low biovolume of each of the major taxonomic 
groups investigated.

Environmental Dynamics

Nutrient dynamics in the CCB system were driven by local-
ized inputs of allochthonous nutrients and internal cycling 
of nutrients.  NOx and  PO4

3− were inversely related to 
salinity at most of the sites studied here (Tables S4–S6), 

Table 5  Environmental variables found to be significantly (p < 0.05) 
related to phytoplankton biovolume based on pairwise Kendall’s Tau 
correlations

Days since rainfall > 2.54 mm is abbreviated as DSR

Variables Correlation coefficient p-value

NOx −0.168 < 0.001
PO4

3− −0.118 0.001
SiO4 −0.098 0.006
DSR 0.096 0.017
Temperature 0.125 < 0.001
pH 0.196 < 0.001
Salinity 0.243 < 0.001

Table 6  Environmental variables found to be significantly (p < 0.05) 
related to diatom, dinoflagellate, picocyanobacteria, and picoeukary-
ote biovolume based on pairwise Kendall’s Tau correlations

Days since rainfall > 2.54 mm is abbreviated as DSR and dissolved 
oxygen is abbreviated DOx

Diatoms Dinoflagellates

Variables Correlation 
coefficient

p-value Variables Correlation 
coefficient

p-value

SiO4 −0.365 < 0.001 DIN:Si −0.239 < 0.001
DON −0.208 < 0.001 DOx −0.158 < 0.001
NOx −0.153 < 0.001 Wind speed −0.123 0.001
PO4

3− −0.136 < 0.001 NH4
+ −0.123 0.001

Temperature −0.084 0.019 NOx −0.115 0.001
DIN:Si 0.168 < 0.001 SiO4 0.089 0.012
DOx 0.205 < 0.001 Salinity 0.169 < 0.001
Wind speed 0.216 < 0.001 DON 0.218 < 0.001

Temperature 0.255 < 0.001
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indicating a relationship with freshwater inflows. Proxim-
ity to freshwater inflows, however, was more influential 
in determining patterns in  PO4

3− concentrations, with no 
relationship observed between  PO4

3− and salinity at sites 
furthest from freshwater inflows (Laguna Madre, Canals). 
These findings are in line with a previous study in CCB 
(Turner et al. 2015) and other studies documenting  NOx as 
a predominantly watershed-derived nutrient (Caffrey et al. 
2007; Jordan et al. 2018; Bruesewitz et al. 2015; Reyna 
et al. 2017; Cira et al. 2021). Increased  PO4

3− has also 
been demonstrated in urban stormwater runoff (Yang and 
Toor 2017) and runoff from streams impacted by human-
influenced land uses (Mallin et al. 2009; Cloern 2019), 
supporting the dynamics observed here. Concentrations of 
 NH4

+ were generally unrelated to salinity and temperature 
(Tables S4–S6). The highest mean concentrations of  NH4

+ 
were observed in the spring, summer, and winter support-
ing the lack of a relationship with temperature. This lack 
of a relationship indicates that like other shallow lagoonal 
systems, sources of  NH4

+ were predominantly internal such 
as porewater, groundwater, and/or water column recycling 
(Douglas et al. 2021; McCarthy and Bronk 2008; Glibert 
et al. 2010; Reyna et al. 2017; Geyer et al. 2018; Cira et al. 
2021). In the low-inflow Mission-Aransas Estuary and 
Florida Bay estuaries, drier conditions supported higher 
rates of  NH4

+ regeneration and accumulation in the water 
column. Additionally, Morin and Morse (1999) demon-
strated that  NH4

+ release from suspended sediments can be 
substantial in the nearby Laguna Madre estuary. With the 
lowest seasonal average wind speed in the Corpus Christi 
region occurring during the fall, this reflects the temporal 
variability in  NH4

+ concentrations and a likely important 
role of wind-driven mixing in driving the availability of 
 NH4

+ to water column phytoplankton.
Temperature and salinity were positively correlated 

with DON at all sites other than Packery Channel indi-
cating a strong internal mechanism for the accumulation 
of DON (Tables S4–S6). This pattern of increased DON 
during warm, high salinity periods indicates that increased 
phytoplankton and/or seagrass production and subsequent 
remineralization through degradation, combined with lack 
of dilution from freshwater inflows or tidal exchange with 
the Gulf of Mexico, are important in the accumulation of 
DON in CCB. Sources of  SiO4 were more variable across 
sites than the other nutrients examined. At Cole Park,  SiO4 
was inversely related to salinity, consistent with a water-
shed source (Table S5), whereas other sites showed no rela-
tionship or a positive relationship (Laguna Madre, Canal). 
These findings indicate that while there may be a watershed 
source of  SiO4 associated with urban development, there 
are likely internal sources of regenerated  SiO4 at sites that 
do not receive freshwater inflows (Paudel et al. 2015; Wetz 
et al. 2016).

Phytoplankton Biovolume and Community 
Composition

Phytoplankton biovolume varied in a unimodal pattern with 
biovolume peaking in spring and summer, followed by a 
decline into fall and winter. The seasonal patterns observed 
were similar to those reported in other Texas estuaries 
(Reyna et al. 2017; Chin 2020; Cira et al. 2021) and around 
the globe (Pinckney et al. 1998; Cloern and Jassby 2010; 
Guinder et al. 2010; Baek et al. 2015; Nohe et al. 2020).

During the spring and summer, phytoplankton biovolume 
increased concomitant with a decrease in  NOx and  PO4

3−, 
suggestive of a drawdown effect and nutrient control upon 
the upper limits of phytoplankton growth (Fig. 6; Table 5). 
Likewise, temperature was relatively high during spring and 
summer, and light availability would presumably have been 
maximal as well. Increased temperatures and light availabil-
ity have often been related to spring phytoplankton blooms 
across estuarine ecosystems (Sverdrup 1953; Pinckney et al. 
1998; Winder and Sommer 2012; Nohe et al. 2020). Despite 
continued declines in ambient  NOx through spring, phyto-
plankton biovolume remained elevated through the summer. 
The high degree of nutrient regeneration typical of shallow 
low-inflow estuaries likely supported phytoplankton growth 
during this time (Pinckney et al. 2001; Glibert et al. 2010; 
Geyer et al. 2018). Peaks in biovolume during these seasons 
tended to occur following precipitation events, indicating 
that nutrients were a strong controlling factor. In incuba-
tion experiments conducted during 2017–2018 at the South 
Shore site, microzooplankton grazing rates were similar to 
phytoplankton growth rates while pulsed N additions elic-
ited phytoplankton growth rates that outpaced grazing rates 
(Table S11; Tominack 2021), further supporting a primary 
role for nutrient limitation in regulating phytoplankton bio-
volume during these seasons.

During the fall, decreases in salinity driven by precipita-
tion events often coincided with declines in phytoplankton 
biovolume despite associated nutrient inputs (see “Envi-
ronmental Dynamics”). Patterns of decreased biovolume 
following precipitation have been observed in other Texas 
estuaries and have been primarily attributed to washout of 
phytoplankton biomass (Dorado et al. 2015; Reyna et al. 
2017; Chin 2020; Cira et al. 2021). In a nutrient addition 
bioassay conducted during the fall of 2017, phytoplankton 
growth was stimulated by nitrogen additions, indicating the 
potential for nutrient limitation during this season (Tominack  
2021). Microzooplankton grazing rates were found to 
approximate phytoplankton growth rates under ambient 
nutrient conditions (Table S11), but the net growth of phy-
toplankton following nitrogen additions suggests that follow-
ing inputs of precipitation-derived nutrients in situ, microzo-
oplankton grazing is likely not able to control phytoplankton 
growth. Therefore, in line with findings from other estuarine 
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systems, the lack of biomass accumulation in situ may have 
been related to increased hydraulic flushing and washout of 
phytoplankton biovolume (Roelke et al. 2013; Dorado et al. 
2015; Reyna et al. 2017; Cira et al. 2021). The more pro-
nounced declines in biovolume associated with prolonged 
El Niño–driven rainfall during the fall of 2018 support the 
role of flushing in limiting fall phytoplankton biovolume 
accumulation (Fig. 8).

The contrasting relationships between precipitation-
derived freshwater inflow and associated nutrients and phy-
toplankton observed in the spring and fall were likely a result 
of seasonal precipitation regimes and phytoplankton commu-
nity composition. During fall months, there were a total of 35 
precipitation events producing greater than 2.54 mm of rain, 
whereas spring months experienced a total of 18 events and 
summer months experienced a total of 19 events (Table 1). 
The more frequent occurrence of precipitation during the fall 
may have produced a more prolonged “washout period” com-
pared to spring and summer resulting in the lower biovolume 
observed during the fall. Additionally, the cooler temperatures 
in spring were associated with diatoms, whose relatively rapid 
growth rates are able to counteract loss processes associated 
with washout, whereas the warmer fall temperatures were 
associated with relatively slow-growing dinoflagellates that 
tend to experience greater washout effects (Roelke et al. 2013; 
Dorado et al. 2015).

During the winter, despite generally high concentrations 
of  NOx and  NH4

+ and near-balanced DIN:DIP ratios (15.9), 
phytoplankton biovolume remained low (Fig. 6). Likewise, 
during a winter nutrient addition bioassay in CCB, phyto-
plankton growth rates did not respond to added nitrogen over 
48 h (Tominack 2021). Limitation of winter phytoplankton 
communities by low temperatures and shorter day length has 
been observed elsewhere (Cloern 1999; Fisher et al. 1999; 
Lomas and Glibert 1999; Örnólfsdóttir et al. 2004; Cira et al. 
2016).

Biovolume of each of the four major taxonomic groups 
investigated here also varied in unimodal patterns, and the 

timing of peak biovolume for each group reflected known 
physiological tolerances and environmental condition pref-
erences. These patterns were well represented through the 
creation of a conceptual diagram (Fig. 9). The winter com-
munity tended to be dominated by diatoms, with all other 
groups demonstrating significantly lower biovolume during 
winter compared to other seasons. Diatoms are known to 
be favored when temperatures are lower, the water column 
is well mixed, and concentrations of nutrients, especially 
 NOx, are relatively high (Cloern and Dufford 2005; Suggett 
et al. 2009; Baek et al. 2015). During the spring, the com-
munity was more diverse, with diatoms, picocyanobacteria, 
and picoeukaryotes all demonstrating higher biovolume than 
summer (except picocyanobacteria), fall, and winter. Wind 
speed was higher during the spring than other seasons and 
was positively correlated with diatom biovolume, which 
is consistent with observations that diatoms are favored in 
more turbulent environments (Cloern and Dufford 2005; 
Baek et al. 2015). The growing importance of picocyanobac-
teria and picoeukaryotes during the spring was likely related 
to their preference for warmer temperatures (Worden et al. 
2004; Gaulke et al. 2010; Paerl et al. 2020) and ability to be 
strong competitors for nutrients under both limiting (Agawin 
et al. 2000) and replete conditions (Gaulke et al. 2010). The 
summer and fall communities were also generally diverse, 
though the prevalence of dinoflagellates increased while the 
prevalence of diatoms and picoeukaryotes declined. In the 
summer, increased availability of reduced N forms (Glibert 
et al. 2016; Shangguan et al. 2017), decreased frequency 
of precipitation events, increased salinity, and increased 
water column stability (Paerl and Justić 2013; Baek et al. 
2015; Dorado et al. 2015), as well as increased tempera-
tures (Paerl et al. 2014; Dorado et al. 2015), likely drove 
the shift from diatom to dinoflagellate and picocyanobac-
teria dominance. During the fall of 2016, there was also a 
short-lived K. brevis red tide. K. brevis blooms are a frequent 
occurrence in the CCB system and have been shown to be 
inversely related to El Niño conditions and positively related 

Fig. 9  Conceptual figure 
describing the variability in 
biovolume of the diatoms, dino-
flagellates, picocyanobacteria, 
and picoeukaryotes in relation 
to environmental conditions. 
Figure 9 was created using 
MSOffice
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to salinity (Tominack et al. 2020). During late summer-early 
fall of 2017, Hurricane Harvey made landfall on the south 
Texas coast and during 2018, El Niño conditions resulted in 
prolonged rainfall, which may have prevented significant K. 
brevis presence in the system during these times.

Spatially, phytoplankton biovolume reflected both nutri-
ent conditions and proximity to freshwater inflows (Bonilla 
et al. 2005; Roelke et al. 2013; Dorado et al. 2015). The 
lowest phytoplankton biovolume was observed at Cole Park 
where, despite higher inputs of watershed-derived nutrients, 
loss processes related to hydraulic flushing were likely most 
pronounced. The next lowest biovolume was observed at the 
Laguna Madre where nutrient concentrations tended to be 
lower than at all other sites. At this site, there were moder-
ate increases in phytoplankton biovolume as salinity began 
to increase following precipitation-driven declines (Fig. 8), 
supporting a role for nutrient availability in regulating phy-
toplankton biovolume when the effects of washout are less 
pronounced. Overall, the Canal site demonstrated the high-
est phytoplankton biovolume and occasional occurrence 
of very high biovolume blooms. Nutrient concentrations 
(especially  NH4

+) were also generally high at the Canal site. 
The highly restricted nature of canal systems (Maxted et al. 
1997) likely contributed to the accumulation of nutrients, 
phytoplankton, and limited hydraulic flushing observed at 
this site. This finding is in line with results from other stud-
ies demonstrating generally high phytoplankton biomass in 
canals compared to open portions of bay systems (Maxted 
et al. 1997; Ma et al. 2006). Additionally, the occurrence of 

high biomass blooms of dinoflagellates and raphidophytes 
following pulsed nutrient inputs as seen here in the Canal 
site (Fig. 8) has also been documented in dead-end canal 
systems in coastal Delaware (Bourdelais et al. 2002; Ma 
et al. 2006). The relationship between freshwater flushing, 
nutrient conditions, and phytoplankton biovolume can be 
readily seen in the conceptual figure (Fig. 10).

Spatial variability in the prevalence of the four major tax-
onomic groups investigated here was not as pronounced as 
seasonal variability. Diatom biovolume was higher at Pack-
ery Channel compared to all other sites, with little variability 
found among the remaining sites (Fig. 7). Tidal exchange 
with the Gulf of Mexico was likely influential in the preva-
lence of diatoms observed at this site. Diatoms are known to 
be important contributors to nearshore coastal phytoplank-
ton communities throughout the northwestern Gulf of Mex-
ico, where rapid growth rates help to balance growth and 
loss processes in this highly dynamic environment (Lambert 
et al. 1999; Chakraborty and Lohrenz 2015; Anglés et al. 
2019). Dinoflagellate biovolume tended to be higher at the 
Canal site than all other sites and lower at the Cole Park site 
than all sites other than Packery Channel. At the Canal site, 
the generally calm water conditions coupled with high con-
centrations of reduced N forms likely supported the higher 
biovolume of dinoflagellates observed here, whereas the 
high rates of hydraulic flushing at Cole Park and constant 
water movement via tidal exchange at Packery Channel were 
unfavorable for the accumulation of relatively slow-growing 
dinoflagellates (Glibert et al. 2016; Shangguan et al. 2017; 

Fig. 10  Conceptual figure 
demonstrating the interrelated-
ness of freshwater inflows and 
nutrients in driving phytoplank-
ton biovolume. Figure 10 was 
created using MSOffice
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Paerl and Justić 2013; Baek et al. 2015; Dorado et al. 2015). 
This is further supported by the positive correlation between 
salinity and dinoflagellates observed here (Table 6). Pico-
cyanobacteria and picoeukaryotes both tended to be more 
prevalent at the Canal and Oso Inlet sites compared to oth-
ers. Picocyanobacteria and picoeukaryotes are both known 
to be favored by reduced N forms (Glibert et al. 2010, 2016; 
Shangguan et al. 2017), though both groups have also been 
shown to respond to pulsed inputs of oxidized N (Agawin 
et al. 2000; Tominack 2021). At Oso Inlet, despite closer 
proximity to freshwater inflows from Oso Creek, export of 
picocyanobacteria and picoeukaryotes from upper reaches 
of Oso Bay may have contributed to the high prevalence 
of these groups, as has been seen in other systems (Reyna 
et al. 2017; Paerl et al. 2020). At the Canal site, the gener-
ally calm conditions and limited flushing during precipita-
tion events may have allowed both picocyanobacteria and 
picoeukaryotes to flourish (Gaulke et al. 2010; Zhang et al. 
2013; Dorado et al. 2015; Paerl et al. 2020).

Future Implications

Phytoplankton biovolume in the CCB system was related 
to the availability of nutrients, but factors such as fresh-
water inflows, precipitation, hydrological modifications, 
and temperature were also important in driving whole 
community and major taxonomic group dynamics. These 
findings are similar to those from other low-inflow estu-
aries from around the globe (Gilabert 2001; Hemraj et al. 
2017; Reyna et al. 2017; Cira et al. 2021; Glibert et al. 
2021; Lemley et al. 2017, 2021). The generally low riv-
erine inflows and the limited spatial extent of influence 
from sources such as stormwater runoff and wastewater 
may, however, act to buffer the CCB system from display-
ing symptoms of eutrophication in the present, at least 
compared to increased susceptibility of other low-inflow 
estuaries (Wetz et al. 2017; Lemley et al. 2017, 2021). 
Due to the shore-based nature of the sites employed during 
this study, it was difficult to explore the spatial extent of 
the effects of precipitation-driven freshwater inflows. A 
study by Chin et al. (in press) helps to elucidate this in the 
context of the central portion of CCB. The El Niño–driven 
precipitation during the summer-fall of 2018 elicited 
a suppression of phytoplankton biovolume in the upper 
reaches of Nueces Bay but was related to increased phy-
toplankton biovolume in the central portion of CCB (ship 
channel). Additionally, only relatively modest increases 
in phytoplankton biovolume near Mustang Island in 
the southern reaches of CCB were observed during this 
period. These results indicate that even under abnormally 
high precipitation and inflow conditions, there is relatively 

little connectivity between areas of CCB receiving fresh-
water inflows and areas of CCB that do not directly receive 
freshwater inflows. The limited influence of precipitation-
driven inflow events at the South Shore site (~90 m from 
stormwater drain) compared to the Cole Park site (at a 
stormwater drain) seen in the environmental data (Fig. 3) 
and in phytoplankton biovolume (Fig. 6) also supports the 
conclusion that the spatial extent of freshwater inflows is 
limited in the CCB system.

Under future climate change scenarios, the Texas Coastal 
Bend region is predicted to become warmer and drier over-
all, with continued population growth and expanding urban 
areas (Pachauri et al. 2014; Nielsen‐Gammon et al. 2020; 
U.S. Census Bureau). There is potential for these changes 
to affect the estuarine environment in general, and primary 
producers specifically. As the region becomes drier and 
freshwater withdrawals to meet human demands increase, 
further decreases in freshwater inflows are expected to result 
in decreases in riverine nutrient inputs and increased salin-
ity/residence time throughout the system. The increased 
prevalence of dinoflagellates and picocyanobacteria during 
periods of low precipitation and increased concentrations 
of reduced N forms (summer-early fall), combined with the 
increased prevalence observed at the Canal site, indicate that 
these groups may become more persistently dominant in the 
future (Ferreira et al. 2005; Glibert et al. 2005; Altman and 
Paerl 2012; de Souza et al. 2014). Documented linkages 
between the frequency of K. brevis red tides and salinity 
also indicate that conditions could become more favorable 
for the success of transported blooms under future scenarios 
(Tominack et al. 2020). It can also be expected that localized 
phytoplankton blooms will continue to occur and possibly 
expand if there is an expansion of man-made canals in this 
region. Furthermore, increased winter-spring temperatures 
will likely shift the spring bloom forward in time (Guinder 
et al. 2010; Winder and Sommer 2012; Nohe et al. 2020), 
potentially resulting in earlier depletion of  NOx and suc-
cession from diatoms to picophytoplankton and dinoflag-
ellates, which will have important implications for system 
productivity and food webs. Further work investigating the 
response of phytoplankton to a range of freshwater inflow 
conditions, nutrients, and temperature increases at different 
times of year is needed to better resolve future impacts and 
changes. Likewise, freshwater inflow management assess-
ments often do not explicitly take phytoplankton commu-
nity composition or HAB formation potential into account. 
In a system such as CCB where decreased flows have the 
potential to lead to shifts in total phytoplankton biovolume 
and community composition, as well as the occurrence of 
K. brevis red tides (see Tominack et al. 2020), assessing 
the role freshwater management may play in phytoplankton 
dynamics will be paramount.
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