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ABSTRACT 

 

Harmful algal blooms (HABs) are a natural phenomenon that appear to be increasing worldwide 

alongside the spread of urbanization and cultural eutrophication. As urbanization increases, 

many regions around the globe, including Texas, are seeing a significant increase in the number 

of residential canal systems along their coastlines. These canals pose unique attributes that may 

enhance conditions for HABs, namely shallow depths, high susceptibility to urban runoff, 

reduced mixing, and long residence times. Despite this, there has been little research on the water 

quality and phytoplankton composition of these systems. In this study, water quality and 

phytoplankton biomass/composition were analyzed in three sites along a mouth-interior gradient 

of a canal system on Padre Island (Corpus Christi, Texas). It was hypothesized that sites toward 

the interior of the canal system would experience increased nutrient availability, stratification, 

phytoplankton biomass/HAB occurrence, and reduced flow. The site at the mouth of the canal 

system exhibited lower nutrient concentrations and was less susceptible to temporal changes like 

storm events and stratification than the interior canal sites. Total biovolume did not vary among 

the three sites; however, phytoplankton composition did. The mouth site was diatom dominant, 

whereas the interior canals had higher picoplankton biovolumes. Ultimately, this research will 

(1) assess the water quality along the gradient of the canal system and (2) determine baseline 

conditions for future monitoring to evaluate shifts in phytoplankton composition and water 

quality.  
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CHAPTER I: INTRODUCTION 

Harmful algal blooms (HABs) appear to be increasing worldwide alongside the spread of 

urbanization and cultural eutrophication (Anderson et al., 2002; Cloern, 2001; Glibert & 

Burkholder, 2006). As a result, HABs are being documented in locations with no history of HAB 

activity, presenting new environmental and human health challenges (Verity, 2010). Coastal 

regions, in particular, are becoming more vulnerable to HABs, as they boast high rates of 

urbanization and population growth that lead to increased nutrient loads and altered hydrology 

(Bricker et al., 2008; Neumann et al., 2015). In the Gulf of Mexico alone, the population of 

coastal communities increased by 150% from 1960-2008 (Wilson & Fischetti, 2010). Other 

coastal regions in the United States are also becoming more populous, with 29% of the total 

population residing in coastal counties (Wilson & Fischetti, 2010). 

As coastal zones become more populated, estuarine systems have increasingly been 

modified by the creation of waterfront properties with canal systems (Dellapenna et al., 2015). 

Approximately 77 percent of the total global length of artificial residential waterways can be 

found in North America. These canals are unique in their design, which favors longer, narrower 

systems and more dead ends than canals on other continents (Waltham & Connolly, 2011). 

Despite the prevalence of canals, there has been limited research on the water quality and 

phytoplankton composition of these systems. In brackish retention ponds, which are similar to 

canals in their aesthetic goals, artificial design, and proximity to urban areas, restricted flow 

combined with nonpoint source pollutants like fertilizer, pesticides, and reclaimed water all 

contribute to eutrophication and increased prevalence of HABs (Lewitus et al., 2003, 2008). 

Residential canals tend to be situated in developed areas where they are susceptible to urban 

runoff and associated nutrient pollution. The increasing use of land-based fertilizer has been 
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attributed to nutrient loading in neighboring water bodies via runoff (Anderson et al., 2002; 

Lewitus et al., 2003, Ivey et al., 2020). Cultural eutrophication has been cited as a driving factor 

for the spread of HABs, which are often correlated with increased nutrients, particularly NH4
+ 

and organic nutrients (Anderson et al. 2002, Verity, 2010). Another important feature of many 

residential canals is that they are shallow, which may facilitate exchange between the water 

column and sediment in terms of nutrients and gases such as oxygen (Nixon, 1988). For 

example, nutrient exchange tends to be greater in shallower water bodies, which are more likely 

to have higher rates of primary productivity as a result (Boynton et al., 2018). However, this 

exchange can be modulated by stratification (Baustian et al., 2014). In estuaries, hypoxic 

conditions tend to be most pronounced during stratification (Cloern, 2001). During hypoxia, 

ammonium and other nutrients may build up in bottom waters and eventually become available 

to phytoplankton via diffusion through the pycnocline or following the breakdown of 

stratification (Kemp, 1990). A stratified system can also create an opportunistic habitat for 

dinoflagellates that are able to migrate throughout the pycnocline and utilize regenerated 

nutrients, in contrast to non-swimming phytoplankton like diatoms (Paerl et al., 1988 Paerl et al., 

2010, Paerl et al., 2014). Finally, it is likely that canals have restricted flushing rates, depending 

on their design. Generally, high flushing rates can often reduce the effects of eutrophication 

(Dillon, 1975), whereas slower flushing rates have been associated with increased phytoplankton 

biomass and the proliferation of HABs, especially in shallow systems susceptible to nutrient 

loading (Boynton et al., 2018).  Reduced flushing may also favor slower-growing dinoflagellates 

which typically require water column stability to bloom (Paerl, 1988). 

As coastal populations increase, canal communities are likely to become more prevalent 

to accommodate community needs. Because these canals have attributes that may facilitate water 
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quality degradation and HABs, there is a need to better understand the ecology of these 

manmade systems as a first step towards developing management actions. In this study, the water 

quality and propensity for HAB formation were studied along an interior- to-mouth continuum of 

a residential canal system. The goal of this study was to assess the water quality and 

phytoplankton composition in a residential canal system on the rapidly developing North Padre 

Island Canal (Corpus Christi, Texas). This study tested the hypothesis that nutrient availability 

and stratification will increase/intensify at sites closer to the interior of the canal system, which 

will lead to increased phytoplankton biomass and the occurrence of HABs. Results from this 

study can inform community members, water resource managers, and coastal developers looking 

to foster healthy water bodies in urban areas. 
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CHAPTER II: METHODS 

Site characteristics 

The residential canal system in this study is located in North Padre Island, Corpus Christi, 

Texas (Fig. 1). Site 1 is situated at the mouth of the canal system and is adjacent to the Upper 

Laguna Madre. Sites 2 and 3 are in the interior of the canal system and were selected to represent 

more developed residential canals. Site 2 is located approximately 6.43 kilometers from the 

mouth of the canal system, with homes on one side of the canal. Site 3 is located approximately 

3.22 kilometers from the mouth of the canal system and is surrounded by homes on either side.   

Sample collection and processing 

All sites were sampled on a biweekly to monthly basis to evaluate environmental 

conditions and phytoplankton composition in the canal system. During the fall and winter, 

samples were collected once a month, while in the spring and summer seasons, sampling 

switched to bimonthly. There were 19 total sampling trips from November 2020 until October 

2021.  

At each sampling location, acid-washed brown 1 L HDPE bottles were used to collect 

water samples at the surface of the water body. Water samples were immediately stored on ice 

for transport. Hydrographic data (dissolved oxygen, pH, conductivity, salinity, and temperature) 

was collected at each sampling location at 0.5 m intervals in the water column using a YSI 

multiparameter sonde. Stratification strength was estimated by subtracting salinity recorded at 

the bottom of the water column from salinity recorded at the top. Precipitation data was gathered 

from the National Oceanic and Atmospheric Administration’s National Weather Service and 

represented a cumulation of 7 days prior to the sampling date. A Secchi disk was deployed at 

each site to determine water clarity. Field conditions, including temperature, wind speed, and 
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weather were also recorded. An additional water sample was taken at the surface for 

phytoplankton analysis in acid washed 500 mL brown HDPE bottles. These samples were stored 

at ambient temperature. 

Once at the lab, water samples were filtered through precombusted 25 mm GF/F filters. 

Filtrate was frozen and later analyzed for inorganic nutrients. The following nutrients were 

analyzed: nitrate, nitrite, ammonium, orthophosphate and silicate. 25 mL of water was filtered 

through Whatman GF/F filters for chlorophyll a analysis. Samples were analyzed using 90% 

acetone and a Turner fluorometer.  Water collected for inorganic nutrients (ammonium, nitrite, 

nitrate + nitrite, and orthophosphate) were filtered through 25 mm GF/F filters and frozen at -20 

ºC until analysis. Once samples were ready for nutrient analysis, they were thawed to room 

temperature and analyzed using a Seal QuAAtro autoanalyzer. Ambient water samples collected 

for phytoplankton enumeration were stored in amber glass bottles and acidified using Lugol’s 

solution (ratio 60 mL water to 1 mL: Lugol’s). An inverted microscope and Utermöhl setting 

chambers were used for phytoplankton identification and enumeration (Utermöhl, 1931, 

Utermöhl, 1958). 4-10 ml of sample was settled in chambers for 24 hours. Phytoplankton were 

counted using an Olympus 1X-71 inverted microscope. Counts persisted until at least 100 cells 

of the most abundant genera were identified. The volume settled and the area of the chamber 

were used to calculate abundance of each taxa identified. Each taxon was then classified by 

shape using Hillebrand et al. (1999) and Sun and Liu (2003) to calculate biovolume (Appendix 

A). Picoplankton abundance and biomass were estimated using a BD Accuri C6 Plus Flow 

Cytometer. Samples were preserved using 80 µl of glutaraldehyde mixed with 4 mL of sample 

water and stored at -80˚C until time of analysis. Samples were then thawed in total darkness and 

filtered through 20 µm Nytex mesh before being analyzed on the flow cytometer. 
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A subset of samples was selected for Scanning Electron Microscopy (SEM) to identify 

potentially harmful genera down to the species level using a Jeol JSM-IT200 InTouchScope. 1-8 

mL of the Lugol’s preserved samples were filtered and then rinsed with 10 mL of decreasing 

concentrations of filtered seawater until reaching the final rinse done with freshwater. The filter 

was then rinsed with increasing 10 mL concentrations of ethanol until a final rinse of 100 % 

Ethanol was completed. The filter was added to a Denton Vacuum, Desk V model Sputter Coater 

equipped with a Gold/Palladium (Au/Pd) target, before being transferred to the SEM for 

analysis.  

Statistical analyses 

A Principal Component Analysis (PCA) was created in PRIMER v7.0.13. to visualize 

variability of temporal and nutrient parameters based on site and season. Non-metric multi-

dimensional scaling analyses (nMDS) using Bray-Curtis similarity matrices were used to 

characterize phytoplankton biomass. Since most of the environmental and phytoplankton data 

collected did not have a normal distribution, a log transformation was applied prior to running 

statistical analyses in Primer. 

Data were also analyzed using R-Studio. Since data were non-normal, untransformed 

values were analyzed using Kruskal-Wallis one way analysis of variance to determine if there 

were significant differences in environmental and phytoplankton parameters based on site and 

season. Spearman’s rho correlations were used to determine the relationship between 

phytoplankton parameters and environmental data.  
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CHAPTER III: RESULTS 

Environmental conditions and variability 

There were no significant differences in temperature among the three sites (p=0.81); 

however, there were significant differences in temperature based on season (p<0.01). The lowest 

temperatures were recorded in February 2021 following a freeze event, while the highest 

temperatures were in August (Fig. 2). Salinity was another parameter that did not have 

significant differences based on site (p=0.40). Higher salinity was observed in the winter and 

spring, while the lowest salinity generally occurred during the summer (Fig. 3). Following a rain 

event in early July, sites 2 and 3 experienced their lowest recorded salinities; 5.1 and 14.9, 

respectively (Fig. 3), whereas site 1’s lowest recorded salinity, 20.3, occurred later that month. 

The only instances of stratification documented throughout the study occurred following heavy 

rainfall events, particularly in the beginning of May and July. The intensity of stratification 

varied based on site. Generally, site 1 experienced little to no stratification (Fig. 4). The rain 

events created the greatest instances of stratification for site 2 (Fig. 5). The highest stratification 

strength recorded, 17, occurred in early May for site 2. During this time site 3’s stratification 

strength was 8. Rainfall in July also produced instances of stratification for the interior canals, 

but not the mouth.  

pH was not significantly different among the three sites (p=0.07); however, sites 1 and 2 

experienced reduced pH’s (7.04, 7.02) in the beginning of May 2021 coinciding with decreased 

salinity (Fig. 4). There were significant differences in Secchi depth between sites 1 and 3 and 

sites 2 and 3 (p<0.01), with site 3 experiencing greater Secchi depths than the other sites (Table 

2). Secchi was deeper (increased clarity) for all three sites when sampling first began in 

November 2020; however, depths decreased (reduced clarity) in the winter. Secchi depths 
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increased again in the spring (Fig. 8). In the summer, Secchi depths varied among the three sites 

with site 1 experiencing an increase in June, site 2 decreasing, and site 3 increasing in July. 

However, all three sites began experiencing deeper Secchi readings again in fall, a period of 

increased salinity and reduced rainfall (Fig. 8).   

Surface dissolved oxygen (D.O.) also varied among the sites. There were significant 

differences (p=0.02) between sites 1 and 2, with site 1 experiencing higher D.O. on average. The 

highest D.O. was recorded in February, following the freeze event (Fig. 9). During this time, 

D.O. rose to 7.99 mg/L for site 1, 8.08 mg/L for site 2, and 11.02 mg/L for site 3. By March, 

D.O. had decreased for all three sites, however, sites 2 and 3 experienced lower D.O. than site 1. 

In the beginning of spring, D.O. began to increase again for all three sites. Site 1 continued to 

ascend with minor decreases in early summer, but sites 2 and 3 experienced reductions in D.O. 

during this time. In the beginning of September, sites 1 and 2 experienced their lowest D.O., 2.82 

mg/L and 3.7 mg/L respectively, while D.O. at site 3 was increasing. For the rest of sampling, 

D.O. continued to increase for all three sites. Generally, bottom D.O. was less than surface D.O., 

excluding three instances for site 1 (February, April, and October 2021) in which bottom D.O. 

was slightly higher than surface D.O. For sites 2 and 3 bottom D.O. was always less than surface 

D.O. Hypoxic conditions (D.O. < 2.0 mg/L) were generally recorded at the bottom of the water 

column at site 2; although, site 3 also had instances of hypoxia in April and again in mid-August 

2021 (Figs. 11 & 12). While site 1 did not experience hypoxic conditions, site 2 experienced 

hypoxia in March, May, and July-October of 2021 (Figs. 10 & 13).  

In regard to the nutrient parameters, sites 2 and 3 experienced higher averages of 

orthophosphate than site 1 (Table 2). Sites 2 and 3 mirrored each other with peaks in March, 

May, and July (Fig. 13). Site 2 experienced the highest orthophosphate values of all the sites, 
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15.1 µM, in May and 16.4 µM in July (Fig. 13). During this time, site 3 also experienced an 

increase in orthophosphate values, reaching 10.1 µM in May and 8.2 µM in July. Site 1 did not 

experience elevated orthophosphate at any point during the study; orthophosphate averaged less 

than 1 µM for the duration of the study (Table 2). Orthophosphate was not correlated with 

temperature (p=0.17) or salinity (p=0.14).  

Site 1 experienced significantly lower nitrate + nitrite (N+N) than sites 2 and 3 (p <0.01). 

When sampling began in November 2020, sites 2 (7.2 µM) and 3 (5.4 µM) were experiencing 

moderately high N+N. Similar N+N was reported for site 2 and 3 in December before decreasing 

to low levels as seen at site 1 in January (<1.0 µM). However, following the freeze event in 

February 2021, N+N started increasing for sites 2 (8.3 µM) and 3 (1.2 µM), with site 3 

continuing to increase in March (4.1 µM). Sites 2 and 3 experienced elevated N+N levels 

following rain events in May (Site 2= 12.5 µM, Site 3=10.1 µM) and July (Site 2=8.21 µM, Site 

3=8.17 µM) (Fig. 14). N+N was highly variable throughout summer, and generally lower in fall 

than at other times. Overall, N+N was not correlated with salinity (p= 0.44) or temperature 

(p=0.17).  

On average, site 1 experienced the lowest ammonium levels, followed by site 3 and site 2 

(Table 2). However, there was no significant difference between sites owing to pronounced 

variability. Prior to a freeze event in February, ammonium was low at all three sites in December 

and January (Fig. 15). Following the freeze, site 2 experienced the highest recorded ammonium 

level (25.1 µM). During this time, site 3 experienced the second highest ammonium level (17.8 

µM) in March, which then decreased in April. All three sites experienced increased ammonium 

in May, before falling and slightly increasing again in July and August. There was no 

relationship between ammonium and temperature (p=0.14). A negative correlation between 
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ammonium and salinity was observed for site 1 (p=0.05), but there was no correlation between 

ammonium and salinity for sites 2 and 3.  

Site 1 experienced the lowest average silicate values throughout the study, followed by 

site 3, and then site 2 (Table 2). All three sites experienced relatively low silicate in the fall and 

winter of 2020 (Fig. 16). In spring, silicate levels began increasing for all three sites, and site 2 

reached the highest recorded silicate value of 242 µM in May. Silicate also increased in the 

spring for sites 1 and 3, followed by slight decreases towards the end of May and a renewed 

increase in July before dropping off again. All sites experienced elevated silicate values in July 

2021, with sites 1 and 3 experiencing their highest recorded silicate values of 106 µM and 125 

µM during this time. By August, sites 2 and 3 were experiencing decreases in silicate, but site 1 

only decreased slightly. Silicate values for all three sites began decreasing in the fall, with a 

similar trend occurring in the winter. Silicate values were negatively correlated with salinity 

(p<0.01) but positively correlated with temperature (p<0.01).  

Dissolved inorganic nitrogen to silicate (DIN:Si) ratios were typically low for all three 

sites (<0.30), suggesting nitrogen limitation. DIN:Si ratios increased in March 2021, with site 3 

experiencing the highest recorded ratio of 1.10 and site 2 reaching 0.64 (Fig. 17). Dissolved 

inorganic nitrogen to orthophosphate (DIN:PO4) ratios were significantly different between sites 

1 and 2 (Table 2). Site 2 experienced the lowest average DIN:PO4 ratios throughout the study 

(8.09), followed by site 3 (28.4) and site 1 (42.1). There were four major increases in DIN:PO4 

occurring in February, May and June, then August in which sites 1 and 3 surpassed the 16:1 

Redfield ratio indicating phosphorus limitation (Fig. 18).  

From the Principal Component Analysis (PCA), PC1 accounted for 36.7% of the 

variation and PC2 accounted for 23.0% of the variation, resulting in a combined total of 59.7% 
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(Figs. 16 & 17).  The PCA illustrates that site 1 generally experienced lower nutrient and 

chlorophyll than sites 2 and 3. The PCA also revealed a separation of environmental conditions 

in winter months from the other seasons, with higher D.O. during that time, and generally higher 

nutrient variability (PC1) in spring-summer than fall-winter (Fig. 19).   

Phytoplankton dynamics 

Site 1 had consistently lower chlorophyll a with values under 15 µg L-1 (p=<0.01) 

throughout the study. In January 2021, site 2 experienced its highest recorded chlorophyll a 

value, 43 µg L-1. Interestingly, site 3 experienced lower chlorophyll a during this time but 

experienced a peak of 45 µg L-1 in February. While site 3 increased in February, site 2’s 

chlorophyll a decreased. During this time, site 1 experienced its highest recorded chlorophyll a 

of 14.7 µg L-1. Sites 2 and 3 experienced their second highest recorded chlorophyll a during June 

2021 (Fig. 21). No relationship was observed between chlorophyll a and salinity (p=0.34) or 

temperature (p=0.68) for the three sites. However, chlorophyll a was positively correlated with 

orthophosphate, N+N, silicate and DIN:Si (Table 2).  

There were no significant differences between the sites (p=0.68) or seasons (p=0.42) 

based on total biovolume. All three sites experienced similar increases in total biovolume in 

February, which then decreased in March (Fig. 22). Total biovolumes started increasing slightly 

in April for sites 2 and 3, and site 1 experienced its highest recorded total biovolume (1.1 x 107 

µm3/ml). Total biovolumes decreased again for all sites in the following month before rising 

again in June. Site 3 experienced the highest recorded total biovolume of all three sites during 

this time at 1.6 x 107 µm3/ml. Total biovolume decreased again for all three sites in July before 

increasing in August. By the end of August, the interior canal sites were experiencing decreased 

total biovolume, while site 1 experienced a slight increase in total biovolume. All three sites 
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continued to experience decreasing total biovolumes in September before starting to rebound in 

October. Despite total biovolume readings not always matching up with increases and decreases 

in chlorophyll a, both were positively correlated (p<0.01). Total biovolume was negatively 

correlated with orthophosphate levels (p=0.02) but showed no correlation with other 

environmental parameters.   

There were significant differences in diatoms and picoeukaryote biovolumes, with site 1 

having higher diatom biovolumes and lower picoeukaryote biovolumes when compared to sites 2 

and 3. Site 3 experienced significantly higher biovolumes of Euglenoids than site 1 (p<0.01). On 

average, diatoms were the greatest contributors to total biovolume for site 1 (63.7%), followed 

by cyanobacteria (29.8%), and dinoflagellates (17.3%). Every other group examined contributed 

less than 10% to the average total biovolume (Fig. 23). Picoeukaryotes made up 37.9% of site 

2’s average total biovolume, more than 4 times the contribution of picoeukaryotes at site 1. 

Diatoms were, on average, the second greatest contributor to site 2 average biovolume (26.2%). 

Dinoflagellates (13.3%) and picocyanobacteria (10.8%) made similar contributions to site 2’s 

total biovolume (Fig. 24). Dinoflagellates (26.2%), picoeukaryotes (25.8%), and diatoms 

(23.5%) were the three highest contributors to average total biovolume for site 3 and together 

made up over 75% of the total biovolume (Fig. 25). Picocyanobacteria (12.0%) was the fourth 

largest contributor to the average total biovolume for site 3.  

Diatoms made up the greatest percent contributions to total biovolume at site 1 except on 

December 11th, 2020, March 17th, 2021, April 19th, 2021, August 17th, 2021, and September 3rd, 

2021 (Fig. 26). In December and March cryptophytes made significant contributions to total 

biovolume. In the beginning of April diatoms returned as the dominant group, but that was short 

lived. While diatoms still made up a significant proportion of the total biovolume on April 19th, 
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2021, cyanobacteria became the dominant group due to Trichodesmium sp. Trichodesmium was 

only observed during this one sampling event and was not detected in the other sites; however, 

this one appearance made cyanobacteria the second greatest contributor to the average percent 

contribution to total biovolume for site 1 (Fig. 23). On August 17th, 2021, the dominant group 

shifted again, this time to dinoflagellates. During this sampling, dinoflagellates included, 

Akashiwo sanguinea, Cochlodinium sp., Gyrodinium sp., Oxyphysis sp., and Scrippsiella sp. 

However, Cochlodinium sp. contributed the most to biovolume for the dinoflagellate group 

during that time (data not shown). Diatoms returned to contributing to the bulk of total 

biovolume in the fall, but dinoflagellates remained the second greatest contributor to total 

biovolume until October when picoplankton abundances increased.  

Picoeukaryotes and diatoms were the main contributors to total biovolume for site 2 on 

average, but in January dinoflagellates made up the greatest contribution to total biovolume (Fig. 

27). Cryptophytes closely matched dinoflagellates in terms of percent contribution during this 

time and were a dominant group in the fall and early winter. In February, site 2’s elevated total 

biovolume was mostly attributed to diatoms, as had also been the case for site 1 during this time. 

In the spring, site 2’s total biovolume transitioned from diatoms and dinoflagellates to 

predominately picoeukaryotes (Fig. 28). Following rain events in July, site 2 saw an increase in 

chlorophytes which contributed to almost 50% of the total contribution to total biovolume during 

this period (Fig. 29). In August diatoms increased in biovolume while in fall, picoeukaryotes 

made a sizeable contribution to total biovolume, along with diatoms and dinoflagellates. 

Chlorophytes also remerged in October following rain events.   

For site 3, cryptophytes were the dominant group in December followed by an increase in 

dinoflagellates in January (Fig. 30). Similar to sites 1 and 2, site 3 experienced a shift to diatoms 
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in February following the freeze event. The elevated diatom biovolumes experienced by all three 

sites in February were characterized by a variety of diatoms, but Chaetoceros sp. made up the 

greatest contribution for all sites (Data not shown).  During the rainy spring season, picoplankton 

were the main contributors to total biovolume. In June when precipitation rates decreased and 

salinity rebounded, site 3 experienced it’s highest recorded total biovolume due to Euglenoids, 

which contributed to more than 75% of the total biovolume for that period (Fig. 31). 

Dinoflagellate abundances also increased during this time and were mainly composed of 

Gyrodinium sp. and Protoperidinium sp. Biovolume decreased in July but increased again in 

early August and was characterized by diatoms, including Chaetoceros sp., Thalassionema sp., 

and Cylindrotheca sp. By the end of August, the composition shifted to dinoflagellates like 

Cochlodinium sp., Akashiwo sanguinea, and Scrippsiella sp. (Table 3). While total biovolume 

did decrease in September, the dominant group remained dinoflagellates with Cochlodinium sp., 

Prorocentrum sp., and Scrippsiella sp. among the greatest contributors to total biovolume. For 

the remainder of the fall season, dinoflagellates, picoplankton, and diatoms were the three 

greatest contributors to total biovolume.  

Diatoms were negatively correlated with N+N, orthophosphate, and silicate, and 

positively correlated with DIN:PO4 and D.O. (Table 2). The only significant correlation 

observed for dinoflagellates was a positive correlation with Secchi depth (Table 2). Both 

picoeukaryotes and picocyanobacteria were negatively correlated with ammonium, DIN:Si and 

D.O., and positively correlated with silicate and temperature (Table 2). Additionally, 

picoeukaryotes were negatively correlated with DIN:PO4 (Table 2).  Euglenoids were positively 

correlated with ammonium and N+N (Table 2).  

  



                                                
  
   

15 
 

CHAPTER IV: DISCUSSION 

Residential canals are expanding worldwide, but little is known about the water quality of 

canals or their susceptibility to degradation resulting from the extensive urbanization around 

them. Because canals tend to be shallow, likely not well flushed, and susceptible to urban runoff, 

there is a possibility for nutrient enrichment and symptoms such as HAB formation, among 

others. Therefore, it is critical to quantify environmental conditions in canals and to identify 

drivers of poor water quality for effective long-term monitoring and management of these 

resources. In this study, water quality conditions were assessed over the course of one year at 

three sites representing a gradient within the Padre Island canal system, with a goal of 

quantifying spatial-temporal distribution of nutrients, phytoplankton biomass and composition. 

During the sampling period, the region experienced a typical seasonal temperature cycle, wet and 

dry conditions, and extreme weather phenomena including a freeze and heavy rainfall events. It 

was hypothesized that nutrients and phytoplankton biomass would increase further away from 

the mouth of the canal system, but this hypothesis was only partially confirmed, as discussed 

below.  

In this study, the interior canals (sites 2 and 3) generally had higher nutrient 

(orthophosphate, N+N, silicate) concentrations than the mouth of the canal (site 1). Other studies 

of bay systems and associated canals have reported similar patterns of increased nutrients near 

canal structures (Corliss & Trent, 1971), especially in the wake of storm events (Wachnicka et 

al., 2020). Despite the mouth site experiencing significantly lower nutrients than the interior 

canals, total phytoplankton biovolume did not vary significantly among the three sites. However, 

chlorophyll a was higher in the canal sites, a finding that has been noted in other studies 

comparing canal systems to their associated coastal bays (Maxted et al., 1997). The discrepancy 
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between total biovolume and chlorophyll a could be due to several factors. Previous research has 

shown that limited light availability can result in the increase of pigment production in a cell 

(Falkowski, 1980, Lewitus et al., 2005) Studies have also found that variations in nutrients, and 

species composition can impact the amount of chlorophyll a per cell (Chan, 1980, Lewitus et al., 

2005). Likewise, variations in cell structure have also been cited for differences in carbon to 

chlorophyll a ratios and biomass between different groups of phytoplankton (Chan, 1980). 

Additionally, large central vacuoles, commonly found in centric diatoms, can contribute to lower 

biomass to volume ratios (Chan, 1980). In all three sites, especially site 1, diatoms were 

important contributors to total biovolumes, which was not always reflected in chlorophyll a.  

Phytoplankton community composition varied from the mouth to the interior sites, with 

site 1 being characterized by diatoms, as is common in estuaries (Cloern, 2018), while the 

interior canal sites experienced higher contributions from picoplankton. Intense changes in the 

physical environment coupled with continuous mixing of the water column is known to favor 

diatoms over picocyanobacteria which often make use of regenerated nutrient sources (Ning et 

al., 2000). Site 1’s phytoplankton composition was also similar to nearby Corpus Christi Bay, a 

shallow, wind-driven system, which is also dominated by diatoms (Flint, 1984). While diatoms 

were still a dominant group in the interior canals, their contributions were often overshadowed 

by picoplankton, particularly picoeukaryotes. While picoplankton have often been associated 

with low nutrient environments, like the open ocean (Cloern, 2018), recent studies have begun 

documenting their presence and even proliferation in high nutrient estuarine systems (Gaulke et 

al., 2010; Mitbavkar et al., 2012; Murrell & Lores, 2004; Pulina et al., 2017). Reduced vertical 

mixing and flushing in the interior canal sites may be a crucial component to distinguishing 

between the dominant phytoplankton groups observed throughout the Padre Island canal system. 
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Although flushing rates were not directly measured in this study, it has been theorized that canals 

tend to experience reduced mixing, partly due to wind shielding caused by buildings in urban 

areas (Corliss & Trent, 1971; Xing et al., 2018). Studies of picoplankton in the Baltic Sea found 

that picocyanobacterial abundances were greatly reduced with increased mixing (Kuosa, 1991) 

while studies of lagoons and bays in Florida (USA) have linked the proliferation of the 

picocyanobacterium, Synechococcus elongatus, to reduced flow (Philps et al. 1999, Badylak & 

Phlips, 2004). While the presumed reduced circulation may certainly play a role in promoting 

picoplankton growth in the interior canals, it isn’t the only factor in effect. Warmer temperatures 

and longer residence times, attributes associated with residential canals, have been linked with 

the proliferation of picocyanobacterial blooms in Pensacola Bay (Fl, USA) (Phlips et al., 1999) 

whereas picoeukaryotes have been associated with higher nutrients and cooler temperatures 

(Kuosa, 1991, Gaulke et al. 2010, Pulina et al., 2017). While picoplankton were present during 

all seasons sampled, both groups were positively correlated with temperature in the Padre Island 

Canals and experienced significantly lower biovolumes in the winter. Picoplankton biovolumes 

were highest in fall, which is partially aligned with what other studies have observed. A study of 

Mediterranean lagoons reported picoeukaryotes were highest in the fall, and picocyanobacterial 

were highest in the summer (Pulina et al., 2017). During the February freeze picoplankton 

biovolumes were greatly reduced, especially those of picocyanobacteria.  

Despite the interconnectivity of the system, the appearance of the cyanobacterium, 

Trichodesmium, at site 1 but not sites 2 and 3 also suggests distinct environmental differences 

between the mouth and interior canals. Trichodesmium is commonly found in the Gulf of Mexico 

from February to August (King et al., 1950) and has been linked to red tide blooms due to its 

production of dissolved nitrogen (Sipler et al., 2013). A study investigating Trichodesmium 
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abundances in the Changjiang Estuary (China) found higher concentrations of the cyanobacteria 

in areas with lower nutrient levels and light availability, but higher salinities and temperatures 

(Jiang et al., 2017). Additionally, Trichodesmium was less abundant in eutrophic sections of the 

estuary where the salinity was lower (Jiang et al., 2017). Similarly, Trichodesmium was only 

observed at site 1 in this study, which experienced the highest average salinities and lowest 

nutrient levels throughout the study which may have been more conducive to the cyanobacteria. 

The rain events that occurred in early May could have led to the demise of Trichodesmium in site 

1, as it was not observed at any other point during the study.  

From February 14th-20th, 2021, Corpus Christi experienced record lows with temperatures 

ranging from -8.3 to -1.6 ℃. Freeze events do not often occur often along the southern coast of 

Texas. However, when freeze events do develop temperatures tend to quickly drop in shallow 

bays leading to fish kills (Buskey et al., 1997). The interior canals experienced their lowest 

temperatures during February. The freeze conditions that occurred in February 2021 led to fish 

kills across the Texas coast, with estimates of about 3.8 million fish impacted (TPWD, 2021). 

Dead fish were observed at all three sites in February following the freeze. However, more dead 

fish were observed in the interior canals during this time, particularly at Site 3 (Cutajar, pers. 

obs.). This may have been due to the canals constricted nature, which caused dead fish to 

concentrate in them. Precipitation rates were lowest during the month of February and all three 

sites experienced high salinity and no obvious salinity stratification. The interior canals 

experienced elevated N+N and ammonium during this time. Previous studies showed that 

remineralization of nutrients from fish kills could trigger phytoplankton growth (Vargo et al., 

2008; Walsh et al., 2009). In Texas, previous fish killing freeze events, like the 1989 cold snap in 

Laguna Madre, were followed by high ammonium levels and a brown tide algal bloom (Buskey 
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et al. 1997). Ammonium was also found to be a primary compound released during red tide-

induced fish kills, but microbial remineralization can make a variety of compounds from 

decaying fish bioavailable (Killberg-Thoreson et al. 2014). During the freeze recorded in this 

study, all three sites experienced increased phytoplankton biovolume and two saw increased 

chlorophyll. However, unlike the 1989 Laguna Madre freeze that coincided with a brown tide 

algal bloom development, in this case, diatoms dominated the post freeze phytoplankton 

community.  

In May, the study area experienced heavy rainfall due to a tropical disturbance. This was 

followed by over seven inches of rain in early July 2021 and over eight inches of rain in early 

October. The rainfall from each of these events caused a reduction in salinity, particularly for the 

interior canal sites. Site 1 never experienced salinity levels below 20 and did not experience 

stratification, whereas the decrease in salinity created instances of stratification for sites 2 and 3. 

The interior canals also experienced increases in orthophosphate with site 2 having the highest 

recorded orthophosphate during these two periods (Fig. 7). The same pattern was observed for 

N+N values (Fig. 8). Ammonium also increased for all three sites, especially site 2, but was not 

as high as it was during the February freeze (Fig. 9). In May and July, phytoplankton biovolume 

decreased immediately following the heavy rain, suggesting that while the rain washed in 

additional nutrient sources, it also had the effect of flushing out the preexisting phytoplankton 

(Fig. 15). While total biovolumes did initially decrease following rainy spring and summer 

events, the phytoplankton composition began to change, especially in the interior canal sites. In 

the early spring, picoeukaryotes were the dominant phytoplankton group for the interior canal 

sites. However, when the rain picked up on May 15th, phytoplankton composition shifted to 

diatom dominance at site 2. It is possible that the rainfall had a flushing effect on the 
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picoeukaryotes; however, the effect was less pronounced at site 3 which maintained a dominance 

of picoeukaryotes and picocyanobacteria over diatoms. Studies of Florida bays reported 

increases of picocyanobacteria in the summer following rain events that reduced salinities 

(Putland & Iverson, 2007), and picoeukaryotes have been shown to be stimulated by freshwater 

pulses (Gaulke et al. 2010). In between the May and July rain events, total biovolume increased, 

with site 3 experiencing the highest recorded biovolume on June 24th, 2021 (Fig. 30). Thus, there 

may have been a lag effect in terms of phytoplankton biomass accumulation that resulted from 

the balance of nutrient inputs and flushing. Interestingly, Euglenoids are associated with influxes 

on freshwater and eutrophication (Nunes et al., 2018) but may also be susceptible to hydrologic 

displacement (Roelke et al., 2013). The rain in May could have created favorable nutrient 

conditions for the bloom, since Euglenoids were positively correlated with ammonium and N+N 

that all increased that month. Temperature is also known to affect Euglenoid growth rates, with 

increases reportedly observed in E. gracilis growth at temperatures of 25 °C and 30 °C (Ko et al. 

2019).  The surface temperature at site 3 was 30.5 °C during the Euglenoid spike. The Euglenoid 

population decreased following increased rainfall in early July. It is possible that the bloom 

could have been washed out when the rains picked up in July, or the addition of freshwater 

created unfavorable growth conditions (Tan et al. 2019). 

While a harmful algal bloom was not reported during the sampling period it is worth 

noting that several of the genera identified in the Padre Island Canal system are on the UNESCO 

List of Harmful Algae. Scanning electron microscopy was used to further identify potentially 

harmful species which included three complexes of the diatom Pseudonitzschia (delicatissima, 

seriata, and pungens), and dinoflagellates Prorocentrum micans and Pyrodrinium bahamense 

(Figs. 32-34). Other potentially harmful dinoflagellates identified included Polykrikos, 
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Dinophysis, Heterocapsa, Karlodinium, Gonyaulax. Additionally, the raphidophytes Fibrocapsa 

japonica and Chattonella were observed in live samples. Furthermore, the Texas Park and 

Wildlife Department lists the dinoflagellate, Akashiwo sanguinea, which was also observed at all 

sites, as a potential HAB former. Although these genera did not form bloom level concentrations, 

it is still important to understand what conditions could promote bloom development in the 

future.  

Conclusions – Recommendations for future research and managers 

The 2021 sampling period was characterized by several extreme events, including the 

February freeze, Tropical Storm Elsa in July and the category 1 Hurricane Nicholas in mid-

September. In order to properly assess the short- and long-term effects of these events on 

phytoplankton communities it is important to have hydrographic, nutrient, and phytoplankton 

monitoring efforts already in place. The environmental conditions of a waterbody before a storm 

impacts what phytoplankton can bloom in the aftermath of such events (Wetz & Paerl, 2008). 

Previous studies have documented how even changes in weather (periods of reduced rainfall vs. 

periods of increased precipitation) can drastically alter phytoplankton communities (Badylak & 

Phlips, 2004). Since phytoplankton are highly dynamic, fast-growing organisms, there is a 

demand for higher frequency of sampling. Some studies recommend daily sampling to capture 

the true variation in phytoplankton (Dubelaar et al., 2004), other studies have investigated 

machine learning instruments (Derot et al, 2020), and research ships of opportunity (Rantajärvi 

et al., 1998) to find more feasible ways to adequately capture spatial and temporal trends of 

phytoplankton blooms. However, since there is no universal standard for sampling frequency, we 

recommend monthly sampling, with increases when possible, especially in the spring and 

summer for semi-arid waterbodies.  
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Continuous long-term monitoring of estuaries and sub-basins such as canals will better 

inform communities and coastal managers. If the design of canals is influencing nutrients and 

phytoplankton composition, which this study suggests, then perhaps changes in future design 

plans can help ameliorate some of the unwanted side effects. Previous studies that evaluated 

dead-end canals in Maryland and Delaware recommended that newly constructed canal systems 

take different shapes into consideration, like more rounded corners, and additional connections 

for enhanced flushing rates (Maxted et al., 1997). Other studies have also admonished the dead 

end canal structure in favor for systems with increased interconnectivity to other canals and 

locations that are parallel to wind patterns for improved flow and water quality  (Lindall & Trent, 

1975; Marvin et al., 1990). Although flow and flushing rate were not examined in this study, 

they may contribute to differences in the physical and chemical nature of the canals as well as 

the phytoplankton composition and therefore need to be examined. Previous studies have 

demonstrated the importance of flow in determining which phytoplankton have a competitive 

advantage (Hall et al., 2013). For instance, systems that are regularly flushed tend to favor fast 

growing phytoplankton, like diatoms. Similarly, systems with reduced flushing rates have been 

linked to HABs (Paerl, 1988, Anderson et al., 2002, Lewitus et al., 2003).  

For canals already in existence, mitigation strategies like fountains, could help oxygenate 

the system and reduce the stratification observed during rainfall events (Koweek et al., 2020; 

Maxted et al., 1997). Low oxygen conditions can alter sediment biogeochemistry and have been 

linked to nutrient loading, particularly phosphate, from the bottom sediments (Pearl et al. 1998, 

Foster & Fulweiler, 2019). Hypoxia induced phosphate loading can alter nutrient regimes and 

promote primary productivity, thus increasing the phytoplankton growing season and organic 

matter buildup (Foster & Fulweiler, 2019). It is worth noting that while this study was being 
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conducted, the Padre Island canals were undergoing the construction of a new bridge and canal 

that will connect Packery Channel to Padre Island. In addition to connectivity, the hope is that 

the new canal will improve circulation and water quality via connection to the Gulf of Mexico 

reducing the need for aerators in the canal system (Rankin, 2020). Improved flow could help 

mitigate nutrient runoff associated with urban canal systems.  

Fertilizer runoff has been associated with eutrophication of urban waterbodies and may 

also be a source of external nutrient loading to the Padre Island Canal System. Previous studies 

of nitrogen loading to estuarine systems using stable isotopes were able to detect even low levels 

of land based nitrogen to the food web (Carmichael et al., 2004.). In another study, isotope ratios 

collected from marsh grasses determined that increases in population density were correlated 

with anthropogenic nitrogen sources (Bannon & Roman, 2008). Similarly, isotopic testing could 

reveal the source of nutrients in the Padre Island canal system, to determine if the interior canals 

proximity to urbanized areas may be affecting the type of nutrients that enter these systems 

during rainfall events. Moreover, isotope testing could shed light on nutrient cycling, and how it 

may differ based on location, in the canals. Knowledge of nutrient sources will also help 

understand why certain phytoplankton groups develop. Once nutrient sources are determined, 

best management practices, like a fertilizer ordinance, could be applied to residential canal areas 

in South Texas. Urban nutrients have contributed to the eutrophication of South Florida 

estuaries, which led to a fertilizer ordinance that helped reduced total nitrogen and phosphorus 

levels in the two years following enactment of the ordinance (Motsch, 2018). Other best 

management practices, like planting vegetative buffers, have been effective in reducing nitrogen 

inputs to river-fed agricultural canals (Castaldelli et al., 2015), but a similar logic could be 

applied to estuarine-fed residential canals.  
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Ultimately, canals are important urban bodies that are expanding worldwide but are 

understudied ecosystems. This project demonstrated that two interior canal sites experienced 

unique nutrient and phytoplankton composition when compared to the mouth of the canal 

system. Manmade alterations to estuarine environments create unique habitats at the intersection 

of environmental and human health. Therefore, continued research and monitoring is important 

to understand these systems especially in the face of climate change.  
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APPENDIX A 

SUMMARY OF GENERA AND THEIR ASSOCIATED SHAPE USED FOR BIOVOLUME 

CALCULATIONS  

 
Genus Shape Source 

Akashiwo sanguinea Ellipsoid Hillebrand et al. (1999) 

Sun and Liu (2003) 

Amphora cf Elliptic prism 
constricted 

Decided based on 
observed shape. 

Asterionellopsis 
glacialis 

Cylinder cone Decided based on 
observed shape. 

Bacillaria Rectangular box Hillebrand et al. (1999) 

Sun and Liu (2003) 

Bacteriastrum Cylinder girdle Sun and Liu (2003) 

Chaetoceros Elliptic prism 
girdle 

Sun and Liu (2003) 

Chattonella Cone halfsphere Sun and Liu (2003) 

Chroomonas Cone halfsphere Sun and Liu (2003) 

Cochlodinium Prolate spheroid Hillebrand et al. (1999) 

Coscinodiscus Cylinder Hillebrand et al. (1999) 

Sun and Liu (2003) 

Cylindrotheca Prolate spheroid 
+ 2 cylinders 

Hillebrand et al. (1999) 

 

Dinophysis Ellipsoid Hillebrand et al. (1999) 

Sun and Liu (2003) 

Ditylum Prism Triangle Sun and Liu (2003) 

Entomoneis Elliptic prism 
constricted  

Decided based on 
observed shape. 
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Eucampia Elliptic prism 
girdle view 

Decided based on 
observed shape. 

Euglena Cone halfsphere 
cylinder 

Sun and Liu (2003) 

Fibrocapsa Prolate spheroid Hillebrand et al. (1999) 

Fragilaria 

 

Elliptic prism 
girdle 

Hillebrand et al. (1999) 

Sun and Liu (2003) 

Gonyaulax Double cone Hillebrand et al. (1999) 

Guinardia Cylinder girdle Sun and Liu (2003) 

Gymnodinium Ellipsoid Hillebrand et al. (1999) 

Sun and Liu (2003) 
Gyrodinium Ellipsoid Hillebrand et al. (1999) 

Sun and Liu (2003) 

Hermesium Double cone Decided based on 
observed shape. 

Heterocapsa Double cone Hillebrand et al. (1999) 

Karenia cf Ellipsoid Hillebrand et al. (1999) 

Sun and Liu (2003) 

Katodinium Cylinder cone Hillebrand et al. (1999) 

Leptocylindrus Cylinder girdle Sun and Liu (2003) 

Levanderina Ellipsoid Sun and Liu (2003) 

Licmophora Gomphonemoid Hillebrand et al. (1999) 

Naviculoid Elliptic prism Hillebrand et al. (1999) 

Sun and Liu (2003) 

Nitzschiod Rectangular box Decided based on 
observed shape. 

Odontella Elliptic prism Hillebrand et al. (1999) 

 

Oxyphysis 
Oxytoxoides 

Double cone Hillebrand et al. (1999) 



                                                
  
   

38 
 

 

Oxyrrhis Prolate spheroid Hillebrand et al. (1999) 

Paralia Cylinder Hillebrand et al. (1999) 

Pediastrum Elliptic prism Hillebrand et al. (1999) 

Phaeodactylum cf Half-elliptic 
prism 

Hillebrand et al. (1999) 

Pleurosigma Elliptic prism Decided based on 
observed shape. 

Polykrikos Ellipsoid Hillebrand et al. (1999) 

Sun and Liu (2003) 

Prorocentrum micans Ellipsoid Hillebrand et al. (1999) 

Sun and Liu (2003) 

Prorocentrum_minium Ellipsoid Hillebrand et al. (1999) 

Sun and Liu (2003) 
Protoperidinium Double cone Hillebrand et al. (1999) 

Sun and Liu (2003) 

Pseudonitzschia Rectangular box Decided based on 
observed shape. 

Pyrodinium Ellipsoid Hillebrand et al. (1999) 

Rhizosolenia Cylinder girdle Decided based on 
observed shape. 

Scenedesmus Prolate spheroid Hillebrand et al. (1999) 

Scrippsiella Cone halfsphere Sun and Liu (2003) 

Skeletonema cf Cylinder 2 
halfspheres 

Sun and Liu (2003) 

Striatella unipunctata Rectangular box Decided based on 
observed shape. 

Thalassionema Rectangular box Sun and Liu (2003) 

Thalassiosira Cylinder Hillebrand et al. (1999) 

Sun and Liu (2003) 
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Trichodesmium Cylinder Hillebrand et al. (1999) 

Tripos furca 
(Ceratium furca) 

Ellipsoid 2 
cones cylinder 

Hillebrand et al. (1999)  

Sun and Liu (2003) 
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APPENDIX B 

DINOFLAGELLATES OBSERVED IN AUGUST 2021 BY SITE 

 
Dinoflagellate Site 

Akashiwo sanguinea 1 
Cochlodinium 1, 3 
Gyrodinium 1, 2, 3 
Katodinium 3 

Oxyphysis oxtoxoides 1, 2, 3 
Protoperidinium 2, 3 

Scrippsiella 1, 2, 3 
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FIGURES 

 

Figure 1: Map of Padre Island Canals 
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Figure 2: Temperature over time 
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Figure 3: Salinity and precipitation (7-day total) over time 
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Figure 4: Site 1 stratification strength based on salinity 
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Figure 5: Site 2 stratification strength based on salinity 
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Figure 6: Site 3 stratification strength based on salinity 
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Figure 7: pH over time 
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Figure 8: Secchi depths over time 
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Figure 9: Dissolved oxygen over time 
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Figure 10: Site 1 surface and bottom dissolved oxygen. Hypoxic conditions when dissolved 
oxygen < 2mg/L.  
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Figure 11: Site 2 surface and bottom dissolved oxygen. Hypoxic conditions when dissolved 
oxygen < 2mg/L.  
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Figure 12: Site 3 surface and bottom dissolved oxygen. Hypoxic conditions when dissolved 
oxygen < 2mg/L.  
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Figure 13: Orthophosphate over time 
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Figure 14: N+N over time 
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Figure 15: Ammonium over time 
  



                                                
  
   

56 
 

 

Figure 16: Silicate over time 
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Figure 17: Dissolved inorganic nitrogen: silicate ratios over time. The dashed line indicates a 1:1 
ratio. A ratio >1 indicates Si limitation, a ratio <1 indicates N limitation.  
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Figure 18: Dissolved inorganic nitrogen: orthophosphate ratios over time. The dashed lined 
indicate the Redfield Ratio of 16:1. A ratio >1 indicates P-limitation, a ratio <1 indicates N 
limitation.   
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Figure 19: PCA by Site 
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Figure 20: PCA by Season 
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Figure 21: Chlorophyll a over time 
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Figure 22: Total biovolume over time 
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Figure 23: Site 1 average percent contribution to total biovolume by phytoplankton group 
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Figure 24: Site 2 average percent contribution to total biovolume by phytoplankton group 
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Figure 25: Site 3 average percent contribution to total biovolume by phytoplankton group 
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Figure 26: Site 1 total biovolume over time 
  



                                                
  
   

67 
 

 

Figure 27: Site 1 phytoplankton group contributions to total biovolume  
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Figure 28: Site 2 total biovolume over time 
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Figure 29: Site 2 phytoplankton group contributions to total biovolume 
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Figure 30: Site 3 total biovolume over time 
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Figure 31: Site 3 phytoplankton group contribution to total biovolume  
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Figure 32: SEM of pseudonitzschia pungens. 
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Figure 33: SEM of Prorocentrum micans. 
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Figure 33: SEM of Pyrodinium bahamense.  
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TABLES 

Table 1: Mean ± Standard Deviation of environmental and phytoplankton variables for each site. 
Different letters (a.b.c) indicate significant differences between sites, as determined by Wilcox 
post-hoc tests. Variables with the same letter are not significantly different. 
 

Variable  Site 1  Site 2  Site 3  
Ammonium (µM)  3.79 ± 1.86  a 7.52 ± 6.51  a 5.64 ± 4.13  a 

Chlorophyll (µg L-1) 6.40 ± 3.31  a 19.5 ± 9.02  b 16.1 ± 10.6  b 
DO (mg/L)  5.38 ± 1.26  a 4.02 ± 1.57  b 5.03 ± 2.23  a 

DO (%)  76.4 ± 14.2  a 56.0 ± 18.1  b 70.9 ± 26.7  a 
N+ N (µM)  0.36 ± 0.20  a 3.50 ± 3.65  b 2.64 ± 2.87  b 

Orthophosphate (µM)  0.20 ± 0.14  a 2.83 ± 4.70  b 0.877 ± 0.871  b 
pH  8.12 ± 0.33  a 7.99 ± 0.285  a 8.15 ± 0.191  a 

Salinity  30.4 ± 4.5  a 26.5 ± 8.23  a 29.1 ± 5.99  a 
Secchi Depth (m)  0.65 ± 0.19  a 0.68 ± 0.19  a 1.04 ± 0.27  b 

Silicate (µM)  53.4 ± 31.8  a 130 ± 61.9  b 73.9 ± 34.0  c 
DIN:Si 0.10 ± 0.06 a 0.12 ± 0.16 a 0.18 ± 0.24 a 

DIN:PO4 42.1 ± 47.1 a 8.09 ± 7.17 b 28.4 ± 44.8 a 
Temperature (℃)  25.0 ± 4.9  a 25.4 ± 5.04  a 25.7 ± 5.07  a 
Total Biovolume 

(µm3/ml) 
2.8 x 106 ±  
2.6 x 106 

a 2.4 x 106 ± 
1.5 x 106 

a 3.3 x 106 ± 
3.5 x 106  

a 

Diatoms (µm3/ml) 1.9 x 106 ± 
2.0 x 106 

a 8.5 x 105 ± 
1.6 x 106 

b 8.3 x 105 ± 
1.5 x 106 

b 

Dinoflagellates 
(µm3/ml) 

3.5 x 105 ± 
3.9 x 105 

a 2.4 x 105 ± 
3.2 x 105   

a 8.4 x 105 ± 
1.1 x 106 

a 

Cryptophytes 
(µm3/ml) 

4.2 x 104 ±  
4.6 x 104 

a 1.0 x 105 ± 
1.7 x 105 

a 1.2 x 105 ± 
2.8 x 105 

a 

Euglenoids (µm3/ml) 1.4 x 104 ± 
9.7 x 103 

a 7.2 x 104 ± 
1.1 x 105 

a 1.1 x 106 ± 
3.5 x 106 

b 

Picoeukaryotes 
(µm3/ml) 

1.8 x 105 ±  
1.8 x 105  

a 8.1 x 105 ± 
7.1 x 105 

b 5.3 x 105 ± 
4.7 x 105 

b 

Picocyanobacteria 
(µm3/ml) 

1.1 x 105 ±  
1.5 x 105 

a 2.5 x 105 ± 
2.7 x 105 

a 2.5 x 105 ± 
2.6 x 105 

a 
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Table 2: Correlations between phytoplankton groups and environmental variables. P-values 
<0.05 are considered statistically significant and are highlighted in yellow.  
 

  
  

Diatom  Dino- 
flagellate  

Pico- 
eukaryote  

Pico- 
cyano-
bacteria 

Euglenoid  Chlorophyll 
a 

Total  
Bio- 

volume 
rho  p-

value
  

rho  p-
value

  

rho  p-
value

  

rho  p-
value

  

rho  p-
value

  

rho p-
value 

rho p-
value 

Salinity  -0.09 0.53 -0.06 0.66 -0.21 0.13 -0.06 0.64 0.24 0.13 -0.13 0.34 0.03 0.80 
Ammonium 

(µM)  
-0.06 0.66 0.64 0.64 -0.32 0.02 -0.37 < 

0.01 
0.38 0.01 0.06 0.65 -

0.10 
0.45 

N+N  
(µM)  

-0.31 0.02 -0.12 0.38 0.19 0.16 0.06 0.65 0.35 0.02 0.34 0.01 -
0.07 

0.58 

Ortho- 
phosphate 

(µM) 

-0.44 < 
0.01 

0.08 0.56 0.05 0.73 -0.13 0.32 0.16 0.33 0.27 0.04 -
0.30 

0.02 

Silicate 
(µM)  

-0.29 0.03 -0.20 0.14 0.64 < 
0.01 

0.47 < 
0.01 

-0.13 0.42 0.31 0.02 -
0.05 

0.74 

DIN:Si 0.11 0.40 0.04 0.75 -0.61 < 
0.01 

-0.61 < 
0.01 

0.31 0.05 -0.11 0.41 -
0.10 

0.47 

DIN:PO4 0.47 < 
0.01 

-0.03 0.79 -0.34 < 
0.01 

-0.20 0.14 0.13 0.41 -0.34 < 
0.01 

0.26 0.05 

Secchi 
Depth (m)  

-0.22 0.11 0.43 < 
0.01 

0.05 0.74 0.16 0.25 0.26 0.09 -0.14 0.28 -
0.05 

0.71 

Temperature 
(℃) 

-0.02 0.86 0.20 0.14 0.35 < 
0.01 

0.33 0.01 -0.14 0.39 -0.06 0.68 0.12 0.37 

pH  0.17 0.20 0.05 0.74 0.03 0.82 0.02 0.88 0.09 0.57 0.02 0.87 0.22 0.09 
Dissolved 
Oxygen 
(mg/L) 

0.29 0.03 -0.19 0.17 -0.34 0.01 -0.33 0.01 0.15 0.34 -0.06 0.68 -
0.00

4 

0.98 

Precipitation 
(inches) 

0.17 0.47 0.30 0.20 0.14 0.57 0.23 0.34 0.17 0.57 -0.17 0.49 0.19 0.45 

 
 
 


