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ABSTRACT 

Author:  Bret R. Kaiser 

Title: Relationships Between Eutrophication and Acidification in the 
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Thesis Advisor:  Dr. Brian E. Lapointe 

Degree: Master of Science 

Year: 2018 

In the eutrophic waters of the Indian River Lagoon (IRL), decreases in overall 

shellfish size have been reported, which may be related to coastal acidification. To 

understand the relationship between acidification and eutrophication, water samples from 

20 sites spanning the IRL were collected and analyzed for dissolved nutrients and omega 

values in spring (dry season) and fall (wet season), 2016-2017. Additionally, three sites 

were sampled weekly to observe temporal variability of nutrients and omega values. For 

the IRL-Wide sampling, sites with higher dissolved nutrient concentrations showed lower 

omega values with significant negative relationships. Both sampling programs showed an 

overall positive linear relationship between salinity and omega values. This work 

suggests that salinity and dissolved nutrients have implications for acidification in the 

IRL and must be considered for future water quality, shellfish and coral reef restoration.
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1. INTRODUCTION 

Estuarine ecosystems provide a wide variety of ecological and economic services 

ranging from stabilizing shorelines to providing habitats for a large variety of commercial 

fish and shellfish. Despite their importance, the degradation of these ecosystems from 

anthropogenic influences is a growing global concern. Urbanization of areas bordering 

estuaries results in changes in hydrology and increased stormwater discharges from 

rainfall events. These discharges lead to large amounts of dissolved nutrients, namely 

nitrogen and phosphorus, being introduced into estuaries (Nixon, 1995; Vitousek et al., 

1997; MEA, 2005). These high quantities of dissolved nutrients have caused estuaries to 

decline in quality and exhibit eutrophic symptoms (Valiela et al., 1997; Bricker et al., 

2008; Bishop et al., 2015).  

Eutrophication is formally defined as an increase in the rate of supply of organic 

matter to an ecosystem (Nixon, 1995). Eutrophic symptoms in estuaries include an 

increase in macroalgae and seagrass epiphytes, an increase in chlorophyll α levels, lower 

dissolved oxygen levels, and eventually the loss of submerged aquatic vegetation, 

(Tomasko and Lapointe, 1991; Lapointe et al., 1994; Howarth et al., 2006; Anderson et 

al., 2002). Organic matter, or carbon-based material derived from plants and animals, can 

enter estuarine environments from external sources such as runoff from land or point 

source discharges such as wastewater pipes, or they can be generated within the estuary 
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via photosynthetic processes (Nixon, 1995; Goñi et al., 2003). This increase in algal 

formation and organic matter production leads to a higher biochemical oxygen demand to 

facilitate the breakdown of the organic material (Volkmar and Dahlgren, 2006). This 

enhanced primary production and resulting organic material encourages the consumption 

of dissolved oxygen in the water due to microbial activity (Valiela et al., 1997; Diaz and 

Rosenberg, 2008). Decomposing algae and resulting organic matter will be respired by 

bacteria, and continue to decay, releasing carbon dioxide into the water, leading to 

changes in the waters carbonate chemistry, including increased carbonic acid and more 

bicarbonate and hydrogen ions (Kuentzel, 1969; Abril et al., 2003; Sunda et al., 2012). 

One estuary that has been affected by these increasing eutrophic conditions and resulting 

acidification is the Indian River Lagoon. 

The Indian River Lagoon (IRL) is a 156-mile long bar-built estuary spanning 

from Jupiter to the Ponce inlet.  It is a relatively shallow and narrow estuary, with a mean 

depth of approximately 0.8 meters and an average width of about 3 kilometers that 

consists of three different bodies of water; Banana River, Mosquito Lagoon, and the 

Indian River. Over time, the IRL has experienced severe degradation due to changes in 

local hydrology and increased stormwater discharges (Duncan and Larson, 2004). These 

changes include increasing the watershed for the lagoon from 231,000 hectares to 

570,000 hectares (SJRWMD, 2007). This has not only altered the size, but also increased 

the freshwater flow, and nutrient levels present in the IRL coming from land based 

pollution sources (Lapointe et al., 2012).  Rapid urbanization on the local watersheds has 

caused an increase of dissolved reactive nitrogen and phosphorus being discharged into 

the IRL from stormwater run off due to rainfall events, sewer overflows, and septic 
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system related discharges (Kim et al., 2002; Lapointe et al., 2015). These pollution 

sources occur more frequently in the northern end of the lagoon due to the higher 

population density in the northern end when compared to the southern end (Lapointe et 

al., 2015). The northern end of the IRL also has less inlet influence in comparison to the 

southern end, which equates to lower flushing rates and higher residence times in the 

northern end (Briel et al., 1973). Due to this, the northern end of the IRL experiences 

higher dissolved nitrogen concentrations and nitrogen:phosphorus ratios than the 

southern end (Lapointe et al., 2015).  These nutrient gradients and differences in flushing 

rates provide an explanation for why the northern end of the IRL experiences more severe 

harmful algal blooms compared to the southern end (Lapointe et al., 2015).  

In the past, the IRL has experienced a high frequency of algal blooms, including 

decades of benthic macroalgal blooms (Lapointe and Ryther, 1979; Benz et al., 1979; 

Virnstein and Carbonara, 1985; Lapointe et al., 2015). In more recent years, the so-called 

“superbloom” of phytoplankton in 2011 resulted in the loss of 32,000 acres of seagrass 

(Kamerosky et al., 2015). This devastating harmful algal bloom was followed shortly by 

a brown tide of Aureoumbra lagunensis in 2012 that endangered the seagrass 

communities as well (Gobler et al., 2013; Lapointe et al., 2015).  This brown tide event 

re-emerged in winter of 2016 and again in 2018, and is still impacting the northern end of 

the IRL.  

Shellfish farming is a major ecological service of the IRL but is also being 

impacted by declining water quality. This industry provided $20.1 million in revenue in 

1990, which has dwindled to $4.3 million in 2015 (Adams et al., 2009).  Since the 1990s, 

shellfish populations in the IRL have been threatened due to changes in water quality 
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from more eutrophic conditions. Studies have observed dying oyster reefs and decreases 

in overall shell sizes, especially in the northern end of the lagoon (Grizzle et al., 2002; 

Kirby, 2004). The changing conditions of the water in the IRL needs to be studied to 

assess the risk to shellfish populations and provide a baseline for restoration programs.  

Ocean acidification is defined as the decrease in pH of seawater due to the 

increased uptake of carbon dioxide from the atmosphere (Gattuso and Hansson, 2011). 

This involves increased atmospheric and water interactions during the carbon cycle, 

which will introduce more carbon dioxide into aquatic ecosystems such as estuaries as 

the cycle naturally takes place (Doney et al., 2009; Feely et al., 2008). This effect has 

been related to anthropogenic climate change and is a growing concern as atmospheric 

pCO2 increases (Gattuso et al., 2015). This carbon dioxide introduced into the estuaries 

from organic matter decay and atmospheric fallout will react with the water to form 

carbonic acid through the following equation 

Equation 1: CO2 (aq) + H2O ↔ H2CO3 

The formation of carbonic acid here will cause the water to become more acidic 

(Mehrbach et al., 1973). Carbonic acid then breaks down into bicarbonate and hydrogen 

ions and reduces the amount of carbonate. 

Equation 2: CO2 (aq) + H2O ↔ H2CO3 ↔ H+ (aq) + HCO3
- (aq) 

Carbonate is an important component for some organisms to form shells, 

specifically, shellfish like oysters and clams (Morton and Scott, 1980). Increasing 

eutrophic conditions, and the resulting acidification could be harming oyster populations 

by preventing them from undergoing important carbonate based processes such as shell 

calcification (Gazeau et al., 2007). In recent studies, research has focused on how 
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increased carbon dioxide induces acidification and affects shellfish in ocean waters 

(Fabry et al., 2008; Talmage and Gobbler, 2010; Crook et al., 2013), while there have 

been fewer studies focusing on the effects on nearshore estuarine ecosystems with lower 

salinities. Because estuaries have lower salinities, more land-based nutrient inputs, lower 

alkalinities, and shallower depths than the open ocean, they are much more susceptible to 

changes in pH and CO2 enrichment than the open ocean (Cai and Wang, 1998; Salisbury 

et al., 2008).  

A special concern in marine and estuarine systems is the effect of rising carbon 

dioxide on the saturation state of water with respect to aragonite. The precipitation and 

dissolution of aragonite in seawater can be described by the following chemical reaction: 

Equation 3: Ca2+ + CO3 
2- ↔ CaCO3 

Ca2+ is the concentration of dissolved calcium ions in seawater, CO3
2- is the 

concentration of dissolved carbonate ions in seawater, and CaCO3 can be defined as 

either aragonite or calcite. Researchers are particularly interested in aragonite, which is 

produced by many corals and some mollusks, and is more soluble, and therefore a better 

indicator for calcification thresholds, than calcite (Ries, 2010).  The aragonite saturation 

state for water can be described as the product of concentration of dissolved calcium and 

carbonate ions in water divided by their product at equilibrium (Harris et al., 2013): 

Equation 4: Ω = ([Ca2+] × [CO3
2-]) / [CaCO3] 

When omega values (Ω) equal one, the water is in equilibrium with aragonite. 

The aragonite will not dissolve. When omega values are greater than one, the water is 

supersaturated with respect to aragonite, and the aragonite will precipitate. When omega 

values are less than one, the water is undersaturated with respect to aragonite, and the 
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aragonite mineral will dissolve (Zeebe and Westbroek, 2003). This, however, is just the 

simple thermodynamic explanation for what occurs at certain lower omega values. 

Studies have observed much wider ranges for omega values and have found varying 

effects on organisms that are sensitive to changes in carbonate chemistry such as shellfish 

and corals (Kurihara and Ishimatsu, 2007; Barton et al., 2007). Studies have shown that 

larval oyster shell growth is stunted in water that exhibit omega values of under ~2, while 

optimal shell growth occurs at and above ~3.0 (Waldbusser et al., 2013; Waldbusser et 

al., 2015). Another study researched the mortality of oyster populations at low omega 

values, suggesting that larval oyster mortality rates drastically increase in waters showing 

omega values below ~1.6 (Green et al., 2009). With these studies in mind, the optimal 

omega value range for waters supporting oyster populations would be at or above ~3.0 

since larval oysters in waters showing these omega value ranges saw healthy normal shell 

growth.  

 Other calcifying organisms such as corals have also been studied to determine the 

effects that differing omega values can have on them.  Coral reefs are sensitive 

ecosystems that can easily be degraded by sudden changes in water quality (Smith et al., 

1981; Marubini et al., 2008; Prouty et al., 2017). Degradation of these reefs often 

involves a shift from abundant coral to abundant macroalgae, or turf algae, in response to 

land-based nutrient enrichment and being pushed above established nutrient thresholds 

for eutrophication in coral reef waters (Lapointe, 1997). Considering established 

relationships between eutrophication and omega values, certain studies have observed 

how lower omega values from resulting increased dissolved nutrient concentrations are 

affecting coral populations. For example, corals in eutrophic waters featuring lower 
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omega values experienced lower calcification rates, an increase in skeletal erosion and 

predation by boring organisms (Crook et al., 2013). Studies have found that corals have a 

higher omega value threshold of 3.5, in comparison to the shellfish threshold of 3.0. 

Corals in aquatic environments featuring omega values below this threshold have shown 

degradation in the form of lower calcification rates, while corals in waters with omega 

values above 3.5 have shown adequate or healthy growth (Guinotte et al., 2003). 

Studies in Chesapeake Bay and other estuarine environments have focused on the 

relationships between stormwater runoff and resulting decreases in omega values. The 

increased stormwater in these environments have shown decreased omega values and 

more acidic conditions due to increased carbonic acid formation (Salisbury et al., 2008; 

Miller et al., 2009). Other studies have focused on how increased dissolved nutrient 

enrichment in estuaries have endangered calcifying fauna by changing dissolved oxygen 

and pCO2 levels due to various known eutrophic symptoms (Wallace et al., 2014). These 

studies suggest strong relationships between increased stormwater runoff, dissolved 

nutrient enrichment and how their interacting effects can affect calcifying organisms. 

Unfortunately, there is little information regarding the carbonate chemistry and omega 

values of the water in the IRL, which could provide insight into the reported smaller 

shellfish sizes and dying oyster reefs.  In addition, the St. Lucie reefs in coastal waters of 

Martin County are affected by stormwater discharges from the St. Lucie Inlet and could 

be affected by low omega values as well as low salinity and nutrient enrichment. This 

study aims to provide a thorough investigation into the omega values for the IRL and to 

see if and how they are being affected by the current eutrophic conditions of the IRL. 
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1.1 Hypotheses 

H1: There will be lower omega values in sites that have lower salinities 

H2: There will be lower omega values in sites that have higher dissolved nutrient 

concentrations 

H3: IRL sites will have lower omega values in the more nitrogen enriched northern 

segments in comparison to the southern segment 
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2. METHODS 

2.1 Study Sites and Field Sampling 

To asses spatial and temporal variability in dissolved nutrient concentrations and 

acidity in the IRL, a comprehensive one-year study was conducted along the entirety of 

the IRL during the dry (April) and wet season (October-November) of 2016, and the dry 

season (March-April) of 2017. This IRL-wide study was adapted from Lapointe et al. 

(2015) and features 20 fixed sites evenly distributed along five different segments of the 

IRL (Figure 1): Mosquito Lagoon [ML], Banana River [BR], Northern IRL [NIRL], 

Central IRL [CIRL], and Southern IRL [SIRL]. A time series sampling program was also 

conducted to observe changes in dissolved nutrient concentrations and carbonate 

chemistry on a weekly basis from sites close to Harbor Branch Oceanographical Institute 

(FAU-HBOI) (Figure 2). Three sites were chosen to sample according to proximity to 

Harbor Branch and differing salinity ranges. One sampling site was located at the Royal 

Palm Pointe Park’s main relief canal in Vero Beach (MRC) (N 27.649310, W -

80.377537). A second sampling site was located at the mouth of the Saint Sebastian River 

just upstream of the IRL (SSR) (N 27.855473, W -80.492834). The final sampling site 

was located just south of the Sebastian Inlet State Park (REF) (N 27.846707, W -

80.442522). These three sites were sampled on a weekly basis over a complete annual 

cycle (June 2016 – June 2017) to assess temporal variability.  
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To analyze both the IRL-Wide and the time series samples for omega values, four 

250 mL samples were collected into glass bottles using a 2.5L horizontal Niskin bottle. 

All samples were filled with water from a depth of approximately 0.5 m. The four glass 

bottles were then filtered on-site using a peristaltic pump, silicone and tygon tubing, and 

a 0.45-micron GF/F cartridge filter. The 250 mL of sample water were filtered into each 

glass container, limiting atmospheric contamination. Then, 100 µL of mercuric chloride 

saturated solution was added to each bottle to kill bacteria, before sealing the bottles and 

storing them in a cooler. Samples were then returned to the lab, where they were stored in 

closed containers before analysis.  Basic environmental parameters, including 

temperature, salinity, and pH, were also measured using a calibrated YSI (Model 

PRO1030).  

To analyze the IRL-Wide and the time series samples for dissolved nutrient 

concentrations, three 150 mL HPDE plastic bottles were used to collect water samples at 

a depth of approximately 0.5 m. Once collected, the samples were preserved on ice until 

returned to the lab, where they were filtered through a 2.5 cm GF/F filter (0.7 µm pore 

size) using a 60-mL syringe to remove suspended solids. The filtrate, contained in 100 

mL HDPE bottles, were then frozen to preserve them until analysis.  

2.2 Measurement of Omega Values 

To calculate omega values, water samples were analyzed for dissolved inorganic 

carbon (DIC) and total alkalinity (TA). In the lab at FAU-HBOI, dissolved inorganic 

carbon values were determined using a DIC autoanalyzer (Apollo SciTech AS-C3) via 

sample acidification followed by nondispersive infrared CO2 detection with a LI-7000 

CO2/H2O Gas Analyzer. TA values were determined with an automated titrator (Apollo 
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SciTech AS-ALK2) using CRM-calibrated HCl.  Both instruments were calibrated using 

certified reference material from Dr. A.G. Dickson at the Scripps Institution of 

Oceanography. Duplicate analyses were conducted for each analysis, producing a mean 

precision of ~2 µmol kg-1. Using the DIC and TA results, omega values for the samples 

were then calculated using an Excel Macro translation of the original CO2SYS program 

(Pierrot et al., 2006). The CO2SYS excel program was run using the first and second 

dissociation constants of carbonic acid in seawater (Mehrbach et al., 1973 refit by 

Dickson and Millero, 1987). Based on the uncertainties of DIC, TA measurements, and 

the thermodynamic constants, the uncertainty for the calculated omega values are 

approximately ± 0.02 (Dickson 1990; Dickson et al., 2007). 

2.3 Dissolved Nutrient Analysis 

Dissolved nutrient analyses included measurements of nitrate (NO3
- ), ammonium 

(NH4
+), dissolved inorganic nitrogen (DIN = ammonium + nitrate + nitrite) and soluble 

reactive phosphorous (SRP, PO4
3- ).  For the IRL-wide sampling, filtered (0.7 µm) frozen 

nutrient samples were sent to the Nutrient Analytical Services Laboratory, Chesapeake 

Biological Laboratory, Solomons, MD for analysis. The thawed samples were analyzed 

using a Technicon Auto-Analyzer II to determine nitrate and SRP and a Technicon 

TRAACS 800 to determine ammonium (Solorzano, 1969; Parsons et al., 1984; Kerouel 

and Aminot, 1987; Frank et al., 2006). Detection limits were 0.01 μM for nitrate, 0.21 

μM for ammonium, and 0.02 μM for SRP. The results were then used to calculate DIN 

and DIN: SRP ratios.  

For the time series sampling, the DIN and SRP values were determined in the 

HAB Lab at HBOI-FAU. Ammonium was analyzed manually using an Aquafluor 
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fluorometer (Model 8000-010) according to methods specified by Holmes et al. (1999). 

The detection limit for ammonium was 0.07 μM. Samples that were too concentrated 

were diluted to obtain an accurate reading.  SRP was analyzed manually using a Thermo 

Scientific spectrophotometer (Model GENESYS 10s UV) following the methods of 

Strickland and Parsons (1972). Detection limits for SRP were 0.06 μM. Nitrate was 

determined using a SEAL Dissolved Nutrient Analyzer (Model AA3) following methods 

provided by the manufacturer. Detection limit for nitrate was 0.015 μM.   

2.4 Statistical Analysis 

Several different analyses were conducted to assess relationships between dissolved 

nutrients, salinity and omega values across the IRL. For the IRL-Wide sampling, two-

way ANOVA was used to determine significance of main effects and interactions 

between location (different segments) and seasons. To analyze the relationships between 

parameters, linear regressions were conducted on the time series omega values, salinity, 

and dissolved nutrient concentrations to determine if any relationships existed between 

them. A two-way ANOVA test was also conducted to assess the relative significance 

between seasons and locations for the time series data, as well as the relative importance 

of DIC and TA to omega values. 
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3. RESULTS 

3.1 Omega Values 

3.1.1 IRL-Wide Sampling 

  The two-way ANOVA indicated significant effects of location (p < 0.001) and 

seasons (p < 0.001) for calculated omega values (Table 1). During the dry season of 

2016, omega values were the highest of all IRL-Wide samplings, averaging 3.08 ± 1.33 

(Figure 3, Table 2). The ML sites had significantly (p < 0.01) higher omega values than 

all other segments, and averaged 5.2 ± 1.1, with lower values in the southern end. BR 

sites had a wide range of omega values averaging 2.8 ± 1.2, with lower values in the 

northern end. NIRL sites had an average value of 3.5 ± 1.7, with higher values in the 

northern end. CIRL sites had consistently lower omega value averages of 2.6 ± 0.7. SIRL 

sites had the lowest omega values of all segments with an average of 2.4 ± 0.8. 

 The wet season 2016 omega values were significantly lower across the IRL sites 

(p < 0.001) compared to the dry season of 2016, averaging 2.26 ± 1.17 (Figure 3, Table 

2). ML sites had an average value of 2.8 ± 1.7, with lower values in the northern end. BR 

sites had an average value of 1.8 ± 0.4, with lower values in the northern end as well. 

NIRL sites had significantly (p < 0.005) higher omega values in comparison to the other 

segments, averaging 3.3 ± 1.1, with higher values in the northern end. CIRL sites had the 

lowest average of 1.7 ± 0.8, with lower values in the northern end. SIRL sites had very 

low omega values, with an overall average of 2.0 ± 1.3.  Samples taken from SIRL 3 had 

the lowest omega values of all segments and seasons, with an average of 0.4 ± 0.002.
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 For the dry season 2017, omega values increased in comparison to the wet season, 

with overall values averaging 2.67 ± 0.7 (Figure 3, Table 2). The ML sites had higher 

omega values, averaging 2.7 ± 0.6, with higher values in the southern end. BR sites had 

similar results to ML with an average of 3.4 ± 1.2 and higher values in the southern end. 

NIRL sites had a consistent overall average of 2.3 ± 0.5. CIRL sites had an omega value 

average of 2.6 ± 0.7 with lower values in the northern end. SIRL sites had an average of 

2.5 ± 0.6.  

3.1.2 Time Series Sampling 

 The two-way ANOVA showed that location was more important than season (p < 

0.01) in explaining variability in omega values during the one-year time series. Overall, 

omega values were higher during the dry season at the REF site, and lower during the wet 

season at the MRC site (Figure 4, Table 3). The MRC site had an average omega value of 

1.0 ± 0.6 for the entire year. During July 2016 the omega values reached the highest 

value of 2.8 ± 0.01, then decreased to the lowest value of 0.2 ± 0.01 from August 2016 to 

October 2016. Omega values then steadily increased through the end of the year and into 

February 2017. In March 2017, omega values hit another peak of 2.5 ± 0.02 before 

decreasing to 0.6 ± 0.01 by the end of the study in June 2017. 

 The second site, SSR, had a similar trend to the MRC site, but with an overall 

higher average omega value averaging 2.0 ± 0.8 and larger changes in omega values over 

shorter periods of time. In June 2016 this site had an omega value of 1.3 ± 0.02 before 

increasing to 3.4 ± 0.04 in early August. Omega values then dropped down to the lowest 

values for the site of 0.4 ± 0.001 in the end of August 2016.  Omega values at the site 

then increased through the rest of the year. These changes included an increase to 4.3 ± 
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0.02 in late October before decreasing to 1.2 ± 0.01 in November. In January 2017, the 

omega values for SSR averaged 2.3 ±0.03 but decreased to a value of 1.7 ± 0.03 through 

the end of the study. 

 REF site had the highest overall omega values throughout the study, with an 

overall average omega value of 3.5 ± 0.9. In June 2016, the site had omega values of 3.1 

± 0.01. The site then had increasing omega values to 5.9 ± 0.04 during August 2016. 

Omega values then dropped to the lowest values for the site of 2.8 ± 0.02 from September 

to October 2016. REF site then had a slight increase in omega values through the end of 

the year and to the end of the series. Omega values briefly decreased to 1.5 ± 0.01 during 

early February 2017, before continuing to increase. The values for REF averaged 3.8 ± 

0.05 for the end of this time series. 

3.2 Salinity 

3.2.1 IRL-Wide Sampling 

 During the dry season 2016 sampling the highest salinities occurred in the ML 

sites and the lowest salinities in the SIRL sites (Table 2). ML sites had the highest 

salinity values, averaging 32 psu. BR sites had an average salinity of 25 psu. NIRL sites 

had the lowest salinities, with an average of 24 psu. CIRL sites had a salinity average of 

30 psu. SIRL sites had lower salinities with an average of 25 psu. SIRL 5, located near 

the Jupiter Inlet, had the lowest salinities of 13 psu. 

 The wet season 2016 sampling had the lowest extremes for salinity values 

between the three sampling programs across the IRL. ML sites had the highest salinity 

values, averaging 34 psu. BR sites had an average salinity of 28 psu. NIRL sites had the 
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lowest salinities of the season averaging 21 psu. CIRL sites had a salinity average of 24 

psu. SIRL sites had a salinity average of 28 psu. 

 During the dry season 2017 sampling, salinities increased from the wet season of 

2016. ML sites had an average salinity of 32 psu. BR sites had the lowest salinity of the 

season with an average of 24 psu. NIRL sites had an average salinity of 26 psu. CIRL 

sites had an average salinity of 29 psu. SIRL sites had the highest salinity of the season 

with an average of 37 psu. 

3.2.2 Time Series Sampling 

 The salinity values for the time series sampling had lower salinities at the MRC 

site and higher salinity values at the REF site (Figure 5, Table 3).  MRC had an average 

salinity of 10.1 psu. The lowest MRC salinity value of 1.8 psu occurred during late 

August 2016 before increasing to the highest value of 22 psu during early November 

2016. After that, salinity values decreased through November before remaining consistent 

at 14 psu through the beginning of 2017. Salinity values then increased in May 2017 to 

21 psu before decreasing to 7.6 psu at the end of the series 

 SSR had a similar initial trend to MRC, but with a higher starting salinity average 

of 15 psu. The site had its lowest salinity value of 1.2 psu during late October 2016. From 

then, the salinity values for SSR increased and stayed in the 23 psu range through the end 

of the year and into 2017. This site had values between 19 psu and 30 psu through 2017 

before ending the series at 23 psu. 

 REF had a relatively consistent average salinity value of 32 psu. The lowest 

salinity values of 28 psu occurred during early September 2016 before increasing to the 
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average value of 32 psu, where it remained until March 2017. The salinity values then 

increased to 36 psu through the end of the series. 

When comparing omega and salinity values for the time series, a strong, 

significant, positive relationship was found between them (R2 = 0.49, p < 0.001) (Figure 

6). 

3.3 Dissolved Nutrients 

3.3.1 IRL-Wide Sampling 

 The two-way ANOVA revealed significant effects of seasons (p < 0.001) and 

segments (p < 0.001) for each of the analyzed dissolved nutrient variables (Table 1). For 

the dry season 2016 sampling, the dissolved nutrient values were higher in the central end 

than in the northern end of the IRL (Figures 7-10). Ammonium values ranged from 2.3 ± 

0.6 µM to 14.0 ± 0.3 µM across the IRL with segment averages of 2.9 ± 0.1 µM (ML), 

2.4 ± 0.2 µM (BR), 3.8 ± 0.8 µM (NIRL), 8.8 ± 3.8 µM (CIRL), and 6.8 ± 3.7 µM 

(SIRL). Nitrate values ranged from 1.2 ± 0.5 µM to 7.8 ± 0.8 µM across the IRL with 

segment averages of 2.6 ± 1.4 µM (ML), 1.6 ± 0.2 µM (BR), 1.8 ± 0.7 µM (NIRL), 4.6 ± 

2.5 µM (CIRL), and 3.9 ± 1.4 µM (SIRL). DIN values ranged from 3.9 ± 0.5 µM to 21.7 

± 0.7 µM across the IRL with segment averages of 5.5 ± 1.5 µM (ML), 4.0 ± 0.1 µM 

(BR), 5.6 ± 1.3 µM (NIRL), 13.4 ± 6.2 µM (CIRL), and 10.7 ± 4.7 µM (SIRL). SRP 

values ranged from 0.2 ± 0.2 µM to 3.4 ± 0.3 µM across the IRL with segment averages 

of 0.4 ± 0.1 µM (ML), 0.4 ± 0.2 µM (BR), 0.6 ± 0.1 µM (NIRL), 1.5 ± 1.2 µM (CIRL), 

and 0.7 ± 0.4 µM (SIRL). 

 The wet season of 2016 had higher nutrient concentrations in the central part of 

the IRL in comparison to the northern and southern ends (Figure 7-10). Ammonium 
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values ranged from 0.1 ± 0.01 µM to 36.9 ± 1.5 µM across the IRL with segment 

averages of 0.3 ± 0.1 µM (ML), 25.8 ± 9.9 µM (BR), 4.7 ± 5.6 µM (NIRL), 3.3 ± 2.0 µM 

(CIRL), and 1.5 ± 1.4 µM (SIRL). Nitrate values ranged from 0.4 ± 0.1 µM to 18.9 ± 0.3 

µM across the IRL with segment averages of 0.7 ± 0.2 µM (ML), 14.4 ± 4.4 µM (BR), 

7.2 ± 8.4 µM (NIRL), 3.8 ± 3.7 µM (CIRL), and 3.5 ± 5.0 µM (SIRL).  DIN values were 

significantly (p < 0.001) highest in BR with values ranging from 0.5 ± 0.1 µM to 51.1 ± 

1.8 µM across the IRL. Segment averages were 1.0 ± 0.2 µM (ML), 40.2 ± 9.7 µM (BR), 

12.0 ± 14.0 µM (NIRL), 7.2 ± 5.3 µM (CIRL), and 4.9 ± 6.1 µM (SIRL). SRP values 

ranged from 0.1 ± 0.02 µM to 5.2 ± 0.2 µM across the IRL with segment averages of 0.2 

± 0.1 µM (ML), 0.3 ± 0.2 µM (BR), 0.4 ± 0.2 µM (NIRL), 2.1 ± 1.8 µM (CIRL), and 0.9 

± 1.3 µM (SIRL).  

 The dry season 2017 sampling showed similar dissolved nutrient concentration 

trends as wet 2016, with higher concentrations in the central and NIRL sites of the IRL, 

and lower concentrations in the southern ends (Figure 7-10). Ammonium values ranged 

from 0.3 ± 0.1 µM to 12.5 ± 0.3 µM across the IRL with segment averages of 2.2 ± 1.9 

µM (ML), 2.3 ± 1.6 µM (BR), 4.8 ± 5.2 µM (NIRL), 0.9 ± 0.3 µM (CIRL), and 0.4 ± 0.1 

µM (SIRL). Nitrate values ranged from 0.1 ± 0.01 µM to 2.9 ± 0.1 µM across the IRL 

with segment averages of 0.3 ± 0.1 µM (ML), 0.3 ± 0.1 µM (BR), 0.7 ± 0.6 µM (NIRL), 

1.7 ± 0.9 µM (CIRL), and 0.5 ± 0.4 µM (SIRL). DIN values ranged from 0.5 ± 0.1 µM to 

12.7 ± 0.3 µM across the IRL with segment averages of 2.5 ± 1.8 µM (ML), 2.6 ± 1.6 µM 

(BR), 5.5 + 4.9 µM (NIRL), 2.7 ± 1.1 µM (CIRL), and 0.9 ± 0.4 µM (SIRL). SRP values 

ranged from 0.2 ± 0.01 µM to 1.8 ± 0.5 µM across the IRL with segment averages of 0.3 
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± 0.1 µM (ML), 0.5 ± 0.4 µM (BR), 0.7 ± 0.4 µM (NIRL), 0.9 ± 0.6 µM (CIRL), and 0.3 

± 0.1 µM (SIRL). 

3.3.2 Time Series Sampling 

 A two-way ANOVA showed that location had a more significant effect on 

ammonium (p < 0.001), nitrate (p < 0.005), DIN (p < 0.001), and SRP (p < 0.01) than 

season. Ammonium values through the time series sampling were highest at MRC, 

averaging 7.0 ± 5.6 µM, with moderate values at SSR of 2.7 ± 3.1 µM and the lowest 

values at REF averaging 1.3 ± 2.2 µM (Figure 12). Ammonium values increased 

significantly from September to October 2016 and then decreased through the end of the 

year. Ammonium was consistently higher from January to March 2017 across all the sites 

and showed even higher concentrations at the end of the sampling. When comparing 

omega values and ammonium during the time series, a significant, negative relationship 

(R2 = 0.1946, p < 0.0001) was found (Figure 13). 

 Nitrate values for the time series data were highest in the MRC site, averaging 6 ± 

4.3 µM, moderate in value at the SSR site at 2.2 ± 1.6 µM, and lowest in the REF site 

averaging 0.2 ± 1.8 µM (Figure 14). Nitrate had the lowest concentrations during July 

2016 before increasing to its highest values from September to November 2017, 

averaging as high as 13 ± 2.4 µM in MRC. Concentrations steadily decreased in value 

through the beginning of 2017 and continued to decrease in concentration through the 

end of the sampling. When comparing omega values and nitrate during the time series, a 

strong, significant, negative relationship (R2 = 0.3387, p < 0.0001) was found (Figure 

15). 
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 DIN values were highest at the MRC site (12.1 ± 7.5 µM), moderate in value at 

the SSR site (5.68 ± 4.8 µM), and lowest in the REF site (1.2 ± 2.8 µM) (Figure 16). 

Concentrations were lowest during July 2016 and highest from September to October 

2016, before gradually decreasing through the end of the year. Values remained at a 

constant concentration through 2017 and ended the sampling with a slightly increasing 

trend. When comparing omega values and DIN during the time series, a strong, 

significant, negative correlation (R2 = 0.3165, p < 0.0001) was found between them 

(Figure 17). 

 SRP values had similar concentration averages between the MRC and SSR sites 

of 1.3 ± 1.2 µM. REF site had an average concentration of 0.5 ± 0.4 µM (Figure 18). SRP 

also exhibited higher concentrations September and October 2016 and lower 

concentrations throughout the rest of 2016 and into 2017, with a slightly increasing trend 

at the end of the series. When comparing omega values and SRP during the time series, a 

significant, negative correlation (R2 = 0.1879, p < 0.0001) was found between them 

(Figure 19).   
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4. DISCUSSION 

  This study provided the first quantification of omega values throughout the entire 

IRL and how they change over a seasonal and weekly basis in the IRL. It also provided 

an updated look at the relationships between omega values and dissolved nutrient 

concentrations, which is not well known. Although previous studies have addressed the 

effects of increasing dissolved nutrient levels, eutrophication, and harmful algal blooms 

in the IRL (Lapointe et al., 2015; Lapointe et al., 2017), no published studies have 

specifically addressed the resulting acidification, especially in terms of omega values, 

and how it could be related to the increasingly eutrophic conditions in the IRL. The 

present study showed significant relationships between omega values and dissolved 

nutrients across different segments of the IRL, as well as effects of varying stormwater 

influence in the central IRL. The combined results are applicable to estuaries worldwide 

that are experiencing eutrophication due to increasing population growth, stormwater 

runoff, and nutrient pollution similar to the what has happened on the IRL watersheds in 

recent decades. 

4.1 Omega Values: IRL-Wide Sampling 

The first IRL-Wide sampling in the dry season of 2016 (April) had higher omega 

values in the northern end than in the southern end, with over half of the sites showing 

omega values below the established omega value threshold for shellfish population of ~3. 

Waldbusser et al., (2013) showed that larval oyster shell growth was stunted in estuarine 

waters exhibiting omega values below 2.5-3.0 due to the lack of carbonate needed to 
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properly form their shells. This means that over half of the sites of IRL have waters that 

are considered impaired for calcifying organisms such as oysters. When considering what 

sites exhibited lower omega values, it is important to consider the difference in inlet 

influence each site has in each segment of the IRL. Sites such as BR 1 that have little 

inlet influence and higher residence times showed lower omega values, because there is 

less inlet flushing and higher residence times in these areas. Sites such as CIRL 1 that are 

near an inlet showed higher omega values, due to lower residence times and the influence 

of ocean waters featuring higher salinities providing a “buffer” for omega values. Sites 

with higher inlet influence averaged higher omega values while sites with lower inlet 

influence averaged lower omega values across the IRL  

The wet season 2016 sampling (October-November) was conducted after several 

rainfall events and was the first dataset for omega values that showed the effects of 

increased stormwater runoff. The omega values for the wet season were on average lower 

than the omega values for the dry season, with more sites falling below the threshold of 

3.0, and sites that were already below it, falling even lower. This observation of lower 

omega values in the wet season is supported by previous studies published by Wang et 

al., (2014) and Wong (1979). These studies revealed how increased stormwater 

introduction due to rainfall events led to more acidic waters with lower omega values in 

response to the increased formation of carbonic acid in the water. This increase in 

stormwater also leads to higher dissolved nutrient inputs, which lead to higher rates of 

primary productivity and the formation of organic matter. The decomposition of the 

organic matter then lowers DIC and TA values through the introduction of carbon 

dioxide into the water, resulting in lower omega values (Kuentzel, 1969; Abril et al., 
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2003). This exact relationship was seen during the wet season 2016 sampling in the IRL, 

where more stormwater runoff from increased rainfall events led to lower omega values 

across the IRL.  

This trend of lower omega values during the wet season will be exacerbated in 

future wet seasons by global climate change causing more frequent and more intense 

rainfall events, leading to even larger amounts of stormwater runoff and even lower 

resulting omega values (Salisbury et al., 2008; Miller et al., 2009). The most notable 

omega values during the wet season 2016 were in the SIRL sites, where the omega values 

were the lowest (0.43) seen during the IRL-Wide sampling. Omega values this far below 

the threshold for proper oyster shell growth start to show increases in mortality rates 

according to Green et al., (2009). This means that oyster populations in waters with low 

enough omega values not only exhibit stunted larval shell growth, but even death. The 

waters in this area of the lagoon, especially those in the Saint Lucie Estuary, have been 

shown to be heavily degraded, containing high concentrations of dissolved nutrients and 

carbon dioxide (Jiang and Lapointe, 2017).  

The nutrient and CO2 enriched tidal waters discharging from the St. Lucie Estuary 

fuel coastal phytoplankton and macroalgae blooms (Lapointe et al., 2017) and could alter 

the carbonate chemistry of the St. Lucie reefs. These reefs represent the northernmost 

extent of coral growth on Florida’s east coast, and are highly susceptible to changes in 

water quality, especially acidification. Acidification affects corals by gradually reducing 

the availability of carbonate in aquatic ecosystems, which reduces the calcification rates 

of organisms such as reef building corals (Hoegh-Guldberg et al., 2007). Studies show 

how the increased CO2 concentrations decrease coral calcification through the inhibition 
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of aragonite formation (Kleypas et al., 2005; Kleypas and Langdon, 2006). However, a 

recent study has shown that certain calcifying macroalgae species, such as Halimeda, 

may be more tolerant to future elevated pCO2 than previously thought (Peach et al., 

2017). This study shows that not all calcifying organisms will necessarily be drastically 

impacted by pCO2 increases from anthropogenic climate change, and that further studies 

are needed to determine what calcifying species are endangered. Another concern is how 

eutrophic waters, like those found in the IRL, can magnify the effects of ocean 

acidification through nutrient driven-bioerosion (Prouty et al., 2017). These changes in 

acidity can contribute to the collapse of coastal coral reef ecosystems through the 

deterioration of the coral skeletal framework. The waters coming from the Saint Lucie 

Estuary found in this study exhibited low omega values (2.1), and suggests that water 

conditions there are not optimal for proper coral calcification (Guinotte et al., 2003).  The 

effects of low omega value waters coming from the Saint Lucie Estuary on the coastal 

coral reef ecosystems can be further exacerbated by global climate change, which will 

increase stormwater runoff and hurricane events that lead to higher nutrient 

concentrations and microbial populations discharging from the Saint Lucie Estuary 

(Lapointe et al., 2012). 

The dry season 2017 sampling (March-April) showed how omega values could 

potentially increase and recover above the threshold due to the lower amounts of rainfall 

and stormwater runoff. With less rainfall in comparison to the wet season 2016 sampling, 

omega values in the 2017 dry season increased in value. However, the omega values were 

still lower than the values of the previous dry season, indicating that the sites did not 

increase as expected from experiencing fewer rainfall events, and many of the sites were 
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still below the threshold. This could indicate a decreasing overall trend in omega values, 

but further monitoring of omega values is needed to support this conclusion. The lower 

omega values in the dry season 2017 in comparison to dry season 2016 could also be a 

result of E Niño’s influences on southern Florida during the winter of 2016 (Lapointe et 

al., 2017). This change in climate brought on a particularly wet winter season in 

comparison to 2015, and the increased stormwater due to El Niño would have led to 

lower omega values during the dry 2017 sampling, as we saw. When taking into 

consideration the three IRL-Wide samplings, the results led me to reject the third 

hypothesis for this study. Even though lower omega values were found in the BR sites 

during the wet season, the omega values were, on average, lower in the southern IRL in 

comparison to the northern IRL. This could be because more frequent stormwater runoff 

in the southern IRL has more influence on the omega values than lower residence times. 

4.2 Omega Values: Time Series Sampling 

The annual time series sampling provided a detailed assessment of variability in 

the omega values at three sites in the central IRL and how they changed over a seasonal 

and weekly basis. The focus was on the weekly changes in omega values in response to 

seasonally variable rainfall between wet and dry seasons, as well as in response to 

differing levels of dissolved nutrients. From June 2016 to June 2017 omega values 

followed a noticeable trend of increasing and decreasing values in response to months 

with decreasing and increasing rainfall, respectively. Omega values were lowest during 

August 2016 and highest during early February 2017. For comparison, rainfall averages 

were highest from early May to early November in 2016, lowest from mid November 

2016 to early March 2017 and then higher starting April 2017 through to the end of the 
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study (Figure 21). The established trends for omega values and average rainfall are 

similar and reflect what is known for how stormwater runoff affects omega values.  For 

the length of the study both SSR and MRC consistently had omega values below the 

threshold of 3, with REF only showing values above it during small sections of the dry 

season. These data sets show that areas with lower salinities, and more stormwater runoff, 

such as MRC and SSR, can cause problems for calcifying organism populations in 

similar environments through the effects of lower omega values. Site REF had higher 

omega values during most of the study, with omega values only decreasing below the 

threshold during and following intense rain events. REF site omega values were 

consistently above the threshold during the dry seasons and consistently below it during 

the wet season. This site had more closely studied conditions regarding higher salinity 

estuarine waters (where shellfish communities are more commonly found) being 

introduced to more frequent stormwater runoff causing the omega values to drop below 

shell growth thresholds, with omega values increasing back to safe levels above the 

threshold during periods of less rainfall. Of the three sites, REF had the most significant 

temporal changes in omega values according to the season. REF results are the most 

important in showing the potentially hazardous estuarine conditions in response to 

increased rainfall events and stormwater runoff and how low omega values can drop in 

these higher salinity sites in response to these changes, even in sites that have the buffer 

capacity in salinity provided by more ocean water influence.  

 While the time series showed the variability in omega values over a weekly basis, 

what was not observed in this study is how omega values can change diurnally. Different 

parameters such as pH and dissolved oxygen are known to change in estuarine 
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environments over the day in response to changing intensities of natural processes like 

photosynthesis and respiration. This is especially true in eutrophic waters, as seen in the 

IRL, where dense phytoplankton or macroalgae blooms can affect the carbon chemistry 

of the water column. Increasing light intensity around midday leads to increasing rates of 

photosynthesis, which leads to lower carbon dioxide levels, higher pH and less acidic 

waters (Choi et al., 2017).  However, at night, this algal biomass would respire CO2 and 

reduce the pH and increase the acidity.  These changes in acidity are minor in comparison 

to seasonal and even weekly changes, but there is still a small change. It is reasonable to 

assume that omega values would show similar diurnal changes as pH, varying slightly 

over the day with omega values being higher during midday. 

4.3 Dissolve Nutrients: IRL-Wide Sampling 

 The IRL-Wide sampling provided an updated look at the dissolved 

nutrient levels across the IRL and how these nutrient levels changed between dry and wet 

seasons. The dissolved nutrient data for the dry season 2016 sampling had higher 

concentrations in the southern-central end in comparison to the northern end. This 

preliminary dissolved nutrient data set was immediately compared to the dissolved 

nutrient data reported by Lapointe et al. (2015), as the two studies used the same 

sampling sites to see how the nutrient concentrations changed over a 4-5-year difference. 

Between the three-different dissolved nutrient parameters (PO4
3-, NO3

-, NH4
+), there was 

an overall increase in dissolved nutrient concentrations across the IRL. All sites had 

significantly higher (p < 0.01) concentrations in the dry season sampling of 2016 in 

comparison to the dry season sampling of 2011.   
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The wet season 2016 sampling showed how the dissolved nutrient concentrations 

in the IRL changed when subjected to higher rainfall and more stormwater runoff. The 

dissolved nutrient concentrations during the wet season showed slightly different trends 

as the previous dry season sampling, with higher concentrations in the southern NIRL 

sites and northern CIRL sites. Nutrient concentrations were also noticeably higher in the 

wet season than in the dry season. This trend of higher nutrient levels was supported by 

Lapointe et al., (2015) which discussed numerous freshwater sources originating mainly 

in the southern-NIRL end of the IRL and several creeks south of there in southern 

Brevard County, and their contribution to nutrient concentrations in these areas of the 

IRL. Estimated freshwater flows into this region of the CIRL sites are ~500,000,000 m3 

yr-1, which is dominated (168,039,748 m3 yr-1) by the Saint Sebastian River (Sigua and 

Tweedale, 2003). These sites of the IRL with this higher flow rate had higher dissolved 

nutrient concentrations and lower omega values and highlight the difference between the 

northern and southern ends in terms of storm water introduction, especially during the 

wet season. BR sites had exceptionally high ammonium and nitrate values in the wet 

season 2016 sampling, which was expected due to the observed brown tide events 

occurring in that area of the IRL during that time. These brown tide events are often the 

result of higher dissolved nutrient concentrations, especially ammonium, and the increase 

in stormwater from the wet season’s increased rainfall events led to a more intense brown 

tide and noticeably larger dissolved nutrient concentrations. When comparing the 

previous dissolved nutrient data from Lapointe et al., (2015) for the wet season in 2011 to 

the wet season 2016, the dissolved nutrient concentrations were significantly higher (p < 

0.001) in 2016. There is a small increase in dissolved nutrient values between the dry and 
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wet season data in 2011 (Lapointe et al., 2015). However, the difference between the wet 

and dry seasons was much larger in 2016 than in 2011. Rainfall levels were especially 

high during the wet season 2016 sampling, with the heaviest rainfall events occurring 

mid-late October, which coincides with the sampling days for the wet season 2016 

sampling and explains the higher dissolved nutrient concentrations (Figure 21).  

The dissolved nutrient concentrations for the dry season 2017 sampling had lower 

values in comparison to the wet season, which was expected due to the lower amounts of 

rainfall and stormwater discharge. The dissolved nutrient values were also lower in 2017 

than in 2016 between the dry seasons, but still significantly (p < 0.01) higher than the 

concentrations found in 2011-2012.  Unlike the previous dry season, dissolved nutrient 

concentrations followed the same trend as wet 2016 of higher concentrations in the 

southern-NIRL and northern-CIRL sites. This could also be an effect of the increased 

rainfall in winter 2016 due to El Niño, causing dissolved nutrient concentrations to 

remain at higher values through the dry 2017 sampling. 

4.4 Dissolved Nutrients: Time Series Sampling 

The time series data provided an in depth look at how dissolved nutrient 

concentrations changed on a weekly basis across three sites that had varying levels of 

stormwater influence in the CIRL. The dissolved nutrient concentrations during the time 

series had higher concentrations during the wet season (August to November of 2016) 

and lower concentrations during the dry season (January to March 2017). Nutrient 

concentrations had more frequent variation and higher values for sites such as MRC and 

SSR, which had more freshwater influence than REF. These changes in nutrient 

concentrations during the time series were to be expected, due to known relationships 
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from studies such as Bishop et al., (2015) showing rainfall events lead to more 

stormwater runoff and higher nutrient levels. Results for the time series sampling were 

compared to results found using the HBOI Land/Ocean Biogeochemical Observatory 

(LOBO) in the Sebastian and Vero Beach area. Both the LOBO and the time series 

results showed similar trends and values for parameters such as nitrate, phosphate, and 

salinity for the Sebastian LOBO in comparison to SSR/REF and the Vero Beach LOBO 

to MRC. However, the time series sampling showed higher variability between sampling 

times than the LOBO. This could be because the sampling site (SSR and MRC 

specifically) for the time series are located closer to their respective freshwater influences 

than the LOBO site is, and could be more directly influenced by freshwater in 

comparison to the LOBO, which is in the middle of the IRL. 

4.5 Omega Value Relationships 

 Several trends persisted through the IRL-Wide and time series data that appeared 

to support conclusions from previous studies that there are relationships between omega 

values and parameters such as dissolved nutrient concentrations and salinity levels. The 

first observed relationship was the relative significance of DIC and TA when computing 

omega values. A two-way ANOVA was conducted to determine which parameter was 

most significant in determining omega values, and it was found that both parameters were 

equally significant (p < 0.001). When plotting the four different dissolved nutrients and 

omega values against each other using a simple linear regression, a strongly significant 

negative relationship was found between the individual dissolved nutrients and omega 

values. DIN and nitrate had the strongest negative relationship with omega values. These 

relationships indicate that the higher the dissolved nutrient concentrations are at the IRL 
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site, the lower the omega values, or the lower the saturation state of the water with 

respect to aragonite, tends to be. This relationship supports the second hypothesis for this 

study. 

 Salinity values were also observed for the IRL during the IRL-Wide and time 

series sampling to see how the omega values change with varying amounts of rainfall 

between seasons.  The focus included how the salinity values change on a weekly basis 

according to differing amounts of rainfall and stormwater introduction with the time 

series sampling. Salinity values for the time series sites had similar trends to omega 

values of falling during periods of rainfall events and rising during dry periods. Salinity 

was more variable over a weekly basis for SSR and MRC that had more stormwater 

influence than sites like REF that had less. When observing the relationship between 

omega values and salinity, a noticeable trend between the IRL-Wide and time series 

sampling data indicated a possible correlation between the two. When plotted against 

each other using a simple linear regression, a strongly significant positive relationship 

between the two was found. This relationship appears to signify that the higher the 

salinity values for the water at the IRL site, the higher the omega values, and saturation 

state of the water with respect to aragonite, of that site tend to be. This relationship 

supports the first hypothesis. 
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5. CONCLUSIONS 

 The results of this study set the baseline for understanding omega values in the 

Indian River Lagoon and how they are affected by different water quality conditions like 

salinity levels and dissolved nutrient concentrations. Several sites along the IRL had 

omega values below the suggested threshold of 3 for proper larval oyster shell growth. 

The number of sites below the threshold was higher in the wet season than during the dry 

season due to differences in rainfall and stormwater influx. Sites with lower omega 

values can harm local shellfish populations and coral reef ecosystems by slowing 

calcification rates. This information could help provide a better understanding of how 

lower omega values are potentially affecting endangered oyster and coral reef 

populations in the IRL. Stormwater runoff and resulting decreasing salinity levels have a 

noticeable effect by lowering omega values, with higher salinity periods showing less 

acidic conditions and higher omega values. Dissolved nutrients such as DIN and SRP can 

also play an important role in lowering omega values, with sites showing higher 

dissolved nutrient concentrations exhibiting lower omega values.  How these parameters 

affect omega values is an important concept to consider when it comes to understanding 

how the current eutrophic conditions of the IRL are leading to more acidification 

problems. The results of the interactions in this study can be used to provide explanations 

for more acidic conditions in estuaries similar to the IRL and attempt to assess their 

situation and potential dangers to local shellfish communities and coral reef ecosystems
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Appendix A: Tables 

 

  
 

 

Table 1. Summary table for the results of the Two-Way ANOVAS for each individual variable when being tested between 

seasons, segments, and interactions between seasons and segments.    

Variable Source of Variation

Percent of 

Total Variation 

Accounted For

F - ratio P value

Omega value Between seasons 11 9 <0.001

Between segments 15 7 <0.001

Interaction 17 4 =0.001

Ammonium Between seasons 10 36 <0.001

Between segments 17 30 <0.001

Interaction 52 46 <0.001

Nitrate Between seasons 24 46 <0.001

Between segments 8 8 <0.001

Interaction 28 13 <0.001

Soluble reactive phosphate Between seasons 1 2 =0.194

Between segments 26 17 <0.001

Interaction 7 2 =0.027

Dissolved inorganic nitrogen Between seasons 18 58 <0.0001

Between segments 15 24 <0.0001

Interaction 46 38 <0.0001

DIN:SRP Between seasons 14 44 <0.001

Between segments 22 34 <0.001

Interaction 43 34 <0.001
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Segment Site Wet 2016 Dry 2017

Salinity (psu) Temp (°C) Salinity (psu) Temp (°C) Salinity (psu) Temp (°C)

Mosquito 

Lagoon
ML 1 33.9 25.4 2647.5 3134.5 6.3 33.8 23.1 2223.9 ± 0.9 2360.9 ± 0.4 1.8 ± 0.0 31.1 16.6 2224.4 ± 0.8 2432.1 ± 0.3 2.3 ± 0.0

ML 2 32.6 25.6 2706.8 ± 29.1 3103.5 ± 11.2 5.0 ± 0.2 34.6 23.3 2463.9 ± 0.3 2592.2 ± 0.9 1.8 ± 0.0 31.2 15.8 2153.9 ± 2.4 2376.0 ± 1.2 2.4 ± 0.0

ML 3 31.7 21.3 2718.9 ± 37.1 3051.2 ± 38.3 4.2 ± 0.9 33.1 21.5 2611.1 ± 0.3 3001.7 ± 0.6 4.8 ± 0.0 33.1 24.4 2472.2 ± 1.5 2783.6 ± 0.8 3.5 ± 0.0

Segment Avg 32.73 24.1 2691.1 ± 38.2 3096.4 ± 42.1 5.2 ± 1.1 33.8 22.6 2433.0 ± 195.5 2651.6 ± 324.5 2.8 ± 1.7 31.8 18.9 2283.5 ± 167.2 2530.6 ± 220.9 2.7 ± 0.6

Banana River BR 1 24.8 22.8 2911.1 ± 39.1 2990.8 ± 10.9 1.6 ± 0.2 24 24.0 2687.1 ± 0.9 2736.2 ± 0.5 1.3 ± 0.0 23.6 24.6 2529.4 ± 1.3 2697.0 ± 0.3 2.1 ± 0.0

BR 2 27.4 22.6 3165.5 3344.5 2.7 23.5 23.6 2214.8 ± 0.3 2371.2 ± 0.4 2.2 ± 0.0 25.1 22.5 2593.3 ± 0.9 2897.1 ± 1.3 3.6 ± 0.0

BR 3 24.7 21.5 2760.8 ± 23.0 3054.4 ± 14.7 4.0 ± 0.5 22.8 22.0 2186.5 ± 0.5 2313.1 ± 0.7 1.8 ± 0.0 22.3 28.9 2281.9 ± 0.3 2662.5 ± 0.8 4.5 ± 0.0

Segment Avg 25.6 22.3 2945.8 ± 204.5 3129.9 ± 188.5 2.8 ± 1.2 23.4 23.2 2362.8 ± 281.2 2473.5 ± 229.3 1.8 ± 0.4 23.7 25.3 2468.2 ± 164.5 2752.2 ± 126.6 3.4 ± 1.2

Northern IRL NIRL 1 30.6 22.6 2869.8 ± 48.8 3204.4 ± 19.8 4.3 ± 0.3 32.8 22.8 2471.9 ± 1.3 2803.1 ± 0.2 4.0 ± 0.0 33.4 25.7 2128.8 ± 1.5 2354.5 ± 0.7 2.4 ± 0.0

NIRL 2 27.9 24.9 3000.7 ± 64.2 3405.3 ± 48.9 5.5 ± 0.2 27.3 24.7 2227.2 ± 0.6 2481.7 ± 0.2 3.3 ± 0.0 29.3 27.3 2176.4 ± 0.5 2348.7 ± 0.5 2.0 ± 0.0

NIRL 3 22.1 26.5 2507.1 ± 37.5 2664.0 ± 43.4 2.4 ± 0.1 22 23.7 1692.9 ± 0.8 2016.7 ± 0.9 4.0 ± 0.0 23 18.2 2217.5 ± 1.1 2476.1 ± 1.3 3.0 ± 0.0

NIRL 4 15.6 23.6 2905.0 ± 16.7 3000.2 ± 70.3 1.9 ± 0.9 5 23.4 2586.2 ± 0.3 2666.5 ± 0.8 1.7 ± 0.0 19.7 18.4 2487.5 ± 0.1 2644.5 ± 1.7 2.0 ± 0.0

Segment Avg 24.1 24.4 2820.7 ± 216.2 3068.5 ± 316.3 3.5 ± 1.7 21.8 23.7 2244.5 ± 397.1 2492.0 ± 343.1 3.3 ± 1.1 26.4 22.4 2252.6 ± 160.7 2455.9 ± 138.8 2.3 ± 0.5

Central       IRL CIRL 1 32 25.4 2207.0 ± 1.2 2491.2 ± 54.8 3.5 ± 0.6 7.1 23.4 2480.9 ± 0.8 2481.1 ± 0.2 0.9 ± 0.0 28.7 19.6 2220.5 ± 1.8 2468.5 ± 1.9 2.8 ± 0.0

CIRL 2 28.7 25.3 2425.7 ± 7.0 2567.5 ± 42.6 2.1 ± 0.5 22.1 24.2 2177.2 ± 0.5 2272.3 ± 0.8 1.5 ± 0.0 25.6 21.5 3126.5 ± 1.1 3223.7 ± 0.3 1.6 ± 0.0

CIRL 3 26.6 25.8 2492.9 ± 3.1 2583.9 ± 34.0 1.6 ± 0.3 21.8 24.8 2187.7 ± 0.2 2256.4 ± 0.9 1.3 ± 0.0 26 21.9 2583.3 ± 2.0 2847.3 ± 2.5 3.1 ± 0.0

CIRL 4 31.6 24.8 2135.7 ± 8.4 2377.4 ± 58.8 2.9 ± 0.7 34 26.5 2349.5 ± 0.3 2444.2 ± 0.5 1.5 ± 0.0 28.2 21.3 2255.7 ± 1.9 2541.3 ± 1.2 3.2 ± 0.0

CIRL 5 29.9 24.4 2101.5 ± 1.5 2319.3 ± 39.4 2.7 ± 0.5 30.9 24.6 2282.8 ± 7.7 2527.5 ± 0.6 3.1 ± 0.1 36.4 27.4 2230.2 ± 2.3 2470.2 ± 1.3 2.5 ± 0.0

Segment Avg 29.8 25.1 2272.5 ± 176.3 2467.9 ± 116.4 2.6 ± 0.7 23.2 24.7 2295.6 ± 125.6 2396.3 ± 124.1 1.7 ± 0.8 29.0 22.3 2483.2 ± 390.1 2710.2 ± 326.7 2.6 ± 0.7

Southern IRL SIRL 1 28.9 23.7 2218.3 ± 7.4 2399.1 ± 31.2 2.4 ± 0.4 29.1 22.9 2379.9 ± 0.8 2434.6 ± 0.3 1.2 ± 0.0 37.2 28.1 2375.6 ± 1.3 2595.3 ± 1.9 2.4 ± 0.0

SIRL 2 19.4 24.2 2246.5 2473.6 3.1 16 24.4 2178.0 ± 0.2 2314.5 ± 0.4 2.1 ± 0.0 36.3 24.9 2156.9 ± 1.6 2433.1 ± 2.4 2.8 ± 0.0

SIRL 3 32.3 26.6 2196.9 ± 0.3 2374.4 ± 17.6 2.3 ± 0.2 27.5 24.9 2917.1 ± 1.0 2762.7 ± 0.2 0.4 ± 0.0 37.3 27.4 2399.4 ± 0.9 2557.8 ± 1.8 1.8 ± 0.0

SIRL 4 33.4 26.6 2093.9 ± 6.9 2361.4 ± 21.3 3.2 ± 0.2 32.8 25.5 2291.0 ± 0.8 2516.5 ± 0.1 2.8 ± 0.0 37.5 27.1 2086.0 ± 1.9 2421.6 ± 1.9 3.4 ± 0.0

SIRL 5 13.79 25.9 2129.5 ± 10.1 2188.7 ± 12.2 1.3 ± 0.0 36 25.9 2055.5 ± 0.5 2380.6 ± 0.8 3.7 ± 0.0 36.6 27.0 2301.8 ± 1.8 2500.6 ± 1.4 2.2 ± 0.0

Segment Avg 25.6 25.4 2177.0 ± 63.4 2359.5 ± 104.9 2.4 ± 0.8 28.3 24.7 2364.3 ± 332.2 2481.8 ± 173.6 2.0 ± 1.3 37.0 26.9 2263.9 ± 137.3 2501.7 ± 75.9 2.5 ± 0.6

Omega

Dry 2016

Total Alkalinty  

(µmol/kg)
Omega DIC (µmol/kg)

Total Alkalinty  

(µmol/kg)
DIC (µmol/kg)

Total Alkalinty  

(µmol/kg)
Omega DIC (µmol/kg)

Table 2. Summary table for the IRL-Wide sampling dry 2016, wet 2016, and dry 2017. Table includes values for salinity, 

dissolved inorganic carbon (DIC), total alkalinity (TA), and Omega. All values represent averages ± 1 SD (n=2).  
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Segment Site

Mosquito 

Lagoon
ML 1 2.9 ± 0.1 1.9 ± 0.1 4.7 ± 0.0 0.5 ± 0.1 9.9 ± 2.4 0.4 ± 0.1 0.9 ± 0.4 1.2 ± 0.4 0.2 ± 0.0 6.2 ± 2.6 0.5 ± 0.3 0.3 ± 0.1 0.8 ± 0.3 0.4 ± 0.3 2.1 ± 0.5

ML 2 3.0 ± 0.7 4.2 ± 0.7 7.2 ± 1.4 0.5 ± 0.0 14.3 ± 1.4 0.2 ± 0.1 0.6 ± 0.4 0.8 ± 0.3 0.1 ± 0.1 5.7 ± 0.7 1.9 ± 0.1 0.2 ± 0.1 2.1 ± 0.1 0.3 ± 0.1 7.8 ± 2.2

ML 3 2.9 ± 0.2 1.7 ± 0.3 4.6 ± 0.5 0.3 ± 0.1 16.5 ± 3.4 0.4 ± 0.1 0.5 ± 0.1 0.9 ± 0.2 0.4 ± 0.2 2.9 ± 1.5 4.2 ± 0.4 0.2 ± 0.0 4.5 ± 0.5 0.2 ± 0.0 28.9 ± 1.8

Segment Avg 2.9 ± 0.1 2.6 ± 1.4 5.5 ± 1.5 0.4 ± 0.1 13.6 ± 3.3 0.3 ± 0.1 0.7 ± 0.2 1.0 ± 0.2 0.2 ± 0.1 4.9 ± 1.8 2.2 ± 1.9 0.3 ± 0.1 2.5 ± 1.8 0.3 ± 0.1 13.0 ± 14.1

Banana 

River
BR 1 2.6 ± 0.2 1.3 ± 0.3 3.9 ± 0.5 0.2 ± 0.2 18.8 ± 7.0 17.9 ± 0.3 18.9 ± 0.3 36.9 ± 0.3 0.2 ± 0.0 213.7 ± 7.3 4.0 ± 0.8 0.4 ± 0.0 4.4 ± 0.8 0.3 ± 0.1 14.1 ± 2.0

BR 2 2.3 ± 0.3 1.6 ± 0.1 4.0 ± 0.2 0.6 ± 0.2 6.6 ± 1.8 36.9 ± 1.5 14.2 ± 0.4 51.1 ± 1.8 0.2 ± 0.0 291.8 ± 60.8 2.0 ± 0.1 0.2 ± 0.0 2.2 ± 0.2 0.9 ± 0.0 2.4 ± 0.3

BR 3 2.3 ± 0.6 1.8 ± 0.3 4.1 ± 0.9 0.4 ± 0.0 10.0 ± 3.3 22.5 ± 0.3 10.1 ± 0.7 32.7 ± 1.0 0.4 ± 0.0 74.4 ± 2.9 0.9 ± 0.2 0.4 ± 0.1 1.3 ± 0.2 0.2 ± 0.1 8.0 ± 4.3

Segment Avg 2.4 ± 0.2 1.6 ± 0.2 4.0 ± 0.1 0.4 ± 0.2 11.8 ± 6.3 25.8 ± 9.9 14.4 ± 4.4 40.2 ± 9.7 0.3 ± 0.2 193.3 ± 110.1 2.3 ± 1.6 0.3 ± 0.1 2.6 ± 1.6 0.5 ± 0.4 8.2 ± 5.9

Northern 

IRL
NIRL 1 2.7 ± 0.5 1.7 ± 0.1 4.4 ± 0.5 0.6 ± 0.1 7.9 ± 1.2 0.5 ± 0.1 0.7 ± 0.3 1.2 ± 0.4 0.2 ± 0.2 6.4 ± 2.7 12.5 ± 0.3 0.2 ± 0.0 12.7 ± 0.3 0.6 ± 0.2 22.0 ± 7.4

NIRL 2 3.7 ± 0.3 1.6 ± 0.5 5.3 ± 0.4 0.4 ± 0.1 13.3 ± 3.7 0.6 ± 0.4 0.6 ± 0.1 1.2 ± 0.5 0.2 ± 0.0 5.0 ± 1.7 3.2 ± 0.1 0.2 ± 0.0 3.4 ± 0.2 1.2 ± 0.2 3.0 ± 0.5

NIRL 3 4.7 ± 0.5 2.7 ± 2.8 7.4 ± 2.8 0.8 ± 0.2 9.6 ± 1.3 12.5 ± 0.1 18.2 ± 0.4 30.7 ± 0.4 0.3 ± 0.0 103.0 ± 13.4 1.2 ± 0.2 1.0 ± 0.1 2.2 ± 0.2 0.4 ± 0.1 6.6 ± 2.5

NIRL 4 4.0 ± 0.1 1.2 ± 0.5 5.2 ± 0.4 0.5 ± 0.0 10.3 ± 1.5 5.4 ± 0.5 9.4 ± 1.2 14.8 ± 1.6 0.7 ± 0.0 20.0 ± 1.6 2.4 ± 0.5 1.4 ± 0.0 3.8 ± 0.5 0.5 ± 0.1 8.1 ± 0.5

Segment Avg 3.8 ± 0.8 1.8 ± 0.7 5.6 ± 1.3 0.6 ± 0.1 10.3 ± 2.3 4.7 ± 5.6 7.2 ± 8.4 12.0 ± 14.0 0.4 ± 0.2 33.6 ± 46.8 4.8 ± 5.2 0.7 ± 0.6 5.5 ± 4.9 0.7 ± 0.4 9.9 ± 8.4

Central       

IRL
CIRL 1 6.6 ± 0.5 2.4 ± 1.2 9.0 ± 1.7 0.7 ± 0.0 13.7 ± 2.5 5.1 ± 0.3 10.1 ± 2.1 15.2 ± 2.0 5.2 ± 0.2 2.9 ± 0.3 0.8 ± 0.0 1.0 ± 0.0 1.8 ± 0.1 0.2 ± 0.0 9.2 ± 0.9

CIRL 2 9.8 ± 0.4 4.4 ± 1.5 14.2 ± 1.1 1.4 ± 0.1 10.4 ± 0.4 2.8 ± 0.3 2.9 ± 0.2 5.7 ± 0.3 1.2 ± 0.0 4.8 ± 0.2 1.4 ± 0.9 2.9 ± 0.1 4.3 ± 0.8 0.6 ± 0.1 7.4 ± 2.9

CIRL 3 9.9 ± 2.4 6.4 ± 0.1 16.4 ± 2.3 1.6 ± 0.1 10.5 ± 1.7 5.2 ± 0.3 2.8 ± 0.2 8.0 ± 0.4 1.7 ± 0.0 4.6 ± 0.3 0.9 ± 0.5 2.5 ± 0.0 3.3 ± 0.5 0.8 ± 0.1 4.3 ± 0.8

CIRL 4 14.0 ± 0.3 7.8 ± 0.8 21.7 ± 0.7 3.4 ± 0.3 6.4 ± 0.7 3.3 ± 0.3 3.0 ± 0.7 6.3 ± 0.3 2.0 ± 0.2 3.2 ± 0.5 1.2 ± 0.4 1.1 ± 0.1 2.2 ± 0.4 1.2 ± 0.6 2.3 ± 1.4

CIRL 5 3.9 ± 1.1 2.1 ± 0.6 6.0 ± 1.5 0.5 ± 0.0 12.1 ± 3.2 0.2 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.3 ± 0.0 1.9 ± 0.2 0.5 ± 0.1 1.3 ± 0.0 1.9 ± 0.2 1.8 ± 0.5 1.1 ± 0.3

Segment Avg 8.8 ± 3.8 4.6 ± 2.5 13.4 ± 6.2 1.5 ± 1.2 10.6 ± 2.7 3.3 ± 2.0 3.8 ± 3.7 7.2 ± 5.3 2.1 ± 1.8 3.5 ± 1.2 0.9 ± 0.3 1.7 ± 0.9 2.7 ± 1.1 0.9 ± 0.6 4.8 ± 3.4

Southern 

IRL
SIRL 1 13.2 ± 0.5 4.7 ± 1.4 18.0 ± 1.1 0.9 ± 0.2 21.6 ± 3.5 3.2 ± 0.3 3.1 ± 0.6 6.3 ± 0.8 0.7 ± 0.0 8.9 ± 0.8 0.5 ± 0.1 1.1 ± 0.1 1.6 ± 0.1 0.4 ± 0.1 4.4 ± 1.0

SIRL 2 5.0 ± 0.9 4.7 ± 0.7 9.7 ± 1.5 1.2 ± 0.1 8.4 ± 1.0 2.8 ± 0.4 12.3 ± 3.7 15.1 ± 4.1 3.1 ± 0.6 4.9 ± 0.4 0.3 ± 0.0 0.4 ± 0.0 0.8 ± 0.0 0.5 ± 0.2 1.8 ± 0.6

SIRL 3 6.9 ± 2.4 2.1 ± 0.6 8.9 ± 2.8 0.3 ± 0.0 27.8 ± 6.4 0.3 ± 0.1 1.0 ± 0.4 1.3 ± 0.5 0.3 ± 0.0 4.0 ± 1.6 0.4 ± 0.3 0.4 ± 0.0 0.8 ± 0.3 0.3 ± 0.0 3.2 ± 1.6

SIRL 4 4.3 ± 1.8 2.8 ± 0.9 7.1 ± 2.7 0.4 ± 0.1 18.9 ± 4.5 0.1 ± 0.0 0.4 ± 0.1 0.5 ± 0.1 0.1 ± 0.0 7.7 ± 1.2 0.6 ± 0.1 0.1 ± 0.0 0.7 ± 0.1 0.2 ± 0.0 3.8 ± 0.9

SIRL 5 4.8 ± 0.4 5.2 ± 0.2 9.9 ± 0.4 0.8 ± 0.1 12.5 ± 1.6 1.0 ± 1.0 0.6 ± 0.0 1.6 ± 1.0 0.1 ± 0.0 12.6 ± 5.8 0.3 ± 0.1 0.2 ± 0.0 0.5 ± 0.1 0.2 ± 0.0 2.6 ± 0.3

Segment Avg 6.8 ± 3.7 3.9 ± 1.4 10.7 ± 4.2 0.7 ± 0.4 17.8 ± 7.6 1.5 ± 1.4 3.5 ± 5.0 4.9 ± 6.1 0.9 ± 1.3 7.6 ± 3.4 0.4 ± 0.1 0.5 ± 0.4 0.9 ± 0.4 0.3 ± 0.1 3.2 ± 1.0

Dry 2016 Wet 2016 Dry 2017

Ammonium

(µM)

Nitrate+ite

(µM)
DIN

Ammonium

(µM)

Nitrate+ite

(µM)
DIN

Ammonium

(µM)
DIN:SRP DIN:SRP

Nitrate+ite

(µM)
DIN

SRP

(µM)

SRP

(µM)

SRP

(µM)
DIN:SRP

Table 3. Summary table for the IRL-Wide sampling dry 2016, wet 2016, and dry 2017. Table includes values for ammonium, 

nitrate, dissolved inorganic nitrogen (DIN), soluble reactive phosphorus (SRP), and DIN:SRP. All values represent averages 

± 1 SD (n=3). 
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Season Site Salinity

Fall

MRC 14.19 3090.29 ± 453.43 2875.56 ± 321.77 0.48 ± 0.35 7.35 ± 6.47 10.18 ± 4.57 17.53 ± 7.82 1.96 ± 0.60 8.73 ± 1.82

REF 30.66 2094.70 ± 76.26 2350.58 ± 72.73 3.14 ± 0.83 1.16 ± 0.58 0.18 ± 0.15 1.32 ± 0.55 0.61 ± 0.38 3.17 ± 2.51

SSR 12.58 2093.52 ± 395.98 2202.76 ± 377.69 1.90 ± 1.06 4.57 ± 2.32 2.45 ± 1.68 7.01 ± 3.72 2.56 ± 2.21 4.01 ± 3.90

Spring

MRC 14.26 2928.38 ± 299.30 2911.44 ± 354.71 1.00 ± 0.52 5.71 ± 1.71 1.83 ± 1.39 7.54 ± 2.75 2.08 ± 0.48 3.68 ± 1.06

REF 34.13 2267.37 ± 96.07 2564.88 ± 85.45 3.50 ± 0.29 3.11 ± 2.36 0.05 ± 0.15 2.86 ± 2.64 0.77 ± 0.28 4.30 ± 4.28

SSR 29.04 2477.74 ± 189.85 2627.22 ± 184.07 2.15 ± 0.42 5.55 ± 4.71 0.13 ± 0.21 5.68 ± 4.75 1.25 ± 0.39 4.54 ± 2.57

Summer

MRC 7.92 3039.58 ± 439.33 2947.25 ± 384.55 0.94 ± 0.73 8.66 ± 8.23 6.13 ± 3.66 14.20 ± 9.37 4.26 ± 4.28 4.57 ± 3.11

REF 31.33 2113.18 ± 86.60 2459.14 ± 105.49 4.27 ± 0.88 1.94 ± 2.42 0.27 ± 0.36 2.22 ± 2.60 0.55 ± 0.18 4.29 ± 5.26

SSR 13.88 2453.59 ± 322.94 2514.15 ± 356.39 1.66 ± 1.05 3.04 ± 1.90 1.69 ± 1.94 4.73 ± 3.22 2.18 ± 0.77 2.29 ± 1.84

Winter

MRC 14.01 3057.50 ± 126.28 3109.44 ± 141.15 1.50 ± 0.46 6.69 ± 2.28 2.92 ± 1.86 9.41 ± 2.79 1.43 ± 0.27 6.77 ± 2.06

REF 31.90 2217.39 ± 178.97 2439.78 ± 129.59 2.71 ± 0.56 2.84 ± 2.01 1.40 ± 3.66 4.24 ± 3.73 0.75 ± 0.57 6.24 ± 4.80

SSR 26.98 2308.24 ± 210.67 2456.09 ± 190.43 2.06 ± 0.43 4.40 ± 2.48 0.52 ± 0.84 4.86 ± 3.09 0.93 ± 0.54 5.61 ± 2.65

DIC (µmol/kg) DIN:SRP
Ammonium

(µM)

Nitrate+ite

(µM)
DIN

SRP

(µM)
OmegaTA (µmol/kg)

Table 4. Summary table for the time series sampling. Includes data from June 2016 to June 2017. Table includes values for 

salinity, dissolved inorganic carbon (DIC), total alkalinity (TA), Omega, ammonium, nitrate, dissolved inorganic nitrogen 

(DIN), soluble reactive phosphorus (SRP), and DIN:SRP. Dissolved inorganic carbon (DIC), total alkalinity (TA) and 

Omega values represent averages ± 1 SD (n=2). Ammonium, nitrate, DIN, SRP, and DIN:SRP values represent averages ± 

1 SD (n=3). 
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Table 5. Summary table for literature pertaining to acidification and its effects on  different calcifying fauna and estuarine water 

quality conditions. 

 

Location Species/Focus Impacts References

Yaquina Bay, New Port, Oregon.                                                  

Wiskey Creek Hatchery, Netarts Bay, Oregon                    

Eastern and Western Scheldt estuary                                        

East China Sea, Nagasaki, Japan                                                   

Gulf of Maine

Crassostrea gigas, Mytilus galloprovincialis, Mytilus 

edulis, Mya arenaria  (shellfish)

Lower omega values result in lower shell 

length growth/ calcification

Waldbusser et al., 2015; Barton et al., 2012; Gazeau et al., 

2007; Kurihara et al., 2007; Salisbury et al., 2008; 

Waldbusser et al., 2013

Kahekili, West Maui, Hawaii,                                                 

Yucatan Peninsula                                                                              

Gulf of Aqaba                                                                                        

Sanya Bay, South China Sea

Porites lobata, Porites astreoides, Stylophora 

pistillata  (coral)

Sustained nutrient rich groundwater 

discharge lowers calcification rates

Prouty et al., 2017; Crook et al., 2013; Marubini et al., 

2008; Wang et al., 2014

Wachapreague, Virginia
Crassostrea virgnica, Crassostrea ariakensis 

(shellfish)

Estuaries are vulnerable to changes in CO2 

levels. Biological responses are variable 

and species specific

Miller et al., 2009; Grizzle et al., 2002

Chesapeake Bay, James River Estuary Salinity influence of omega values
Lower salinities correlate to lower omega 

values
Wong, 1979

West Bath, Maine                                                                       

Shinnecock Bay, NY

Mercenaria mercenaria, Argopecten irradians 

(shellfish)

Low enough omega values lead to higher 

mortality rates in oysters
Green et al., 2009; Talmage and Gobler, 2010

Puget Sound, Washington State Acidification (omega) impacts on estuarine waters

Anthropogenic CO2 is impacting omega 

values much more than expected in 

comparison to climate change

Feely et al., 2004

North Pacific
Clio pyramidata  (pteropod), wide variety of 

calcifying fauna

Wide variety of calcidying fauna are 

negatively affected by lower omega values 
Fabry et al., 2008

Little Cayman Halimeda  species (macroalgae)

This species of macroalgae showed a 

potential tolerance to future elevated 

p CO2

Peach et al., 2017
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Appendix B: Figures 

 

 
 

 

Figure 1. Map showing the twenty sampling sites for the IRL-Wide sampling. ML sites 

are Mosquito Lagoon. BR sites are Banana River. NIRL sites are northern Indian River 

Lagoon. CIRL is central Indian River lagoon. SIRL is southern Indian River Lagoon. 

Map is edited from Lapointe et al. (2015). 
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Figure 2. Map showing the three sites for the time series sampling. MRC is the main 

relief canal site at Royal Palm Pointe. SSR is the mouth of the Saint Sebastian River. 

REF is just south of the Sebastian Inlet State Park. 
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Figure 3. Bar graph showing the omega value averages for the five segments of the IRL 

studied during the IRL-Wide sampling. The line through the graph represents the omega 

value (Ω) threshold for proper larval oyster shell growth (~3). Values represent averages 

± SD (n = 2). 
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Figure 4. Omega values for the Time Series Sampling from June 2016- June 2017. 

Shows values for MRC, SSR, and REF sites. The line through the graph represents the 

omega value threshold for proper larval oyster shell growth (~3). Values represent 

averages ± SD (n = 2). 

 

 

 

 

 

 
 

 
Figure 5. Salinity values for the Time Series Sampling from June 2016- June 2017 

Shows values for MRC, SSR, and REF sites. 
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Figure 6. Linear Regression analysis for omega values and salinity for the Time Series 

data. 

 

 

 

 

 
Figure 7. Bar graph showing the ammonium averages for the five segments of the IRL 

studied during the IRL-Wide sampling. Values represent averages ± SD (n = 3). 
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Figure 8. Bar graph showing the nitrate averages for the five segments of the IRL studied 

during the IRL-Wide sampling. Values represent averages ± SD (n = 3). 

 

 

 

 

 
Figure 9. Bar graph showing the dissolved inorganic nitrogen (DIN) averages for the five 

segments of the IRL studied during the IRL-Wide sampling. Values represent averages ± 

SD (n = 3). 
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Figure 10. Bar graph showing the soluble reactive phosphorus (SRP) averages for the 

five segments of the IRL studied during the IRL-Wide sampling. Values represent 

averages ± SD (n = 3). 

 

 

 

 

 

 
 

Figure 11. Bar graph showing the DIN:SRP averages for the five segments of the IRL 

studied during the IRL-Wide sampling. Values represent averages ± SD (n = 3). 
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Figure 12. Ammonium values for the Time Series Sampling from June 2016- June 2017. 

Shows values for MRC, SSR, and REF sites. Values represent averages ± SD (n = 3). 

 

 

 

 

 
 

 

Figure 13. Linear regression analysis for omega values and ammonium for the Time 

Series Data. 
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Figure 14. Nitrate values for the Time Series Sampling from June 2016- June 2017. 

Shows values for MRC, SSR, and REF sites. Values represent averages ± SD (n = 3). 

 
 

 

 

 

 
 

 

Figure 15. Linear regression analysis for omega values and nitrate for the Time Series 

Data. 
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Figure 16. Dissolved inorganic nitrogen (DIN) values for the Time Series Sampling from 

June 2016 – Jun 2017. Shows values for MRC, SSR, and REF sites. Values represent 

averages ± SD (n = 3). 

 

 

 

 

 

 
 

 

Figure 17. Linear regression analysis for omega values and dissolved inorganic nitrogen 

(DIN) for the Time Series data. 
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Figure 18. Soluble reactive phosphorus (SRP) values for the Time Series Sampling from 

June 2016 – June 2017. Shows values for MRC, SSR, and REF sites. Values represent 

averages ± SD (n = 3). 

 

 

 

 

 

 
 

 

Figure 19. Linear regression analysis for omega values and soluble reactive phosphorus 

(SRP) for the Time Series Data. 
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Figure 20. DIN:SRP  for the Time Series Sampling from June 2016 – Jun 2017. Shows 

values for MRC, SSR, and REF sites. Values represent averages ± SD (n = 3). 

 

 

 

 
 

 

Figure 21. Chart showing the average rainfall in inches per hour from April 2016 to July 

2017 in the central area of the IRL. Rain averages were collected using a LOBO device 

managed by HBOI located in Link Port. 
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