
ABSTRACT 

GEDDIE, ALEXANDER WHITAKER. An Evaluation of Copper, Zinc, and Other Limiting 

Factors in the Expansion of Macroalgae Cultivation. (Under the direction of Dr. Steven G. Hall). 

 

Macroalgae represent a large focus of the aquaculture economy with immense potential. Most 

species are cultivated primarily for food, but several also show potential uses in many other 

applications, too. Though cultivation is primarily regional, dominated by Asia, uses for 

macroalgae and its derivatives are growing around the world. Aquatic contamination has been 

recognized as potentially limiting the expansion of macroalgae cultivation. Copper and zinc are 

two contaminants that exhibit a complex relationship with macroalgae, with a fine threshold of 

toxicity separating the limit of micronutrient and devastating phycotoxin. The high ionic activity 

of marine environments further complicates this matter, as metal toxicity and accumulation are 

dependent on water quality and chemistry.  

 

The objectives of this research were to determine 1) to what extent different sea water 

parameters and constituents ï salinity, alkalinity, and calcium ï influenced the toxicity and 

accumulation of copper and zinc in macroalgae, and 2) the optimal location of potential 

macroalgae cultivation operations in the United States. The macroalgae Ulva fasciata and 

Gracilaria verrucosa were used as representative species in both assessments since both are 

native species with immediate market potential. Results from the growth-inhibition and 

accumulation studies show that copper is toxic to macroalgae in small quantities (50 ug/L and 25 

ug/L), though zinc was not at 50 ug/L. The results also suggest that salinity had no significant 

effect on the toxicity of copper to U. fasciata and G. verrucosa. Alkalinity was not observed to 

affect the inhibitory effect of copper on the growth of U. fasciata either. Though the parameters 

were not a significant incluence of the growth of the macroalgae, both salinity and alkalinity did 

show significant effects in the accumulation of the metals in the macroalgae, with salinity 

reducing the accumulation of copper in G. verrucosa and alkalinity reducing copper 

accumulation in U. fasciata, while increasing zinc accumulation. Calcium did not appear to have 

a significant effect with regards to copper and zinc toxicity or accumulation. 

 

Determination of the optimal location for macroalgae cultivation was an innovative three-step 

analysis compounding different economic and environmental factors in GIS suitability indices, 



followed by in-situ verification using a representative location. Economic and environmental 

analyses indicated that the Southeastern United States, in particular North Carolina, is well-

suited for future macroalgae cultivation. From this, the Bogue and Back Sounds of North 

Carolina were selected as representative water bodies for evaluation. Copper and zinc 

concentrations were shown to fall below the recommended environmental limits, suggesting that 

the bodies of water are hospitable, further supporting the notion of macroalgae cultivation in the 

region. 

 

Overall, this research shows that copper is a potent inhibitor of macroalgae, potentially limiting 

cultivation around the world. By contrast, zinc may not be, and shows potential to possibly 

enhance the value of macroalgae, particularly through the use of alkaline substances like sodium 

bicarbonate. Finally, the Southeastern United States, in particular North Carolina, appears to be 

safe from copper and zinc contamination and should be considered for future cultivation where 

appropriate.  
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CHAPTER 2: THE EFFECT OF SALINITY AND ALKALINITY ON THE TOXICITY 

AND ACCUMULATION OF COPPER AND ZINC IN THE CHLOROPHYTA Ulva 

fasciata 

 

2.1 ABSTRACT 

 

Copper and zinc accumulation in macroalgae is a complex issue. While these metals exist as 

micronutrients and can serve to add nutritional value to the macroalgae when consumed by both 

plants and animals, elevated levels of the metals can reduce growth or even kill the algae. Many 

water parameters can influence the toxicity of the metals, though these studies have rarely 

isolated individual water parameters. This study aimed to determine independently the effects 

that salinity and alkalinity have on the growth and accumulation of these two metals on the 

macroalgae Ulva fasciata. This research aimed to distinguish the effects of salinity and alkalinity 

as whole parameters from the collective effects of the different constituents. The effect of 

salinity was determined using sodium chloride adjustments rather than seawater dilution, as 

performed in past studies, while alkalinity was tested using sodium bicarbonate additions to 

artificial seawater. The results of the study reinforce previous findings that copper is very toxic 

to macroalgae, even at low concentrations (50 µg L-1) though the effects of zinc remain 

inconclusive at 50 µg L-1, since the experiment was conducted over only a two-week trial period. 

The research suggests that salinity and alkalinity have no significant effect on the toxicity of 

copper to the macroalgae, but alkalinity significantly reduced copper and increased zinc 

accumulation in U. fasciata. The results of this study warrant further research in the field to 

investigate which other components of seawater and macroalgae reduce metal toxicity in the 

macroalgae. Additionally, these findings suggest the need for further refinement of toxicity 

models when adapted to macroalgae. 

 

2.2 INTRODUCTION  

 

Metal pollution in marine environments is well-documented (Dai et al., 2007; Padhi et al., 2013; 

Okogbue et al., 2017; Sánchez-Quiles et al., 2017). Among an array of important trace metals, 

copper and zinc are some of the most important in aquatic environments, not only as damaging 
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pollutants, but also as essential micronutrients in aquatic biota (Boxall et al., 2000; Peers et al., 

2005; Malasarn et al., 2013; Geddie and Hall, 2018). Accumulation of these metals, and others, 

in macroalgae have led researchers to use macroalgae bioassays as a tool to evaluate both metal 

prevalence and environmental threat. These bioassays are limited, though, as they rely heavily 

upon water quality analyses for context, since metal accumulation largely depends upon the 

concentrations of various biotic and abiotic factors (Lee and Wang, 2001; Ma et al., 2003; Gao et 

al., 2017).  

 

Past research suggests that bioavailability of copper and zinc may be influenced by the salinity of 

the polluted water (Riba et al., 2003; Deruytter et al., 2015). Marine waters reduce the toxic 

effect of the metal pollutants experienced by the macroalgae, as compared to estuarine waters, 

due to higher ionic activity (Connan and Stengel, 2011). While seawater appears to reduce metal 

toxicity, studies using macroalgae have failed to identify which ionic components in seawater 

reduce the bioavailability of the metals. Often, these studies dilute natural or artificial seawater 

with fresh water to mimic estuarine environments and rainfall events to determine changes in 

toxic potential to algae. Though a reduction of toxicity may be observed with higher salinity 

simply through increased competition between ions, known as the common ion effect, the higher 

nutrient content may have contributed to the increased growth rates, sporulation, and higher 

photosynthetic activity (Mamboya et al., 2009; Connan and Stengel, 2011; Mantri et al., 2011; 

Oh et al., 2012). Thus, diluted seawater may falsely represent the chemistry of toxicity (Eklund, 

2005). 

  

Alkalinity is a major component of salinity in seawater, as total alkalinity is positively correlated 

with salinity (Lee et al., 2006). Alkalinity - a measurement of the acid-neutralizing capacity of a 

liquid - is dominated by the carbonate system and the dissolved inorganic carbon content of a 

water sample (Dickson, 2010). Total alkalinity, particularly the carbonate portion, is highly 

influential in marine metal chemistry, affecting the availability of copper and zinc for use by 

aquatic organisms (Millero et al., 2009). Previous research further supports this claim, as higher 

alkalinity contributed to lower toxicity of copper in both macroalgae and aquatic fauna, alike 

(Gledhill et al., 1997; Hyne et al., 2005). Likewise, zinc pollution was reduced in mine drainage 

through the addition of calcium carbonate (Sibrell et al., 2007). In relation to the aquatic 
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ecosystem, very little research has been performed using marine flora, especially macroalgae, 

which are often the most sensitive to elevated levels of copper and zinc (Gledhill et al., 1997; 

Geddie and Hall, 2018). 

 

Macroalgae of the genus Ulva are ubiquitous and opportunistic algae found around the world 

(Guiry and Guiry, 2018). These algae are edible by humans and quite nutritious, with high levels 

of essential macro- and micronutrients (Mantri et al., 2011). The global distribution of the algae 

may be attributed to the high tolerance of a number of environments, including a strong 

resilience under different salinities (Han and Choi, 2005; Oh et al., 2012). The global prevalence 

and quick growth rate of the algae has warranted its use in biomonitoring and remediating 

applications (Nielsen et al., 2012; Al-Hafedh et al., 2015; Henriques et al., 2017). The fast 

growth rate, high relative protein content, and widespread habitat has led to further use of the 

macroalgae as a feed supplement in both aquaculture and agriculture uses (Silva et al., 2014; 

Korzen et al., 2016; Tayyab et al., 2016). These traits, as well as a high bioaccumulation 

potential, have led to an increase in popularity as a biomonitor (García-Seoane et al., 2018). 

 

The aim of this study is to determine if, and to what extent salinity and alkalinity may affect the 

toxicity of copper and zinc to U. fasciata. Furthermore, this study seeks to determine how 

salinity and alkalinity may affect the accumulation of the metals in the macroalgae. An 

understanding of these interactions will allow coastal scientists and biological engineers to better 

develop sustainable and effective remediation systems in estuarine environments. 

 

2.3 METHODS AND MATERIALS  

 

2.3.1 Algae 

 

Thirty-six individual U. fasciata cultures were sourced from the UTEX LB-1422 (Carolina 

Biological, NC, USA) collection for each test. The macroalgae were allowed to acclimate to the 

indoor environment for one week before testing. Prior to testing, fresh weights were collected on 

each of the algal units. Then, one unit of Ulva fasciata was placed in a 3.8 L (one-gallon) glass 

jar, such that the average ratio of biomass to water was 24.1 mg/L with a standard deviation of 
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14.7 mg/L. The algae were exposed for a total of two weeks at a temperature of 25-27oC. The 

jars were situated on shelves and exposed to constant moderate aeration and cool fluorescent 

light at an intensity of 100 µmol photons m-² s-1 on a 16:8 (light/dark) cycle. Copper was 

supplied with copper sulfate (Carolina Biological, NC, USA) and zinc was supplied via zinc 

sulfate (Sigma-Aldrich, St. Louis, MO, USA). All treatments were prepared in triplicate using a 

completely randomized block design (3 blocks ï one replicate in each block) to account for 

potential environmental differences related to shelf locations. 

 

2.3.2 Experimental Setup 

 

The study was divided into two distinct experiments 1) a salinity-focused experiment and 2) an 

alkalinity-focused experiment.  

 

2.3.2.1. Salinity Tests 

 

Twelve different combinations of salinity and metal concentrations were prepared. Three salinity 

levels (15, 25, 35 PSU) and four dissolved metal concentrations (0/0, 0/50, 50/0, 50/50 µg L-1 as 

Cu/Zn), denoted as LL, LH, HL, and HH, respectively. Every test unit contained a baseline 

addition of 15 PSU of Crystal Seaᶸ artificial salt mixture (Marine Enterprises International, 

Baltimore, MD, USA) and 3.8 liters of deionized (DI) water. Preliminary analysis of the marine 

mix using ICP-MS showed that both copper and zinc concentrations were below 0.5 (µg L-1) at a 

salt concentration of 15 ppt. Salinities beyond 15 PSU were achieved with sodium chloride 

(anhydrous, free-flowing, Redi-DriÊ, ReagentPlus®, Ó99% sodium chloride, Sigma-Aldrich, St. 

Louis, MO, USA).  
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Table 2-1. Salinity treatments 

Treatment Salinity Level  

(PSU) 

Copper Added  

(µg L-1) 

Zinc Added  

(µg L-1) 

15 ï Low Copper ï Low Zinc 15 0 0 

15 ï Low Copper ï High Zinc 15 0 50 

15 ï High Copper ï Low Zinc 15 50 0 

15 ï High Copper ï High Zinc 15 50 50 

25 ï Low Copper ï Low Zinc 25 0 0 

25 ï Low Copper ï High Zinc 25 0 50 

25 ï High Copper ï Low Zinc 25 50 0 

25 ï High Copper ï High Zinc 25 50 50 

35 ï Low Copper ï Low Zinc 35 0 0 

35 ï Low Copper ï High Zinc 35 0 50 

35 ï High Copper ï Low Zinc 35 50 0 

35 ï High Copper ï High Zinc 35 50 50 

 

 

2.3.2.2 Alkalinity Tests 

 

Twelve different combinations of alkalinity and metal concentrations were prepared. Similar in 

manner to the salinity tests, four metal combinations (0/0, 0/50, 50/0, 50/50 µg L-1 as Cu/Zn) and 

three alkalinity concentrations (100, 200, and 300 mg L-1 as CaCO3) were prepared. To avoid 

interactions between metals, alkalinity was supplied via sodium bicarbonate (Eastern Minerals, 

INC., North Carolina, USA). The salinity of the test units was maintained at 25 PSU, achieved 

only through the Crystal Seaᶸ mixture. 
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Table 2-2. Alkalinity treatments 

Treatment Alkalinity Level  

(as mg L-1 CaCO3) 

Copper Added  

(µg L-1) 

Zinc Added  

(µg L-1) 

100 ï Low Copper ï Low Zinc 100 0 0 

100 ï Low Copper ï High Zinc 100 0 50 

100 ï High Copper ï Low Zinc 100 50 0 

100 ï High Copper ï High Zinc 100 50 50 

200 ï Low Copper ï Low Zinc 200 0 0 

200 ï Low Copper ï High Zinc 200 0 50 

200 ï High Copper ï Low Zinc A 200 50 0 

200 ï High Copper ï High Zinc B 200 50 50 

300 ï Low Copper ï Low Zinc 300 0 0 

300 ï Low Copper ï High Zinc 300 0 50 

300 ï High Copper ï Low Zinc 300 50 0 

300 ï High Copper ï High Zinc 300 50 50 

A.: number of replicates = 2 

B:  number of replicates = 4 

 

2.3.3 Determination of Accumulated Metal Content 

 

After experimentation, the macroalgae were removed from the culture vessel and weighed. Then, 

each unit was dried in a desiccator for 24 hours at 21-24oC, using silica gel desiccant (AES 

Industries, Florida, USA), which was determined to be sufficient based on preliminary trials. 

After desiccation, dry weights were collected for each of the units. Then, each sample was 

weighed quantitatively to the nearest 100 µg. Each macroalgae sample was mixed with 1 mL of 

15.8 M Optima Nitric Acid (VWR, PA, USA) in 15 mL polypropylene tubes. The samples were 

then pre-digested overnight with caps loosely fitted. Next, the samples were heated at 95oC for 
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two hours. After the samples cooled, the mixture was brought to 5 mL volume with DI water. 

Since the samples were completely digested, no filtration was needed. 

 

Samples were analyzed on an ICP-mass spectrometer in standard range mode (Elan DRCII, 

PerkinElmer Life and Analytical Sciences, CT, USA). The samples were diluted with DI water 

as necessary to fall within the multipoint calibration range (0-25 µg L-1). After every 12 samples, 

a lab check solution was analyzed.  If the reading was not within + 10% of the nominal value, the 

calibration curve was repeated, after which analysis resumed. The calibration curve was verified 

using a Continuing Verification Standard prepared from a different primary stock. Calibration 

standards and samples contained Indium, which was used as an internal standard to correct for 

small errors associated with sample transport. 

 

2.3.4 Calculations 

  

The relative daily growth rate (RGR) of the algae were estimated as a percent growth per day, 

using the following formula (Gadberry et al., 2018): 

 

Relative Growth Rate (% per day): 

 

                                              RGR = 
  

ρzππ                                           (1) 

Where, 

 

Wf - Fresh weight after two weeks 

Wi - Initial fresh weight 

t - Time, in days 

 

2.3.5 Statistics 

 

Tukey post-hoc analysis was performed for each of the three measured variables: growth rate, 

accumulated copper, and accumulated zinc. Additionally, a three-way ANOVA was performed 

for supplemental analysis. A block design was utilized with the aim to minimize potential 
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interference of environmental factors not accounted for in the experiments. Blocks were 

designed such that treatments within each block were exposed to similar light and temperature 

conditions. A total of three blocks was used, such that one replicate of each treatment was 

assigned to each block. A two-sample Wilcoxon Rank Sum test was also used to compare the 

accumulation rates of copper and zinc within each experiment, as well as the growth rates 

between the experiments. All statistical analyses were performed, and all graphs were produced 

using R software (R Core Team, 2013). Significance in this study amounts to statistical analyses 

with a p-value less than 0.05. 

 

2.4 RESULTS 

 

2.4.1 Experiment 1 

 

Specific growth rate, accumulated copper, and accumulated zinc are shown in Figures 2-1 

through 2-3., respectively. After the 14 days of cultivation, the samples of U. fasciata showed 

variable growth rates. Treatments with elevated dissolved copper concentrations (50 µg L-1) were 

observed to correlate with increased frequency of thallus discoloration, indicating possible 

toxicity. Despite these apparent signs of toxicity, a significant growth inhibition was only 

observed among the 25 PSU treatments when zinc was not added to the water (Fig. 2-1). 
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Figure 2-1. Specific growth rates of U. fasciata exposed to different concentrations of dissolved copper and zinc 

under varying salinity levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means 

+ standard error (n=3) 

 

Regarding metal accumulation, salinity appeared to have no significant effect on either the 

accumulation of copper or zinc (Fig. 2-2 and Fig. 2-3). Dissolved copper concentration had a 

statistically-significant effect on the accumulation of copper, though the effect was only 

observed in the treatment at 15 PSU salinity without zinc. This treatment also displayed the 

highest variability out of all copper accumulation results. By comparison, zinc accumulation 

results were relatively stable, with all treatments with elevated dissolved zinc concentrations 

showing significantly higher accumulated concentrations of the zinc. Results from the three-way 

ANOVA indicate an interaction between salinity and dissolved zinc on the accumulation of zinc, 

in addition to the aforementioned significant effects. By the ANOVA, the blocking of the 

experimental replicates was shown to be insignificant on growth or accumulation of either metal. 

 

A 
AB 

AB 

AB 

AB 

AB 

AB 

AB 

AB 

B 
B 

B 



   

29 

 

 
Figure 2-2. Accumulated copper in U. fasciata exposed to different concentrations of dissolved copper and zinc 

under varying salinity levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means 

+ standard error (n=3) 

 

 

 
Figure 2-3. Accumulated zinc in U. fasciata exposed to different concentrations of dissolved copper and zinc under 

varying salinity levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means + 

standard error (n=3) 
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2.4.2 Experiment 2 

 

Specific growth rates and accumulation of copper and zinc in the alkalinity experiment are 

shown in Figures 2-4 through 2-6, respectively. Compared to the growth rates observed in the 

accompanying salinity experiment, growth rates observed in the alkalinity experiment were 

much more variable (Fig. 2-4). These results again show that copper is a growth inhibitor for U. 

fasciata, though the trend was not observed across all treatments. 

 

 
Figure 2-4. Specific growth rates in U. fasciata exposed to different concentrations of dissolved copper and zinc 

under varying alkalinity levels for 14 days. Different letters represent significant difference (p < 0.05). Data are 

means + standard error (n=3, except where denoted otherwise in Table 2) 

 

Copper accumulation results show that increased sodium bicarbonate decreased the accumulation 

of copper across the different treatment levels (Fig. 2-5). Higher dissolved copper concentrations 

were significantly correlated to higher copper accumulation findings. Within the highest 

alkalinity level tested, 300 mg L-1, copper accumulation was also significantly related to the 

concentration of dissolved zinc, with the treatment containing elevated levels of both dissolved 

copper and zinc showing a significantly different accumulated copper content. As for zinc, the 

findings in the alkalinity experiment were mostly similar to the findings in the salinity 
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experiment (Fig. 2-6), however, the inclusion of copper did significantly reduce the 

accumulation of zinc at the 100 mg L-1 alkalinity level. 

 

Figure 2-5. Accumulated copper in U. fasciata exposed to different concentrations of dissolved copper and zinc 

under varying alkalinity levels for 14 days. Different letters represent significant difference (p < 0.05). Data are 

means + standard error (n=3, except where denoted otherwise in Table 2) 

 

 
Figure 2-6. Accumulated zinc in U. fasciata exposed to different concentrations of dissolved copper and zinc under 

varying alkalinity levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means + 

standard error (n=3, except where denoted otherwise in Table 2) 
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Results from the three-way ANOVA of the alkalinity experiment suggest a higher interaction of 

factors. The ANOVA results suggests that alkalinity was a significant factor affecting the 

accumulation of zinc. Furthermore, these results showed a significant interaction with dissolved 

zinc on the accumulation of zinc in the macroalgae. The analysis also showed a significant 

interaction between all three factors affecting the growth rate of the algae. Results from the 

Wilcoxon Rank Sum test showed a significant difference (p<0.001) between the growth rates in 

each experiment, with Experiment 1 possessing a higher average growth rate than Experiment 2. 

 

2.5 DISCUSSION 

 

Control-level concentrations of the accumulated metals, denoted with a metal treatment of ó0ô in 

Figures 2-1 through 2-6, reflect both the prevalence of the metals in cultivation environments 

and the nutritional necessity of both copper and zinc for algal function. The zinc control-level 

concentrations are consistent with values observed in natural Ulva species. In comparison, the 

copper content is somewhat higher than found in previous studies (Perez et al., 2007; Malea et 

al., 2015; Gubelit et al., 2016). Based on the measured growth rates achieved without growth 

media, these higher accumulated copper contents in the copper-control treatments are not 

suspected to have greatly interfered in the growth rates of the macroalgae. 

 

Growth inhibition from the metals, for the most part, was consistent with results from past 

studies. The U. fasciata in this study was vulnerable to copper concentrations at 50 µg L-1, 

experiencing significantly lower growth rates in some of the treatments. This result for copper is 

consistent with the response observed in U. pertusa at the same concentration of copper (Han et 

al., 2008). The inhibited growth likely resulted from either reduced photosynthetic activity of the 

macroalgae, or intracellular oxidative damage (Connan and Stengel, 2011; Sáez et al., 2015). 

Compared to copper, the algae did not experience any signs of reduced growth at the same 

concentration of zinc. The tolerance of the macroalgae to zinc is supported by other studies, 

which showed that growth was not significantly affected by concentrations below 500 µg L-1 in 

other Ulva species (Baumann et al., 2009; Oh et al., 2012; Farias et al., 2017).  
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Comparison of growth rates between Experiments 1 and 2 using the Wilcoxon Rank Sum test 

showed that there was a significant difference between the growth rates, with significantly lower 

growth in Experiment 2. Considering that light, temperature, water source, and algal species 

were all identical, these results suggest that differences either in the treatment of the algae prior 

to arrival and acclimation, or the different levels of marine mixture led to the discrepancies in 

growth rates. Though both experiments used algae from the same genetic line and supplier, 

differences in shipping or pre-shipping care may have varied enough to represent slight 

differences in the performance of the algae. Among all of the possible factors, the different 

marine mixtures are the most likely culprit. Macroalgae in Experiment 2 were exposed to 

approximately 67% higher concentrations of many other micronutrients with the higher 

proportion of the marine mixture than the macroalgae in Experiment 1. These higher 

concentrations may have exceeded the optimal concentrations for the U. fasciata, resulting in the 

depressed growth rates.  

 

In comparison to other studies, experiment duration may be a major factor in growth rate. The 

present study was performed over a duration of 14 days. Few other studies assessing copper and 

zinc toxicity in macroalgae were performed over durations of two or more weeks (e.g. Han et al., 

2008; Baumann et al., 2009; Gao et al., 2017). The duration of the experiment is a critical factor 

in the toxicological response of the macroalgae to the metals. Regarding copper, 50 µg L-1 was 

found to only be toxic to other Ulva species in lower salinity (<25 PSU) in experiments lasting 

no more than 7 days (Andrade et al., 2004; Mamboya et al., 2009; Oh et al., 2012). The present 

study, as well as findings from Gao et al., show that toxic effects of copper are significant at 

concentrations under 50 µg L-1 (Gao et al., 2017). A similar trend was observed with zinc, as 

shown in Amado Filho et al., who showed lower growth rates after three weeks than the first or 

second week for multiple species (Amado Filho et al., 1997).  

 

The inverse relationship between exposure time and growth rate may stem in part from 

accumulation. At the same concentration, the algae in the present study accumulated more than 

twice compared to algae with shorter exposure periods (Andrade et al., 2004; Mamboya et al., 

2009). This effect demonstrates the importance of intracellular accumulation, which can account 

for more than 90% of total copper accumulation in Ulva macroalgae and continues even after 
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saturation of surface adsorption sites (Valdés et al., 2018). Overall, copper accumulated at a 

higher rate than zinc in both of the experiments, whether compared as mass or molar 

concentrations. These results support past studies, which found a much higher affinity for 

dissolved copper in Ulva macroalgae than zinc and many other metals (Oh et al., 2012; Jarvis 

and Bielmyer-Fraser, 2015; Ismail and Ismail, 2017).  

 

The relationship between copper and salinity remains uncertain. Increasing salinity did not 

significantly affect (p>0.05) the toxicity of copper on U. fasciata. This result seems to contradict 

the Biotic Ligand Model, which suggests that increasing salinity should reduce the toxicity of 

copper to aquatic organisms (Santore et al., 2001). Furthermore, salinity did not appear to reduce 

copper accumulation, as there was no significant effect of salinity on the accumulation of copper. 

Unlike salinity, alkalinity significantly decreased the accumulation of copper in U. fasciata. This 

appears to support the notion that salinity is not the major factor in seawater that affects the 

interaction of copper and macroalgae, but rather select constituents within the ionic composition 

of a marine environment. The alteration in water chemistry may have also affected the 

physiological response of the macroalgae, altering its accumulation activity.  

 

Copper and zinc appeared to significantly reduce accumulation of each other in the alkalinity 

experiment. The antagonistic effect of dissolved copper on the accumulation of zinc was 

significant at the lowest alkalinity level, though not observed at higher levels. This change may 

have occurred due to the reduced copper available for accumulation. With the lower ionic 

competition from copper, this environment would allow for easier accumulation of zinc. 

Alternatively, as previously discussed, a change in the water chemistry may have altered the 

physiological activity of the macroalgae, altering the accumulation preference of the macroalgae. 

Further testing is required to identify which factor is primarily contributing to this effect and to 

determine the extent of its impact. Additionally, as this has only been observed in U. fasciata, 

uncertainty remains as to whether or not these interactions can be viewed in other species of 

macroalgae. 

 

In terms of global food production, these results can be applied to the possible use of macroalgae 

for zinc enrichment for food purposes (Geddie and Hall, 2018). The highest mean concentration 
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of zinc determined in this study was 631 µg/g-dry. In a 5g dried snack pack, an individual could 

achieve nearly half of their recommended daily zinc requirements (Institute of Medicine: Food 

and Nutrition Board, 2001). In an area with high levels of trace metals, the results of this study 

suggest that increased alkalinity through the use of sodium bicarbonate can potentially help to 

reduce the accumulation of undesired metals like copper. This possibility broadens the use of U. 

fasciata and other macroalgae and can add value to the product. Further research is required to 

determine the long-term effects of elevated alkalinity on the growth and reproduction of the 

macroalgae, as well as what other metals may be affected by changes in seawater alkalinity. 

 

Global climate change will have an impact on the accumulation of copper and zinc in 

macroalgae. The lower pH associated with increased atmospheric carbon dioxide will influence 

the carbonate system of seawater, reducing the effective alkalinity of the marine environment. 

This effect will increase the dissolution of both copper and zinc (Edwards et al., 1996). Based on 

the findings of this study, this result will cause an increase in the accumulation of copper in U. 

fasciata, however, the increased carbon dioxide content in water are likely to improve the growth 

rates of many macroalgae, even in the presence of elevated copper concentrations (Celis-Pla et 

al., 2017; Gao et al., 2017). Assuming that the benefits from the carbon outweigh the negative 

effects from the increase in dissolved copper, this effect will serve to increase the total 

bioremediation capability of macroalgae. The higher copper content, as well as other harmful 

metals, may limit the use of some macroalgae as food and soil conditioners, where the high metal 

contents could cause greater harm than good. 

 

2.6 CONCLUSION 

 

For the first time, salinity and alkalinity have been independently tested in the accumulation of 

copper and zinc in macroalgae, as well as how each parameter influences the toxicity of either 

metal on the growth of Ulva fasciata. The results of this study suggest that increasing alkalinity 

reduces the accumulation of copper in U. fasciata, while higher salinity (as sodium chloride) was 

insignificant in relation to the accumulation of these metals. Neither salinity nor alkalinity were 

shown to significantly affect growth. Furthermore, 50 µg L-1 as copper was significantly 

detrimental to the growth of U. fasciata, while the same concentration of zinc was tolerable at 50 
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µg L-1 over a 14-day trial period. The results from both experiments demonstrate that alkalinity 

is an important factor to metal accumulation in macroalgae. These results suggest that increasing 

marine acidity associated with global climate change will likely increase the accumulation of 

copper. To fully understand the impact of this trend, longer-term studies and tests of different 

species are needed to determine threshold concentrations of tolerance. The findings of this study 

support a use for macroalgae in the remediation of metal pollution in marine waters and provide 

a better understanding of limiting factors to copper and zinc accumulation. The findings also 

support a need for research of the use of enriched macroalgae in human diets, as well as 

investigations into the differences between macroalgae species and how marine chemistry differs 

among the different species. 
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CHAPTER 3: THE EFFECT OF SALINITY AND CALCIUM ON THE TOXICITY AND 

ACCUMULATION OF COPPER AND ZINC IN THE RHODOPHYTA Gracilaria 

verrucosa 

 

3.1 ABSTRACT  

 

Copper and zinc have been shown to be important factors in aquatic systems. The interactions of 

the macroalgae with other constituents in a marine environment are not fully understood. This 

research assesses growth of Gracilaria verrucosa under different combinations of copper and 

zinc in varying salinity and calcium environments. The research also looked at accumulation of 

the two metals in these treatments. After 14 days of cultivation, salinity and copper appeared to 

influence growth of the macroalgae. Furthermore, salinity appeared to affect the accumulation of 

copper in the macroalgae, with the lowest salinity level (15 PSU) corresponding with the highest 

accumulation of copper. This study also shows how sensitive macroalgae are to copper toxicity. 

The findings of this study, when assessed in the context of results from other studies, shows that 

algal species may be important when investigating what water parameters affect trace metal 

activity in relation to bioaccumulation and growth inhibition. The results and recommendations 

of this study should be considered in future metal toxicity assessments. 

 

3.2 INTRODUCTION  

 

Metal pollution is a globally-recognized threat to aquatic ecosystems (Chae et al., 2014; Fostier 

et al., 2016; Okogbue et al., 2017). Among the most common metals in seawater, copper and 

zinc exhibit some of the most biologically-complex relationships with macroalgae. In small 

concentrations, copper and zinc act as vital micronutrients to macroalgae (Koch et al., 1997; 

Malasarn et al., 2013). In excess, these metals can damage critical cell components in algae, 

especially on the cell wall and cell membrane (Collén et al., 2003; Zhang et al., 2016). This 

sensitivity coupled with a high accumulation rate have made macroalgae a favorite as marine 

biomonitors (García-Seoane et al., 2018).   

 

Many different water parameters affect both the accumulation and toxicity of copper and zinc. 

Among commonly-measured parameters, salinity has been identified as one of the most 
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important affecting the growth and toxicity-resistance of macroalgae. Several studies have 

identified a general positive trend between salinity and the growth rate of marine macroalgae, up 

to normal marine salinity levels (Cui et al., 2014; Ganesan et al., 1999; Nygard and Dring, 2008; 

Yamashita et al., 2009). Similarly, past research has shown a negative trend between salinity and 

copper and zinc toxicity (Connan and Stengel, 2011; Mamboya et al., 2009; Ytreberg et al., 

2011). In comparison, the results of Chapter 2 showed that salinity appeared to have no 

significant effect on copper toxicity or accumulation in Ulva fasciata, though higher salinity did 

appear to reduce zinc accumulation. Many of the studies analyzing the effect of salinity on 

toxicity and accumulation simulated reduced-salinity via dilution of seawater. This practice, 

while representative of dilution events like rain storms, does not accurately illustrate the 

relationship between salinity and macroalgae survival and growth. Rather, a number of 

constituents are diluted in the process, such as both macro- and micronutrients. Additionally, this 

practice complicates toxicity studies through the dilution of protective and non-protective ions.  

 

One such possible ion is calcium. Numerous studies have identified calcium as a probable ionic 

competitor to copper and zinc, showing reduced toxicity in hard waters compared to soft waters 

(Kosai et al., 2009; Liorti et al., 2016; Vardy et al., 2014). The extent of the effect of calcium in 

limited, though, as these studies have focused primarily on animal models rather than aquatic 

flora. Among the research that does exist, the findings are rather inconclusive. Rather than 

competing against copper, Mendes et al. found that calcium enhanced the toxic potential of 

copper to macroalgae. In comparison to copper, calcium appeared to show no interaction with 

zinc (Mendes et al., 2014). Conversely, no significant effect with copper toxicity under 

increasing concentrations of calcium in a freshwater microalgae (Markich et al., 2005). Calcium 

decreased zinc accumulation in Sargassum spp., seemingly contradicting the findings by Mendes 

et al., though these results were experienced at elevated zinc levels (>100 mg/L), suggesting a 

potential change in activity based on metal concentration (de França et al., 2002). The miniscule 

quantity of information, though, leaves much uncertainty as to the influence of calcium in cation 

competition. 

 

Macroalgae of the genus Gracilaria have a wide appeal in many commercial applications. The 

primary product of Gracilaria is food-grade agar, a hydrocolloid used in food processing as a 
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gelling agent (Bixler and Porse, 2011). High concentrations of agar, coupled with a fast growth 

rate, have led researchers to consider Gracilaria as a potential feedstock for biofuel production 

(Wu et al., 2014). Higher agar content has been linked to an increased propensity for the 

accumulation of trace metals, particularly copper, which suggests that Gracilaria are at an 

increased risk of copper toxicity compared to other macroalgae (Cechinel et al., 2018; dos Santos 

et al., 2014). Gracilaria have also shown promise as a bioaccumulator of zinc in natural and 

experimental environments (Holmes et al., 1991; Malea and Haritonidis, 1999). 

 

In recognition of the past research that explored the effect of seawater dilution on the toxicity 

and accumulation of copper and zinc in macroalgae, this paper seeks to determine how two of 

the major components, salinity and calcium, affect these processes. This paper aims to compare 

these findings with the Ulva fasciata studies in Chapter 2, with the intention to compare and 

contrast any differences identified between the two different algae. Furthermore, this paper seeks 

to provide information to environmental and commercial interests on the effect of seawater 

chemistry and its role in macroalgae health and safety. 

 

3.3 METHODS AND MATERIALS  

 

3.3.1 Algae 

 

G. verrucosa were sourced from the UTEX LB-2206 collection for each of the 36 experimental 

units per test. The algae were acclimated to the laboratory environment for one week prior to 

testing. Before testing, each algal sample was retrieved, lightly patted to remove excess moisture, 

and weighed to obtain an initial fresh weight. Each G. verrucosa sample was placed in a one-

gallon glass jar filled with its designated artificial seawater mixture. The algae were exposed to 

the treatments for two weeks during each experiment. During experimentation, temperature 

fluctuated between 27-28OC for the salinity experiment and 22-23OC for the calcium experiment. 

The algae were exposed to 100 µmol photons m-² s-1 of cool fluorescent light on a 12:12 diurnal 

cycle with constant moderate aeration. Copper was supplied with copper sulfate (Carolina 

Biological, NC, USA) and zinc was supplied via zinc sulfate (Sigma-Aldrich, St. Louis, MO, 

USA). 
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3.3.2 Experimental Setup 

 

3.3.2.1 Salinity Tests 

 

Salinity tests were performed in a manner described in section 2.3.2.1 in Chapter 2. 

 
Table 3-1. Salinity treatments 

Treatment Salinity Level  
(PSU) 

Copper Added  
(ppb) 

Zinc Added  
(ppb) 

15 ï Low Copper ï Low Zinc 15 0 0 

15 ï Low Copper ï High Zinc 15 0 50 

15 ï High Copper ï Low Zinc 15 25 0 

15 ï High Copper ï High Zinc 15 25 50 

25 ï Low Copper ï Low Zinc 25 0 0 

25 ï Low Copper ï High Zinc 25 0 50 

25 ï High Copper ï Low Zinc 25 25 0 

25 ï High Copper ï High Zinc 25 25 50 

35 ï Low Copper ï Low Zinc 35 0 0 

35 ï Low Copper ï High Zinc 35 0 50 

35 ï High Copper ï Low Zinc 35 25 0 

35 ï High Copper ï High Zinc 35 25 50 

 

A preliminary experiment was performed using the methods and materials listed previously, with 

copper-elevated samples containing a 50-ppb concentration of copper ï the same concentration 

used in Chapter 2. This preliminary run-through was abandoned prematurely, as all algae 

exposed to the elevated copper concentrations displayed signs of toxicity before the first week. 

Therefore, the copper concentration was halved to ensure that the algae would survive the two-

week duration of the experiment. 
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3.3.2.2 Calcium Tests 

 

Twelve different combinations of calcium and metal concentrations were prepared. Similar in 

manner to the salinity tests, four metal combinations (0/0, 0/50, 25/0, 25/50 ppb as Cu/Zn) and 

three calcium concentrations (300, 450, and 600 mg/L as Ca) were prepared in triplicate for a 

total of 36 test units. So as to avoid interactions between metals, alkalinity was supplied via 

calcium chloride. The salinity of the test units was maintained at 25 PSU via Crystal Sea.ᴜ 

Additional calcium was supplied via calcium chloride (calcium chloride dihydrate 99+, ACROS 

Organics, NJ, USA). 

 
Table 3-2. Calcium treatments 

Treatment Calcium Level  
(as mg/L Ca) 

Copper Added  
(µg L-1) 

Zinc Added  
(µg L-1) 

300 ï Low Copper ï Low Zinc 300 0 0 

300 ï Low Copper ï High Zinc 300 0 50 

300 ï High Copper ï Low Zinc 300 25 0 

300 ï High Copper ï High Zinc 300 25 50 

450 ï Low Copper ï Low Zinc 450 0 0 

450 ï Low Copper ï High Zinc 450 0 50 

450 ï High Copper ï Low Zinc 450 25 0 

450 ï High Copper ï High Zinc 450 25 50 

600 ï Low Copper ï Low Zinc 600 0 0 

600 ï Low Copper ï High Zinc 600 0 50 

600 ï High Copper ï Low Zinc 600 25 0 

600 ï High Copper ï High Zinc 600 25 50 

 

 

3.3.4 Determination of Accumulated Metal Content 

 

After experimentation, the macroalgae were removed from the culture vessel and weighed in the 

same manner as described previously. Then, each unit was dried in a desiccator for 24 hours. 
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After desiccation, dry weights were collected for each of the units. Then a mixture of 4.5 mL of 

65% nitric acid and 0.5 mL of 30% H2O2 was added to each sample. The volumes were chosen 

to ensure dissolution of all samples. The samples were sealed and heated overnight. After 

digestion, the samples were then dried. After that, 5 mL of 2% nitric acid were added to each 

sample and allowed to further digest until all of the samples were completely dissolved. Prior to 

analysis, the digested algae samples were diluted to one-tenth of the original concentrations. 

 

Diluted samples were then analyzed for calcium, copper, and zinc concentrations using an 

AgilentTM  7900 Quadrupole Inductively Coupled Plasma Mass Spectrometer (Q-ICP-MS) at the 

Plasma Mass Spectrometry (PMS) Laboratory at University of North Carolina - Chapel Hill. 

Prior to analysis samples were syringe filtered through Cellulose Acetate (CA) Membrane Filters 

(0.22 um pore size) filters. An internal standard containing 100 ppb of Ge was used to correct 

instrumental drift. Calibration standards with appropriate concentrations of Ca, Cu and Zn were 

prepared from single element standards purchased from Inorganic VenturesTM. Isobaric 

interferences from oxides were monitored during ICP-MS analysis, with oxide presence in the 

plasma stream controlled to be ~0.1% and all three elemental analyses were done in Helium 

collision cell mode. On average, analytical precision for each sample have RSD (Relative 

Standard Deviation) below 5% for Ca and 10% for Cu and Zn. 

 

3.3.5 Calculations 

 

Specific growth rate (SGR) was used to estimate the growth percent of the algae per day, using 

the specific growth equation in Chapter 2 (Equation 2.1). 

 

3.3.6 Statistics 

 

Statistical significance among growth rate, accumulated copper, and accumulated zinc was 

determined using Tukey post-hoc test. A three-way ANOVA was also performed for further 

statistical context. A block design was used in the experiment to accommodate potentially 

different treatment conditions among replicates. Thus, three separate blocks (one for each 

replicate) were arranged such that light and temperature conditions were similar among within 
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each block. The influence of the blocking factor was assessed in the ANOVA. Accumulation 

rates of copper and zinc, as well as growth rates between the salinity and calcium experiments, 

were compared using a two-sample Wilcoxon Rank Sum test. All statistical analyses were 

performed and all graphs were produced using R software (R Core Team, 2013). Significance in 

this study amounts to statistical analyses with a p-value less than 0.05. 

 

3.4 RESULTS 

 

3.4.1 Experiment 3 

 

The measured responses of specific growth rate, accumulated copper, and accumulated zinc from 

the G. verrucosa salinity experiment are shown in Figures 3-1 through 3-3, respectively. The 

growth rates were quite variable over the 14-day cultivation period, though the results do 

indicate that both salinity and dissolved copper were significant factors in the growth rates of the 

G. verrucosa. Salinity was a significant factor between 15 and 25 PSU, with higher growth 

among the latter group, though this significance was only observed in the treatments without 

elevated concentrations of either copper or zinc. Elevated dissolved copper (25 µg L-1) was 

shown to significantly reduce the growth rate of G. verrucosa at every salinity level tested (Fig. 

3-1). Elevated zinc (50 µg L-1) was not observed to be a significant factor affecting the growth of 

the macroalgae during the 14-day span of the study. 
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Figure 3-1. Specific growth rates of G. verrucosa exposed to different concentrations of dissolved copper and zinc 

under varying salinity levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means 

+ standard error (n=3) 

 

In comparison to the results from the growth rates, the metal accumulation results among each 

individual treatment were inconclusive. Among the accumulated copper results, only copper 

treatments in the lowest salinity (15 PSU) were significantly different from corresponding 

treatments without copper. In this case, too, salinity appeared to significantly affect the 

accumulation of copper in G. verrucosa (Fig. 3-2). As for zinc, only the 25 PSU treatment 

exposed to elevated zinc-low copper displayed any significant accumulation of zinc (Fig. 3-3). 

These results both contained highly variable readings in the dataset. In addition to the factors 

previously listed, results from the three-way ANOVA suggest that zinc was also a significant 

factor affecting the accumulation of copper in the macroalgae. The blocking factor did not 

produce a significant effect on any of the measured responses. Comparison of copper and zinc 

accumulation via the Wilcoxon Rank Sum test showed that copper accumulated at a significantly 

higher rate than zinc during the experiment. 
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Figure 3-2. Accumulated copper in G. verrucosa exposed to different concentrations of dissolved copper and zinc 

under varying salinity levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means 

+ standard error (n=3) 

 

 
Figure 3-3. Accumulated zinc in G. verrucosa exposed to different concentrations of dissolved copper and zinc 

under varying salinity levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means 

+ standard error (n=3) 
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3.4.2 Experiment 4 

 

Specific growth rates, copper accumulation, and zinc accumulation results from the calcium 

experiment are shown in Figures 3-4 through 3-6, respectively. The results from this experiment 

were among the most variable compared to Experiments 1-3. Only one group (300 mg Ca, 0 µg 

L-1 Cu and Zn) was significantly different from the others among specific growth rate (Fig. 3-4). 

This result supports the findings from the previous experiments, showing that elevated copper 

(25 µg L-1) is significantly detrimental to the growth rate of the macroalgae. The result similarly 

suggests that increasing calcium produces a detrimental effect on the growth of the macroalgae. 

From the Wilcoxon Rank Sum test, there was a significant difference (p<0.001) between the 

growth rates in each experiment, with Experiment 3 possessing a higher average growth rate than 

Experiment 4. 

 

 
Figure 3-4. Specific growth rates of G. verrucosa exposed to different concentrations of dissolved copper and zinc 

under varying calcium levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means 

+ standard error (n=3) 

 

The highly variable nature of the metal accumulation results resulted in no significant differences 

between treatments (Figs. 3-5 and 3-6). Comparison of the accumulation of both copper and zinc 
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using the Wilcoxon Rank Sum test showed that copper accumulated at a significantly higher rate 

than zinc over the trial period. 

 

 
Figure 3-5. Accumulated copper in G. verrucosa exposed to different concentrations of dissolved copper and zinc 

under varying calcium levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means 

+ standard error (n=3) 

 
Figure 3-6. Accumulated zinc in G. verrucosa exposed to different concentrations of dissolved copper and zinc 

under varying calcium levels for 14 days. Different letters represent significant difference (p < 0.05). Data are means 

+ standard error (n=3) 
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3.5 DISCUSSION 

 

In general, the growth rates of the macroalgae observed in the present study are within the 

expected range for growth, especially for macroalgae without nutrient supplementation. Though 

the growth rates were highly variable, particularly between the two experiments, the average was 

within the range observed by other studies (Ajjabi et al., 2018; Cui et al., 2014). While growth 

rates were within the range of other studies, copper accumulation at the elevated concentrations 

was much higher (x100) than observed in past studies of Gracilaria spp. (Huang et al., 2010; 

Wang et al., 2014). Accumulation of both copper and zinc at similarly high concentrations were 

much higher in the present study than in a previous study using Ulva lactuca, too (Jarvis and 

Bielmyer-Fraser, 2015). The different accumulation capacities could stem from a few different 

factors or combination of factors.  

 

One major difference in methodology that may have contributed to the increased accumulation 

of the metals, which was absent from the present studies and those in Chapter 2 but were 

included in past studies. Nutrients appear to increase the accumulation of metals, rather than 

decreasing them, though, as Lee and Wang (2001) showed that higher nutrient concentrations 

increased metal accumulation in the case of U. fasciata. Alternatively, the initial size and growth 

stage of the macroalgae may be a big factor in this apparent difference, with larger algal units 

used in the aforementioned studies. Similarly, environmental exposure history could be a major 

factor, since the algal material used in the other studies was collected from the wild, while the 

material used in the present studies were sourced from a controlled laboratory environment. 

Interspecies differences could have also influenced the different accumulation potentials, as 

differences within the same genus have been known to influence accumulation (Huang, H. et al., 

2013). Finally, analytical methods may have influenced the different measured metal contents, 

since ICP-MS was used in the present study, while atomic absorption spectroscopy was used in 

the others (Huang et al., 2010; Wang et al., 2014). Most likely, a combination of all of these 

factors resulted in the distinctly different accumulation rates. 

 

The two experiments displayed significantly different growth rates. Pronounced premature 

deterioration was observed in Experiment 4 that was not observed in Experiment 3. Though both 
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experiments used the same algal species and water, temperature was different. While Experiment 

3 was conducted at approximately 28OC, Experiment 4 was conducted at 5 degrees lower. The 

algae may have favored a warmer environment, with lower growth rates observed during cooler 

month for G. verrucosa (Padhi et al., 2011). However, Choi et al. (2006) failed to distinguish a 

significant difference in growth rates of the algae between 17-30OC. Alternatively, the 

differences may stem from a reason, as discussed in Chapter 2, where the higher concentration of 

artificial seawater mixture resulted in a lower growth rate for U. fasciata. This possibility is 

contradicted by the results of a preliminary experiment, using f/2 growth media (Pentair Aquatic 

Ecosystems, NC, USA) with the same strain of G. verrucosa used in the present study, similar 

temperature (22-25OC), and 30 PSU Crystal Sea, which produced a mean growth rate of 7%. 

Without conclusive evidence on the matter, further testing will be needed to identify the culprit. 

 

The high variability of the results in the two experiments, particularly in the calcium experiment, 

limited the potential to distinguish significant effects on the algae. The presence of some 

unidentified factor affecting the growth and function of the macroalgae in calcium experiment 

may have contributed to the higher relative variability among the different measured responses 

when compared to the salinity experiment. Further investigation into the measured responses of 

the macroalgae show that analysis of both the salinity and calcium experiments suffers from 

outlier interference in the copper and zinc statistical comparison. Given the relatively small 

sample size (36 total values), these outliers are major factors of interference in each analysis. The 

outlier is inconsistent among the response analyzed, with different samples interfering in each 

Tukey test. Considering these results, the authors recommend the use of a greater number of 

replicates per treatment (n>3) to limit potential interference in the future. 

 

As noted in Chapter 2, comparisons of metal toxicity to other studies are limited due to 

differences in the durations of the experiments. The apparent sensitivity of G. verrucosa 

observed over the span of two weeks in the present study suggests that experimental duration is 

critical in observation of metal toxicity. In a study on the accumulation of copper in G. 

tenuistipitata, impaired growth was observed at 50 ‘g/L, on par with the findings in Chapter 2 

and close to what was observed in Experiment 3 of the present chapter (Huang et al., 2010). 

Other studies using Gracilaria spp. observed higher tolerances to copper when tested over one 
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week or shorter (Collén et al., 2003; Huang et al., 2013; Mendes et al., 2013). By comparison, 

the typical cultivation period for Gracilaria macroalgae is longer than one month (Santelices and 

Doty, 1989; Veeragurunathan et al., 2015). This observation suggests that cultivation of 

Gracilaria macroalgae may be vulnerable to copper concentrations even lower than the 25 ‘g/L 

copper concentration used in the present experiment. The present uncertainties related to toxicity 

and exposure time warrants further research to truly understand the actual impact on cultivation, 

as well as biomonitoring and remediation practices. 

 

Unlike the results observed in Chapter 2, salinity appeared to significantly affect copper 

accumulation in Experiment 3. This may be due to a difference in macroalgal biochemistry, with 

the higher NaCl content interacting with the copper accumulation sites of the G. verrucosa to 

prevent copper accumulation. Huang et al. (2010), when assessing the interaction between 

salinity and copper in relation to metal accumulation in G. tenuistipitata, showed similar results, 

with higher salinity significantly reducing copper accumulation potential in the macroalgae. This 

observed relationship between copper and salinity suggests that cultivation of Gracilaria in 

marine environments will accumulate lower levels of copper compared to freshwater and 

brackish environments. Such a relationship also demonstrates the need for more comprehensive 

studies, as the biochemical composition of different species of macroalgae may interact 

differently in polluted environments. 

 

3.6 CONCLUSION  

 

The findings in this paper suggest that salinity may be influential in the accumulation of copper, 

though not zinc, in the macroalgae G. verrucosa. Furthermore, the findings in this paper, in 

conjunction with findings in Chapter 2 and other papers, suggest that variations in biochemical 

composition plays an important role in copper and zinc accumulation capacities. The low 

tolerance to copper observed in Experiment 3 warrants further research in assessing the toxic 

threshold of copper in G. verrucosa. Similarly, a lack of apparent toxicity observed from zinc 

suggests further need to determine toxic levels. The effect of calcium on the toxicity and 

accumulation of the two metals is still unclear due to uncertainties in the results of Experiment 4, 

suggesting the need for future research using more replicates to limit the potential for 
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interference. The results of this study, as with the findings in Chapter 2, show that the 

constituents of an aquatic system can be quite influential on the effect of copper and zinc 

accumulation in macroalgae. 
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CHAPTER 4: DEVELOPMENT OF A SUITABILITY ASSESSMENT MODEL FOR 

THE CULTIVATION OF INTERTIDAL MACROALGAE IN THE UNITED STATES  

 

 

4.1 ABSTRACT 

 

Intertidal macroalgae cultivation represents an immense opportunity in the United States. The 

market demand for these macroalgae is consistently growing and is expected to continue with the 

discovery of new uses. Currently, the coastal waters of the United States are extremely 

underutilized, particularly for macroalgae production. The novelty of this study was an aim to 

determine the comparative suitability of intertidal macroalgae production along the coast of the 

contiguous United States and determine the optimal locations to consider commercial cultivation 

using geographic information systems (GIS) software. This study considered economic and 

environmental factors at a national scale, finally assessing the viability in a representative body 

of water with in-situ water sampling. The result of this study suggests that intertidal macroalgae 

cultivation is most ideally suited for the southeastern United States, primarily due to lower costs 

of production and shallower coastlines. However, due to the informational deficits cited in this 

study, more work is required to refine and enhance the assessment model. This paper identifies 

these gaps and lists recommendations to overcome these knowledge gaps. 

 

4.2 INTRODUCTION  

 

Macroalgae is a promising global commodity with substantial potential for market growth and 

expansion. Global macroalgae cultivation represents an annual production of more than thirty-

million tonnes of fresh algae and is currently expanding at approximately 3% a year. This 

production represents more than US$11 billion (FAO, 2018). While traditionally consumed as 

food products almost exclusively by coastal communities, recent growth can be attributed to 

expanded uses of macroalgae derivatives, including food additives and cosmetics (Bixler and 

Porse, 2011; Chojnacka et al., 2018). Further possibilities are emerging in biofuel production and 

environmental remediation (Geddie and Hall, 2018; Ghadiryanfar et al., 2016). 
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Intertidal macroalgae represent a particularly desirable group of macroalgae for immediate 

exploration. Intertidal macroalgae, such as the genera Ulva and Gracilaria, are abundant and 

opportunistic macroalgae capable of rapid utilization of nutrients (Thornber et al., 2017). When 

left uncontrolled, these macroalgae blooms can negatively impact coastal ecosystems and some 

coastal industries (Yang et al., 2018; Zhou et al., 2015). From another perspective, these 

macroalgae also represent enormous potential and economic opportunity (FAO, 2018). 

Furthermore, the versatility of intertidal macroalgae allow for co-cultivation with fish in 

integrated multi-trophic aquaculture systems (IMTA) (Neori et al., 2004; Samocha et al., 2015). 

Considering the ease of cultivation and expanding market demand for these products and their 

derivatives, intertidal macroalgae warrant serious consideration for cultivation by many coastal 

regions around the world, particularly locations without an existing marine aquaculture industry. 

In addition to these market products, the ecosystem services provided by intertidal macroalgae, 

such as environmental remediation, may further enhance their value. 

 

Macroalgae production remains largely a regional practice, dominated by the coastal countries of 

eastern Asia. In this region, macroalgae production is largely dominated by aquaculture, as 

opposed to fisheries. In the emerging markets of Europe and the Americas, macroalgae 

production is almost entirely limited to forage rather of wild biomass, rather than cultivation 

(FAO, 2018). In order to compete with the lower cost of labor in the East, Western markets will 

need to use a combination of innovative strategies and technologies to increase labor efficiency 

in order to be competitive in the global macroalgae industry. A comparable case is already 

observed in the production of fish through aquaculture, where European and North America 

countries are able to develop and expand their finfish aquaculture due in part to the higher 

worker productivity (>900%) than that of the average Asian country (FAO, 2018). Despite such 

an apparent present advantage, more research is needed to develop these tools and increase 

efficiency, particularly in the field of macroalgae, where low market prices typically necessitate 

lower labor costs (Stévant et al., 2017; van den Burg et al., 2016).  

 

One way to reduce the costs of production is to identify geographically-advantageous cultivation 

sites. The importance of geospatial tools has been firmly established in many fields of 

aquaculture. Many of these applications have been focused on finfish and shellfish operations 
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(Nath et al., 2000). By comparison, applications in macroalgae cultivation have been 

comparatively limited. GIS tools have been used to identify suitable sites for macroalgae 

cultivation in Asia, Africa, and South America (Radiarta et al., 2011; Segbefia et al., 2018; Sousa 

et al., 2012; Yulianto et al., 2017). A large-scale assessment of the United States has been carried 

out, too, though, as far as the authors are aware, only regarding kelp (Roesijadi et al., 2011).  

 

In general, these analyses have been quite limited in scope. For example, these studies have not 

explored potential pollutants in their assessments, notably copper and zinc, which have been 

identified as both potentially harmful and beneficial to macroalgae cultivation (Geddie and Hall, 

2018). This study intends to determine the most suitable location to begin large-scale cultivation 

of intertidal macroalgae in the United States. Furthermore, this study seeks to assess the viability 

of intertidal macroalgae cultivation considering copper and zinc using a chosen suitable harvest 

location for representation. 

 

4.3 METHODS AND MATERIALS  

 

This assessment was conducted in three distinct stages, with the first part assessing the economic 

suitability of the whole United States, the second part assessing the environmental suitability of 

the contiguous United States, and the third part an in-situ assessment of a local reference area. 

All geospatial evaluations were performed in ArcGIS (v.10.5.1). 

 

4.3.1 Assessment of macroalgae cultivation potential along the United States coast using census 

economic data 

 

To determine the most suitable location for macroalgae cultivation in the United States, both 

socio-economic and environmental factors were considered. These factors were then weighed as 

assessment criteria and collected into two suitability calculations: economic and environmental. 

 

Table 4-1 represents the socio-economic criteria used to assess the optimal location for 

macroalgae cultivation based on census data represented at the county or county-equivalent level 

(U.S. Census Bureau, 2016). This suitability index used both cost-related criteria (income and 
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property costs) to determine the likely locations to minimize labor and property costs, as well as 

poor local economic metrics (represented by maximum unemployment and poverty ratio) to 

determine where new employment opportunities would best serve the local economy. This 

assessment assumes that coastal tidal leases correspond to property values and assumes high 

accessibility to lease sites. This assessment does not account for post-cultivation processes, 

including transportation, processing, or marketing. 

 

Table 4-1. Economic suitability index for the assessment of macroalgae cultivation potential in the United States (a 

score of ó5ô represents the most favorable condition) 

 Suitability Score Suitability 

Weight 

Parameter Census Dataset 1 2 3 4 5 (%) 

Per Capita Income  

(in 2016 $US) 

ACS_16_5YR_DP03 35893 - 

66522 

30765 - 

35892 

26119 - 

30764 

20556 - 

26118 

12564 - 

20555 

25 

Housing costs ($ 

per month) 

ACS_16_5YR_S2503 1698 - 

2450 

1248 - 

1697 

980 - 

1247 

714 - 

979 

393 - 

713 

25 

Unemployment 

(%) 

ACS_16_5YR_DP03 0 - 2.7 2.8 - 4.1 4.2 - 5.0 5.1 - 6.2 6.3 - 

8.0 

25 

Population 

earning below 

poverty line (%) 

ACS_16_5YR_DP03 3 - 6.9 7.0 -

10.4 

10.5 - 

14.5 

14.6 - 

22.5 

22.6 - 

35.5 

25 

 

All criteria were weighed equally in an attempt to represent the interests of potential investors, as 

well as nonprofits and governments. Suitability scores (1-5) were applied to even increments in 

the data, using Jenks Natural Breaks, with a score of ó5ô indicating the greatest favorability and 

ó1ô indicating the least favorability. The assessment was performed using coastal counties or 

county-equivalents. 

 

4.3.2 Assessment of macroalgae cultivation potential along the United States coast using 

national environmental data 

 

The environmental section of the macroalgae suitability assessment utilized a combination of 

satellite and agglomerated in-situ data. Information regarding these datasets are listed in Table 4-
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2. Based on the lack of available or reliable data, Hawaii and Alaska were excluded from this 

assessment. 

 
Table 4-2. Data used in environmental suitability assessment 

Parameter Dataset Organization Resolution Notes Reference 

Temperature Aqua/MODIS NASA 0.1 degree Average of monthly 

mean sea surface 

temperature from March 

to September 2017 

NASA, 2014a 

Salinity GLODAP V2 NOAA 0.1 degree Kriging interpolation 

using in-situ sampling 

from 1981 to 2012 

Olsen et al., 

2016; Lauvet et 

al., 2016; and 

Key et al., 2015 

Depth US Coastal 

Relief Model 

NOAA 3 arc-second Mosaic of regional 

bathymetry rasters 

National 

Geophysical 

Data Center, 

1999a-b, 2001a-

c, 2003a-c 

Chlorophyll A Aqua/MODIS NASA 0.1 degree Average of monthly 

mean chlorophyll A 

from March to 

September 2017 

NASA, 2018 

Diffuse 

Attenuation 

Aqua/MODIS NASA 9 km Average of monthly 

mean diffuse attenuation 

from March to 

September 2017 

NASA, 2014b 

  

Five basic water quality parameters and geographic characteristics were analyzed in the 

environmental suitability model: average temperature, salinity, depth, average chlorophyll A, and 

average diffuse attenuation. Monthly temperature, chlorophyll-A, and diffuse attenuation values 

were averaged over the spring and summer months, from March to September, as the ideal 

cultivation period (Bolton et al., 2009). The diffuse attenuation coefficient (Kd 490), an indicator 

of water clarity, strongly correlates to the turbidity of water (Shi and Wang, 2010). The diffuse 

attenuation coefficient was used in place of a direct turbidity or a suspended solids metric due to 

overall consistency of the measurement. For the purpose of this assessment, this measurement 

was used as a turbidity indicator. GLODAP V2 water quality data were interpolated using a 

Kriging method bound by a land mask (Olsen et al., 2016; Lauvet et al., 2016; Key et al., 2015).  
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Environmental criteria were assessed using two representative species of intertidal macroalgae 

with established market potential, Ulva fasciata and Gracilaria verrucosa (Porse and Rudolph, 

2017; Rejeki et al., 2018). These species generally thrive in intertidal waters, thus allowing 

cultivation to occur close to shore, as well as reduced loss from epiphytic infection (Choi et al., 

2006). Favorable conditions for the species are listed in Table 4-3. 

 
Table 4-3. Favorable environmental conditions for the cultivation of U. fasciata and G. verrucosa 

Temperature 

(OC) 

Salinity 

(PSU) 

Depth 

(m) 

Chlorophyll A  

(mg m-3) 

Diffuse 

Attenuation (m-1) 

20 - 25 25 - 30 0 - 5 Minimal Minimal 

Information from: (Bird and Ryther, 1990; Choi et al., 2006; Cui, Wang, Liu, and Yuan, 2014; Mantri et al., 2011; 

Radiarta et al., 2011; Schneider and Searles, 1991; Yarish and Pereira, 2008)  

 

The conditions listed in Table 4-3 represent optimal growth parameters for the macroalgae using 

rope cultivation. These parameters consider growth rate and product quality. For example, 

though higher temperatures (25-35OC) have been shown to increase growth rates in G. 

verrucosa, these conditions also coincided with lower quality agar gel (Bird and Ryther, 1990). 

As for chlorophyll A, no definitive data could be found in regard to either U. fasciata or G. 

verrucosa. Chlorophyll A is recognized to correspond with increased nutrient loads in estuarine 

and marine waters (Keith, 2014). Rather, this study assessed minimal chlorophyll A 

concentrations as the most suitable to prevent shading of the macroalgae from microalgae 

blooms, as well as any potential product fouling for harmful algal blooms (Batiuk et al., 2000; 

Lapointe et al., 2015). Similarly, no direct values could be sourced regarding diffuse attenuation. 

Nonetheless, clearer waters are generally more conducive to algal growth (Austin et al., 2017). 

Thus, minimizing this value suggests higher suitability for cultivation purposes. 

 

Table 4-4 contains the suitability criteria for the countrywide environmental assessment. 

Temperature, salinity, and depth were all segmented from interpretations of the data used in 

Table 4-3. As no specific data could be sourced on chlorophyll A as a potential production 

limitation criterion, the scores were assigned using natural breaks in the data, which correspond 

to general recommendations proposed for submerged aquatic vegetation (Batiuk et al., 2000). 

Diffuse attenuation coefficient scores were interpreted from past studies and separated as deemed 

appropriate (Radiarta et al., 2011; Shi and Wang, 2010).  
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Table 4-4. Environmental suitability index for U. fasciata and G. verrucosa 

 Suitability Score Suitability 

Weight 

Parameter 1 2 3 4 5 (%) 

Temperature (OC) <15, >40 35.1 - 40, 10 

- 15 

15 - 19.9, 

30.1 - 35 

25.1 - 30 20 - 25 30 

Salinity (PSU) <10, >45 10 - 14.9, 

40.1 - 45 

15 - 19.9, 

35.1 - 40 

20 - 24.9, 

30.1 - 35 

25 - 30 20 

Depth (m) >30 20.1 - 30 10.1 - 20 5.1 - 10 0 - 5 20 

Chlorophyll A  

(mg m-3) 

51.6 - 59.9 37.0 - 51.5 24.0 - 36.9 13.2 - 23.9 0 - 13.1 5 

Diffuse Attenuation 

(m-1) 

>1.00 0.76 - 1.00 0.51 - 0.75 0.25 - 0.50 <0.25 25 

 

 

 

4.3.3 Evaluation of Bogue Sound 

 

In addition to the large-scale assessment performed in sections 2.1 and 2.2, a field study was 

performed to collect in-situ water quality data to verify the potential of macroalgae cultivation 

near larger residential and industrial activity. 

 

4.3.3.1 Site description 

 

The Bogue Sound area, located in North Carolina, USA, was selected as a representative location 

for analysis. The study location is a relatively-shallow body of water, separated from the ocean 

by a 25-mile strip of land, called Bogue Banks, punctuated at each end by inlets, shown in Figure 

4-1. The land-use bordering the Bogue Sound is mixed, with residential, commercial, industrial, 

and research entities lining the shores (U.S. Army Corps of Engineers, 2014). By comparison, 

the influence of anthropogenic activities is much less pronounced in the Back Sound. The Back 

Sound is primarily bordered by residential property and protected natural areas. Both bodies of 

water are observed habitat for a variety of aquatic animals and plants, including several species 

of intertidal macroalgae, including Ulva and Gracilaria macroalgae. This site was selected for 



   

68 

 

study due to this diverse land use, as well as the capacity to support potential macroalgae 

cultivation. 

 

Figure 4-1. Map of the study area in North Carolina 

 

4.3.3.2 Sample collection 

 

Water samples were collected from seventeen locations around the Bogue Sound. Four 

additional reference samples were collected to the east in the Back Sound, as well as one location 

on the Intracoastal Waterway, north of the Newport River, shown in Figure 4-2 and Table 4-5. 

Sample locations in the sampling area were selected based on local land use and proximity to 

coast line, as locations near the shoreline were hypothesized to represent the worst conditions in 

the body of water. The samples were collected on three different days during the growing season, 

as outlined previously regarding the environmental suitability index. The sampling dates for each 
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location are listed in Table 4-5. Samples were collected in pre-washed polypropylene bottles 

approximately one meter below the water surface. Temperature and salinity were measured at the 

time of collection, using an Extech 500 Exstik II pH/Conductivity/Temperature meter (FLIR 

Commercial Systems Inc., New Hampshire, USA) and a salinity refractometer, respectively. 

 

Figure 4-2. Map of water sampling locations in the study area 
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Table 4-5. Locations of sampling sites 

Location Longitude Latitude  Date(s) of Collection 

Pump Station -76.7640 34.7240 4/26/2018, 5/4/2018, 6/20/2018 

Hotel -76.7676 34.7240 4/26/2018, 6/20/2018 

Back Sound Deep 1 -76.6480 34.6955 4/26/2018 

Back Sound Deep 2 -76.6011 34.7007 4/26/2018 

Back Sound Deep 3 -76.5486 34.6362 4/26/2018 

Back Sound Deep 4 -76.7509 34.7202 4/26/2018 

Shackleford Banks -76.6493 34.6885 4/26/2018 

UNC Boat Ramp -76.7511 34.7219 4/26/2018, 5/4/2018, 6/20/2018 

NC Wildlife Public Boat Ramp (loading) -77.0064 34.6716 5/4/2018 

NC Wildlife Public Boat Ramp (pier) -77.0076 34.6737 5/4/2018 

Hurst -76.9919 34.6731 5/4/2018 

Kelly -76.9833 34.6747 5/4/2018 

24th St. -76.9524 34.6785 5/4/2018 

Mini Golf -76.8804 34.6903 5/4/2018 

Pine Knoll -76.8322 34.7017 5/4/2018 

Pelican Drive -76.7812 34.7041 5/4/2018 

Atlantic Bridge S. -76.7370 34.7123 5/4/2018 

Intracoastal Waterway -76.6905 34.8469 6/20/2018 

Gulf Harbor Ramp -76.8466 34.7303 6/20/2018 

Salter Path Ramp -76.9266 34.7184 6/20/2018 

Bayshore Boat Ramp -77.0675 34.6799 6/20/2018 

58 Bridge N. -77.0666 34.6793 6/20/2018 

 

 

 

4.3.3.3 Laboratory Analysis 

 

Seawater samples were analyzed for calcium, copper, and zinc concentrations using an AgilentTM 

7900 Quadrupole Inductively Coupled Plasma Mass Spectrometer (Q-ICP-MS) at the Plasma 
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Mass Spectrometry (PMS) Laboratory at University of North Carolina - Chapel Hill. Prior to 

analysis samples were syringe filtered through Cellulose Acetate (CA) Membrane Filters (0.22 

um pore size) filters. An internal standard containing 100 ppb Ge was used to correct 

instrumental drift. Calibration standards with appreciate amount of Ca, Cu and Zn concentrations 

were prepared from single element standards purchased from Inorganic VenturesTM. Certified 

reference material for seawater (NASS-7) from the National Research Council of Canada was 

analyzed along with the water samples to evaluate accuracy of analysis. Isobaric interferences 

from oxides were monitored during ICP-MS analysis, with oxide presence in the plasma stream 

controlled to be ~0.1% and all three elemental analyses were done in Helium collision cell mode. 

On average, analytical precision for each sample have RSDôs (Relative Standard Deviations) 

below 5% for Ca and 10% for Cu and Zn. 

 

4.3.3.4 Statistical Analysis and Geospatial Interpolation 

 

Geospatial autocorrelation using Moranôs I spatial autocorrelation test was determined for each 

of the measured variables: salinity, calcium, copper, and zinc. The factors were also subjected to 

an analysis of variance (ANOVA) to determine the significance of a temporal factor in the 

measured values. Factors influenced by spatial autocorrelation were appropriately corrected for 

ANOVA. From the ANOVA, the factors which were not significantly influenced by the temporal 

factor were interpolated over the whole study area using the inverse distance weighted method 

(IDW). Spatial autocorrelation and ANOVA were determined using R software (R Core Team, 

2013).  

 

4.4 RESULTS 

 

4.4.1 Outcome of economic assessment 

 

Based upon the economic suitability index for macroalgae cultivation, nine counties (and 

parishes) were assigned a óBest-Suitedô rating, represented by blue coloration in Figure 4-3. 

These nine counties (and parishes) are Tyrell and Hyde Counties in North Carolina, Colleton and 
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Jasper Counties in South Carolina, St. Bernard and Iberia Parishes in Louisiana, and Kliberg, 

Willacy, and Cameron Counties in Texas. 

 

Figure 4-3. Map of the economic suitability index for the United States 

 

4.4.2 Outcome of environmental assessment 

 

The environmental suitability assessment identified the southern North Carolina coastline as the 

optimal area for U. fasciata and G. verrucosa cultivation in the United States, which is 

highlighted with a red rectangle shown in Figure 4-4. The Gulf Coast and the Southeastern 

United States, as well as the southern Mid-Atlantic, were identified as above average suitability 

based on the assessed environmental criteria. 
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Figure 4-4. Map of environmental suitability index for the cultivation of U. fasciata and G. verrucosa in the United 

States 

 

4.4.3 Assessment of the Bogue Sound, NC 

 

A summary of the water quality data for the study site is compiled in Table 4-6. All sites were 

below the EPA recommended limit for both copper and zinc (U.S. Environmental Protection 

Agency, 2000).  

 
Table 4-6. Descriptive statistics of the different water quality parameters for the Bogue and Back Sound sampling 

sites 

 Temperature 

(OC) 

Salinity 

(PSU) 

Calcium 

(mg L-1) 

Copper 

(ug L-1) 

Zinc 

(ug L-1) 

Mean 25.5 29 314.2 0.770 0.588 

Min/Max 18.6/32.1 9/37 127.0/368.7 0.342/2.510 0.080/2.902 

IQR 8.2 5.8 22.1 0.303 0.415 
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From the statistical analysis of the data, both calcium and salinity exhibited spatial trends, while 

copper and zinc did not. Similarly, after correction for spatial autocorrelation, salinity and 

calcium were significantly affected by the sampling date, while both copper and zinc appeared to 

not be influenced by the sampling date. When compared with the other factors, calcium showed 

a significant (p<0.05) positive relationship with salinity. Calcium was also significantly (p<0.05) 

linked to zinc, showing a slight antagonistic relationship between the two. 

 

The interpolated dissolved copper and zinc concentrations for the study area are shown in 

Figures 4-5 and 4-6, respectively. The highest concentrations of dissolved copper were found in 

the Bogue Sound area, with the three highest concentrations located near two boat ramps and a 

hotel. Some of the highest levels of zinc were also found at the hotel sample site. Unexpectedly, 

the geographic distribution for zinc was different from that of copper, with the highest levels of 

zinc found near an oyster sanctuary in the Back Sound and comparatively low levels found 

within the Bogue Sound. 

 

 

Figure 4-5. Map of dissolved copper distribution in the Bogue and Back Sounds, NC 
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Figure 4-6. Map of dissolved zinc distribution in the Bogue and Back Sounds, NC 

 

4.5 DISCUSSION 

 

4.5.1 Economic suitability 

 

The assessment generally indicates that the southeastern United States has strong potential for 

the cultivation of macroalgae at large scale. A major reason for this result likely stems from the 

higher per capita income and property costs associated with many of the mid-Atlantic and 

northeastern states. Similarly, this was observed to be a major economic impediment to the West 

Coast, Hawaii, and Alaska. These areas are more likely to benefit from deep-sea macroalgae 

production, in which property costs are replaced by the cost of a watercraft. Counties containing 

a major metropolitan area were disadvantaged based on this metric. Similarly, counties including 

popular tourist areas may have been ranked unfairly low, however, this impediment was only 

observed in very few instances, such as along the North Carolina Outer Banks. The results from 

this model further justify the exclusion of Alaska and Hawaii from the subsequent environmental 
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model, since the average or below-average economic scores would have impeded production, 

despite potential environmental compatibility. 

 

Economically, large-scale macroalgae cultivation has the potential to provide a major positive 

impact to the most suitable areas. Aquaculture operations not only supply work to the farmers 

and laborers in charge of the cultivation but can also create new jobs in material processing 

(Buck et al., 2018). These additional jobs can provide work for the suitable areas identified in the 

study, with the potential to reduce unemployment and poverty. Additional economic benefits 

may be realized as a remediation source of environmental pollution. As nutrient sinks, 

macroalgae can remediate areas subject to nutrient pollution (Human, 2016). Through the use of 

nutrient credits, this service may help offset some costs of cultivation. Alternatively, this 

property may reduce the feed cost, in addition to the environmental impact of finfish aquaculture 

in IMTA systems (Buck et al., 2018). As noted in Chapters 2 and 3, macroalgae, particularly 

Ulva and Gracilaria, are effective aquatic trace metal bioaccumulators, too. While effective 

year-round, the highly-tolerant nature of intertidal macroalgae may be particularly useful in the 

aftermath of powerful storm events, which may result in massive influxes of nutrients and other 

pollutants into the ecosystem (Mallin et al., 1999). The low cost of production combined with the 

high accumulation potential suggests that intertidal macroalgae is a cost-effective remediation 

tool. 

 

Further developments in cultivation techniques and technology could increase the viability of 

macroalgae cultivation. The United States Department of Energy has recognized this, funding 

projects that are currently underway as of this writing. Some of these projects include 

environmental modelling, new cultivation systems, and autonomous technology. In addition to 

these inventions and innovations, advantageous environmental conditions can add value to 

macroalgae product. For example, as mentioned in previous chapters, the higher mineral content 

in remediating macroalgae could be used as an enriched food source or soil conditioner. This 

technique can be utilized with greater efficiency using GIS applications. In conjunction with 

cheaper water quality test methods, impacted locations can be identified in need of remediation 

with relative ease and accuracy. Alternatively, these same locations may be avoided by 
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cultivators aiming to avoid possible contamination. Further research in this subject can 

potentially improve the market value of intertidal macroalgae. 

 

4.5.2 Environmental suitability 

 

The results of the environmental suitability assessment largely agree with past sightings and 

reports documenting the habitat of U. fasciata and G. verrucosa in the United States (Schneider 

and Searles, 1991). The green and blue regions in Figure 4-4, indicating above average and 

optimal suitability, respectively, cover the vast majority of the coastline in the Southeastern 

United States. This suggests that the growth criteria and weights used in the environmental 

suitability index were quite accurate, since these macroalgae are native to the areas identified in 

these green and blue zones. The West Coast, with steeper submarine slopes, colder currents, and 

more-turbid waters, was largely deemed average or below-average suitability. This result 

suggests that the West Coast is likely not well-suited for intertidal macroalgae cultivation, but 

rather deep-water production. In addition to the higher property and labor costs in the Northeast, 

the region also suffers from seasonal freezing periods, which have been a hindrance to 

macroalgae production in the area (Yarish et al., 2017).  

 

 The results of the environmental suitability assessment generally align with the results of the 

economic suitability assessment. The optimal zone identified in the environmental analysis, the 

North Carolina coast, also happens to be near counties identified as best-suited economically for 

large-scale macroalgae cultivation. This suggests that North Carolina is well-suited for intertidal 

macroalgae production and may benefit the most from large-scale cultivation of the product. 

North Carolina macroalgae production may also benefit from higher coastal nutrient contents as 

well. High nutrient loads from agricultural runoff have increased the nutrient content of coastal 

waters in North Carolina (Mallin et al., 2015). This suggests that nutrient concentrations in the 

coastal waters of North Carolina are less-restrictive when compared to the waters of other states.  

 

The other optimal economic zones, located in South Carolina, Louisiana, and Texas, were 

identified as above-average suitability for macroalgae cultivation. In-depth analysis of the water 

quality criteria revealed that turbidity was a major limiting factor, particularly in the Mississippi 
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River Delta around Louisiana. Compared to North Carolina, coastal waters around the 

Mississippi River Delta suffer from higher concentrations of total suspended solids (TSS) and a 

higher frequency of hypoxic episodes (U.S. Environmental Protection Agency, 2015). The 

higher TSS may limit the cultivation of macroalgae, as the increased turbidity reduces the 

available light for photosynthesis. The higher number of hypoxic instances indicates a higher 

chance for microalgae blooms (Berdalet et al., 2015). Though not identified as óbest-suitedô, 

waters categorized as óabove-averageô suitability are still well suited for intertidal macroalgae 

cultivation and should still be investigated further as potential cultivation sites.  

 

4.5.3 Assessment of the Bogue Sound area 

 

Overall, the study results indicate that both the Bogue and Back Sounds are suitable for 

macroalgae cultivation with respect to the water parameters tested. The low concentrations of 

copper and zinc are particularly noteworthy, as many of the sampling locations in the Bogue 

Sound were along roadways or near areas of high boat traffic, both of which are known sources 

of both copper and zinc pollution (Bighiu et al., 2017). The higher industrial activity around the 

Bogue Sound would suggest higher concentrations of these pollutants than the Back Sound (Yao 

et al., 2014). Despite the different land use bordering each body of water, the two Sounds were 

not significantly different (p>0.05) with respect to either dissolved copper or zinc. 

 

Care must be taken when assessing the long-term environmental suitability of the area.  First, 

regarding pollution, the sampling may not provide a complete report on the year-round suitability 

of the area, due to the relatively small time period in which sampling occurred. Given the higher 

anthropogenic activity in the area, the sediment of the Sound may contain elevated 

concentrations of the metals, which can be remobilized with changes in the weather (Lundy et 

al., 2017). Furthermore, the area may contain other pollutants of concern, including mercury 

(North Carolina Wildlife Resources Commission, 2015). Other, non-pollutant factors may need 

to be considered, too, including protected pests, weather events, or submerged aquatic 

vegetation. Additionally, the limited sampling represents findings during the early half of the 

growing season assessed in this study. The observed values of salinity and temperature are likely 

to change during different seasons. Similar fluctuations may occur on a shorter temporal scale. 
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Thus, precautions should be adopted when interpreting the in-situ evaluation of the Bogue and 

Back Sounds as representative water bodies.  

 

4.5.4 Considerations and precautions 

 

While the aim of this study was to include as many reliable data sources to establish the 

suitability of intertidal macroalgae cultivation in the United States, the findings should not be 

interpreted definitively. Site characteristics which represent major deficits in the available data 

may alter the conclusions of this study. A major environmental example of this is the 

geomorphology of the intertidal zone. Substrate material has been shown to affect macroalgae 

colonization and quality (Geng et al., 2015; Le et al., 2018; Rejeki et al., 2018). As of this 

writing, very few geographic datasets could be sourced regarding intertidal geomorphology. 

Though negligible in rope cultivation practices, this feature may be critical in the broadcast 

cultivation techniques. In general, local conditions may ultimately limit cultivation in favorable 

regions, or, conversely, allow for successful cultivation at small-scale in unfavorable regions. 

 

Considerations should be likewise adopted when considering the results of the economic 

analysis. The purpose of the study was to identify the most suitable location based upon a 

number of U.S. Census criteria. The study should not be interpreted to determine the profitability 

of such an endeavor. The lack of a truly comparable scenario limits this determination. A study 

in New England assessed the economic viability of long-line cultivation of Saccharina latissima, 

estimating the cost of farming at $0.86 per kilogram of fresh weight (Yarish et al., 2017). When 

compared to the S. latissima, cultivation of intertidal macroalgae, like U. fasciata and G. 

verrucosa, would likely cost less to produce in materials, particularly in low-energy 

environments, since cheaper watercraft could be sourced. While these other factors would lower 

the cost of macroalgae production, property costs would be expected to be a greater factor near 

shore. 

 

Weather conditions must also be considered when siting macroalgae operations. The warmer 

waters of the Southeast and the Gulf of Mexico are often disturbed by tropical storm and 

hurricane events (NOAA, 2018). These storms can be detrimental to marine aquaculture 
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operations, resulting in billions of dollars-worth of damage from intense regional storms (Buck, 

2005). Without the protective infrastructure necessary to withstand these storm events, intertidal 

macroalgae operations are vulnerable to damage and destruction. These potential losses must be 

accounted for when locating macroalgae operations. In order to reduce the losses associated with 

major weather events, planning and appropriate accommodation of weather-related events can 

greatly reduce losses. 

 

As previously established in the paper, intertidal macroalgae farming is a sustainable enterprise 

with numerous potential benefits, economically and environmentally, for the southeastern United 

States. Improper implementation can reverse these benefits, resulting in a destructive practice 

with lasting impacts. For instance, Indonesia implemented wide-spread cultivation of intertidal 

macroalgae, growing to become the second-largest producer of macroalgae over the past decade 

(FAO, 2018). The rapid expansion contributed in part to the decline of native submerged aquatic 

vegetation (SAV), resulting in large removal of native seagrasses in favor of algae farms 

(Unsworth et al., 2018). Local ecosystems must be maintained through the cultivation of native 

macroalgae species. Non-native macroalgae may displace native populations, potentially causing 

harm throughout the ecosystem, though, these concerns are largely speculative regarding 

macroalgae, based on cases of invasive terrestrial plants (Pejchar and Mooney, 2009). Due to 

relatively sparse distributions, non-native macroalgae have yet to cause any observable damage 

(Palomo et al., 2016). Nonetheless, cultivation of native macroalgae is preferred, as to avoid any 

potential ecological issues. 

 

4.6 CONCLUSION AND FUTURE WORK  

 

The purpose of this study was to determine the most suitable locations for the cultivation of 

intertidal macroalgae in the United States. Such an assessment had never been performed 

previously, with particular novelty in the socio-economic and in-situ aspects of this study. The 

analysis was performed using a combination of government data files and in-situ water samples 

in a GIS environment. The results indicate that the southeastern Atlantic and Gulf of Mexico 

region of the country are the best-suited for cultivation purposes, as the region is the native 

habitat of the macroalgae assessed in the environmental suitability index, as well as having a 
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more favorable environment, economically. Despite the general agreement between these 

models, limitations in the analysis leave a great deal of uncertainty. Further research on the 

matter is required before definitive recommendations can be made. 

 

As discussed in the paper, further research is required to improve the suitability models. While 

the environmental model was assessed using U. fasciata and G. verrucosa, a more 

comprehensive model is needed using a variety of macroalgae. Though the species selected in 

this assessment were selected based upon their adaptive characteristics, localized species of 

macroalgae may tolerate a less-dynamic environment. In an effort to promote the cultivation of 

local species in an effort to create a more diverse and sustainable industry, future studies should 

focus on a variety of species. Just as much emphasis should be placed on the selection of species 

for a target location as the selection of sites to accommodate species of interest.  

 

Further ecological information could expand the productivity of macroalgae cultivation 

practices. Given different temperature and depth tolerances, researchers should explore the 

potential for co-cultivation of species through both parallel or rotating cultivation practices. In 

the former, intertidal macroalgae may be cultivated alongside other aquaculture operations, 

including oysters and macroalgae of differing coastal zonation (Li et al., 2014; Perkins et al., 

2016). In the latter, warm-water macroalgae may be cultivated in conjunction with cold-water 

macroalgae through rotating crop cycles. Further research is required to determine what effect 

these practices will have on each other, as well as the natural environment. 

 

Finally, further research could benefit from the development of geospatial technology focused on 

the environmental remote sensing in coastal settings. Current remote analytical methods rely 

upon the adaptation of terrain-oriented sensors or a limited array of aquatic-focused sources. 

Alternatively, in-situ sampling methods are too infrequent, sparse, and costly. The methods used 

in this study relied upon a limited number of water parameters for analysis. Though the results 

generally agree with historical observations, potential limiting factors may result in local 

discrepancies between the real culture conditions and model predictions. In an effort to lower the 

cost of production, improvements in such technology are necessary for accurate real-time 

monitoring of both near-shore and off-shore systems. These endeavors will also benefit from the 
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implementation of public access services and data sharing to allow all cultivators the ability to 

access data, regardless of resources and technical prowess.  
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CHAPTER 5: SUMMARY OF STUDIES AND RECOMMENDATIONS FOR FUTURE 

RESEARCH 

 

 

5.1 Summary of Studies 

 

Macroalgae is a major global commodity with enormous potential. In 2016, total global 

production was valued at over $US 11 billion (FAO, 2018). Macroalgae is used for a variety of 

applications including food and biofuels. Water pollution threatens to limit further expansion of 

cultivation and development. While the threat of toxic heavy metals, such as lead and mercury, 

are recognized and regulated, phytotoxic trace metals, such as copper and zinc, are monitored 

much more infrequently. Due to the longevity of these contaminants, it is imperative to 

understand the interaction of these contaminants with various components in a marine 

environment. Through an understanding of the metal-algae-environment interactions, farmers 

and engineers alike can identify suitable locations for either cultivation or remediation, as well as 

influence the accumulation capacity of the macroalgae. This thesis aimed to examine these 

system interactions to determine how to improve cultivation potential in an open marine 

environment. This thesis also attempted to identify suitable locations for cultivation at a national 

scale to determine optimal locations to begin cultivation in the underexplored environment of the 

United States. Throughout this thesis, the ultimate goal of the work was to evaluate the potential 

for the expansion of macroalgae aquaculture, particularly through the utilization of efficient and 

available methods. 

 

The objectives of Chapter 2 (The Effect of Salinity and Alkalinity on the Toxicity and 

Accumulation of Copper and Zinc in the Chlorophyta Ulva fasciata) were to compare the growth 

rates, copper accumulation, and zinc accumulation of the macroalgae Ulva fasciata exposed to 

different salinity and alkalinity levels. The results of this study suggest that higher salinity does 

not necessarily reduce copper and zinc accumulation, as past papers have state, but rather other 

seawater components, such as carbonate alkalinity, which significantly reduced copper 

accumulation while increasing zinc accumulation. The findings of this chapter will be useful for 

growers, environmentalists, and researchers, as the results show definitively, that increases in 

alkalinity, in the form of sodium bicarbonate, can reduce the accumulation of copper. This 
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finding may serve to reduce the vulnerability of macroalgae exposed to elevated concentrations 

of phytotoxic pollution and increase the desired mineral content of the product. 

 

Chapter 3 (The Effect of Salinity and Calcium on the Toxicity and Accumulation of Copper and 

Zinc in the Rhodophyta Gracilaria verrucosa) was quite similar to Chapter 2 in experimental 

design and purpose. Recognizing that species and biochemical composition of macroalgae is 

important to accumulation trends, Gracilaria verrucosa was used in these experiments to help 

determine differences among species. Furthermore, calcium was explored as a water quality 

parameter due to abundance and demonstrated interaction potential (Mendes et al., 2014). The 

results of this study show that while salinity did not influence the growth-inhibition potential of 

copper on the macroalgae, the higher salinity did reduce the accumulation of copper in G. 

verrucosa. Early mortalities in the calcium experiment prevented any further understanding of 

the role of calcium in copper and zinc accumulation and toxicity in macroalgae. 

 

The main goal of Chapter 4 (Development of a Suitability Assessment Model for the Cultivation 

of Intertidal Macroalgae in the United States) was to identify optimal locations for intertidal 

macroalgae cultivation around the coast of the United States via economic and environmental 

suitability models. Using a sample location of above average suitability, further investigation 

was performed to characterize water quality in relation to macroalgae health. The result of these 

analyses suggest that the southern Atlantic states, as well as states along the Gulf of Mexico are 

well-suited for intertidal macroalgae cultivation, both economically and environmentally. In-situ 

testing revealed the waters of the Bogue and Back Sounds to be well within permissible levels of 

all measured parameters for successful cultivation of macroalgae. The chapter also discussed 

limitations of the model and site analysis, as well as precautions about adaptations from the 

model. 

 

Overall, this thesis has shown that the cultivation of macroalgae has the potential to expand into 

areas where cultivation was previously considered unsuitable. Current limitations can be 

overcome through careful site-planning and low-cost chemical treatments. Though copper and 

zinc can be major pollutants of concern, identification of favorable water bodies can reduce 

issues associated with these metals. Furthermore, zinc may even add value to the final product 
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under the right conditions. Additionally, economic and macro-environmental factors can too be 

overcome with strategic planning and clever water treatment methodology to enhance cultivation 

efficiency and profitability, while ensuring long-term sustainability. 

 

5.2 Recommendations for Future Research 

 

Though the work in this Thesis has demonstrated the opportunity for expansion in macroalgae 

cultivation, there still exists plenty of research to be performed. Throughout the design, 

execution, and review of the experiments, some critical limitations became quite apparent. These 

limitations represent the need for further research and development to grow the discipline of 

phycology and expand the productivity of macroalgae cultivation. Some recommendations have 

been made in previous chapters of this Thesis, however, the recommendations listed in this 

chapter are major limitations for multiple disciplines regarding macroalgae. 

 

In the field of macroalgae metal toxicology, quite a lot of information is currently lacking. 

Firstly, and perhaps most importantly, is the general lack of information regarding the 

relationship between exposure time, total accumulation, and toxicological response. Though 

plenty of research exists on biosorption kinetics, a major component of macroalgae metal 

accumulation, the less-understood active accumulation activity of live macroalgae biomass 

ensures a prolonged accumulation potential. The lower threshold for toxicity observed in 

Chapters 2 and 3 of this thesis supports this hypothesis pertaining to the longer-term impact of 

metal exposure to macroalgae. The length of the studies conducted in Chapters 2 and 3 lasted 

two weeks, with the longest study identified in the literature search lasting fifteen days. As noted 

in Chapters 2 and 3, the majority of toxicity experiments lasted less than one week. When 

compared with typical cultivation times, these test periods are quite short. Future toxicity studies 

should attempt to reflect this timespan to provide a clearer idea of the true toxic thresholds of 

different metals in macroalgae. In conjunction with tests covering a broader range of macroalgae, 

an accurate and effective accumulation model could be developed to provide researchers, 

growers, and policy-makers the information that they need to make well-informed decisions. 
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Another major obstacle in the field of macroalgae research is a lack of technology suitable for 

macroalgae experimentation and marine toxicity studies in general. Preliminary trials of the 

experiments in Chapter 2 attempted to monitor dissolved copper concentrations in the artificial 

seawater on a daily basis, using an ionic selective electrode (ISE). However, the high ionic 

activity rendered the ISE unreliable, due to the high interference from other ions in the matrix. 

Chemical reagents were also investigated in spectrophotometry, but due to the relatively low 

target metal concentrations (50 ppb), the accuracy and precision of could not be verified. Thus, 

this method was not used either. While reliably accurate and precise, the methodology adopted 

throughout this Thesis, ICP-MS, is a costly test procedure that can limit the scope of trace metal 

tests, as well as accessibility to such experiments. Development of a low-cost and reliable metal 

testing procedure will greatly assist to benefit the field of marine toxicology and macroalgae 

metal tolerance. 

 

Importantly, macroalgae research requires more in-situ experimentation. Through the use of 

research plots, researchers can observe real issues challenging growers and remediation 

specialists that may otherwise be missed in laboratory experiments. Furthermore, findings and 

improvements made in open-water research sites can directly improve cultivation practices, 

immediately affecting growers is positive ways. Though some plots exist for purely research, the 

frequency of these efforts is few, particularly in the Southeast United States, resulting in a slow 

connection between research and practice. Furthermore, without experts with experience 

overcoming various cultivation obstacles, prospective growers will be more hesitant to attempt 

cultivation themselves. Thus, for the expansion of macroalgae cultivation, it is imperative that a 

supporting network of researchers and extension affiliates with real field experience exist to 

instill confidence in the industry.  

 

Finally, macroalgae will be critical in adapting to global climate change and ocean acidification. 

Rising sea levels are projected to flood many coastal environments, including major metropolitan 

areas (Nicholls and Cazenave, 2010). While this may increase potential cultivation zones for 

macroalgae, anthropogenic contaminants may limit  the habitability of this new potential 

cultivation area (OôShea et al., 2018). Furthermore, global climate change is projected to 

increase storm frequency and intensity, potentially harming future macroalgae cultivation 
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(Bender et al., 2010). Further research is needed to determine the magnitude of these potential 

limiting factors.  

 

While global climate change may possibly cause some issues for future macroalgae cultivation, 

the higher temperatures and increased oceanic carbon may potentially benefit macroalgae 

cultivation, too. The higher temperature and aquatic carbon content associated with a projected 

climate change scenario has been shown to increase the growth and nutrient utilization of 

macroalgae (Chen et al., 2018). The increased cultivation space combined with the higher 

available nutrient contents will likely improve potential yields in many coastal areas. 

Consequently, the higher CO2 levels are projected to increase the frequency of microalgae 

blooms (Verspagen et al., 2014). Large-scale macroalgae cultivation may help to prevent or 

lower the intensity of such blooms. Most importantly, in an effort to feed and accommodate a 

growing population, macroalgae need to be further researched in an effort to improve cultivation 

efficiency. 
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APPENDIX B: FURTHER ANALYSIS OF CHAPTER 2 AND CHAPTER 3 DATA

 
Figure B-1: Comparison of growth rates of the salinity experiments for both U. fasciata and G. 

verrucosa. Data are means + standard deviation (n=3) 

 
Figure B-2: Comparison of copper accumulation of the salinity experiments for both U. fasciata 

and G. verrucosa. Data are means + standard deviation (n=3)  
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Figure B-3: Comparison of zinc accumulation of the salinity experiments for both U. fasciata 

and G. verrucosa. Data are means + standard deviation (n=3) 

 
Figure B-4: Copper accumulation in U. fasciata-salinity experiment without outlier 15-HL-1. 

Compare to Figure 2-2. Data are means + standard deviation (n=3) 
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Figure B-5: Copper accumulation in G. verrucosa-salinity experiment without outlier 15-HL-3. 

Compare to Figure 3-2. Data are means + standard error (n=3) 

 
Figure B-6: Copper accumulation in G. verrucosa-salinity experiment without outlier 25-LH-2. 

Compare to Figure 3-3. Data are means + standard error (n=3) 
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Figure B-7: Copper accumulation in G. verrucosa-calcium experiment without outlier 300-HH-

3. Compare to Figure 3-5. Data are means + standard error (n=3) 

 
Figure B-8: Zinc accumulation in G. verrucosa-calcium experiment without outlier 600-LL-1. 

Compare to Figure 3-6. Data are means + standard error (n=3)  
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APPENDIX C: LIST OF TIPS, RECOMMENDATIONS, AND GENERAL ADVICE FOR 

FUTURE STUDENTS 
 

Over the course of my Masterôs studies, I have learned a few things that would have made my 

life easier had I know about them sooner. Here is a list of things that will hopefully make the 

lives of future students easier: 

 

General Recommendations for Seaweed Cultivation in Lab: 

 

¶ Try sourcing macroalgae from a laboratory source (such as UTEX or Carolina Biological). 

These strains have been genetically-tested, and adapted to artificial cultivation conditions. 

¶ Water quality may be quite variable. Use DI water when available or filtered water if not 

¶ Artificial sea mixtures are designed for fish not macroalgae. I cannot affirm whether or not this 

had a negative effect on Experiments 2 and 4, but those were the experiments with the higher 

ratio of marine mix. If possible, try to use filtered and autoclaved natural seawater (if looking 

at factors other than seawater parameters). Otherwise, a special salt mixture may need to be 

prepared 

¶ Lights can be an issue. Fluorescent bulbs were used to cultivate experiments, but required 

improvised dimming (plastic sheets were put in front of the bulbs to lessen the light intensity). 

This may vary by species as well 

¶ Lights can also determine whether or not algae take over your experimental units. Blue-red 

grow lights influenced a higher level of green macroalgae when growing Gracilaria 

¶ Nutrients can also be an issue. Too much can kill the algae and too little can hinder its growth. 

Prior to any experiment, perform a preliminary experiment to determine the optimal nutrient 

loading rate (this will change by growth stage and algae species). This will also help to show 

whether or not the experimental setup is at risk of microalgae infestations 

¶ Air pumps are key to ensure that the macroalgae survive during cultivation. Forced air helps to 

mix salts and nutrients, and also ensure that all parts of the macroalgae receive sufficient light 

¶ If using glass jars for cultivation, make sure to manually wipe the insides of the jars after 

cleaning. Though they may look clean, they are probably still dirty 

 

General Recommendations for Trace Metal Analysis in Macroalgae 

 

¶ Though it may be quite expensive (we paid $125 per sample), inductively-coupled plasma 

mass spectrometry (ICP-MS) is a reliable form of trace metal analysis. If using small quantities 

of macroalgae, this may be the only way to go, since most other accessible methods cannot 

accurately read such small quantities. 

o This process may take a while, so plan out 3 months ahead just to ensure enough time 

o Make sure to ask about Certified Reference Material. These are material that have been 

tested several times by different independent labs to ensure consistency among testing 

protocols. It may be difficult to find macroalgae, but any plant material should suffice as long 

as blanks and calibration solutions are used 

o Different labs may specialize in different analyses. For example, the E.A.T.S lab at NCSU 

performs more plant analysis than the PMS lab at UNC, which is geology-focused. 
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¶ Chemical reagents are suitable for higher concentrations of metals, however, the concentrations 

used in the experiments were too low for the methods to correctly analyze. Also, ambient 

temperature fluctuations can cause issues in dissolved metal concentrations. 

¶ Ion-selective electrodes (ISEôs) have potential in freshwater environments, however, the higher 

ionic activity in saltwater mixtures may cause too much interference, particularly in the more 

sensitive ISEôs. 

 

General Recommendations for Future Graduate Students Interested in Macroalgae 

Research 
 

¶ Intertidal macroalgae farms are not very difficult to develop. If possible, connect with 

researchers on the coast to look at potential research plots 

¶ Start reading the extension literature as soon as possible. These documents will give you good 

advice for cultivation techniques, as well as potential ideas for development 

¶ Phycology is still a young discipline. This leaves much to be explored, but also limits the 

amount of support that you will have 

o After reading a few dozen papers, the names of different authors will become quite familiar. 

Follow their line of research to figure out what has yet to be researched 

¶ Explore possible applications of recent technological innovations and inventions to the field of 

macroalgae cultivation or processing. If choosing research, this is a great way to get started. 

¶ Economic analyses of macroalgae are quite sparse, particularly in emerging regions of 

production. This would be some valuable research for the field. 
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APPENDIX D: RESEARCH PHOTOGRAPHS 

 

 
 

 
Figure D-1. Lab setup for U. fasciata and G. verrucosa experiments in Chapters 2 and 3   
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Figure D-2. Ulva fasciata before experimentation (left) and Gracilaria verrucosa after 

experimentation (right)  
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Figure D-3. G. verrucosa at the conclusion of Experiment 3 (from left to right: 35-LL-3, 15-HH-

3, 25-HL-1) 
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Figure D-4. View of Bogue Sound from Pump Station on 6/20/2018 
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Figure D-5. View of macroalgae farm in Sea Level, NC (top) and seeding of ropes with 

Gracilaria spp. for cultivation (bottom) courtesy of Phyta 
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APPENDIX E: VISUAL MINTEQ ANALYSIS  

 

PURPOSE: 

The use of Visual MINTEQ was intended to provide greater depth to the understanding of the 

metal treatments in Chapters 2 and 3. This modeling software was used primarily to understand 

the role of sodium chloride, sodium bicarbonate, and calcium chloride interacting with the added 

copper and zinc sulfates. These model results were omitted from the main body of the thesis due 

to a lack of verification. Furthermore, the analysis was wholly dependent on an array of data 

about the Crystal Sea Marine Mix from different labs and analytical procedures, with only 

calcium, copper, zinc, and alkalinity verified by laboratory analyses during the thesis research. 

However, while the actual values are subject to intense scrutiny, the general trends observed in 

the model scenarios do provide some useful insight into the chemical variations by treatment. 

 

METHODOLOGY:  

Visual MINTEQ 3.1 software (Gustafsson, 2018) was used to model ionic species in the culture 

vessels. As previously mentioned, the model inputs relied upon the data from a variety of sources 

to describe the general ionic chemistry of the artificial sea mixture. The majority of the data 

regarding the mixture composition was borrowed from manufacturer-based sources. Components 

were added as total concentrations with cation and sulfate concentrations of the marine mixture 

estimated from manufacturer data and validated for copper and zinc via EPA Methods 200.2 

(Martin et al., 1994). Carbonate content was determined via EPA-NERL Method 310.1, with all 

alkalinity assumed to be carbonate alkalinity (ASTM, 2014). Bioactive compounds and organic 

complexing compounds were assumed inconsequential to the general water chemistry due to the 

high water volume to algal volume in each experimental unit. Simulations were run with 

elevated levels of both copper and zinc (50 µg L-1, except for Experiments 3 and 4, where only 

25 µg L-1 of copper was used). Simulations for Experiments 1 and 2 were run at 25oC, while 

Experiment 3 used a temperature of 23oC and Experiment 4 used a temperature of 28oC. Tables 

of inputs are given in Tables C1 through C4 for Experiments 1-4, respectively. 
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Table E-1: Table of VMINTEQ inputs for Experiment 1 (ions of interest are highlighted) 

Component 
Name 

Total Concentration ς 
15 PSU 
(mg/L) 

Total Concentration ς 
25 PSU 
(mg/L) 

Total Concentration ς 
35 PSU 
(mg/L) 

H+1 0.004285714 0.004285714 0.004285714 

Al+3 0.072857143 0.072857143 0.072857143 

Ba+2 0.021428571 0.021428571 0.021428571 

Ca+2 175.7142857 175.7142857 175.7142857 

Cr(III) 0.000428571 0.000428571 0.000428571 

Cu+2 0.05 0.05 0.05 

Pb+2 0.001714286 0.001714286 0.001714286 

Li+1 0.047142857 0.047142857 0.047142857 

Mg+2 552.8571429 552.8571429 552.8571429 

Mn+2 0.000428571 0.000428571 0.000428571 

K+1 162.8571429 162.8571429 162.8571429 

Na+1 4457.142857 8391.092207 12325.04156 

Sr+2 5.357142857 5.357142857 5.357142857 

Zn+2 0.05 0.05 0.05 

Cl-1 9000 15066.05065 21132.1013 

CO3-2 38.57142857 38.57142857 38.57142857 

SO4-2 52 52 52 

 

Table E-2: Table of VMINTEQ inputs for Experiment 2 (ions of interest are highlighted) 

Component 
Name 

Total Concentration ς 
100 mg/L Alkalinity 

(mg/L) 

Total Concentration ς 
200 mg/L Alkalinity 

(mg/L) 

Total Concentration ς 
300 mg/L Alkalinity 

(mg/L) 

H+1 1 2 3 

Al+3 0.121428571 0.121428571 0.121428571 

Ba+2 0.035714286 0.035714286 0.035714286 

Ca+2 293 293 293 

Cr(III) 0.000714286 0.000714286 0.000714286 

Cu+2 0.05 0.05 0.05 

Pb+2 0.002857143 0.002857143 0.002857143 

Li+1 0.078571429 0.078571429 0.078571429 

Mg+2 921.4285714 921.4285714 921.4285714 

Mn+2 0.000714286 0.000714286 0.000714286 

K+1 271.4285714 271.4285714 271.4285714 

Na+1 7452 7475 7498 

Sr+2 8.928571429 8.928571429 8.928571429 

Zn+2 0.05 0.05 0.05 

Cl-1 14571.42857 14571.42857 14571.42857 

CO3-2 60 120 180 

SO4-2 86 86 86 
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Table E-3: Table of VMINTEQ inputs for Experiment 3 (ions of interest are highlighted) 

Component 
Name 

Total Concentration ς 
15 PSU 
(mg/L) 

Total Concentration ς 
25 PSU 
(mg/L) 

Total Concentration ς 
35 PSU 
(mg/L) 

H+1 0.004285714 0.004285714 0.004285714 

Al+3 0.072857143 0.072857143 0.072857143 

Ba+2 0.021428571 0.021428571 0.021428571 

Ca+2 175.7142857 175.7142857 175.7142857 

Cr(III) 0.000428571 0.000428571 0.000428571 

Cu+2 0.025 0.025 0.025 

Pb+2 0.001714286 0.001714286 0.001714286 

Li+1 0.047142857 0.047142857 0.047142857 

Mg+2 552.8571429 552.8571429 552.8571429 

Mn+2 0.000428571 0.000428571 0.000428571 

K+1 162.8571429 162.8571429 162.8571429 

Na+1 4457.142857 8391.092207 12325.04156 

Sr+2 5.357142857 5.357142857 5.357142857 

Zn+2 0.05 0.05 0.05 

Cl-1 9000 15066.05065 21132.1013 

CO3-2 38.57142857 38.57142857 38.57142857 

SO4-2 52 52 52 

 
Table E-4: Table of VMINTEQ inputs for Experiment 2 (ions of interest are highlighted) 

Component 
Name 

Total Concentration ς 
300 mg/L Calcium 

(mg/L) 

Total Concentration ς 
450 mg/L Calcium 

(mg/L) 

Total Concentration ς 
600 mg/L Calcium 

(mg/L) 

H+1 1 1 1 

Al+3 0.121428571 0.121428571 0.121428571 

Ba+2 0.035714286 0.035714286 0.035714286 

Ca+2 293 450 600 

Cr(III) 0.000714286 0.000714286 0.000714286 

Cu+2 0.05 0.025 0.025 

Pb+2 0.002857143 0.002857143 0.002857143 

Li+1 0.078571429 0.078571429 0.078571429 

Mg+2 921.4285714 921.4285714 921.4285714 

Mn+2 0.000714286 0.000714286 0.000714286 

K+1 271.4285714 271.4285714 271.4285714 

Na+1 7452 7452 7452 

Sr+2 8.928571429 8.928571429 8.928571429 

Zn+2 0.05 0.05 0.05 

Cl-1 14571.42857 14987 15402 

CO3-2 60 60 60 

SO4-2 86 86 86 
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RESULTS AND DISCUSSION: 

 

The output for the copper and zinc ionic species from the Visual MINTEQ simulations are 

shown in Tables C-5 through C-8 for Experiments 1-4, respectively. Included in these tables is a 

column entitled óNet Change (é)ô which shows the simulated concentration changes between 

the highest and lowest concentrations of the corresponding seawater parameter (i.e. salinity, 

alkalinity, and calcium). The largest negative changes are highlighted in orange, while the largest 

positive changes are highlighted in blue. These values assume that the test environments were 

completely mixed and given enough time for all speciation to occur. Preparation of the 

experimental units was performed in such a manner to ensure that these assumptions are valid, as 

the marine mix, adjusted water parameter, copper, and zinc additions were given sufficient time 

to mix. 

 

The largest positive changes in both salinity experiments (1 and 3) were CuOH+ and ZnCl+, 

while CuCO3(aq) and Zn(OH)2 (aq) decreased the most. The addition of the sodium bicarbonate 

in Experiment 2 decreased the predicted concentrations of the free radical species of copper 

(Cu2+) and zinc (Zn2+) the most, while increasing the aqueous carbonate species of both metals 

(CuCO3(aq) and ZnCO3(aq)) the most. Finally, the addition of calcium chloride in Experiment 4 

increased the predicted concentrations of Cu2+ and ZnCl+ the most among copper and zinc 

species, while decreasing CuCO3(aq) and Zn2+ the most. 

 

The results of these simulations may provide some explanation as to the results of the studies. 

The biggest increase in the simulated environment of the alkalinity experiment (Chapter 2) was, 

predictably, the copper carbonate ion. This form of copper is likely not readily accumulated 

compared to the free radical copper, as the higher predicted concentrations of copper carbonate 

and lower ionic copper coincided with lower accumulated copper measured in U. fasciata. The 

magnitude of change of the zinc species was approximately one-tenth of the concentration 

changes of the copper species. This may have been a major factor limiting the detection of 

significant changes in zinc accumulation in Experiment 2. In the other experiments (both salinity 

experiments and the calcium experiment), magnitude of change may have been a major factor 

limiting detection of significant changes, as the concentration changes in these experiments was 

between ten and one hundred times smaller than predicted in Experiment 2. These predictions 
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suggest that within most marine environments, of the three tested water parameters (salinity, 

alkalinity, and calcium) in the forms that were tested, only alkalinity presents any observable 

significant effect on the accumulation of either copper or zinc.   




