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ABSTRACT 

Submarine groundwater discharge (SGD) is a ubiquitous process that delivers significant amounts 

of nutrients and other solutes to coastal ecosystems worldwide. Although the quality and 

quantity of SGD has been characterized at many sites, the biological implications of this process 

remain poorly understood. The objective of this work was to compare the physiological response 

of macroalgae and benthic community structure across gradients of SGD and nutrient loading in 

Hawai‘i. Common marine algae were collected and/or deployed at several sites on O‘ahu, and 

Maui. Selection of sites was informed by adjacent land use, known locations of wastewater 

injection wells, and previous estimates of environmental risk due to onsite sewage disposal 

systems (OSDS). For deployed samples, initial values of algal tissue nitrogen (N) parameters were 

determined after pretreatment in low nutrient conditions. At all locations, algal tissue nitrogen 

(N) parameters (δ15N, N %, and C:N) were compared with the N parameters  (δ15N and N 

concentration) of coastal groundwater , marine surface water, or groundwater simulations. Algal 

tissue N was highest (> 2 %) in samples located nearshore at sites adjacent to coastal aquifers 

enriched with anthropogenic sources of N. The lowest tissue N values (< 1 %) were found offshore 

or at relatively unimpacted sites. In general, the δ15N values of algal tissues and water samples 

were highest (9 - 18 ‰) at sites adjacent to high-volume wastewater injection wells and high 

densities of OSDS; lowest values (< 4 ‰) were observed in samples adjacent to sugarcane fields. 

Benthic diversity was greatest in locations with low anthropogenic impact. In contrast, highly 

impacted locations were dominated by opportunistic species. This work advances the use and 

interpretation of algal bioassays by highlighting the importance of onshore-offshore trends, and 

deviations from initial N parameter values, for the detection of N source and relative N 

availability. Wastewater was detectable and a major source of N at many locations. These results 

support recent studies that indicate SGD is a significant transport pathway for anthropogenic 

pollutants with important biogeochemical implications. Minimizing contaminant loads to coastal 

aquifers will reduce pollutant delivery to nearshore reefs in areas with SGD flux.   
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CHAPTER 1  
 

BACKGROUND INFORMATION 
 
 
Introduction 

Over the past 12,000 years, the human population has increased at an exponential rate to over 

7.3 billion individuals. Currently, greater than one third of people reside within 100 km of a 

coastline (Erickson, 2014). In order to meet growing demands, humans have modified > 50 % of 

Earth’s land surface; 46.6 % of which is used for agriculture or forestry (Hooke et al., 2012). 

Advances in the agro-chemical industry, particularly the Haber-Bosch process (Modak, 2002), 

have allowed for a virtually limitless supply of reactive nitrogen (N). As production of fertilizers 

increased to support the expansion of global agriculture, hunger and malnutrition decreased 

(Smil, 2004). Howarth et al. (2008) estimated that over 80 % of N in the protein of the average 

human was produced in the last century by the Haber-Bosch process. Global N production, 

derived from anthropogenic activities including agriculture, sewage, and atmospheric deposition 

(fossil fuel burning), is estimated at ~ 150 Tg N yr-1 (Schlesinger, 2009). This rate of N production 

may exceed the natural rate of N fixation on land (Howarth, 2008; UNESCO and SCOPE, 2007). 

An estimated 40 % of this N flows to the world’s oceans via rivers causing drastic changes to 

ecosystem food-webs, reductions in biodiversity, and degradation of habitats (Howarth, 2008). 

The nearly exponential increase in the rate of synthetic fertilizer production during the 

latter half of the 20th century has been associated with an “explosive increase” in coastal marine 

eutrophication worldwide (Boesch, 2002). In a general sense, coastal eutrophication is the 

“myriad biogeochemical and ecological responses, either direct or indirect, to anthropogenic 

fertilization of ecosystems at the land-sea interface” (Cloern, 2001). Responses include increased 

plant biomass and primary production, decomposition-enhanced depletion of oxygen from 

bottom waters, loss of water transparency, decline in distribution of submerged aquatic vascular 

plants, altered sediment biogeochemistry and nutrient cycling, altered water chemistry as 

nutrient ratios, increased frequency of toxic/harmful algal blooms, decline in reproduction, 

growth, and survival of pelagic or benthic invertebrates, and changes such as shifts in the 

seasonality of ecosystem functions (Cloern, 2001).  
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In tropical and subtropical marine ecosystems, the most direct effect of nutrient 

enrichment is increased algal abundance. Blooms of opportunistic algae have been linked to 

increases in nutrient loading to coastal waters of O‘ahu (Smith et al., 1981), Maui (Smith et al., 

2005; Sun, 1996), Bermuda (Lapointe and O'Connell, 1989; McGlathery, 1992), Jamaica (D'Elia et 

al., 1981; Lapointe, 1997), Florida (Lapointe, 1997; Lapointe et al., 2005a; Lapointe and Bedford, 

2007), The Bahamas (Lapointe et al., 2004), Brazil (Costa et al., 2008), Martinique (Littler et al., 

1992), Reunion Island (Naim, 1993), China (Liu et al., 2013) and Australia’s Great Barrier Reef 

(Bell, 1992). In oligotrophic waters, growth and reproduction of macroalgae are often limited by 

nutrients (Lapointe, 1997; Larned, 1998). Under high levels of herbivory, these low nutrient 

conditions favor dominance of reef building corals at many locations (McConnaughey et al., 

2000). Decreases in herbivore pressure and increases in nutrient availability can direct the 

trajectory of coral ecosystems to alternate states (Kendall et al., 2007; Littler et al., 2006a).  

A “phase shift,” from a coral to algal-dominated ecosystem state, can result from changes 

in both top down (herbivory) and bottom up (nutrients) controls on algal biomass (Hughes et al., 

2007; Kendall et al., 2007; Littler et al., 2006a; McCook, 1999; McManus and Polsenberg, 2004; 

Smith et al., 2001; Smith et al., 2010). Experimental manipulation of nutrient and grazing levels 

show these factors can independently and interactively induce phase shifts in a relatively short 

timeframe (less than 6 months) (Most, 2012; Smith et al., 2001). The presence of macroalgae on 

coral reefs does not always imply an anthropogenic input or overfishing. Examples from the 

northwestern Hawaiian Islands indicate healthy, pristine reefs can have higher algal cover with 

relatively low coral abundance in the presence of thriving fish communities (Vroom and Braun, 

2010). Reefs dominated by native algal species are also at risk from competition with non-native, 

invasive algae (Smith et al., 2004a). Once described as a diverse community of native algae (Doty, 

1971), the reefs of Waikiki are now dominated by multiple invasive and non-native species 

(Kinzie, 2008; Smith et al., 2004a; Smith et al., 2002; Williams et al., 2006).  

Although the mechanism of competition may be difficult to distinguish in some cases, it 

is clear that algae can have both direct and indirect effects on corals (McCook et al., 2001). The 

most obvious direct impacts are seen when algal species overgrow and physically disturb corals 

in addition to competing for light, nutrients, and space (Hughes, 1989; Hunter and Evans, 1995; 
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Lirman, 2001; Martinez et al., 2012; Smith et al., 2004a; Smith et al., 2005; Smith et al., 1981). 

Recent studies indicate just the presence of algae (no physical contact), can have profound 

effects on coral health (Smith et al., 2006). Smith et al. (2006) found that macroalgae can 

indirectly cause coral disease and morality through the release of dissolved compounds that 

enhance microbial activity on coral tissues. A similar mechanism has been proposed for the 

indirect effects of nutrient loading on coral disease (Vega Thurber et al., 2014). Marine fungi and 

bacteria are generally nitrogen limited and therefore acquire dissolved inorganic N (DIN) from 

the water column if available (Olutiola, 1976). Elevated nutrient loading has been shown to 

increase the severity and prevalence of coral disease (Bruno et al., 2003; Vega Thurber et al., 

2014; Voss and Richardson, 2006). These studies suggest that microbial communities may play 

an important role in reef health.  

 

Nitrogen and productivity in marine ecosystems 

Global estimates of annual primary production indicate that marine ecosystems contribute 

nearly an equal amount of fixed carbon as terrestrial habitats (Carr et al., 2006; Field et al., 1998; 

Finkel, 2014). On continental shelves, benthic algae account for ~ 10 % of total marine primary 

production, which is nearly equivalent to planktonic algae in this region (Charpy-Roubaud and 

Sournia, 1990). Nitrogen is generally considered the primary macronutrient that limits 

productivity in marine systems (Downing, 1997; Herbert, 1999; Rabalais, 2002; Vitousek et al., 

1997). In coastal regions, the majority of biologically available inorganic N is in the form of nitrate 

(NO3-); concentrations are generally between 0 µM to 30 µM (Sharp, 1983). Ammonium (NH4+) is 

often found in lower concentrations (0 µM to 3 µM) and nitrite (NO2-) levels generally do not 

exceed 5 % of total DIN (Sharp, 1983). In oligotrophic regions of the Pacific Ocean that are 

relatively unimpacted by land-based solutes, N concentrations in surface waters (0 m to 150 m 

depth) are very low and often undetectable (Casciotti et al., 2008; Raimbault et al., 2008). 

Biologically available N in the surface water near Station ALOHA (North Pacific Subtropical Gyre) 

is produced via N-fixation and/or imported through vertical mixing of deeper, more concentrated 

NO3- (Casciotti et al., 2008).  
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Nitrogen uptake in plants and algae involves both active and passive processes (D'Elia and 

DeBoer, 1978). ATP is required for NO3- to cross the plasma membrane with a co-transport 

process. Once inside the cell, NO3- must first be reduced to NO2- and then to NH4+, which is 

catalyzed by the coupled enzymes nitrate reductase and nitrite reductase in the chloroplast (Taiz 

and Zeiger, 2010). Unlike uptake of NH4+, these reactions require reduced NADPH, regenerated 

via photosynthetic electron transport from Photosystem 1, to reduce NO3- (Taiz and Zeiger, 

2010). Although NH4+ can be acquired in the absence of irradiance, uptake rates may be faster in 

the presence of light (Peckol and Rivers, 1995; Ryther et al., 1981). If both NH4+ and NO3- are 

present, algae will preferentially acquire NH4+ (Cohen and Fong, 2004b; Hanisak, 1983), even if 

plants were previously exposed to NO3- as the only N source (D'Elia and DeBoer, 1978). Under 

elevated concentrations, NH4+ can have negative impacts on the growth of macrophytes (Peckol 

and Rivers, 1995). In addition, NO3- uptake may be suppressed at concentrations as low as 5 µM 

NH4+; simultaneous uptake occurs at lower NH4+ concentrations for some species (D'Elia and 

DeBoer, 1978). Other studies suggest NH4+ inhibition of NO3- uptake is not as widespread or 

severe as previously thought (Dortch, 1990). 

 Macroalgae characteristically have large surface areas, which aid in the rapid uptake and 

storage of N. Controlled assessments of N acquisition show uptake rates are related to water 

nutrient concentration and generally follow saturation-type kinetics (Cohen and Fong, 2004a; 

D'Elia and DeBoer, 1978; Friedlander and Dawes, 1985; Pedersen et al., 2004). Enhanced uptake 

of NH4+ in N-starved samples has been observed in many species during the first one to two h of 

N availability (D'Elia and DeBoer, 1978; Rosenberg et al., 1984). NH4+ and NO3- that pass through 

the cell wall can be stored in vacuoles prior to assimilation (Becker, 2007; Chow, 2012). Within 

chloroplasts, NH4+ is assimilated via two enzymatic pathways to glutamate and then exported for 

amino acid synthesis in the cytosol (Taiz and Zeiger, 2010).  

Plant growth rates commonly have a strong positive relationship with tissue nutrient 

concentrations (Taiz and Zeiger, 2010) that follows a saturation-type curve in some species 

(Dailer et al., 2012b; DeBoer et al., 1978). Fong et al. (2004) suggest Ulva intestinalis may delay 

growth in favor of maximizing nutrient uptake and storage. N assimilated in excess of growth 

requirements is stored as variety of N-rich compounds including amino acids (Jones et al., 1996), 
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pigments (Bird et al., 1982; Denault et al., 2000; Smit et al., 1996), proteins (Bird et al., 1982), 

non-protein soluble organic N (McGlathery et al., 1996), and enzymes (Duke et al., 1989). These 

storage molecules have been shown to sustain macroalgal growth at maximal rates for days to 

weeks after water column N becomes insufficient (Liu and Dong, 2001; McGlathery et al., 1996; 

Ryther et al., 1981; Smit et al., 1996). After placement in a nutrient rich water containing 100 µM 

NH4+ for as little as six hours, Gracilaria tikvahiae grew at maximal rates for two weeks (Ryther et 

al., 1981).   

 

Macroalgae as bioindicators of water column N loading 

The total N content of a plant sample can be expressed as the percent of N per mass of dry algal 

tissue ((mass N / total sample mass) x 100), hereafter referred to as N %. Because N uptake and 

storage occurs at levels relative to available N in the water column, algal tissue N % has been 

used across various genera as a relative indicator of biologically available N in water (Barr et al., 

2013; Fong et al., 1998; Hanisak, 2000; Hoyle, 1976; Jones et al., 1996; Teichberg et al., 2010). In 

a similar fashion, the C:N ratio of tissues has been used as a measure of N status and relative N 

limitation (Atkinson and Smith, 1983; Lapointe, 1981; Lapointe et al., 2005b; Umezawa et al., 

2002). Many studies suggest macroalgal tissue is a useful indicator of nutrient loading to coastal 

waters because of the ability of these plants to rapidly take up and store nutrients in excess of 

growth requirements (Björnsäter and Wheeler, 1990; Fong et al., 1998; Wheeler and Björnsäter, 

1992). Due to rapid mixing and biological uptake, even large nutrient pulses may be undetectable 

with traditional water sampling techniques (Costanzo et al., 2000). Thus, macroalgal tissues may 

be a more reliable indicator of localized nutrient enrichment because they provide an integrated 

record of available nutrients over a period of time (Costanzo et al., 2000; Dailer et al., 2012a; 

Wheeler and Björnsäter, 1992). In a survey of naturally occurring Ulva spp., Barr et al. (2013) used 

tissue N % as an indicator of relative loading from both and natural and anthropogenic sources 

across New Zealand. 

Where algae are not present or collection of naturally occurring species is inappropriate, 

algal tissues have been deployed in situ to acquire locally available nutrients (Costanzo et al., 

2000; Dailer et al., 2010; Dailer et al., 2012a; Fong et al., 1998). Bioassay protocols have been 
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established that require a preconditioning phase to minimize tissue N content before samples 

are incubated in situ (Dailer et al., 2010; Dailer et al., 2012a; Fong et al., 1998; Jones et al., 1996), 

have been established. In addition to maximizing uptake and storage of N in the field (Fong et al., 

2003), preconditioning treatments have the added benefit reducing initial sample variability by 

subjecting all samples to common environmental conditions. Initial tissue nutrient status has 

been shown to influence the growth response of Acanthophora spicifera, Dictyota cervicornis, 

and Hypnea musciformis to increased N and P availability (Fong et al., 2003). Although growth 

and nutrient uptake was observed in all treatments, Fong et al. (2003) found that samples with 

low initial tissue N % had positive increases in tissue N %, whereas samples with high initial tissue 

N % had decreases. Using a preconditioning protocol before deployment of Ulva intestinalis, Fong 

et al. (1998) concluded that tissue N % reflected water column N availability over time (months) 

better than other algal measures (wet mass, dry mass, N per bag, and % change in tissue N). The 

tissue N % of Gracilaria edulis, deployed in perforated polycarbonate containers, was found to 

be a useful bioindicator of nutrient pulses associated with wastewater discharge in Australia 

(Costanzo et al., 2000). In addition, Costanzo et al. (2000) concluded that conventional water 

sampling techniques were unable to detect elevated nutrients in the water column when nutrient 

pulses were not occurring.  

Stable isotopes of N in the coastal environment 

Although tissue N % is a useful measure to compare N availability among locations, it does not 

provide information on the potential sources of N. This led Costanzo et al. (2001) to develop a 

technique that identifies the source, extent, and fate of biologically available N in wastewater 

using naturally occurring stable isotopes of N in plant tissues. Nitrogen has two naturally 

occurring atomic forms: 14N has seven protons and seven neutrons, 15N has seven protons and 

eight neutrons. The ratio of these two isotopes in water and plant tissues can be compared with 

various N sources using the 15N:14N ratio of atmospheric N2 as a global standard. Nitrogen gas in 

air is considered uniform with a 15N abundance of 0.366 %. (Sweeney et al., 1978). The 15N:14N 

ratio (δ15N) of a sample normalized to that of N2 is calculated using the formula: 

δ N15  (‰) =  �� 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛𝑠𝑠𝑛𝑛𝑛𝑛
� − 1� x 103 where 𝑅𝑅 = 𝑁𝑁15

𝑁𝑁14      (Sweeney et al., 1978)        Eq. 1.1 
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Various sources of N have distinguishable δ15N values; this provides a means to identify 

potential sources of N found in plant tissues and water samples. Atmospheric sources of NOx 

from natural processes (lightening, biomass combustion, and biogenic soil emissions) generally 

have low δ15N values (< 0 ‰) due to the preferential volatilization of 14N, whereas anthropogenic 

sources (vehicle exhaust and fossil fuel combustion) have higher values (> 0 ‰) (Heaton, 1986; 

Kendall et al., 2007; Macko and Ostrom, 1994). Due to complex chemical reactions in the 

atmosphere, δ15N values of atmospheric NO3- and NH4+ range from -15 ‰ to +15 ‰ (Kendall et 

al., 2007). Rainfall-N typically has a δ15N values of -3 ‰ to -5 ‰ (Heaton, 1986). 

A similar range of δ15N values is reported for total soil N (-10 ‰ to +15 ‰); cultivated 

soils have slightly lower mean (mean ± standard deviation) values (0.65 ‰ ± 2.6 ‰) than 

uncultivated soils (2.73 ‰ ± 3.4 ‰) (Kendall et al., 2007). Soil nitrate, which generally has δ15N 

values of +2 ‰ to +5 ‰, is of greater importance to plant studies because the majority of soil N 

is organically bound and largely unavailable for uptake (Kendall, 1998). Synthetic inorganic 

fertilizers produced via the Haber-Bosch process generally have δ15N values which have a 

uniformly low range (-4 ‰ to +4 ‰) that reflects the value of their source, atmospheric N2 

(Kendall et al., 2007; Macko and Ostrom, 1994; Owens, 1987). Nitrate fertilizers tend to have 

slightly higher δ15N values than NH4+-based products (Kendall et al., 2007). The δ18O value of NO3- 

may be useful to distinguish NO3--based fertilizers from other sources (Kendall et al., 2007), 

although many limitations of this approach have been identified (Minet et al., 2012). Organic 

fertilizers generally have a wide range of δ15N values (+2 ‰ to +30 ‰) due to their varied 

compositions (Kendall et al., 2007). Reported δ15N values for soil NO3- derived from fertilizers 

have a mean of 4.7 ‰ ± 5.4 ‰ whereas soil NO3- produced from animal manure has a mean δ15N 

value of 14 ‰ ± 8.8 ‰ (Kendall et al., 2007).  

Deep water NO3-, the largest N pool in the ocean, has δ15N values that range from 3 ‰ to 

6 ‰ with mean of 4.8 ‰ ± 0.2 ‰ (Sigman et al., 2000). Although oceanic surface water NO3- 

concentrations in oligotrophic regions of the Pacific are typically too low for accurate δ15N 

determinations, δ15N values are expected to be near zero due to atmospheric N2 fixation and the 

vertical exchange of deeper N (Casciotti et al., 2008). At station ALOHA, Casciotti et al. (2008) 

found δ15N values of nitrate decreased from 7.1 ‰ ± 0.2 ‰ at 500 m to 1.9 ‰ ± 0.3 ‰ at 150 m. 
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A similar trend was found for particulate nitrogen; δ15N values ranged from -0.3 ‰ to +0.5 ‰ in 

the mixed layer (30 m to 50 m depth) (Casciotti et al., 2008).  

Wastewater-derived N is typically enriched in 15N. Bacteria in waste streams preferentially 

assimilate the lighter isotope (14N) because it is more energetically efficient, which results in 

elevated δ15N values of the remaining effluent (Heaton, 1986). Varied amounts of denitrification, 

nitrification, and volatilization occur during the decomposition and treatment of human and 

animal waste (Kendall et al., 2007). δ15N values associated with effluent from cesspools and 

septic systems (δ15N-NO3 ~ 10 ‰) (Aravena et al., 1993a; Derse et al., 2007; McQuillan, 2004) are 

typically lower than that of treated wastewater (δ15N-NO3 ≥ 15 ‰ for secondary and tertiary 

treatment levels) (Dailer et al., 2010; Glenn et al., 2013; Hunt and Rosa, 2009; McQuillan, 2004). 

Therefore, the δ15N value of wastewater is generally dependent on the type and level of 

treatment (Aravena et al., 1993a). Published values of wastewater-derived δ15N-NO3- range from 

7 ‰ to 93 ‰ (Dailer et al., 2010; Glenn et al., 2013). Post-treatment denitrification may continue 

to increase the δ15N value of wastewater, following discharge to the environment, if suitable 

conditions are present. Evidence of denitrification in groundwater has been found within 

underground wastewater plumes produced by effluent injection at Lahaina and Kihei wastewater 

treatment facilities on Maui (Dailer et al., 2012a; Glenn et al., 2013; Hunt and Rosa, 2009). 

 

Nitrogen source determination using plant tissue δ15N values 

The United States Environmental Protection Agency recommends the use of bioassays in addition 

to conventional methods of water and habitat analysis to characterize ecosystem status (U.S. 

Environmental Protection Agency, 2002). In order to distinguish among sources of N available to 

ecosystems, many studies incorporate bioassays that quantify tissue δ15N in a variety of 

organisms into study designs. This approach has been highly successful in detecting wastewater 

pollution in a variety of freshwater and marine settings (Costanzo et al., 2001; Costanzo et al., 

2005; Kendall et al., 2007; Risk et al., 2009), largely because the high range of δ15N values 

associated with denitrified wastewater rarely overlap with other sources. δ15N values of 

macroalgae (Barr et al., 2013; Cohen and Fong, 2005; Cole et al., 2005; Cornelisen et al., 2007; 

Costanzo et al., 2005; Dailer et al., 2010; Dailer et al., 2012a; Derse et al., 2007; Gartner et al., 
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2002; Hunt and Rosa, 2009; Lapointe et al., 2010; Lin and Fong, 2008; Moynihan et al., 2012; 

Mutchler et al., 2007; Piñón-Gimate et al., 2009; Rogers et al., 2012; Rogers, 2003; Savage and 

Elmgren, 2004; Umezawa et al., 2002), seagrasses (Carruthers et al., 2005; Fourqurean et al., 

2005; Lassauque et al., 2010; Moynihan et al., 2012; Perez et al., 2008; Sánchez et al., 2013), 

mangroves (Costanzo et al., 2001; Hadwen and Arthington, 2007), herbaceous wetland plants 

(Bruland and MacKenzie, 2010), marine invertebrates (Conlan et al., 2006; Connolly et al., 2013; 

Daskin et al., 2008; Dudley and Shima, 2010; Hadwen and Arthington, 2007; Lassauque et al., 

2010; Moynihan et al., 2012; Riera et al., 2000; Rogers, 2003), corals (Heikoop et al., 2000; 

Moynihan et al., 2012; Titlyanov et al., 2009), gorgonians (Baker et al., 2013), and fish (Connolly 

et al., 2013; Schlacher et al., 2007) have previously been used to detect wastewater-derived N. 

Studies that compare multiple types of taxa across different trophic levels have found similar 

δ15N values and trends in organisms exposed to wastewater-derived N (Connolly et al., 2013; 

Dudley and Shima, 2010; Moynihan et al., 2012; Riera et al., 2000). Using tissues from algae, 

coral, seagrass, and sponges, Moynihand et al. (2012) found a strong linear relationship (r2 = 0.89, 

p < 0.0001) between tissue δ15N values and levels of the fecal indicator bacteria Enterococcus, 

across four islands in Tanzania.    

Opportunistic macroalgae, such as those in the genus Ulva, are particularly well suited for 

use as a bioindicator of N source because they: 1) are widely distributed, 2) reflect seawater δ15N 

values over wide physical and chemical gradients with minimal isotopic fractionation, and 3) can 

be analyzed for tissue N that was accumulated over a relatively short time scales (days to weeks) 

(Barr et al., 2013; Cohen and Fong, 2005; Dailer et al., 2012b; Dudley et al., 2010; Teichberg et 

al., 2010). Results from the few studies that have investigated N isotope preference in 

macroalgae suggest that, while slight variations in algal tissue δ15N values may occur across 

gradients of environmental factors (such as irradiance, N-type, and salinity), fractionation is 

relatively minor compared to other organisms. Unlike N concentration dependent fractionation 

observed in higher plants, bacteria, and microalgae (Hoch et al., 1992; Mariotti et al., 1982; Wada 

and Hattori, 1978; Waser et al., 1998), tissue δ15N values in Ulva intestinalis were not related to 

DIN concentration (Cohen and Fong, 2005). The difference in tissue δ15N values between high 

and low irradiance treatments was greatest in Ulva pertusa when cultured with ammonium (δ15N 
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difference of 3.7 ‰) compared to samples grown with nitrate (δ15N difference of 0.8 ‰) (Dudley 

et al., 2010). Cornelisen et al. (2007) observed a decrease in tissue δ15N of 1.7 ‰ to 2.6 ‰ when 

Ulva pertusa when exposed to full sun irradiance and ammonium compared to a shaded 

treatment (10 % sun) across a range of salinity. A decrease of 1.5 ‰ in tissue δ15N of Ulva pertusa 

was observed between low and high salinity treatments (Cornelisen et al., 2007). Despite 

evidence for slight fractionation of N under varied conditions as described by these studies, there 

is a general consensus that macroalgal tissues are a good indicator of water N source and relative 

loading because of in situ N-limitations (Barr et al., 2013; Cohen and Fong, 2005; Costanzo et al., 

2001; Costanzo et al., 2005; Dailer et al., 2010; Dailer et al., 2012a; Dudley et al., 2010; Dudley 

and Shima, 2010; Hunt and Rosa, 2009).  

 

Submarine groundwater discharge in coastal environments 

Although hydrologists have long known the fate of groundwater in coastal regions, knowledge of 

the interaction between biotic communities and submarine groundwater discharge (SGD) is still 

in its infancy. In a benchmark review on the ecological significance of SGD in coastal marine 

habitats, Johannes (1980) states that the current knowledge is scattered, fragmented, and 

requires more attention from marine ecologists. More than thirty years later, large gaps still 

remain in this emerging field. This may be due to the historical view that SGD was uncommon 

and the inherent difficulty of detection (Burnett et al., 2003; Johannes, 1980). With recent 

advances in measurement techniques and increased interest in SGD research, it is now clear that 

SGD is an important source nutrients and pollutants to coastal ecosystems worldwide (Beusen et 

al., 2013; Bokuniewicz et al., 2003; Burnett et al., 2006; Burnett et al., 2003; Herrera-Silveira, 

1998; Kelly et al., 2013; Lewis; Moore, 2009; Moore, 2010; Moore et al., 2008; Paytan et al., 2006; 

Rodgers, 2010; Stieglitz et al., 2008; Street et al., 2008; Taniguchi et al., 2006; Weinstein et al., 

2006; Zhang and Mandal, 2012).  

SGD is defined as any and all flow of water on continental margins from the seabed to the 

coastal ocean, regardless of fluid composition or driving force (Burnett et al. 2003). Although 

recirculated seawater may constitute a significant fraction of SGD, the freshwater component 

typically carries the greatest quantity of land-based solutes (Burnett et al., 2003). Annually, ~ 
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2400 km3 of fresh groundwater is discharged to the world’s oceans (UNESCO, 2004). In locations 

were freshwater is a significant component of SGD composition, nutrient concentrations in SGD 

may be orders of magnitude higher than receiving coastal waters (Beusen et al., 2013; Blanco et 

al., 2011; Bowen et al., 2007; Burnett et al., 2003; Moore, 2010). Some studies suggest the SGD 

may contribute nutrient loads that are equal to or greater than that of rivers and streams (Cable 

et al., 1997; Garrison et al., 2003; Kim et al., 2005). Although the global contribution of SGD may 

be 0.01 % to 10 % of surface runoff, nutrient concentrations are typically greater; this implies 

SGD is an important source of N to many ecosystems at local and regional scales (Taniguchi et al., 

2002; Zhang and Mandal, 2012). In relatively arid regions where perennial rivers are absent, SGD 

may be the only source of freshwater to coastal ecosystems (Herrera-Silveira et al., 1998; Kay et 

al., 1977).  

 The concept of enhanced productivity near large oceanic islands, due to groundwater 

input in addition to other sources, was proposed as “The Island Mass Effect” by Doty and Oguri 

(1956). In a natural state, SGD is likely to be an important component of the nutrient budget of 

oligotrophic reefs (Paytan et al., 2006). Nutrient concentrations in ambient reef water may not 

be sufficient to support growth in some marine macrophytes, therefore, other sources must 

support the high levels of productivity observed on oligotrophic reefs (Larned, 1998).  

Excessive productivity has been observed in locations where groundwater nutrients are 

elevated above their natural levels from anthropogenic activities. SGD containing high 

concentrations of anthropogenic nutrients has been implicated in supporting macroalgal blooms 

and associated shifts in the composition of the biological community (Costa et al., 2000; Costa et 

al., 2008; Lyons et al., 2014; McCook, 1999; McManus and Polsenberg, 2004; Naim, 1993; Parsons 

et al., 2008), harmful algal (phytoplankton) blooms (Gobler and Sañudo-Wilhelmy, 2001; Hu et 

al., 2006; Hwang et al., 2005; Koban, 2012; LaRoche et al., 1997; Lee and Kim, 2007; Paerl and 

Otten, 2013) and eutrophication (González et al., 2008; Lapointe and Clark, 1992; Povinec et al., 

2012; Tse and Jiao, 2008) in coastal ecosystems worldwide. SGD containing wastewater from 

onsite sewage disposal systems (OSDS) and sewage treatment facilities may present a risk to both 

environmental and human health (Whittier and El-Kadi, 2009). Recent studies show that fecal 
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indicator bacteria and human enteric virus levels may be related to SGD flux in Florida (Futch et 

al., 2010; Paul et al., 1997) and California (Boehm and Weisberg, 2005; De Sieyes, 2011). 

Generally speaking, SGD flux and associated nutrient loads are tidally modulated in 

coastal settings with the highest rates occurring near shore at low tide (Dimova et al., 2012; 

Dulaiova et al., 2010; Garrison et al., 2003; Kelly et al., 2013). This typically produces physical and 

chemical gradients associated with distance from shore and water column depth (Johannes, 

1980; Johnson et al., 2008). While discharge at most locations is likely a large-scale diffuse, yet 

spatially variable occurrence (Cable et al., 1997; Garrison et al., 2003; Michael et al., 2003; 

Taniguchi et al., 2006; Taniguchi et al., 2008), distinct artesian springs with high flux rates can 

create extreme changes in the physical and chemical parameters of the adjacent waters (Burnett 

et al., 2006; Dimova et al., 2012; Swarzenski et al., 2013).  

Fresh groundwater input to coastal marine habitats may determine local patterns of 

species distribution and productivity (Herrera-Silveira et al., 2002; Herrera-Silveira et al., 1998; 

Johannes, 1980; Kim et al., 2011; Moore, 2010; Paytan et al., 2006). This suggests species that 

are best adapted to take advantage of SGD-derived nutrients may have an increased ability to 

withstand physical and chemical variation associated with estuarine-like conditions. It is expected 

that physiological traits, which maintain high levels of productivity while reducing stress from 

rapid changes in salinity, temperature, and nutrient availability may be characteristic of 

opportunistic species that dominate groundwater-influenced ecosystems. 

 

Physiological stress associated with SGD: Salinity 

On a local scale, SGD may create unique (and often periodic) brackish habitats that allow 

estuarine species to persist while excluding less tolerant marine species. It is clear that the ability 

of an organism to rapidly acquire and store nutrients while sustaining maximal growth rates 

across a wide range of environmental gradients will confer a competitive advantage over species 

with a lesser ability to do so (Costanzo et al., 2000; Fong et al., 2004; Lapointe, 1985). In estuarine-

like environments, plants equipped to take advantage of nutrient pulses may have an enhanced 

ability to regulate stress induced by changes in osmotic factors and temperature gradients. 

Salinity is one of the most critical chemical factors that determine growth rate, development, and 
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distribution of marine algae (Dawes et al., 1999; Hoyle, 1975; Kirst, 1990; Koch and Lawrence, 

1987). The response of an alga to moderate salinity changes is a biphasic process which involves 

rapid changes of turgor pressure (or volume changes for wall-less cells) caused by water flux 

followed by adjustments in the cellular concentration of osmotically active solutes (Kirst, 1990).  

The influence of salinity on the rate of photosynthesis, respiration, and growth typically 

follows an optimal response curve in macroalgae (Lobban and Harrison, 1994). Increased nutrient 

availability was found to mitigate the effects of reduced salinity in the opportunistic species Ulva 

intestinalis (Kamer and Fong, 2001). Although this species was able to withstand exposure at a 

salinity of 0 ‰ for a short time (one day), biomass increased with more frequent exposure to 

ambient salinity (Kamer and Fong, 2000). In Hawai‘i, the non-native invasive species Gracilaria 

salicornia sustained positive growth rates in fresh water over one week and after six hours of 

desiccation on the beach (Smith et al., 2004a). Many studies show Gracilaria species have 

maximal growth rates at moderately reduced salinities of 15 ‰ to 25 ‰ (Choi et al., 2006; Hoyle, 

1976; Israel et al., 1999; Yokoya et al., 1999). Similar results were found for species of Ulva (Choi 

et al., 2010; Fong et al., 1996; Mohsen et al., 1972; Taylor et al., 2001). In some plants, the ability 

to obtain maximal growth rates at reduced salinities was a function of the width of the optimal 

range rather than a shift in the value of the photosynthetic optimum (Kirst, 1990). Salinity has 

also been shown to modify the morphology of marine macroalgae. In most cases, reductions in 

thallus size were observed with reductions in salinity (Norton et al., 1981). Increased branching 

has also been observed under hyposaline conditions in Grateloupia filicina (Zablackis, 1987), 

Fucus vesiculosus (Jordan and Vadas, 1972a), Chondus cripus (Mathieson and Burns, 1975), and 

Ulva spp. (Burrows, 1959; Reed and Russell, 1978; Steffensen, 1976). 

 

Physiological stress associated with SGD: Temperature 

There is a general consensus that the ocean and its prevailing currents play a pivotal role in 

regulating regional and global climate. Due to the high heat capacity of water, the ocean is well-

buffered against rapid changes in temperature. Solar radiation can produce diurnal variation in 

the temperature of open-ocean surface waters, but average changes are very minimal (Deser et 

al., 2010). In intertidal and subtidal environments, tidally modulated SGD flux can produce large 
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changes in temperature over short time periods (hours) (Johnson et al., 2008; Kelly et al., 2013), 

which may influence community composition (Cox, 2011). All organisms have an optimal 

temperature range that allows for maximum rates of enzymatic activity and growth. Reductions 

in temperature from this optimal range generally result in slower reaction rates, while increases 

may quickly lead to irreversible damage to proteins. Experiments with marine algae at different 

temperatures suggest greater rates of photosynthesis, nutrient uptake, respiration, and growth 

occur at higher water temperatures compared to lower temperatures (Davison, 1991; Nejrup et 

al., 2013; Valiela, 1995). The optimal temperature for some species has been shown to vary 

across latitudinal gradients and with different life cycle stages (Wiencke and Bischof, 2012). For 

example, the optimal temperature range for Gracilaria vermiculophylla tetrasporophytes was 15 

°C to 25 °C, while that of the gametophyte was 20 °C to 30 °C (Yokoya et al., 1999). Acclimation 

to lower water temperatures can take place on both seasonal and diurnal timescales through 

adjustments in the quantity of enzymes, proteins, and pigments (Wiencke and Bischof, 2012). In 

tropical locations, summer water temperatures may reach the upper limit of heat tolerance, 

which is less than 35 °C for many strictly tropical species (Wiencke and Bischof, 2012). In contrast, 

photosynthetic rates of Gracilaria verrucosa, Acanthophora spicifera, Bostrychia bindert, 

Cladophora repens, Catenella repens, and Spyridia filamentosa were greatest between 30 °C to 

36 °C (Dawes et al., 1978). In addition, Gracilaria cornea maintained maximal rates of growth at 

35 °C (Dawes et al., 1999).   

 

SGD measurement techniques  

Accurate estimates of SGD flux are essential when quantifying nutrient transport from coastal 

aquifers to marine ecosystems. Before the widespread use of geochemical tracers, numerical and 

theoretical models such as water balance, hydrograph separation, and other modeling 

techniques were used to estimate groundwater discharge to the ocean (Burnett et al., 2006). 

Although these methods are useful for certain applications, they are typically limited by levels of 

uncertainty that are of the same magnitude as flux estimates (Burnett et al., 2006). Using a 

technique analogous to flow meters in streams, SGD flux can be measured with seepage meters. 

Although, this may be the most direct measurement approach, high variability at small spatial 
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scales often confounds the interpretation of results at the regional level (Garrison et al., 2003; 

Michael et al., 2003)(Cable et al., 1997; Taniguchi et al., 2006; Taniguchi et al., 2008). The use of 

geochemical groundwater tracers, that are more concentrated in SGD than coastal waters, 

provide an extremely effective method to quantify SGD flux on multiple spatial scales (Burnett et 

al., 2006; Burnett et al., 2003; Moore, 2010). This typically involves a mass balance approach, 

known as a box model, where SGD flux is estimated by accounting for all other additions and 

losses of a chemical of interest (Burnett et al., 2006). In addition to salinity, geochemical tracers 

such as isotopes of radon (222Rn), radium (223Ra, 224Ra, 226Ra), and water (δ18O, and δ2H) have 

been used to estimate SGD flux rates at many sites around the world because of their 

conservative mixing behavior (Burnett et al., 2006; Burnett et al., 2003; Knee and Paytan, 2011; 

McCoy and Corbett, 2009; Santos et al., 2008).  

Using differences in temperature between SGD and ambient coastal water, thermal 

infrared (TIR) images of the sea surface provide information on the location of SGD with high 

resolution (Johnson et al., 2008; Kelly et al., 2013). Significant relationships between temperature 

and nutrient concentration (Johnson et al., 2008), and SGD plume area vs. SGD volume (Kelly et 

al., 2013) suggest TIR may be useful to estimate SGD parameters at the regional scale. Electrical 

resistivity (ER) methods have been used in coastal environments to detect and visually present 

subsurface resistivity (or conductivity) in a way that other methods cannot (Dimova et al., 2012). 

When measurements are recorded as a time series over tidal cycles, changes in the location of 

the freshwater/saltwater interface due to changes in water level can be visualized. Using ER in 

conjunction with a salinity mass balance approach to estimate SGD flux in Hawai’i, Dimova et al. 

(2012) show that ER based flux estimates are within the same range as those derived from 

geochemical tracers. Although different tracer methods may produce SGD flux estimates within 

a similar range, it is clear that the most robust experimental designs include the use of multiple 

tracers and methods (Beusen et al., 2013; Burnett et al., 2006; Glenn et al., 2013; Zhang and 

Mandal, 2012).  
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Summary and objectives  

In addition to nutrient loading, global anthropogenic stressors such as overfishing, greenhouse, 

gas emissions, and coastal pollution have been linked to substantial declines in live coral cover 

over the past few decades (Carpenter et al., 2008; Darling and Côté, 2013; De’ath et al., 2012; 

Kennedy et al., 2013; Sale and Hixon, 2014). An estimated 19 % of the original area of coral reefs 

has been effectively lost (Wilkinson, 2008) and 75 % of existing coral reefs are considered 

threatened (Burke et al., 2011). Live coral loss in excess of 50 % has been found in the Caribbean 

(Edmunds and Elahi, 2007; Gardner et al., 2003) and on Australia’s Great Barrier Reef (De’ath et 

al., 2012), with a mean loss of ~ 1.5 % yr-1. A similar annual rate of coral loss was reported for the 

reefs of the Indo-Pacific (Bruno and Selig, 2007). Although meta-analyses such as these are a 

useful method to integrate thousands of studies and large data sets, long-term monitoring 

studies may be the most powerful approach to quantify ecosystem changes. In the United States, 

long-term monitoring programs report 44 % coral cover loss in Florida over a 12 year period 

(Donahue et al., 2008). Although average coral cover has not decreased significantly across the 

Main Hawaiian Islands, coral losses have been observed at 70 % of long-term monitoring sites 

over the same period (Friedlander et al., 2008). 

It is clear that land-based human activities have altered water quality in aquatic and 

marine systems. While the effects of terrestrial runoff and riverine input to marine ecosystems 

have been well characterized (Fabricius, 2005), the connection between land use, groundwater, 

coastal water quality, and marine ecosystem health has been difficult to describe due to the 

multiple pathways which govern chemical loading to coastal water bodies and a historical 

separation between scientific disciplines. Until recently, hydrogeologists and marine biologists 

have been investigating SGD literally from opposite directions (Zhang and Mandal, 2012). It is not 

uncommon for researchers from these two disciplines to use different concepts, definitions, 

methods, and units to describe the same phenomenon (Oberdorfer, 2003; Zhang and Mandal, 

2012). Hydrogeologists that characterize SGD flux almost unanimously conclude that SGD is a 

significant source of nutrients to coastal regions; therefore, some investigators suggest SGD may 

impact local biotic communities. Marine biologists that study impacted ecosystems typically 

characterize biotic organisms (and communities) in addition to water quality. These studies often 
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conclude anthropogenic activities play a role in reef health, although evidence for pollutant 

transport pathways may not be clear. Experimental designs that simultaneously employ a suite 

of robust methods from both disciplines to characterize chemical transport pathways and 

biochemical interactions between submarine groundwater discharge (SGD) and benthic 

communities are rare.  

In this dissertation, I bridge the gap between hydrogeology, biochemistry, algal 

physiology, and reef ecology in order to gain a better understanding of the connection between 

land use, groundwater, and coral reef health. Using techniques from multiple disciplines, I 

investigate physiological and ecological interactions of benthic reef organisms across gradients 

of SGD and anthropogenic impact. One hypothesis that is tested throughout this dissertation is 

that tissue N parameters of common marine macroalgae are related to the N source and relative 

amount of N loading to associated coastal waters.  
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CHAPTER 2  

SUBMARINE GROUNDWATER DISCHARGE MODIFIES PHOTOSYNTHESIS, 
GROWTH, AND MORPHOLOGY FOR TWO SPECIES OF GRACILARIA 

(RHODOPHYTA) 
 

    Intended for submission to Ecology 
Daniel W. Amato, Celia M. Smith and Thomas K. Duarte 

 
Abstract 

Submarine groundwater discharge (SGD) was examined as a potential nutrient source for reef 

algae on tropical oceanic islands by comparing the physiological responses of varied levels of SGD 

on an endemic Hawaiian rhodophyte and an invasive congener. In the field, G. coronopifolia and 

G. salicornia were deployed at three different locations along a previously characterized, 

onshore-offshore gradient of SGD at Wailupe Beach Park, O‘ahu. In the lab, 48 G. coronopifolia 

plants were cultured in a unidirectional flow-through mesocosm at 25 °C and 250 µM photons  

m-2 s-1 photosynthetically active radiation (PAR, 12h:12h light:dark) during two replicate trials to 

examine mechanisms for an apparent physiological intolerance to SGD. To simulate SGD, four 

treatments were established from empirical field descriptions ranging from full-salinity/low-

nutrient levels to reduced-salinity/high-nutrient conditions. Growth rate, morphology as judged 

by novel assessments of apical tips (Tip Score, TS; Tip Index, TI), photosynthetic parameters 

(ETRmax, α, and Ek) via Pulse Amplitude Modulated (PAM) fluorometry, and algal tissue nitrogen 

(N) and carbon (C) levels were determined for each sample after 16 days.  

At Wailupe study locations, the invasive species G. salicornia tolerated extremely variable 

salinity and nutrient levels associated with SGD flux at low tides, while endemic G. coronopifolia 

suffered tissue loss and death in some individuals. Both species had greater tissue N (%) and 

lower C:N ratios at a location adjacent to a groundwater spring compared to an offshore control 

location with no SGD. G. salicornia samples exposed to SGD had significantly higher values for 

ETRmax, α, TS, and TI than offshore controls. Benthic community analyses revealed that G. 

salicornia dominated shallow nearshore reefs exposed to SGD. In contrast, native algal species 

dominated the reef at the offshore control location, which had greater richness and diversity.  
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In the lab setting, the 27 ‰ SGD treatment (7.51 µM nitrate, 0.15 µM phosphate, 27 ‰ 

salinity) provided optimal conditions for all parameters of G. coronopifolia among the 

treatments. Plants cultured in this treatment had significantly higher growth rate, ETRmax, Ek, and 

TI compared to plants subjected to control conditions (0.20 µM nitrate, 0.05 µM phosphate, 35 

‰ salinity). Growth rate was positively related to apical tip development (as measured by TI) for 

both species in the lab and field experiments. Thus, TI appeared to be an informative approach 

to quantify the development of new apices in highly branched plants that experience complex, 

hyposaline variations. This work documents that SGD was a source of nutrients to Gracilaria spp. 

deployed at Wailupe. SGD input to coastal environments may increase the growth rate, apical tip 

development, tissue N content, and photosynthetic performance of algae on otherwise 

oligotrophic Hawaiian reefs. This largely ubiquitous process plays a substantial role in regulating 

benthic macrophyte abundance, and has the potential to support persistent blooms of 

euryhaline, invasive algae. 

 

Introduction 
Terrestrial groundwater may discharge directly to the marine environment wherever a coastal 

aquifer is connected to the sea (Burnett et al., 2003). It is clear that this process of submarine 

groundwater discharge (SGD), which includes both fresh and saline components, is a significant 

source of nutrients, carbon, and metals to coastal waters worldwide (Beusen et al., 2013; Burnett 

et al., 2003; Knee and Paytan, 2011; Moore, 2010). In tropical and sub-tropical regions, the influx 

of terrestrial groundwater to the marine environment typically results in increased nutrient 

concentrations and decreased temperature and salinity of nearshore waters compared to 

ambient oceanic conditions (D'Elia et al., 1981; Garrison et al., 2003; González-De Zayas et al., 

2013; González et al., 2008; Johnson et al., 2008; Kelly et al., 2013; McCoy and Corbett, 2009). In 

arid regions, SGD may be the only source of fresh water to coastal environments. On Hawai‘i 

Island (Kay et al., 1977) and the equally arid Yucatan Peninsula of Mexico (Hanshaw and Back, 

1980), nearly all the fresh water entering the ocean arrived via SGD. In other regions, nutrient 

inputs via SGD rival that of rivers (Moore et al., 2008; Slomp and Van Cappellen, 2004). SGD-
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derived nutrient loading to marine waters was equal to or greater than that of surface runoff at 

Kahana Bay, Hawai‘i (Garrison et al., 2003) and Yeosu Bay, Korea (Hwang et al., 2005).  

 Although the quality and quantity of groundwater input to marine environments have 

been well documented (Gallardo and Marui, 2006; McCoy and Corbett, 2009)(Beusen et al., 2013; 

Burnett et al., 2003; Kim and Swarzenski, 2010), the effects of SGD on biological processes 

remains understudied. These effects may be amplified in tropical, oligotrophic environments 

where primary productivity is typically limited by low nutrient levels in coastal waters (Downing 

et al., 1999; Downing, 1997; Howarth and Marino, 2006; Kim et al., 2011; Larned, 1998). Even 

small additions of nutrients to oligotrophic waters can increase primary productivity in marine 

algae (Dailer et al., 2012b; Howarth and Marino, 2006; Pedersen and Borum, 1996). Increases in 

algal growth rate, photosynthetic rate, and tissue nitrogen (N) are often observed as nutrient 

concentrations increase (Dailer et al., 2012b; DeBoer et al., 1978; Fong et al., 2004; Pedersen and 

Borum, 1996). Some macroalgae, such as Gracilaria spp., can rapidly acquire and store nutrients 

during pulse events; some species are capable of maintaining maximum growth rates for days to 

weeks after nutrient additions (Abreu et al., 2011; Costanzo et al., 2000; Lapointe, 1985; Pickering 

et al., 1993; Smit et al., 1996).  

Groundwaters enriched with anthropogenic nutrients have been implicated in the 

development of harmful algal blooms (HABs) (Gobler and Sañudo-Wilhelmy, 2001; Hwang et al., 

2005; LaRoche et al., 1997; Lee and Kim, 2007; Paerl and Otten, 2013) and ecosystem changes 

associated with eutrophication (Lapointe and O'Connell, 1989; Paerl, 1997; Peckol et al., 1994; 

Valiela et al., 1992). SGD increased primary production and played a major role in the shift from 

seagrass (Thalassia testudinum) dominated cover to green filamentous algae at sites near the 

Yucatan Peninsula (Herrera-Silveira, 1998; Herrera-Silveira et al., 2002; Herrera-Silveira and 

Morales-Ojeda, 2009; Herrera-Silveira et al., 1998). Elevated values for tissue δ15N in several 

marine algae suggest that terrestrially-derived nutrients transported via SGD are likely to play an 

important role in the development of algal blooms in Hawai‘i (Smith et al., 2005), Florida, and 

Jamaica (Lapointe, 1997). 

In addition to nutrient flux, variation in coastal salinity associated with SGD may also 

impact primary productivity. Salinity effects, as osmotic relations, are well-recognized factors 
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affecting the growth rate, development, and distribution of marine plants (Dawes et al., 1999; 

Hoyle, 1975; Israel et al., 1999; Koch and Lawrence, 1987; Orduña-Rojas et al., 2013). Maximal 

growth rates for some tropical reef algae, including species of Gracilaria, were reported for 

samples incubated in hyposaline, nutrient-rich waters (Causey, 1946; Choi et al., 2006; Hoyle, 

1976; Israel et al., 1999; Wong and Chang, 2000; Yokoya et al., 1999; Yu et al., 2013). Species that 

have high nutrient uptake rates and a wide tolerance to reduced salinities are likely to have a 

competitive advantage in regions with tidally modulated, hyposaline groundwater flux. 

The use of pulse amplitude modulation (PAM) fluorometry, to assess photosynthetic 

response, has become increasingly common among marine scientists (Beer and Bjork, 2000; Beer 

and Ilan, 1998; Beer et al., 2000; Hader et al., 1998; Rodgers, 2010; Saroussi and Beer, 2007). One 

type of PAM measurement, a rapid light curve (RLC), estimates the electron transport rate (ETR) 

for photosystem II at various levels of irradiance (Ralph and Gademann, 2005; White and 

Critchley, 1999). This type of technique, known as a Photosynthesis vs. Irradiance (P vs. I) curve, 

appears similar to traditional oxygen-based curves but should not be interpreted as exactly 

similar (Hawes et al., 2003). In addition to calculating the maximum electron transport rate 

(ETRmax), the efficiency of light capture at low irradiance alpha (α) is estimated by calculating the 

slope of the RLC curve in the light limited region. The minimum saturating irradiance (Ek) is 

identified by finding the interception of α with ETRmax.  

Wailupe Beach on Oʻahu (latitude 21.276082, longitude -157.760627) is an ideal location 

to investigate the physiological and benthic community response to variable levels of SGD flux. 

This site represents a shallow reef flat typical of south Oʻahu. Preliminary observations revealed 

that this area was dominated by non-native, invasive algal species nearshore and native algae 

offshore. Previous studies indicate substantial volumes of SGD leak from distinct springs and 

porous sediments at this site (Dimova et al., 2012; Holleman, 2011; Kelly et al., 2013). SGD flux 

for the region of Wailupe has previously been estimated at 30,000 m3 d-1 using seepage meters 

(McGowan, 2004) and 48,210 m3 d-1 (April 2010) to 95,490 m3 d-1 (May 2010) using a 222Rn mass 

balance approach (Holleman, 2011). Multiple lines of evidence indicate SGD flux, salinity, and 

nutrients are strongly correlated and occur along an onshore-offshore gradient at Wailupe; high-

nutrient, hyposaline conditions onshore mix to ambient salinity and near-undetectable levels of 
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nutrients offshore (Dimova et al., 2012; Holleman, 2011; Kelly et al., 2013). Although water 

residence time estimates for this location (2.5 d to 5.5 d) indicate SGD-derived nutrients may be 

available to plants for many days, SGD flux and water column nutrient concentrations were 

greatly reduced during high tide (Holleman, 2011). 

Many studies have been successful at quantifying the flux rate and chemical composition 

of SGD in coastal environments worldwide, yet studies that evaluate the role of SGD in 

determining primary productivity and species abundance in coastal regions are rare. The 

objective of this study was to compare the physiological effects of SGD on the endemic alga 

Gracilaria coronopifolia and invasive congener G. salicornia across a highly variable onshore-

offshore gradient of SGD in the field. In addition, we investigated response of the apparently 

vulnerable G. coronopifolia to various levels of simulated SGD in a controlled laboratory setting. 

We hypothesize that exposure to SGD will increase the growth rate, photosynthetic performance, 

branch development, and tissue N % in algal samples compared to controls but that thresholds 

of sensitivity will be easily detected within field ranges of SGD.  

 

Methods 

 

Field experiment: Wailupe Beach Park 

Individual plants of Gracilaria coronopifolia and Gracilaria salicornia were collected from a 

shallow, nearshore reef at Ala Moana Beach Park, O‘ahu on April 19th, 2014. At the University of 

Hawai‘i at Mānoa (UHM), these plants were acclimated to low nutrient, artificial seawater 

(distilled water + Instant Ocean® Sea Salt) for 10 days (d) to draw down internal N storage 

following Dailer et al (2012). Replicates of each species were placed in separate 75-liter aquaria 

with aeration (Resun air pump, Model AC-9904, Guangdong, China) under 200 µM photon             

m-2 s-1 PAR µmol cool-white fluorescent light (Phillips F34T12/CW/RS/EW), as measured by a 4π 

Li-Cor quantum sensor (model LI-193SA, Li-Cor, Lincoln NE, USA), for 12 h d-1 at 23 °C. Every two 

days, reagent grade nitrate (NO3¯) and phosphate (PO43¯) was added with distilled water to 

maintain water nutrient and salinity levels typical of oligotrophic coastal waters in Hawaiʻi: 0.2 

µM NO3¯, 0.05 µM PO43¯ at 35 ‰ salinity (Johnson et al., 2008). Salinity was measured with a YSI 
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conductivity meter (Yellow Springs Instruments, model EC300, OH, USA). At the end of this pre-

treatment period, three samples of each species were then triple rinsed in distilled water, dried 

at 60 °C until a constant mass was achieved, ground to powder, and submitted to the 

Biogeochemical Stable Isotope Facility (BSIF) at UHM for analysis of tissue δ15N, N %, and C %. 

Ratios of 15N:14N were expressed as δ15N (calculated using Eq. 1.1 relative to atmospheric 

nitrogen). 

A criterion for plant selection “Tip Score” (TS) was devised, based on an assessment of 

wet mass (Sartorius balance model A200S, Sartorius, Bohemia, NY) and enumeration of apical 

tips, to minimize morphological variability among samples.  

        TS =    # of apical tips
wet mass (g)

         Eq. 2.1 

On day 0, wet mass and apical tip number were recorded for 18 samples of each species with no 

signs of reproductive or necrotic tissue. To control for the effect of apical tip number on growth, 

samples were selected according to the following criteria: 50 < TS < 100 for G. coronopifolia and 

10 < TS < 20 for G. salicornia. RLCs were performed on six samples of each species as a measure 

of initial photosynthetic performance using Junior-PAM (Walz, Germany). Parameters ETRmax, α, 

and Ek were automatically calculated using WinControl-3 (Walz, Germany) software. On April 

29th, 2014, samples were randomly deployed in cylindrical mesh cages (20 cm x 8 cm) at three 

locations on the reef flat near Wailupe Beach Park, for 16 days. Cages were constructed of plastic 

mesh covered with polyester mesh fabric (eight mm diameter) that allowed water to flow but 

prevented samples from being subjected to grazing by local reef herbivores. One individual algal 

sample was placed in each cage. At each site, one cage containing G. coronopifolia and one cage 

containing G. salicornia were suspended in tandem 0.25 m below the surface on single line 

tethered to a cinderblock anchor and small float. Sample cages were lightly brushed every two 

days to remove diatoms and other fouling organisms. 

At each location, six sites were oriented in a hexagonal fashion with two meters between 

adjacent sites. Three locations, with a similar depth (± 0.25 m), were chosen along an onshore-

offshore gradient of SGD on a reef flat near Wailupe Beach Park (Figure 2.1). Location A (latitude 

21.27565, longitude -157.7624990) was centered on a prominent submarine groundwater spring, 

~ 15 m from shore, that was previously characterized by Dimova et al. (2012) and Holleman 
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(2011). Location B (latitude 21.27517, longitude -157.762304), was ~ 75 m from shore and had 

no visible springs. Near the seaward edge of the reef flat, location C (latitude 21.27298, longitude 

-157.761507) was selected to represent a control location. This location was presumed to be 

relatively unimpacted by SGD.  

Figure 2.1 Wailupe site map. The location of the Wailupe study is shown by the black open 
square on the inset of O‘ahu. Experimental locations A, B, and C are shown as black dots 
identified by boldface letters overlain on an aerial image (ESRI Basemaps). The approximate 
locations of benthic surveys are shown by dashed rectangles. 

Specific conductance and temperature were monitored every minute for a full tidal cycle 

on days 0, 6, and 15 with a CTD-Diver (Model DI272, Schlumberger, Texas, USA) at all locations. 

Salinity (‰) was calculated from CTD-Diver data using an equation that normalized conductivity 

data to a salinity of 25 °C (Schemel, 2001). One HOBO data logger (model UA-002-64, Onset 
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Computer Corporation, MA, USA) was attached to a cage at each location to record temperature 

from days 6 through 16. Water samples were collected at all locations on days 7, 15, and 16 at 

different tidal heights, filtered (0.45 µm) into in acid washed 60 ml bottles, and submitted to 

SOEST Laboratory for Analytical Biogeochemistry at UHM for analysis of nitrate + nitrite (N+N), 

PO43-, silicate (SiO42-), and ammonium (NH4+). Duplicate water samples (n = 3 duplicate pairs) 

were submitted to estimate analytical error, which was calculated as the average error between 

duplicates (the absolute value of the difference between duplicate samples expressed as a 

percentage of the mean of duplicate sample values). The salinity of water samples was measured 

with a YSI meter as above. Nutrient results were pooled with samples collected in 2010 

(Holleman, 2011) at similar locations to determine the relationship between nutrients and 

salinity. Tidal water height measurements were obtained from the Honolulu observation station 

# 1612340 (National Oceanic and Atmospheric Administration, 2014). 

Sample cages were collected at 1 pm on day 16 from all sites, placed in 20-liter buckets 

of seawater from each location, and held in the sun under 50 % shade cloth on land. RLCs were 

immediately performed on samples to assess photosynthetic performance as above. All samples 

were then placed in seawater (34.9 ‰ salinity) for three hours (h) to control for osmotic mass 

effects before final wet mass was determined at UHM (as above). The number of live apical tips 

(absence of necrotic or bleached tip tissues) was also recorded for all samples. All sample tissues 

were then prepared for analysis of δ15N, N %, and C % at BSIF as above. A subset of duplicate 

tissue samples (n = 4 duplicate pairs) was submitted to estimate analytical error as above. A final 

TS value was calculated for each location using Eq. 2.1. The growth rate of each sample was 

calculated as the percent change in wet mass per day:        

Growth Rate = �100 × �final mass – initial mass
initial mass �� ÷ time  Eq. 2.2

To quantify changes in the number of apical tips, the parameter “Tip Index” (TI) was developed: 

TI = 100 × �final tip # – initial tip #
initial tip #

�   Eq. 2.3 

The benthic community at each location was analyzed using a Nikon AW110 camera 

attached to a PVC photoquadrat frame (18.2 cm × 27.0 cm) on March 18th, 2014. Following a 

modified CRAMP rapid assessment protocol (Jokiel, 2008), one photograph was taken every m 
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along five 10-m transects at each location (Figure 2.1) that were randomly chosen within a 4 m x 

100 m area using ArcMap Desktop 10.0 (ESRI, CA, USA). Each image was cropped to 3148 x 2010 

pixels to remove the PVC frame, which resulted in an image representing a 458.8 cm2 area of the 

reef. The percent cover of benthic organisms (or abiotic substrate) was estimated for each 

transect with PhotoGrid {Bird, 2001 #2121} software using a point intercept method and 25 

random points per image. Algae and coral were identified to a species level where possible. In 

addition to species richness (sum of unique species), the Shannon diversity index (Shannon, 

1948), and Simpson index (Simpson, 1949) were calculated for each transect as 

Shannon’s Diversity (H’) =  −�𝑝𝑝𝑖𝑖 × ln(𝑝𝑝𝑖𝑖)

𝑅𝑅

𝑖𝑖=1

  Eq. 2.4

 Simpson’s Dominance (λ) =  �𝑝𝑝𝑖𝑖2
𝑅𝑅

𝑖𝑖=1

  Eq. 2.5 

SigmaPlot 11 (Systat software Inc, CA, USA) was used to perform all statistical tests. If 

parameter data was normal and homoscedastic, one-way Fisher ANOVA tests (shown as F 

statistic) were used to compare the mean of sample values among locations; regression analyses 

were used to determine the relationship between two numerical parameters. If either of these 

assumptions were violated, the non-parametric, one-way Kruskal-Wallis ANOVA test (shown as 

H statistic) was used. The Tukey test was used for all pairwise pairwise comparisons.  

Simulated SGD study 

Fifty Gracilaria coronopifolia individuals were collected on October 19th, 2007 and October 11th, 

2008 at Ala Moana Beach Park, O‘ahu for two replicate experiments at UHM. One axis was cut 

from each individual and then placed in a common three-liter beaker with nutrient and salinity 

levels (Oakton multimeter, Model PCD 650, Vernon Hills, IL) typical of oligotrophic coastal waters 

in Hawaiʻi to acclimated as above. The beaker was then placed in a growth chamber 

(Environmental Growth Chambers, model GC-15, OH, USA) at a temperature of 25 °C ± 0.5 °C for 

10 d with aeration (Resun air pump, Model AC-9904, Guangdong, China). Irradiance was set to 
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250 µM photons m-2 s-1 PAR via high output cool white fluorescent bulbs (Phillips 

F72T12/CW/VHO), as measured by a spherical 4π Li-Cor quantum, for 12 h d-1.  

For each 16 d trial, a unidirectional flow-through mesocosm was used that supported four 

treatments of six samples in the growth chamber. Treatment water was pumped at a constant 

rate of 1.6 l d-1 from four 200-l HDPE drums into 24 800-ml glass beakers, using a digital Ismatec 

variable speed peristaltic pump (Model ISM 444, Glattbrugg, Switzerland). Beakers were aerated 

as above and located in one of two water baths. Excess treatment water continuously flowed 

from beakers to the water bath and exited the system via a garden hose located 10 cm above the 

bottom of the bath. 

Concentrations of nitrate and phosphate were selected for each treatment via empirical 

relationships derived from SGD plumes in Hawai‘i (Johnson et al., 2008). Four salinity levels were 

chosen to simulate varied amounts of SGD and associated nutrient concentrations were 

calculated using the following equations: [NO3-] = -3.3 × salinity + 115.7 and [PO43-] = -0.14 × 

salinity + 4.9. Distilled water was mixed with various amounts of Instant Ocean Sea Salt and 

reagent grade nutrients (NaNO3, NaPO4) to produce the following four treatments, hereafter 

refered to by their salinity value: A) 35 ‰ salinity + (0.20 µM NO3-, 0.05 µM PO43-); B) 27 ‰ 

salinity + ( 7.51 µM NO3-, 0.15 µM PO43-); C) 19 ‰ salinity + (23.36 µM NO3-, 1.65 µM PO43-); D) 

11 ‰ salinity + (82.68 µM NO3-, 3.75 µM PO43-). The PO43- equation above produced a result of 0 

when solved for a salinity of 35 ‰. In order to minimize immediate P limitation in the 35 ‰ SGD 

treatment, a PO43- concentration of 0.05 µM PO43- was chosen. This low level of P is within the 

range of dissolved reactive P reported for oceanic waters near Hawai‘i (Karl and Tien, 1997).  

Twenty-four samples, with tip scores in the range of 50 < TS < 100, were cleaned of 

epiphytes and inspected to ensure that reproductive or necrotic tissues were not present prior 

to experimental trials. After initial processing, all samples were randomly assigned to a treatment 

beaker in the growth chamber. Every four d, samples were removed from the growth chamber 

and placed on a shaker table in treatment water under cool-white fluorescent light (Phillips 

F34T12/CW/RS/EW/) at 50 µmol photons m-2 s-1 PAR. A randomized single-blind sampling method 

was used to ensure measurements were performed by an individual unaware of the samples 

treatment.  
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On days 0, 4, 8, 12, and 16, the wet mass and apical tip number of all samples was 

recorded as above. RLCs were performed on days 0, 8, and 16 for all samples in treatment water 

between noon and two pm; a Diving-PAM (Walz Co., Effeltrich, Germany) with a blue actinic 

beam and a 5.5-mm active diameter fiber optic cable was used. During the first replicate trial, 

RLC measurements exhibited unexpectedly high within-treatment variability. A modified tissue 

holder was devised by placing a rubber cap, with a 1 mm x 2 mm slot cut from the center, on the 

fiber optic cable of the Diving-PAM. This slot allowed a single axis to be measured with more 

precision in locating the sampling site within the plant. Only RLC results from trial two are 

reported.  

Raw Diving-PAM data were imported using WinControl software (Walz GmbH, Effeltrich, 

Germany). ETR measurements associated with yield values below 0.1 were not included in 

regression analyses as ETR may be underestimated below this critical value (Beer and Axelsson, 

2004). RLC parameters (ETRmax and α) were calculated by nonlinear regression using SigmaPlot. 

Empirical data were fit to a double exponential decay function and estimates of saturating 

irradiance (Ek) were calculated following Ralph and Gademann (2005).  

Final values of sample TS, growth rate, and TI were calculated using Eq. 2.1, Eq. 2.2, and 

Eq. 2.3, respectively. Fisher’s one-way ANOVA test (shown as F statistic) and Tukey pairwise 

comparisons were conducted using SPSS software (SPSS Inc., IL, USA) if the distribution of 

parameter data was normal and homoscedastic. Welch’s ANOVA test (shown as Fw statistic) and 

Games-Howell pairwise comparisons were performed using SPSS software if the distribution of 

parameter data was normal and heteroscedastic. Non-parametric one-way Kruskal-Wallis 

ANOVA test (shown as H statistic), Tukey pairwise comparisons, and Spearman’s rank order 

correlations (shown as rs statistic) were performed with SigmaPlot 11 if the assumption of 

normality was violated.  
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Results 

Field experiment: Wailupe Beach Park 

Physical conditions at Wailupe study locations 

During the 16 d algal deployment at Wailupe, salinity, temperature, and dissolved nutrient 

concentrations were widely variable and influenced by the tidal regime onshore at location A and 

nearshore at location B. Salinity and temperature at location A (adjacent to the groundwater 

spring) ranged from 2.4 ‰ to 35.2 ‰ (Figure 2.2) and 22.0 °C to 31.1 °C (Figure 2.3), respectively. 

Nearshore at location B, salinity and temperature ranged from 11.0 ‰ to 35.2 ‰ (Figure 2.2) and 

22.2 °C to 33.9 °C (Figure 2.3), respectively. In contrast, the water column offshore at the control 

location (location C) was well mixed; salinity did not appear to be influenced by tidal height 

(Figure 2.2). Salinity and temperature at location C were the least variable and ranged from 34.2 

‰ to 35.2 ‰ (Figure 2.2) and 23.4 °C to 28.8 °C (Figure 2.3), respectively. Water height was below 

the level of mean lower low on 14 of 16 days; a minimum of -0.10 m and a maximum of 0.66 m 

occurred during this period (National Oceanic and Atmospheric Administration, 2014). 
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Figure 2.2 Time series salinity and water height at all Wailupe locations. Salinity (primary y-axis) 
and water height (secondary y-axis) on 4/29-4/30, 5/5 -5/6, and 5/14-5/15 in 2014 at Wailupe 
study locations (A, B, and C). Salinity was calculated using data from CTD-divers and water height 
observations were obtained from the Honolulu station # 1612340. 

Maximum concentrations of N+N (42.70 µM), PO43- (1.95 µM), and SiO42- (668.8 µM) were 

measured at location A (sample Wailupe A LowLow; Table A.1) during extremely low tide. In order 

to model nutrient concentrations at Wailupe over time, nutrient and salinity measurements were 

combined with similar data from Holleman (2011) (Table A.1). Linear equations were calculated 

for N+N (N+N = 42.858 - (1.220 * salinity) r2 = 0.930) and PO43- (PO43- = 2.045 - (0.0558 * salinity) 

r2 = 0.968); units were µM. Using these relationships and time-series measurements of salinity 

(calculated from CTD-diver data), N+N and PO43- concentrations were modeled for three different 

days at all locations (Figure 2.4). Clear onshore-offshore gradients of salinity (Figure 2.2), N+N 

(Figure 2.4a), and PO43- (Figure 2.4b) were visible when the water height remained below 0.1 m. 

Elevated concentrations of N+N and PO43- persisted for most of the day at sites A and B (Figure 

2.4). The highest daily N+N and PO43- concentrations were observed when water height reached 
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the daily minimum value (Figure 2.4). When tidal exchange was relatively minimal (dates 5/5 to 

5/6), N+N and PO43- did not approach minimum concentrations as observed for other periods 

during high tide (Figure 2.4). In contrast, nutrient levels offshore at the control location remained 

low and did not appear to respond to changes in water height (Figure 2.4). Mean error of 

duplicate nutrient samples was 1.4 %, 5.4 %, 1.0 %, and 4.1 % for PO43-, SiO42-, N+N, and NH4+, 

respectively. 

Figure 2.3 Water temperature at Wailupe. Water column temperature (°C) is shown on the 
y-axis at all Wailupe locations (A, B, and C) from 5/6 to 5/15 in 2014. Date is on the x-axis. 
Temperature was recorded using HOBO data loggers. 
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Figure 2.4 Modeled N and P concentrations with water height at Wailupe. a) Estimated nitrate + 
nitrite and b) phosphate concentrations are shown on the primary y-axis for all locations (A, B, 
and C) with water height (secondary y-axis). Nutrient concentrations were calculated using the 
formula: N+N (µM) = 42.858 - (1.220 * salinity), r2 = 0.93; Phosphate (µM) = 2.045 - (0.0558 * 
salinity), r2 = 0.97. Salinity was calculated using data from CTD-divers and water height 
observations were obtained from the Honolulu tidal station # 1612340 for dates 4/29 - 4/30, 5/5 
- 5/6, and 5/14 - 5/15 in 2014 at Wailupe Beach Park. 
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Physiological response of deployed algae 

An onshore-offshore gradient in algal tissue N % was observed for both species across locations 

(Figure 2.5). Maximum mean (mean ± standard deviation) values for tissue N % were found in G. 

coronopifolia (1.5 % ± 0.2 %) and G. salicornia (1.2 % ± 0.2 %) samples deployed onshore at 

location A (Table 2.1); significant differences in mean tissue N % were detected among locations 

in G. coronopifolia (F = 23.189, p < 0.001) and G. salicornia (F = 23.725, p < 0.001). Pairwise 

comparisons indicate mean values of tissue N % in both species were greater in samples from 

location A compared to location C (p < 0.05; Table 2.1). Initial values of mean tissue N % (Table 

2.2) were substantially lower than final values of samples deployed at location A, and similar to 

final values from samples deployed at location B and C (Table 2.1), in both species.  

Table 2.1 Final algal tissue N and C parameter values for G. coronopifolia and G. salicornia at 
deployed at Wailupe. Values (mean ± standard deviation) are shown for tissue δ15N (‰), N %, C 
%, and C:N for both species by location. Boldface letters indicate results of pairwise comparisons 
among locations tested for each species separately: locations that share a common letter are not 
significantly different (p < 0.05). Sample size (n) indicates the number of samples recovered on 
day 16.  

Species Location n δ15N (‰) N % C %  C:N 
G. coronopifolia A 3 5.9 ± 0.1 A 1.5 ± 0.2 A 21.6 ± 4.0 A 14.9 ± 0.8 A  
G. coronopifolia B 5 6.3 ± 0.4 A 1.0 ± 0.1 B 20.4 ± 2.4 A 20.6 ± 1.7 AB 
G. coronopifolia C 6 3.6 ± 0.5 B 0.8 ± 0.0 C 20.9 ± 3.7 A 27.5 ± 7.3 B 

G. salicornia A 6 7.0 ± 1.3 A 1.2 ± 0.2 A 14.0 ± 1.9 A 12.4 ± 1.3 A 
G. salicornia B 6 6.5 ± 0.4 A 0.7 ± 0.1 B   9.7 ± 3.3  B 13.7 ± 3.6 A 
G. salicornia C 6 4.3 ± 0.3 B 0.6 ± 0.1 B 14.3 ± 2.8 A 24.9 ± 5.9 B 
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Table 2.2 Average initial values (mean ± standard deviation) for tissue N, tissue C, and PAM 
parameters. Initial values are shown for sample parameters of G. coronopifolia and G. salicornia 
on day 0. Sample size (n) for each species is shown. Units for growth rate, ETRmax, α, and Ek are: 
% d-1, µmol e-m-2s-1, µmol photon m-2 s-1 PAR, and (µmol e- m-2 s-1) (µmol photon m-2 s-1) -1, 
respectively. 

Figure 2.5 Boxplot of algal tissue N % at all Wailupe locations. Algal tissue N (%) is shown on the 
y-axis for G. salicornia (light) G. coronopifolia (dark) and at Wailupe locations (x-axis). Horizontal 
lines within each box represent the value of the median. The median of G. salicornia samples at 
location A is identical to the upper boundary of the box. The 10th and 90th percentile whiskers for 
boxes were not calculated because n < 9. Treatments, both within and among species that do not 
share a bold face capital letter are significantly different based on the Tukey test (p < 0.05). 

n G. coronopifolia G. salicornia 
δ15N (‰) 3  5.7 ± 0.3   5.3 ± 0.3 
N % 3   1.0 ± 0.1   0.6 ± 0.1 
C % 3 25.9 ± 1.3 10.0 ± 5.9 
C:N 3 25.7 ± 1.4 16.8 ± 8.4 
ETRmax 6 21.6 ± 3.6 23.3 ± 5.2 
α 6 0.25 ± 0.0 0.23 ± 0.1 
Ek 6 85.2 ± 6.0 112.9 ± 42.3 
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An onshore-offshore trend in mean tissue C:N was also found for both species (Table 2.1); 

significant differences among locations were detected for tissue C:N values in G. coronopifolia (H 

= 8.695, p = 0.004) and G. salicornia (F= 17.260, p < 0.001). Final tissue δ15N values were 

approximately 2.5 ‰ higher at locations A and B compared to C in both species (p < 0.05; Table 

2.1); significant differences among locations were detected for tissue δ15N values in G. 

coronopifolia (F = 69.743, p < 0.001) and G. salicornia (H = 11.463, p = 0.003). Final tissue δ15N 

values from samples deployed at location A and B (Table 2.1) were greater than initial values in 

both species (Table 2.2). Algal samples deployed at the control location C had lower final δ15N 

values (Table 2.1) compared to initial values (Table 2.2). Mean analytical errors of duplicate tissue 

samples were 1.2 %, 13 %, and 22.8 % for δ15N, N %, and C % determinations, respectively. 

Mean ETRmax values were greatest in G. salicornia tissues deployed at location B (40.4 e- 

m-2 s-1 ± 8.8 μmol e- m-2 s-1; Table 2.3). ANOVA tests detected significant differences among 

treatments for G. salicornia samples (H = 11.099, p = 0.004); pairwise comparisons indicate 

samples at locations A and B had higher mean values for ETRmax than location C, but were not 

different from each other (Figure 2.6a). Identical results were found for values of α (F = 12.367, 

p < 0.001); pairwise comparisons were significant (p < 0.05) for both location A and B vs. C. In 

general, final mean values of ETRmax and Ek from each location (Table 2.3) were greater than initial 

mean values (Table 2.3) for both species.  

Apical tip development was significantly different among locations for G. salicornia 

samples; ANOVA tests indicate differences in mean TS (F = 6.640, p = 0.009) and TI values (H = 

10.561, p = 0.005). Post hoc comparisons indicate G. salicornia samples at location A had a 

greater mean TI (Figure 2.6b) and TS (p = 0.015) compared to the offshore location C. Differences 

were not detected among locations for measures of growth rate, branching (TS and TI), or PAM 

parameters, except for Ek: (F = 4.804, p = 0.032). This may be due to small final sample sizes (four 

G. coronopifolia individuals were not recovered; Table 2.1) and large variability in G. coronopifolia 

sensitivity of apices. G. coronopifolia tissues at locations A and B showed signs of pigment loss 

and tissue necrosis after eight days. A similar observation was made for G. salicornia samples 

after 12 days at location C. Negative values for mean growth rate and mean TI were calculated 

for G. salicornia samples at this location (Table 2.3). Large variability in growth rate was found 
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among and within locations (Table 2.3); no significant differences in growth rates were detected 

for G. coronopifolia (H = 2.074, p = 0.381, n = 14) or G. salicornia (H = 1.556, p = 0.459, n = 18) 

among locations. On average, the growth rate for G. coronopifolia was greater than that of G. 

salicornia at all locations (Table 2.3).  
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Figure 2.6 Final ETRmax and Tip Index values vs. location for G. salicornia at Wailupe. a) Day 16 
ETRmax values (y-axis) are shown for G. salicornia samples at all locations (x-axis). b) Day 16 Tip 
Index values (y-axis) are shown for G. salicornia samples at all locations (x-axis). Treatments that 
do not share a bold face capital letter are significantly different based on the Tukey test (p < 0.05). 
The 10th and 90th percentile whiskers for boxes were not calculated because n < 9. 
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Table 2.3 Final values of growth rate, TS, TI, and Pam parameters for both simulated SGD and 
Wailupe studies. Gc indicates species G. coronopifolia and Gs indicates species G. salicornia. 
Mean ± standard deviation is shown for growth rate, TS, TI, ETRmax, α, and Ek for all treatments 
(or locations). Sample size (n) is shown for each treatment. Units for growth rate, ETRmax, α, and 
Ek are: % d-1, µmol e- m-2 s-1, µmol photon m-2 s-1 PAR, and (µmol e- m-2 s-1) (µmol photon m-2 s-1) -

1, respectively. Tip Score and Tip Index are unitless. 

Species Treat- 
ment 

 n  Growth 
   Rate 

  Tip 
Score 

  Tip 
Index 

ETRmax     α Ek 

Gc 11 12 1.4 ± 1.5 31.0 ± 21.4 -50.4 ± 32.4 13.8 ± 4.1 0.23 ± 0.03 59.5 ± 18.2 
Gc 19 12 2.2 ± 0.5 110.3 ± 32.7 83.8 ± 53.8 17.1 ± 9.4 0.21 ± 0.07 77.1 ± 23.3 
Gc 27 12 3.0 ± 0.6 117.6 ± 35.7 132.7 ± 105.8 44.7 ± 8.1 0.27 ± 0.01 163.0 ± 27.9 
Gc 35 12 1.1 ± 0.4 79.1 ± 15.3 30.2 ± 41.0 29.3 ± 3.4 0.24 ± 0.02 124.1 ± 20.2 

Gc A 3 2.2 ± 1.8 99.7 ± 30.2   94.8 ± 154.1 34.8 ± 7.3 0.16 ± 0.02 218.6 ± 49.8 
Gc B 5 2.7 ± 1.7 128.3 ± 27.0 110.2 ± 64.4 30.2 ± 2.0 0.24 ± 0.05 127.6 ± 23.8 
Gc C 6 3.8 ± 4.7 112.2 ± 34.1 110.4 ± 121.0 28.6 ± 3.1 0.19 ± 0.05 159.8 ± 45.9 

Gs A 6 0.7 ± 2.0 28.0 ± 6.0 144.7 ± 105.7 35.8 ± 3.9 0.25 ± 0.06 147.8 ± 34.5 
Gs B 6 1.6 ± 1.0 17.1 ± 2.3 59.7 ± 46.8 40.4 ± 8.8 0.25 ± 0.03 161.1 ± 26.0 
Gs C 6 -0.8 ± 3.6 16.6 ± 8.4 -14.8 ± 57.7 25.0 ± 3.2 0.15 ± 0.02 168.9 ± 33.3 

When data from all locations was pooled for each species, a positive, non-linear 

relationship was detected between growth rate and TI (Growth Rate = a*(1- bTip Index) for both G. 

salicornia (r2 = 0.65 p < 0.0001) and G. coronopifolia (r2 = 0.78, p < 0.0001). Tissue N % was 

positively related to TS (r2 = 0.645, p < 0.001) and TI (r2 = 0.350, p = 0.010) in G. salicornia across 

all locations. Significant differences in the ratio of wet:dry mass were not detected for G. 

coronopifolia (F = 2.99, p = 0.092) or G. salicornia (F = 2.79, p = 0.093). 

Benthic community diversity at Wailupe 

Gracilaria salicornia, Acanthophora spicifera, Spyridia filamentosa, Halimeda spp., and Galaxaura 

rugosa represent the extent of macroalgal diversity in the  benthic transects at Wailupe (Figure 

2.7). Gracilaria salicornia was the dominant organism at locations A and B (Figure 2.7). At location 

C, Spyridia filamentosa and Halimeda spp. were the two most abundant organisms; G. salicornia 

represented less than 10 % of these transects (Figure 2.7). Zoanthids were only found in transects 

at location A (Figure 2.7). Significant differences in mean benthic cover were detected among 

locations for % invasive macroalgae (H = 11.580, p = 0.003), % native reef macroalgae (H = 11.618, 
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p = 0.003), species richness (F = 8.667, p = 0.005), Shannon’s index (F = 8.802, p = 0.004), and 

Simpson’s index (F = 7.109, p = 0.009; Table 2.4). Pairwise comparisons (all p < 0.05) among 

locations indicate: Location B had greater % invasive macroalgae than C. Location B had lower 

values for Shannon’s diversity and greater values for Simpson Index than A or C. Location C had 

greater % native macroalgae than A. Location C had greater richness than A or B.  

Figure 2.7 Benthic cover analysis for Wailupe transects. The proportion of benthic cover is shown 
(y-axis) for each transect at Wailupe. The letter of each transect ID indicates the general location 
of the transect corresponding to algal cage locations (Figure 2.1). CCA represents crustose 
coralline algae. 
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Simulated SGD study 

Growth rate and branch development: Pooled trials 

The results of two replicate trials were pooled to calculate growth rate and changes in apical tip 

number in G. coronopifolia samples over 16 days. A maximum growth rate of 3.0 ± 0.6 % d-1 was 

observed for plants in the 27 ‰ treatment (Table 2.3). Significant differences in mean growth 

rate were detected among simulated SGD treatments (Fw = 30.827, p = 0.000). Algal samples in 

the 27 ‰ treatment had a significantly higher growth rate than all other treatments (Figure 2.8). 

Mean growth rate for samples in the 19 ‰ treatment (2.2 ± 0.5 % d-1) was significantly greater 

than samples in the 35 ‰ treatment (1.1 % d-1 ± 0.4; Figure 2.8). Samples exposed to the 

treatment with the lowest salinity (11 ‰) had the lowest mean growth rate (1.4 % d-1 ± 1.5) and 

the highest variability (Figure 2.8). Nearly half of G. coronopifolia samples in this treatment had 

evidence of pigment loss and necrotic tissue within the first four days of each replicate trial.   

G. coronopifolia samples subjected to the 27 ‰ SGD treatment had the maximum mean 

value for TI (132.7 ± 105.8; Table 2.3). Significant differences were detected for mean TI values 

among treatments (H = 32.720, p < 0.001). Mean TI values for plants in the 27 ‰ treatment were 

significantly greater (p < 0.05) than the 35 ‰ and 11 ‰ treatments (Figure 2.9). A positive 

correlation was found between growth rate and TI (rs = 0.59, p = 0.000). 
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Figure 2.8 Gracilaria coronopifolia growth rate vs. simulated SGD treatment. Growth rate (% d-1) 
is shown on the y-axis as a function of SGD treatment (x-axis). Data was pooled from replicate 
simulated SGD trials; sample size was 12 for each treatment. The horizontal line within each box 
represents the median value of each treatment. The box represents values that fall within the 
25th to 75th percentile, and whiskers indicate the 10th and 90th percentile. Treatments that do not 
share a bold face capital letter are significantly different based Games-Howell pairwise 
comparisons (p < 0.05). 
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Figure 2.9 Gracilaria coronopifolia Tip Index vs. simulated SGD treatment. Tip Index (% d-1) is 
shown on the y-axis as a function of SGD treatment (x-axis). Data was pooled from replicate 
simulated SGD trials; sample size was 12 for each treatment. The horizontal line within each box 
represents the median value of each treatment. The box represents values that fall within the 
25th to 75th percentile, and whiskers indicate the 10th and 90th percentile. Treatments that do not 
share a bold face capital letter are significantly different based on Tukey pairwise comparisons (p 
< 0.05). 

Photosynthetic response: Replicate trial two 

G. coronopifolia individuals subjected to the 27 ‰ treatment had the greatest mean values for 

all PAM parameters (ETRmax, α, and Ek; Table 2.3), as calculated for each sample by non-linear 

regression (all r2 > 0.99) on day 16. Significant differences were detected among SGD treatments 

for values of ETRmax (F = 25.73, p = 0.000) and Ek (F = 25.48, p = 0.000), but not α (F = 2.601, p = 

0.081). In contrast to all other treatments, samples in the 27 ‰ treatment had significantly 

greater mean values for ETRmax (44.7 ± 8.1 µmol e- m-2 s-1; p < 0.01) and Ek (163.0 ± 27.9 µmol 

photon m-2 s-1 PAR; p < 0.05). A representative mean RLC was calculated for each treatment using 

the average ETR value of samples at a given irradiance (r2 > 0.99 for all treatments). Plants in the 
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27 ‰ treatment had higher mean ETR values than other treatments at nearly every irradiance 

level (Figure 2.10). The mean RLC of the 19 ‰ treatment was located below those of plants 

subjected to 27 ‰ and 35 ‰ treatments (Figure 2.10).  

Figure 2.10 Mean rapid light curves for Gracilaria coronopifolia in the simulated SGD experiment. 
The mean ETR value of each treatment at given irradiance is shown. Error bars indicate ± 1 
standard deviation of the mean. A non-linear regression line was fit to the mean value at a given 
irradiance for each treatment (r2 > 0.99 for all treatments). 

Discussion 

SGD is becoming increasingly recognized as a ubiquitous, worldwide phenomenon with 

important biogeochemical implications (Burnett et al., 2003; Gallardo and Marui, 2006; Kim et 

al., 2005; Moore et al., 2008; Santos, 2008; Slomp and Van Cappellen, 2004; Zhang and Mandal, 

2012). Previous studies in Hawai‘i indicate SGD flux occurs in the nearshore environment at large 
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spatial scales (Glenn et al., 2013; Johnson et al., 2008; Kelly et al., 2013), yet the impact of this 

process on reef organisms is poorly understood. It is clear that irradiance, osmotic forces, 

nutrient availability, and temperature are the most important abiotic factors that influence 

growth, distribution, and reproduction of primary producers. Changes in nearshore water quality 

due to SGD flux are thus expected to influence the physiology of reef organisms and benthic 

community structure. The shallow reef at Wailupe represents a dynamic environment where 

extreme variability in salinity, temperature, and nutrient concentrations are governed by tidal 

regime and SGD. The results of this study show a clear onshore-offshore gradient of SGD at 

Wailupe in which extremely low salinity and high nutrient concentrations occurred 

onshore/nearshore during the lowest tides. The benthic community and the physiological 

response of both Gracilaria species incubated in these conditions were very different compared 

to an offshore control location with no SGD flux. In contrast to the largely native and diverse 

community offshore at the control location (C), invasive seaweeds dominated the benthic habitat 

in areas influenced by SGD. Both G. coronopifolia and G. salicornia samples deployed at location 

A had ~ 2 times greater tissue N % and lower C:N values than samples from location C, which 

implies plants located offshore were relatively N limited. Differences in final tissue δ15N values 

suggests samples exposed to SGD acquired N from a source that was more enriched in the 15N 

isotope than offshore samples. Additional tissue N (potentially stored as photosynthetic 

pigments) may have been related to the elevated photosynthetic response measured in G. 

salicornia samples exposed to SGD. Increased ETRmax and tissue N % have been reported for reef 

algae exposed elevated nutrients (Dailer et al., 2012b; Smith et al., 2005; Smith et al., 2004b) in 

Hawai‘i.  

Substantial flux of fresh groundwater via SGD may support elevated productivity and 

persistence of invasive algae in areas where low salinity limits the distribution of less tolerant, 

native species. The results of benthic analyses suggest the non-native, invasive G. salicornia is 

the dominant organism in areas of the Wailupe reef exposed to SGD. G. salicornia deployed at 

locations with SGD had significantly higher values for ETRmax, α, TS, and TI than offshore controls. 

Although the mean growth rates of G. coronopifolia samples recovered from the Wailupe 

locations were greater than G. salicornia, it is clear that G. salicornia is better suited to withstand 
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periods of extremely low salinity associated with the groundwater spring (location A). Previous 

research found G. salicornia sustained positive growth rates and was photosynthetically 

responsive after a one-week immersion in fresh water (0 ‰ salinity), or when exposed to 

temperatures as high as 34 °C periodically (Smith et al., 2004a). In addition, G. salicornia had a 

greater tolerance for extreme irradiance (full sun) compared to G. coronopifolia (Hamel, 2012). 

In contrast to G. salicornia, G. coronopifolia showed signs of osmotic stress when 

subjected to relatively low salinities in the field at Wailupe and in a controlled laboratory setting. 

Half of the G. coronopifolia samples deployed at location A, and one of six samples at location B 

experienced tissue loss and were not recovered on day 16. Simulated SGD trials produced similar 

results; nearly half of G. coronopifolia samples had tissue loss that resulted in negative growth 

rates and TI values when grown in relatively high-nutrient water at a salinity of 11 ‰. 

Interestingly, the remaining samples in this treatment appeared healthy and grew at rates similar 

other treatments. This suggests that genetic variation, or possibly the ploidy level of these 

isomorphic species, may play a role in sample tolerance to salinity reductions. Diploid individuals 

of Gracilaria verrucosa had higher growth rates and increased tolerance to environmental 

stressors (lead and ultraviolet radiation) than haploid samples when cultured in the laboratory 

(Destombe et al., 1993).  

Reduced salinity conditions often result in decreased photosynthesis in many marine 

algae (Koch and Lawrence, 1987; Orduña-Rojas et al., 2013; Otaga and Matsui, 1965; Simon et 

al., 1999; Wong and Chang, 2000). Photosynthesis may decline in hyposaline conditions due to 

loss of ions (Gessner and Schramm, 1971) and the ex-osmosis of ionic photosynthetic co-factors 

(Lapointe et al., 1984; Taiz and Zeiger, 2010). The maintenance of an organism’s osmotic balance 

requires energy input (Kirst, 1990), which may result in reduced productivity in algae (Fong et al., 

1996; Friedlander, 1992; Kamer and Fong, 2000). Energy expenditures due to osmotic regulation 

may explain why differences in growth rate were not detected among locations at Wailupe. 

Although photosynthetic rates may be higher, samples consistently exposed to variations in 

salinity may allocate greater energy resources to maintaining osmotic balance in areas influenced 

by SGD.  
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Some species of algae may be able to persist and thrive in high nutrient, hyposaline 

conditions if the SGD flux rate exhibits periodic cycling or variability. A fluctuating salinity regime 

and elevated nutrient availability has been shown to mitigate the negative effects of reduced 

salinity on Ulva intestinalis (Kamer and Fong, 2000; Kamer and Fong, 2001). As a euryhaline 

genus, many species of Gracilaria have maximal growth rates at salinities from 15 ‰ to 30 ‰ 

(Causey, 1946; Choi et al., 2006; Hoyle, 1976; Israel et al., 1999; Wong and Chang, 2000; Yokoya 

et al., 1999; Yu et al., 2013). Growth rates observed in this study were within the range of 

previously reported values for G. coronopifolia (Hamel, 2012; Hoyle, 1976) and G. salicornia 

(Hamel, 2012; Nelson et al., 2009; Smith et al., 2004a) in Hawaiʻi. In the simulated SGD study, the 

27 ‰ treatment (7.51 μM nitrate, 0.15 μM phosphate, 27 ‰ salinity) provided optimal 

conditions for G. coronopifolia compared to other treatments. Plants incubated in this treatment 

had significantly higher growth rates, ETRmax, Ek, and TI compared to plants subjected to control 

conditions. In the field at Wailupe, location B appeared to provide the most suitable conditions 

for the growth and persistence of G. salicornia. On average, G. salicornia samples deployed at 

the offshore control location lost mass, tissue N %, and apical tips during the 16 d experiment. In 

addition, G. salicornia from this location had the lowest photosynthetic performance. These 

results suggest the productivity of G. salicornia is limited in offshore regions and that this species 

may rely on nutrient subsidies provided by SGD.  

Salinity has been found to modify the morphology and apical tip formation of marine 

macroalgae. In most cases, reductions in thallus size are observed at reduced salinity (Norton et 

al., 1981). Increased branching has been observed under hyposaline conditions in Grateloupia 

filicina (Zablackis, 1987), Fucus vesiculosus (Jordan and Vadas, 1972b), Chondus cripus 

(Mathieson and Burns, 1975), and Ulva spp. (Burrows, 1959; Reed and Russell, 1978; Steffensen, 

1976). Our results from indicate that increased apical tip formation is a morphological response 

to hyposaline/nutrient combinations and that exposure to SGD promotes branching. Regardless 

of treatment or location, apical tip development is clearly related to growth rate in the lab and 

field.  

Tidally modulated SGD flux can produce large changes in water column temperature over 

short time periods (hours) (Johnson et al., 2008; Kelly et al., 2013). In tropical locations, summer 
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water temperatures may reach the upper limit of thermal tolerance, which is less than 35 °C for 

many strictly tropical species (Wiencke and Bischof, 2012). At Wailupe Beach Park, mid-reef 

temperatures approached 34 °C on more than one occasion during this study. Extreme increases 

in temperature occurred during low tide near during the midday when solar radiation is at a 

maximum. Periods of relatively high temperature may have supported the higher photosynthetic 

rates measured for G. salicornia samples at location B. Greater rates of photosynthesis, nutrient 

uptake, respiration, and growth often occur at higher water temperatures compared to lower 

temperatures in marine algae (Davison, 1991; Nejrup et al., 2013; Valiela, 1995). Photosynthetic 

rates of Gracilaria verrucosa, Acanthophora spicifera, Bostrychia bindert, Cladophora repens, 

Catenella repens and Spyridia filamentosa were greatest between 30 °C to 36 °C (Dawes et al., 

1978). In addition, Gracilaria cornea maintained maximal rates of growth at 35°C (Dawes et al., 

1999). Although SGD typically results in reduced surface water temperatures (in warm climates) 

in addition to increased nutrients, particular combinations of solar radiation, flux rate, tidal 

height, and depth may produce optimal conditions for nutrient uptake and photosynthesis of 

Gracilaria spp. in benthic environments similar to that of the nearshore reef at location B.  

Conclusions 

The rate and quality of SGD flux in the benthic environment is a function of complex interactions 

among local groundwater chemistry, hydrologic forces, tidal cycles, wave regime, wind force, 

thermal gradients, and sediment type (Burnett et al., 2003). The ability of an organism to tolerate 

fluctuating salinity regimes and acquire nutrients while maintaining optimal respiratory and 

photosynthetic performance is likely a key factor in the distribution, productivity, and 

competitive success among co-occurring species. It is likely that Gracilaria and other species of 

marine algae in coastal environments have adapted to, and now rely on the SGD-driven pulses of 

hyposaline, high-nutrient fluids. Our results show that SGD is major source of nutrients for 

primary producers on an otherwise oligotrophic Hawaiian reef. Differences in physiological 

response and patterns of species distribution suggest SGD plays a role in benthic community 

structure and has the potential to support persistent blooms of invasive algae.  
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CHAPTER 3 

ALGAL BIOASSAYS DETECT MODELED LOADING OF WASTEWATER-DERIVED 
NITROGEN IN COASTAL WATERS OF OʻAHU, HAWAIʻI 

Intended for submission to Ecohydrology 
Daniel W. Amato and Robert B. Whittier 

Abstract 

The terrestrial disposal of wastewater is a source of pollution to ground and surface waters 

worldwide. Previous studies indicate many coastal areas in Hawaiʻi are at risk of contamination 

from wastewater injection wells, cesspools, and septic systems. In this study, the ability of 

common marine algae to incorporate dissolved inorganic nitrogen (N) was used as a bioassay to 

indicate the presence of wastewater-derived N in nearshore waters of Oʻahu, Hawaiʻi. 

Acanthophora spicifera, Hypnea musciformis, and Ulva spp. were collected and/or deployed at 

118 sites and analyzed for tissue δ15N and N %. Locations of wastewater injection wells, 

cesspools, and septic systems were combined with known hydrogeologic properties to estimate 

wastewater-derived N concentrations in the groundwater on Oʻahu with modeling software 

(GMS, MODFLOW, and MT3DMS). To examine the extent to which numerical simulations of 

coastal groundwater N concentration could predict algal parameters as a proxy for coastal 

wastewater loading, three models were tested: 1) Onsite sewage disposal system (OSDS) density. 

2) Estimated groundwater [N] from OSDS. 3) Estimated groundwater [N] from OSDS + wastewater

injection. The results of regression analyses show the third model tested (estimated groundwater 

[N] from OSDS + wastewater injection) provided the best fit for algal δ15N values in tissues of Ulva 

spp. Spatial trends were generally not detected for A. spicifera, and H. musciformis was not 

included in regression analyses due to small sample size. Results of algal bioassays were also used 

to establish categories of risk such as tissue δ15N > 9 ‰ and N ≥ 2 %. This step identified six 

regions on Oʻahu where coastal ecosystems appeared to be subjected to elevated wastewater-

derived N loading. In addition, a novel approach for ground truthing groundwater simulations 

was introduced. This method compared algal tissue δ15N values with estimated groundwater [N] 

using geographically weighted regression as an exploratory tool. These results suggest that a 
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multi-scale understanding of hydrogeology is required to better estimate the extent and impact 

of wastewater system density and N load on coastal aquifers and adjacent marine ecosystems.  

 

Introduction 

Environmental impacts and human health risks associated with the terrestrial disposal of 

wastewater disposal are global concerns. As of 2011, 22,229,000 (19 %) of occupied U.S. homes 

used septic tanks, cesspools, or chemical toilets for wastewater disposal (U.S. Census Bureau, 

2011). High system density or improper function can lead to contamination of aquifers and 

adjacent surface waters by nutrients, pathogens, and pharmaceuticals (Beal et al., 2005; Swartz 

et al., 2006). These onsite sewage disposal systems (OSDS) are a substantial threat to 

groundwater quality and the second most frequently reported cause of groundwater 

contamination in the United States (U.S. Environmental Protection Agency, 2007). The ecological 

impacts of this anthropogenic loading are only now becoming clear (Dinsdale et al., 2008; 

Knowlton and Jackson, 2008; Kroon et al., 2014). Excessive nutrient loading is a major cause of 

marine ecosystem degradation leading to eutrophication, habitat loss, and substantial shifts in 

biotic communities (Kelly, 2008; Kroon et al., 2014; Littler et al., 2006b; Lyons et al., 2014; 

Rabalais, 2002; Smith et al., 1999). While the impact of direct wastewater discharge to 

oligotrophic marine waters is well documented (Hunter and Evans, 1995; Reopanichkul et al., 

2009; Smith et al., 1981), few studies have successfully linked OSDS to reduced coastal water 

quality and ecosystem health. In addition to surface runoff and groundwater supported streams, 

submarine groundwater discharge (SGD) is a major pathway for wastewater-derived pollutant 

transport to coastal waters in Hawaiʻi (Dailer et al., 2012a; Glenn et al., 2013; Hunt and Rosa, 

2009; Johnson et al., 2008). SGD is defined as any and all flow of water on continental margins 

from the seabed to the coastal ocean regardless of fluid composition or driving force (Burnett et 

al., 2003). Marine ecosystems may be at risk wherever a hydrologic connection exists between 

contaminated coastal groundwater and nearshore surface waters.   

Stable isotopes of nitrogen (N) are effective tracers of wastewater-derived N in the tissues 

of many organisms (Risk et al., 2009). If present, denitrifying bacteria in wastewater will 

preferentially use the lighter 14N isotope, which results in effluents enriched with the heavier 15N 
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isotope (Heaton, 1986). Published values for wastewater-derived δ15N of nitrate range from 7 ‰ 

to 93 ‰ for marine waters and from 4 ‰ to 50 ‰ in marine macroalgal tissue N (Dailer et al., 

2010; Glenn et al., 2013; Kendall et al., 2007; Risk et al., 2009). While relatively high values of 

δ15N in algal and water samples implicate wastewater as a source of N, lower values are within 

the range of both anthropogenic (synthetic fertilizers) and natural N sources (Kendall et al., 2007; 

Risk et al., 2009).  

Many studies conclude that plant tissues provide a better indicator of local water quality 

than conventional water sampling because these tissues integrate nutrients over time allowing 

for incorporation of nutrient pulses that may not be otherwise detected (Fong et al., 2004; 

Gartner et al., 2002; Risk et al., 2009; Umezawa et al., 2002). Bruland and MacKenzie (2010) 

reported that δ15N values in tissues of herbaceous plants sampled from Hawaiʻi’s wetlands 

correlated with adjacent population densities and levels of urban development. A similar trend 

was observed for New Zealand (Barr et al., 2013) and Maui (Dailer et al., 2010) using δ15N values 

of common marine macroalgae, which are generally considered a good indicator of water δ15N 

because these plants acquire N with little to no isotopic fractionation (Dudley and Shima, 2010).  

Species in the genus Ulva (Chlorophyta) have been repeatedly identified as useful bio-

indicators of water column N because these plants: 1) are distributed widely, 2) reflect seawater 

δ15N values over wide physical and chemical gradients, and 3) represent N accumulated over a 

relatively short time (days to weeks) (Barr et al., 2013; Cohen and Fong, 2004a; Dailer et al., 

2012b; Dudley et al., 2010; Fan et al., 2014; Teichberg et al., 2007). Using Ulva δ15N values, Barr 

et al. (2013) concluded that Ulva is a cost-effective indicator of both source and amount of N 

loading on a national scale in New Zealand. At Kahekili Beach Park in west Maui, δ15N values from 

deployed Ulva lactuca individuals successfully mapped small scale variation over time in SGD flux 

from wastewater-enriched marine springs over time (Dailer et al., 2012a).  

Although N quantity cannot be inferred from δ15N values, algal tissue N % (dry mass) is an 

effective indicator of biologically available N levels in water (Barr et al., 2013; Dailer et al., 2012b; 

Fong et al., 1998; Peckol et al., 1994; Teichberg et al., 2010; Van Houtan et al., 2014) and is 

commonly related to growth rate (Dailer et al., 2012b; Fong et al., 2003; Teichberg et al., 2010). 

On a global scale, dissolved inorganic nitrogen (DIN) supply was the dominant feature controlling 
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growth of Ulva and internal N pools, regardless of geographic or latitudinal location (Teichberg 

et al., 2010). In controlled growth studies, N %, growth rate, and photosynthetic performance of 

U. lactuca were greater when cultured with 5 % or more of wastewater compared to controls 

(Dailer et al., 2012b).  

The island of Oʻahu had ~ 983,500 residents (70 % of HI state total) living in ~ 340,400 

housing units in 2013 (U.S. Census Bureau, 2013), while more than 5,000,000 people visited 

Oʻahu – staying mainly in hotels, condominiums, and timeshares (State of Hawaiʻi, 2013a). Much 

of urban Oʻahu is served by 2,100 miles of sewer lines collecting ~ 105 million gallons of 

wastewater per day, of which 85 % is disposed via ocean outfall (City and County of Honolulu, 

2014a). Four municipal wastewater treatment plants (WWTP) on Oʻahu use underground 

injection wells (Waimānalo, Kahuku, and Paalaa Kai in Waiʻalua) or groundwater recharge (Laie) 

to dispose ~ 1.7 million gallons of treated wastewater per day into coastal aquifers (City and 

County of Honolulu, 2014a) with no examination of the impact to marine waters. Since the 

majority of Oʻahu (79 % of land area) does not have access to sewer service, ~ 10 million gallons 

of wastewater are disposed into the ground per day via an estimated 14,606 OSDS units (77 % 

are cesspools) (Whittier and El-Kadi, 2009) and 157 coastal private injection wells (State of 

Hawaiʻi, 2013b). 

In total, about 11.7 million gallons of wastewater receiving various levels of treatment are 

disposed underground every day on Oʻahu via OSDS and injection wells. The majority of this 

effluent is released within 1 km landward of the coast where depth to groundwater is minimal 

and underground fluid flux is relatively rapid (Whittier and El-Kadi, 2009). It is likely that 

wastewater impacts coastal groundwater on Oʻahu because nearly all coastal plains fail to meet 

the minimum vertical distance of 8 m that is required to properly treat OSDS effluent (Whittier 

and El-Kadi, 2009). Currently, all terrestrial wastewater injection in Hawaiʻi is restricted to coastal 

areas in order to protect drinking water resources by EPA mandate (State of Hawaiʻi, 2014). 

Receiving groundwaters are typically brackish and may be tidally modulated; this implies the 

existence of a hydrologic connection between coastal aquifers and adjacent with marine waters 

(Burnham et al., 1977; Hunt and Rosa, 2009; Lum, 1969).  
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The objective of this study was to determine if common marine algae are an effective 

bioindicator of wastewater-derived N in the coastal waters of Oʻahu. Building on the work of 

Dailer et al. (2010) and Whittier and El-Kadi (2009, 2014), this study combines geographic 

information systems (GIS) and groundwater modeling techniques to compare wastewater 

systems information with coastal algal tissue chemistry. We hypothesize that algal tissue δ15N 

and N % values are positively related to OSDS density and estimates of coastal groundwater [N] 

derived from terrestrially-disposed wastewater.   

Methods 

Algal collections 

Three common species of marine algae (Ulva lactuca, Acanthophora spicifera, and Hypnea 

musciformis) were collected from 28 regions (62 sites) on Oʻahu from June 2012 to July 2013. At 

each site, six individuals of each species (if present) were collected from the intertidal to subtidal 

zone within a five m radius and GPS location was recorded with a GPSmap76s (Garmin 

International Inc., KS, USA). Locations proximal to various densities of known OSDS were chosen 

using a map of OSDS density on Oʻahu (Whittier and El-Kadi, 2009). Sites near municipal 

wastewater plants that use injection wells as a disposal method were also chosen. After 

collection, algal samples were triple rinsed in distilled water and fouling organisms were 

removed. Three samples of each species were pressed to herbarium sheets and dried to serve as 

a record. The three remaining algal samples were placed in individual aluminum foil packets and 

dried at 60 °C until a constant mass was achieved, ground to powder with mortar and pestle, and 

submitted to the Biogeochemical Stable Isotope Facility (BSIF) at the University of Hawaiʻi at 

Mānoa (UHM) for determination of tissue δ15N and N % values. To quantify these algal tissue 

parameters, a Costech ECS 4010 Elemental Combustion System (Costech Analytical Technologies, 

CA, USA) interfaced with a ThermoFinnigan DeltaXP (Thermo Fisher Scientific Inc., MA, USA) was 

used at BSIF. Ratios of 15N:14N were expressed as δ15N (calculated using Eq. 1.1 relative to 

atmospheric nitrogen).The mean δ15N value of three individuals per species per site was reported 

for 2012 collections (15 sites). Because tissue parameter variability in 2012 samples from 

identical sites was relatively low and analytical budgets were limited, only one individual Ulva 
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sample per site was submitted to BSIF for tissue analysis in 2013. Permits to collect algae within 

conservation districts and protected areas were obtained prior to collection (DLNR SAP # 2012-

062).  

 

Algal deployments 

Algal tissues were deployed in coastal waters at two locations of interest (Waimānalo and Kahana 

Bays) because common algae (U. lactuca, A. spicifera, and H. musciformis) were not present. Ulva 

spp. were initially collected from Ke‘ahamoe Bay, Oʻahu (latitude 21.256509, longitude -

157.799292) on April 13th and June 5th of 2012, and on May 13th, 2013. These plants were then 

placed in a common 100-liter aquarium for one week at UHM Department of Botany in a low 

nutrient artificial seawater (Instant Ocean and distilled water to 35‰ salinity) to deplete internal 

N storage, following Dailer et al. (2012a). Samples were exposed to filtered natural sunlight 

(translucent glass) at a maximum of ~ 700 µM photons m-2 s-1 PAR (4π Li-Cor quantum sensor, 

Model LI-193SA, Li-Cor, Lincoln NE, USA) and aeration. Reagent grade nitrate and phosphate 

solutions were added with distilled water every two days to maintain water nutrient and salinity 

levels typical of oligotrophic coastal waters (0.2 µM NO3¯, 0.05 µM PO43¯ at 35 ‰ salinity; Chapter 

2). Individuals with intact holdfasts and no signs of reproductive or necrotic tissue were selected 

for deployment. Three samples were triple rinsed in distilled water and prepared as above for 

initial (post-acclimation and pre-deployment) tissue N analysis. 

Tissues of Ulva spp. were deployed in 20 x 8 cm cylindrical cages and suspended at each 

site 0.25 m below the surface on a single line tethered to a cinder block anchor and small float. 

Cages were constructed of plastic mesh covered with eight mm diameter hexagonal polyester 

mesh fabric that allowed water flow but excluded macroherbivores. Locations of each 

deployment site were recorded using a GPSmap76s. Ten cages were deployed at Kahana Bay, 

Oʻahu (a region presumed to be relatively unimpacted) for seven days on 4/21/12 and 

Waimānalo Bay (a region likely to be impacted by WWTP effluent injection, high-density OSDS, 

and agriculture) for eight days on 6/13/12 along a 1 km transect parallel to shore. On 5/21/13, 

36 cages were deployed in Waimānalo Bay for seven days along 8.5 km of shoreline. Upon cage 

retrieval, algal samples were triple rinsed in distilled water and prepared as above for tissue N 
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analysis at BSIF. One of three prepared samples was randomly selected for tissue N and C analysis 

at BSIF for reasons discussed above.  

Duplicate pairs of algal tissue samples (n = 23 pairs) were submitted to estimate analytical 

error, which was calculated as the average error between duplicates (the absolute value of the 

difference between duplicate samples expressed as a percentage of the mean of duplicate 

sample values). Thirteen individuals with Ulva lactuca-type morphology, which were collected at 

Ke‘ahamoe Bay for deployment during 2012 - 2013, were submitted to the Algal Biodiversity Lab 

at UHM for post-experimental molecular identification. Comparison of results with O’Kelly et al. 

(2010) identified three operational taxonomic units, based on primary sequence data and 

comparisons of ITS1 secondary structure, with sequence matches to species Ulva lactuca and 

Ulva ohnoi. The plastic morphology and ambiguous nature of Ulva species in Hawaiʻi (O’Kelly et 

al., 2010) leads us to treat these plants as Ulva lactuca-type morphology, hereafter called Ulva. 

Algal tissue parameter mapping 

Values of algal tissue δ15N (‰) and N % were imported into ArcMap Desktop 10.0 software (ESRI, 

CA, USA) with associated GPS locations for 156 samples from 118 sites to create a point shapefile. 

Algal tissue δ15N values > 9 ‰ where chosen to indicate samples in which wastewater was the 

most likely source of tissue N. This value is considerably more conservative (higher in value) than 

studies that report wastewater-derived algal tissue N with δ15N values > 4 ‰ (see Dailer et al., 

2010 for a review of published algal tissue δ15N values). The results of Chapter 5 suggest algal 

tissue N ≥ 2 % was a threshold that separated relatively unimpacted sites with low water column 

N from impacted sites with high water column N. In addition, Ulva lactuca samples with tissue N 

≥ 2 % had maximal rates of growth and tissue δ15N values when cultured in 15 % or more 

wastewater in a controlled setting (Dailer et al., 2012b). Therefore, sites that had one or more 

algal tissue samples with values of δ15N > 9 ‰ and N ≥ 2 % were selected to represent coastal 

areas where substantial loading of wastewater to nearshore reefs was probable. 
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Groundwater [N] simulations 

This study used MODFLOW 2000 (Harbaugh et al., 2000) to simulate groundwater flow and 

Modular Three-Dimensional Multispecies Transport Model (MT3DMS; Zheng and Wang, 1999) to 

simulate the transport of wastewater derived N in groundwater. MODFLOW simulates 

groundwater flow processes including flow in heterogeneous-layered anisotropic aquifers, 

recharge, and extraction/injection by wells using the finite difference technique (Harbaugh et al., 

2000). MT3DMS uses the MODFLOW groundwater flow solution to simulate the transport of 

dissolved constituents in groundwater (Zheng and Wang, 1999). This modeling code (MT3DMS) 

simulates all of the major transport mechanisms including advection, dispersion, sorption, and 

first order decay. The software Groundwater Modeling System (GMS, Aquaveo, Utah USA), 

served as a graphical user interface of the two codes named above. 

The groundwater flow model expanded upon the Source Water Assessment Program 

(SWAP) model of Oʻahu (Rotzoll and El-Kadi, 2007; Whittier et al., 2004) to include groundwater 

N transport. The grid consisted of 222,079 active cells distributed between two layers. The 

bottom of the model grid was set to an elevation that was -40 times the water elevation in basal 

water zones based on the Ghyben-Hertzberg Principle (Freeze and Cherry, 1979). In the zone of 

transition from basal to high-level groundwater, the scalar used to compute depth of the bottom 

boundary decreased proportionally so that the maximum depth was -1000 m. Boundary 

conditions included recharge at the top model boundary, specified head at the coastal 

boundaries reflecting the observed water levels near the coast, and a no-flow bottom boundary. 

The OSDS-derived effluent discharge rate and N mass input to the transport model were 

created by joining the groundwater model recharge coverage to the OSDS point shapefile of 

Whittier and El-Kadi (2009). Nitrogen was treated as a conservative species with no 

degradation/transformation simulated. This modeling approach simulated the reduction in OSDS 

derived total N (TN) concentration that will occur by hydrodynamic dispersion and the addition 

of nitrate free recharge. A dispersivity of 34 m was selected based on stochastic analysis of the 

lithology of four different boreholes in central Oʻahu (TEC Inc., 2001, 2004). The N transport 

simulation was run for 50 years to ensure that the simulated N concentrations would reach a 

steady state distribution. An additional simulation was conducted that included the contribution 
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of N from wastewater injection wells. Injection well locations and effluent TN concentrations 

were acquired from GIS data and Underground Injection Control permits from the Hawaiʻi 

Department of Health, Safe Drinking Water Branch (State of Hawaiʻi, 2013b). Injection rates of 

treated effluent in 2013 were obtained from the City and County of Honolulu (City and County of 

Honolulu, 2014a) for all three municipal facilities with wastewater injection wells. To estimate 

the N loading to coastal groundwater from the Waimānalo WWTP, the TN concentration of 

treated wastewater, sampled at this facility (554 μM TN, sample WaiWWTP; Table A.4) on June 

6th, 2013, was included in the model. The flow and transport model produced a grid of simulated 

wastewater-derived N concentration (mg l-1) that was converted to a polygon shapefile for the 

statistical analysis. The coastal boundary of the groundwater model was extended 500 meters 

offshore to provide an estimate of coastal groundwater [N] adjacent to each algal site. 

Geospatial analysis and statistical models 

To compare observed values of algal tissue parameters with estimated groundwater [N] at the 

coastal boundary of the groundwater transport model, three models were tested in ArcMap: 

OSDS density, estimated groundwater [N] from OSDS enrichment (groundwater [N] Model A), 

and estimated groundwater [N] from OSDS enrichment + wastewater injection (groundwater [N] 

Model B). A simplified workflow for the major geospatial and analytical processes used to 

generate statistics for all models is shown in Figure 3.1. For the OSDS density model, the Kernel 

Density tool was used to create a density raster from the OSDS point shapefile. A point shapefile 

of algal sample locations was used to extract values from density raster at each algal sample site 

with the Extract Values to Points tool. The resulting shapefile was then projected (NAD83 zone 

4N) before exportation to regression tools: Ordinary Least Squares (OLS) and Geographically 

Weighted Regression (GWR). Although previous studies have cautioned against the use of GWR 

for small multivariate data sets because of spurious correlations between coefficients and lack of 

spatially heterogeneous coefficient values (Devkota et al., 2014; Páez et al., 2011), it remains 

unclear whether these issues were detected because of sample size, method of estimation, or 

the cross-validation method used in these studies to define kernel bandwidth (Páez et al., 2011). 

We define the adaptive bandwidth of the GWR for a single parameter (estimated groundwater 
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[N]) using the corrected Akaike information criterion (AICc) which, unlike cross-validation, 

corrects for small sample size. The residuals of OLS and GWR tests were then imported to the 

Morans I tool to test for spatial autocorrelation. The workflow for the OSDS density model (as 

described above) was applied to observed sample parameter values for Ulva and Acanthophora 

spicifera separately. Hypnea musciformis samples were not included in these regression analyses 

because this species was found at a relatively small number of sites (n = 13). 

Groundwater [N] Model A is similar in function to the OSDS density model, but with less 

preprocessing needed before exportation to statistical tests. A polygon shapefile of estimated 

groundwater [N] (mg l-1) from OSDS (GMS output) was spatially joined to a point shapefile of algal 

sample locations and tissue parameter values in ArcMap. This file was then projected and 

exported to statistical tools as above. GIS processing for groundwater [N] Model B was identical 

to that of Model A (Figure 3.1). Regression analyses for both groundwater [N] models (A and B) 

were completed for Ulva and A. spicifera separately as above.  

The results of statistical tests were then examined to evaluate the appropriateness 

(assumptions) and ability of the models (OSDS density, Model A and Model B) to predict observed 

algal values using output diagnostics from regression tools in ArcMap. A significant Morans I 

result indicated spatial autocorrelation of residuals; this implies the regression the results may 

be unreliable. OLS results with significant spatial autocorrelation are considered good candidates 

for GWR (Tu and Xia, 2008; Wheeler, 2014). Because many linear equations are performed with 

a GWR (local p-values are calculated for each linear equation and data point), it is statically 

inappropriate to calculate an overall p-value (Rosenshein, 2010). Therefore, p-values for GWR 

results are reported as N/A (Table 3.1, 3.2). To compare model performance with respect to 

observed parameters, r2 and AICc values are reported for all OLS and GWR tests. In general, 

models with better performance/fitness have greater r2 and lower AICc values relative to other 

models tested (Tu and Xia, 2008; Wheeler, 2014). 

58 



Figure 3.1 Simplified ArcMap workflow model. A summary of ArcMap data processing and 
statistical analysis for OSDS Density and Groundwater [N] Models is shown. Filled blue circles 
indicate data inputs, yellow rounded filled rectangles are tools, and green filled ovals are outputs. 
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Results 

Spatial trends in algal tissue N 

Values for algal tissue δ15N (‰) of both collected and deployed samples are shown in Figure 3.2. 

Approximately 35 % of algal tissue samples had δ15N > 9 ‰. Regions that had δ15N > 9 ‰ were 

Waimānalo, Nanakuli, Waiʻalua, Hauʻula, Turtle Bay, Sandy Beach, Kaʻawa, Kahuku, Pearl Harbor, 

Kailua, and Kaʻalawai (Figure 3.2). Approximately 21 % of samples had tissue N ≥ 2 %. Regions 

with N % values ≥ 2 % were Waialua, Sharks Cove, Sunset Point, Wailee, Kahuku, Hauʻula, Kahana, 

Waimānalo, Kawaikui Beach Park, Kaʻalawai, and Nanakuli. Approximately 9 % of algal samples 

had both a detectable wastewater outcome and indications of substantial N flux into coastal 

waters (δ15N > 9 ‰ and N ≥ 2 %). These regions are: Waiʻalua, Kahuku, Hauʻula, Waimānalo, 

Kaʻalawai, and Nanakuli. In marked contrast, the remote and undeveloped Ka‘ena Point had reef 

plants with the lowest δ15N values (0.5 ‰ to 2.8 ‰). Average initial values for tissue δ15N was 

6.34 ‰ ± 1.7 ‰ and 0.78 % ± 0.24 % for tissue percent N. Average analytical error of duplicate 

algal samples was 5.2 % for tissue δ15N values and 2.5 % for tissue N %. 
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Figure 3.2 Oʻahu algal sample δ15N and OSDS density. Algal sites for Ulva, Acanthophora 
spicifera, and Hypnea musciformis are shown for as filled circles, squares, and triangles, 
respectively. Algal δ15N (‰) values are indicated by color and shape size. OSDS density (units 
km-2) is indicated by slightly transparent color overlaid on a shaded relief image of Oʻahu (ESRI 
World Basemaps). Black stars indicate sites private and municipal wastewater injection wells. 
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Model results 

Two regression techniques (OLS and GWR) were used to compare estimated values of OSDS 

density or groundwater [N] (Model A and B) as an independent variable with algal tissue δ15N 

and N % values. The OSDS density model showed significant but weak positive relationships 

between tissue δ15N values and OSDS density for Ulva (r2 = 0.37, p = 0.000, AICc = 492; Table 3.1) 

and A. spicifera (r2 = 0.08, p = 0.047, AICc = 275; Table 3.2) in OLS regression results. GWR results 

had a greater r2 value and a lower AICc value for both Ulva (r2 = 0.65, AICc = 464; Table 3.1) and 

A. spicifera (r2 = 0.22, AICc = 273 ;Table 3.2) compared to OLS regressions results. Significant 

spatial autocorrelation of both OLS and GWR residuals was detected for Ulva tissue δ15N vs. OSDS 

density (Table 3.1). Because significant relationships were not detected between A. spicifera δ15N 

values and estimated groundwater [N] (Models A and B; Table 3.2) or between tissue N % values 

of either species (all models; Tables 3.1, 3.2), only results from Ulva tissue δ15N values vs. 

estimated groundwater [N] are presented below.  
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Figure 3.3 Ulva tissue δ15N vs. estimated groundwater [N] from groundwater Model B. Estimated 
[N] of coastal groundwater (x-axis) is shown in mg l-1 vs. values of adjacent Ulva tissue δ15N. 
Sample size = 90.  
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Table 3.1 Ulva model results. P-values are not available (N/A) for GWR tests. n = 90. 
* indicates significance at p < 0.05.

Model 
Regression 

type 
Dependent 

variable p-value 
r2 

value 
AICc 
value 

Morans I 
p-value 

Density OLS δ15N 0.000* 0.37 492   0.000* 
Density GWR δ15N N/A 0.65 464   0.046* 
Density OLS N %   0.148 0.02 149   0.003* 
Density GWR N % N/A 0.20 143   0.033* 

GW [N] A OLS δ15N 0.000* 0.32 496   0.000* 
GW [N] A GWR δ15N N/A 0.69 461 0.131 
GW [N] A OLS N %  0.828 0.00 152   0.028* 
GW [N] A GWR N % N/A 0.33 129 0.376 
GW [N] B OLS δ15N 0.000* 0.36 490   0.000* 
GW [N] B GWR δ15N N/A 0.82 446 0.995 
GW [N] B OLS N %   0.999 0.00 152   0.032* 
GW [N] B GWR N % N/A 0.29 134 0.103 

Table 3.2 Acanthophora spicifera model results. P-values are not available (N/A) for GWR tests.  
n = 53. * indicates significance at p < 0.05. 

Model 
Regression 

type 
Dependent 

variable p-value 
r2 

value 
AICc 
value 

Morans I 
p-value 

Density OLS δ15N 0.047* 0.08 275 0.225 
Density GWR δ15N N/A 0.22 273 0.476 
Density OLS N %  0.661 0.00 84   0.000* 
Density GWR N % N/A 0.30 82 0.114 

GW [N] A OLS δ15N  0.179 0.04 277 0.221 
GW [N] A GWR δ15N N/A 0.13 277 0.273 
GW [N] A OLS N %  0.478 0.01 83   0.000* 
GW [N] A GWR N % N/A 0.06 86   0.001* 
GW [N] B OLS δ15N  0.104 0.05 276 0.178 
GW [N] B GWR δ15N N/A 0.18 274 0.203 
GW [N] B OLS N %  0.227 0.03 82   0.001* 
GW [N] B GWR N % N/A 0.11 84   0.001* 
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A weak but significant positive relationship between Ulva tissue δ15N vs. groundwater [N] 

(r2 = 0.32, p = 0.000, AICc = 496) was detected with OLS regression with groundwater [N] Model 

A; residuals were spatially autocorrelated (Table 3.1). In comparison, GWR results for 

groundwater model A show a greater r2 value and a lower AICc value (r2 = 0.69, AICc = 461); 

spatial autocorrelation was not detected (Table 3.1). A positive trend was visible between Ulva 

tissue δ15N values and groundwater [N] estimated with Model B (Figure 3.3). A linear relationship 

between algal tissue δ15N and estimated groundwater [N] (Model B) was detected (r2 = 0.36, p = 

0.000, AICc = 490) with OLS regression; residuals had significant spatial autocorrelation (Table 

3.1). In contrast, GWR results for model B had greater r2 and lower AICc values (r2 = 0.82, AICc = 

446); spatial autocorrelation was not detected (Table 3.1). The greatest r2 value and the lowest 

AICc value of all three models tested was found when GWR was used to compare estimated 

groundwater [N] from OSDS and injection wells (Model B) with Ulva tissue δ15N values (Table 

3.1). 

Figure 3.4 illustrates how GWR outputs from ArcMap desktop 10.0 were used as an 

exploratory tool to assist with groundwater model refinement. Mapping coefficients and local r2 

values (Figure 3.4a) allowed for the identification of regions in groundwater [N] Model B where 

algal values had extreme (or inverse) relationships or poor model performance (low r2 values). 

Negative coefficients were detected for a few sites in south Oʻahu (Figure 3.4). This was evidence 

of localized, negative relationships between estimated groundwater [N] and observed Ulva tissue 

δ15N values (Figure 3.4). At Ka‘alawai, five Ulva samples had negative coefficients and very low r2 

values (r2 = 0.06 to 0.08; Figure 3.4b). Observed Ulva tissue δ15N values increased from west to 

east (4.5 ‰ to 11.1 ‰) while estimated groundwater [N] decreased (11 mg l-1 to < 1 mg l-1) in the 

same direction (Figure 3.4b). In addition, the N-enriched center of the simulated groundwater 

[N] plume (shown as dark red) appears to be offset from its apparent source (high-density OSDS) 

to the east (Figure 3.4b). Therefore, there is a clear disagreement between the location of the 

presumed wastewater-derived N plume and the observed location of N discharge. 
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Figure 3.4 GWR coefficient map: groundwater Model B. Ulva sites and associated coefficient 
values, from GWR output (groundwater [N] model B vs. Ulva tissue δ15N (‰) values), are shown 
as filled colored circles. a) Coefficient values for Oʻahu sites. b) GWR coefficient values for Ulva 
at Diamond Head and Kaʻalawai outlined by the black box in 3.4a. Observed Ulva δ15N values (‰) 
are shown in black text. Estimated groundwater [N] (mg l-1) from model B is shown as colors over 
a shaded relief image. Small black dots indicate OSDS units. The coastline is shown as a thin black 
line. All five Ulva sites shown in Figure 3.4b have values of r2 ≤ 0.08 for local linear regressions. 
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Discussion 

Common marine algae were used as an indicator of biologically available N source and 

load on Oʻahu, Hawaiʻi. Relatively high algal tissue δ15N and N % values suggest a substantial 

amount of wastewater-derived N was present on nearshore reefs at multiple locations. These 

findings are supported by the results of groundwater models that simulate the transport of 

terrestrial wastewater-derived N to coastal areas. Ulva tissue δ15N values were best predicted by 

a groundwater model that incorporated the location, flow rate and N concentration from both 

OSDS and wastewater injection wells (Model B). Both groundwater [N] models (A and B), which 

accounted for local hydrogeological factors, had better performance than a two-dimensional 

model using OSDS location alone (Density Model). Further, the inclusion of these factors in Model 

A and B appeared to account for spatial autocorrelation observed when OSDS density was used 

as the independent variable in regression analyses. 

As a fairly recent development in geospatial analysis, GWR has proven to be a simple yet 

effective tool for spatial interpolation and predictive mapping (Wheeler, 2014). This approach 

was previously used in Hawaiʻi to predict turtle tumor disease rates as a function of watershed 

nitrogen level (Van Houtan et al., 2010). Van Houtan et al. (2010) suggests a turtle disease, 

fibropapilloma, is related to the occurrence of invasive algae in areas of high nitrogen loading. In 

this study, GWR was used to assess the ability of our best fit model (Model B) to predict observed 

algal δ15N values at specific locations. Mapping GWR output parameters (such as residuals, 

coefficients or error computed for each point) as an exploratory technique (Wheeler, 2014) can 

assist in the identification of regions in the groundwater model that may need refinement. For 

example, we hypothesized that algal tissue δ15N values would have positive relationships with 

estimated groundwater [N] values. Thus, we expected GWR outputs to contain positive 

coefficient values. At Kaʻalawai, negative coefficient values and very low r2 values were observed 

at five adjacent sites. This implied that the groundwater [N] Model B might not accurately predict 

algal δ15N values in this region. In addition, spatial trends in algal δ15N values suggest the center 

of OSDS-derived N plume was likely located to the east of its predicted location. We hypothesize 

that hydrogeological boundaries associated with Diamond Head volcano rift zones and dikes may 

have produced flow paths in our groundwater model that are not accurate.  
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Common marine algae are a cost-effective method for the detection of wastewater-

derived N in coastal marine environments worldwide (Barr et al., 2013; Costanzo et al., 2001; 

Costanzo et al., 2005; Dailer et al., 2013; Dailer et al., 2010; Dailer et al., 2012a; Dudley and Shima, 

2010; Glenn et al., 2013; Hunt and Rosa, 2009; Risk et al., 2009; Savage, 2005; Savage and 

Elmgren, 2004; Teichberg et al., 2010; Umezawa et al., 2002; Whittier and El-Kadi, 2014). This 

work supports the results of other studies that identified species in the genus Ulva as effective 

bioindicators of water column N (Barr et al., 2013; Dailer et al., 2010; Dailer et al., 2012a; Dailer 

et al., 2012b; Dudley et al., 2010; Fong et al., 1998; Glenn et al., 2013; Hunt and Rosa, 2009; 

Lapointe et al., 2010). Ulva had stronger relationships with predictor variables in all models 

tested compared to A. spicifera. Values obtained for algal tissue δ15N and N % in this study may 

serve as a baseline for Oʻahu. In New Zealand, several studies have suggested Ulva δ15N values 

that fall outside of a “baseline range” of 6.6 ‰ to 8.8 ‰ are indicative of anthropogenic or 

terrestrially derived nitrogen (Barr et al., 2013; Rogers, 2003). The results of this and other studies 

suggest that a tissue δ15N “baseline range” for marine algae collected from unimpacted sites is 

significantly lower in Hawaiʻi. In relatively unimpacted regions of Maui (Dailer et al., 2010), Oʻahu 

(Cox et al., 2013), and the Island of Hawaiʻi (Dailer et al., 2013) algal δ15N values resemble natural 

atmospheric and soil derived N (δ15N = 0 ‰ to 4 ‰) (Kendall et al., 2007; Owens, 1987). A mean 

δ15N value from Halimeda spp. tissues of 1.9 ‰ (minimum = 0.3 ‰, maximum = 4.8 ‰) was 

measured from four small islets (Mokoliʻi, Kapapa, Popoiʻa, and Moku Nui) offshore of Oʻahu 

(Susanna Honig, unpublished data). This difference in baseline range δ15N values from 

unimpacted sites is likely due to the presence of upwelling in New Zealand, which represents a 

major source denitrified N to coastal waters (Barr et al., 2013; Sigman et al., 2000). In Hawaiʻi, 

where upwelling is not common, the δ15N of oceanic surface waters (0 m to 150 m depth) is 

typically low (0 ‰ to 3.5 ‰ ± 1 ‰) (Casciotti et al., 2008).  

In this study, algal samples with tissue values of δ15N > 9 ‰ and N ≥ 2 % were chosen to 

indicate areas where substantial loading of wastewater was probable. These results support the 

findings of Whittier and El-Kadi (2009) which identified similar regions, such as Waiʻalua, 

Waiʻanae, Waimānalo, and the windward coast between Kahuku and Kahana (includes Hauʻula) 

as areas with the highest probability (risk) that OSDS-derived wastewater will cause adverse 
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impacts to the coastal environment. In addition to OSDS, relatively high values of tissue δ15N 

found adjacent to WWTPs that use injection wells suggest these facilities may be sources of N to 

coastal reefs. Similar trends have been observed on Maui (Dailer et al., 2010; Dailer et al., 2012a) 

and the island of Hawaiʻi (Dailer et al., 2013; Whittier and El-Kadi, 2014). 

Conclusions 

Regions of high-density OSDS and wastewater injection wells in close proximity to coastal areas 

represent a threat to human and reef health worldwide. The results of this study imply 

wastewater, that is disposed on land, is present in the tissues of coastal plants associated waters 

of Oʻahu. Ulva tissues were an effective bioindicator wastewater-derived N and relative loading 

to coastal marine ecosystems. Analysis of algal tissue δ15N values with GWR techniques is a novel 

method of ground truthing groundwater simulations. These results suggest that a multi-scale 

understanding of hydrogeology is required to better estimate the extent and impact of 

wastewater system density and N load on coastal aquifers and adjacent marine ecosystems.  
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CHAPTER 4 

WASTEWATER IN THE WATERSHED: A MULTI-TRACER STUDY OF SEWAGE-
DERIVED NITROGEN IN COASTAL WATERS OF OʻAHU, HAWAIʻI 

Intended for submission to Environmental Science and Pollution Research 
Daniel W. Amato, Henrieta Dulaiova, Robert B. Whittier, Celia M. Smith, and Craig R. Glenn 

Abstract 

Recent studies on Maui have shown that wastewater-derived nitrogen (N) from municipal 

wastewater injection wells is present in coastal waters and marine plants at many sites. In this 

study, Ulva spp. were used as a bioassay to detect such wastewater-derived N at two sites on 

Oʻahu, in order to determine if contamination is present. Algal samples were preconditioned in 

low-nutrient water before being deployed in cages for seven to eight days in Waimānalo and 

Kahana Bays. After incubation in the waters of Waimānalo Bay, δ15N values of Ulva tissues were 

highest (15 ‰ to 17.5 ‰) in samples deployed within 1 km of wastewater injection wells at the 

Waimānalo Wastewater Treatment Plant (WWTP), and three times greater than values from 

comparable samples deployed in Kahana Bay (a relatively unimpacted location). Ulva tissue δ15N 

and total tissue N values were correlated with distance from the WWTP and with simulated N 

concentration of coastal Waimānalo groundwater (as estimated using 3D modeling software). 

Isotope tracers (222Rn, 223Ra, 224Ra, and δ15N-nitrate) and conventional nutrient analyses were 

used to characterize the marine surface waters and pore waters of Waimānalo Bay. Submarine 

groundwater discharge (SGD) flux (estimated from 222Rn activity) was greatest in nearshore 

surface waters at the center of Waimānalo Bay; the highest SGD flux rates (15.1 to 21.4 m3 m-1 d-

1) were found adjacent to Ulva deployment sites with the highest tissue δ15N values. Differences

in the radium activity ratios and δ15N-nitrate values of beach pore water and marine surface 

waters imply that more than one source of groundwater was present. Time series measurements 

of subsurface electrical resistivity and water column conductivity suggest that deep groundwater 

was discharged through a semi-permeable geologic unit during flood tide within 80 m of the 

shoreline. These results suggest Waimānalo WWTP was a major source of N to adjacent marine 

surface water, but not beach pore water. In contrast, wastewater-derived N was not detected in 
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Kahana Bay. These findings highlight the need for a greater understanding of groundwater 

contamination, SGD, and the impacts of this process on coastal ecosystems. 

 

Introduction 

Potential impacts of wastewater disposal in shallow coastal environments are well known in 

Hawaiʻi (Hunter and Evans, 1995; Laws, 2000; Smith et al., 1981) and around the globe (Burford 

et al., 2012; Dubinsky and Stambler, 1996; Jong, 2007; Reopanichkul et al., 2009; Walker and 

Ormond, 1982). Excessive algal growth and severe reduction in water quality are commonly 

linked to nutrient loading associated with wastewater inputs to coastal areas (Dubinsky and 

Stambler, 1996; Jong, 2007; Reopanichkul et al., 2009). Species native to tropical, oligotrophic 

marine environments are exceptionally sensitive to anthropogenic enrichment because low to 

undetectable levels of nitrogen (N) and phosphorus (P) typically limit growth of primary 

producers (macroalgae and phytoplankton) in these ecosystems (Burford et al., 2012; Howarth 

and Marino, 2006; Larned, 1998; Teichberg et al., 2010). Kāne‘ohe Bay Oʻahu, considered a 

“textbook” example for the effects of direct wastewater disposal to coral reefs, experienced rapid 

and dramatic decreases in nutrient levels, turbidity, and phytoplankton abundance following the 

diversion of multiple outfalls to deeper waters in the mid-1980s (Hunter and Evans, 1995; Laws, 

2000; Smith et al., 1981). More than a decade later, water quality has thus improved dramatically, 

although the system remains complex as invasive algae are still abundant at many sites in the 

bay (Hunter and Evans, 1995; Smith et al., 2002; Stimson and Larned, 2000).   

Recent studies have shown that wastewater was a detectable and significant source of 

nutrients, pharmaceuticals, and other pollutants to the nearshore waters of Maui (Dailer et al., 

2010; Glenn et al., 2013; Hunt and Rosa, 2009) and Hawaiʻi Island (Hunt, 2007). Maui’s three 

municipal wastewater reclamation facilities (WWRF) currently use injection wells to dispose over 

3.78 million m3 (1 billion gal) of wastewater annually per facility into coastal aquifers within ~ 1 

km of the coastline (Dailer et al., 2010). A recent dye-tracer study at the Lahaina WWRF provided 

irrefutable evidence for a hydrologic connection between the wastewater injection wells and 

SGD leaking from submarine springs near shore at Kahekili Beach Park approximately 1 km to the 

southeast (Glenn et al., 2012; Glenn et al., 2013). Glenn et al. (2013) report a minimum 
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wastewater travel time of 84 days from the injection wells to coastal springs with an average 

WWRF effluent concentration of 62 % for SGD fluids. Water sampled at Kahekili Beach Park 

contained the pharmaceuticals carbamazepine and sulfamethoxazole, tribromomethane, musk 

fragrances, a fire retardant, and a plasticizer compound that originated from Lahaina WWRF 

effluent (Hunt and Rosa, 2009). Similar wastewater derived chemicals were found near Kalama 

Beach Park, which is located down-gradient from the Kihei WWRF (Hunt and Rosa, 2009), and at 

marine springs in Honokohau Harbor near Kealakehe WWTP (Hunt, 2007). 

At both Kahekili and Kalama beach parks, bioassays using the marine alga Ulva lactuca 

(Chlorophyta) enabled the spatial extent of WWRF-derived wastewater on coastal reefs to be 

mapped (Dailer et al., 2010; Dailer et al., 2012a; Hunt and Rosa, 2009). Hunt and Rosa (2009) 

concluded that the relatively inexpensive nitrogen isotope (δ15N) determinations of Ulva tissue 

and water samples were highly effective wastewater tracers, with power/strength of analysis 

equal to detection of pharmaceuticals and other waste-indicator compounds. The δ15N value is 

simply the 15N:14N ratio of a sample relative to that of atmospheric nitrogen gas (Sweeney et al., 

1978). In wastewater systems, denitrifying bacteria that consume nitrate preferentially use the 

lighter isotope 14N, which results in a relative increase or enrichment of effluent in the heavier 

isotope 15N (Heaton, 1986). The final δ15N value of effluent is therefore dependent on the amount 

of denitrification, which may be influenced by the type and level of wastewater treatment 

(McQuillan, 2004). Values reported for wastewater-derived δ15N range from 7 ‰ to 93 ‰ for 

nitrate (dissolved in water) and 4 ‰ to 50 ‰ in macroalgal tissues (Barr et al., 2013; Costanzo et 

al., 2005; Dailer et al., 2010; Glenn et al., 2013; Risk et al., 2009).  

Many studies have demonstrated that algae in the genus Ulva are useful indicators of 

water quality as these species: 1) reflect seawater δ15N values over wide physical and chemical 

gradients with minimal isotopic fractionation, 2) can be analyzed for tissue N that was 

accumulated over a relatively short time scales (days to weeks), and 3) are widely distributed 

(Barr et al., 2013; Dailer et al., 2012b; Dudley et al., 2010; Teichberg et al., 2010). Relatively minor 

N isotope fractionation has been reported for U. lactuca, from Waquiot Bay, MA, (Teichberg et 

al., 2007) and from U. intestinalis cultured in the laboratory using additions of nitrate and 

ammonium with various δ15N values (Cohen and Fong, 2005). A similar result was found for U. 
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pertusa when exposed to varied light intensity and N-type in an outdoor mesocosm (Dudley et 

al., 2010).  

Ulva spp. are capable of rapid nutrient uptake (Dailer et al., 2012b; Fan et al., 2014; Fujita, 

1985; Gao et al., 2014; Teichberg et al., 2007), allowing them to take advantage of nutrient pulses 

associated with tidally modulated increases in SGD flux. Nitrogen that is acquired in excess of 

immediate growth requirements is generally stored as free amino acids, proteins, and 

photosynthetic pigments in plants and algae (Liu and Dong, 2001; Taiz and Zeiger, 2010; Van 

Houtan et al., 2014). Therefore, it is not surprising that the nitrogen content (N % of dry weight) 

of Ulva spp. and other macroalgae have proven useful as a relative indicator of N availability in 

surrounding waters (Barr et al., 2013; Costanzo et al., 2000; Fong et al., 1998; Teichberg et al., 

2010; Van Houtan et al., 2014).   

Abundant rainfall, high elevation, and the fractured and porous nature of volcanic rock in 

Hawaiʻi produce SGD flux rates which are typically an order of magnitude higher than other 

locations (Street et al., 2008). Naturally occurring radioisotopes of radon (Rn) and radium (Ra) 

have been effectively used with a mass balance approach to estimate SGD flux in Hawaiʻi 

(Holleman, 2011; Kelly et al., 2013; Mayfield, 2013; Paytan et al., 2006; Peterson et al., 2009; 

Swarzenski et al., 2013) and worldwide (Burnett et al., 2006; Charette et al., 2008). 222Radon, 

(222Rn, t1/2 = 3.8 d ) a conservative tracer of SGD, is naturally found in much greater concentrations 

in groundwater than seawater (Cable et al., 1996). The 222Rn activity of coastal surface waters 

can provide estimates of SGD rates over large areas and at a relatively fine scale using a small 

boat and commercially available radon in air detector (Burnett and Dulaiova, 2003). In addition 

to using radium isotopes to estimate SGD flux, the short-lived radium isotopes (223Ra, t1/2 = 11.4 

d; 224Ra, t1/2 = 3.6 d) can be used estimate residence time of coastal waters (Burnett and Dulaiova, 

2003). Electrical resistivity methods have been used in coastal environments to detect and 

visually present subsurface changes in resistivity and SGD flux due to tidal modulation of the 

freshwater-saltwater interface, in a way that other methods (geochemical tracers, aerial thermal 

infrared, seepage meters, and hydrological models) cannot (Dimova et al., 2012). When an 

electrode streamer was positioned perpendicular to the shoreline on Oʻahu, small scale changes 
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in subsurface resistivity associated with tidal changes and the extent of SGD flux were visible 

(Dimova et al., 2012).   

It is clear that anthropogenic nutrient enrichment of groundwater from wastewater or 

agricultural activities can impact coastal ecosystems in areas of SGD, causing excessive growth of 

invasive species, phase shifts on coral reefs, and the alteration of community structure and 

diversity (Bowen and Valiela, 2001; Lapointe, 1997; Lyons et al., 2014; McCook et al., 2001; 

McCook, 1999; Paerl, 1997; Valiela et al., 2000). To date, the impact of wastewater injection wells 

and onsite sewage disposal systems (OSDS) on the coastal water quality of Oʻahu has not been 

assessed. The goal of this study was to determine the extent of wastewater-derived N and SGD 

flux in Waimānalo Bay with a multi-tracer approach that included algal bioassays and 

geochemical methods. We hypothesize that Ulva spp. tissue δ15N values are negatively correlated 

with distance from the Waimānalo Wastewater Treatment Plant (WWTP) and positively 

correlated with simulated concentrations of coastal groundwater N. Results from Waimānalo are 

compared with a concurrent study utilizing similar methods at Kahana, a relatively un-impacted 

watershed in east Oʻahu. 

Study areas 

Waimānalo is a relatively expansive valley on the east (windward) side of Oʻahu, Hawaiʻi. 

Rangeland and forest account for 44 % of the land area (total area = 28.6 km2) in Waimānalo 

Valley, while agriculture (31 %) and residential (10 %) zones represent the other major land use 

types (State of Hawaiʻi Office of Planning, 2014) (Table A.2). OSDS units are found at relatively 

high density (294 units within 0.4 km2) in a coastal region along the southern half of the bay that 

is associated with a residential neighborhood (Whittier and El-Kadi, 2009). Multiple public and 

private wastewater injection wells are located within 1 km of the shoreline. At the Waimānalo 

WWTP (latitude 21.33981, longitude -157.705159), seven injection wells are used to dispose 

about 2000 m3 d-1 (530,000 gal d-1) of wastewater at a depth of 30 m to 60 m below ground (City 

and County of Honolulu, 2014a). Cores removed from exploratory drill holes at the Waimānalo 

WWTP showed a wide zone (34 m to 45 m thick) of dune and reef limestone (Lum, 1969; Lum 

and Stearns, 1970), which currently receives treated (secondary level) wastewater (City and 

73 



County of Honolulu, 2014a). This disposal zone is highly permeable, saturated with fluid similar 

to seawater (18,000 to 21,000 ppm chlorides, 34,000 to 38,000 ppm total dissolved solids), and 

shows a tidal response (Lum, 1969). This implies a hydraulic connection with Waimānalo Bay 

exists. A geologic cross section of Waimānalo, modified from Lum and Stearns (1970), is shown 

in Figure 4.1. The black arrow shows the location where treated wastewater is disposed by 

subsurface injection into a unit labeled “PLEISTOCENE DUNES AND MARINE LIMESTONES” (Figure 

4.1). Below the location of the WWTP, this unit is confined within an upper layer of clay (~ 26 m 

thick) and a lower layer of marls (~ 24 m thick) along the unit’s base. Exploratory holes dug along 

a transect from the WWTP to the shoreline indicate the upper confining clay layer decreases to 

a thickness of 1.2 m at a depth of 4.6 m below sea level, near the shoreline (Lum, 1969; Lum and 

Stearns, 1970). While the presence of these confining layers suggest the possibility that 

wastewater injectate is contained within the subsurface of Waimānalo Bay, the hydrologic 

transmissibility of the upper clay layer, the location of effluent discharge to the water column, 

and the rate of SGD flux have not been determined. Waimānalo Stream (Figure 4.2a), a highly 

impaired and altered waterway, is the only perennial stream draining the valley which enters the 

Waimānalo Bay (Harrigan and Burr, 2001).  

In contrast to Waimānalo Bay, Kahana Bay is relatively small (~ 0.7 km2) and characterized 

by a distinct paleochannel that reaches depths > 25 m near the outer bay (Garrison et al., 2003; 

State of Hawaiʻi Office of Planning, 2014). Kahana Valley is located in east Oʻahu approximately 

25 km north of Waimānalo. Although comparable in size to Waimānalo Valley (Kahana land area 

= 21.6 km2), Kahana Valley has different land use (State of Hawaiʻi Office of Planning, 2014) 

(Appendix 2). Forest and rangeland make up ~ 99 % of Kahana Valley and small residential areas 

(0.7 % of land area; Table A.2) are associated with a low density of OSDS (34 units within a total 

of 0.1 km2 between two residential areas; Whittier and El-Kadi, 2009). In addition, much of 

Kahana Valley has a higher mean annual rainfall than comparable regions of Waimānalo 

(Giambelluca et al., 2013). The perennial Kahana Stream, which discharges to the bay, has no 

signs of impairment and is comparable to other unaltered streams in Windward Oʻahu 

(Fitzsimons et al., 2005). Total SGD flux (90 x 106 l d-1) and nutrient loading in Kahana Bay from 
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SGD was previously estimated to be equal to or greater than that of Kahana Stream (Garrison et 

al., 2003; Mayfield, 2013).  

Figure 4.1 Generalized geologic section of the Waimānalo coastal plain, Oʻahu, Hawaiʻi. This 
figure from Lum and Stearns (1970) was reprinted with permission from the Geological Society 
of America and modified to show the location of wastewater injection at the Waimānalo 
Wastewater Treatment Plant (WWTP, black arrow). Elevation (ft) is shown on the y-axis and 
numbered vertical shafts wells indicate drill holes or wells. The location of this geologic section 
is shown in Figure 4.2a. 

Methods 

Algal bioassay 

Ulva lactuca was collected from Ke‘ahamoe Bay, Oʻahu (Site PD01, Table A.4) on April 13th, 2012, 

June 6th, 2012, and May 14th, 2013 and placed in a common bath (100-liter aquarium) at the 
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University of Hawaiʻi at Mānoa (UHM). Following the methods of Dailer et al. (2012a), U. lactuca 

tissues were acclimated to low-nutrient, artificial seawater for one week (Instant Ocean® sea salt 

and distilled water to 35 ‰ salinity) to deplete internal N storage. Samples were exposed to 

natural sunlight (translucent glass) at a maximum of ~ 700 µM photons m-2 s-1 PAR (4π Li-Cor 

quantum sensor, Model LI-193SA, Li-Cor, Lincoln NE, USA) and aeration. Reagent grade nitrate 

and phosphate were added with distilled water every two days to maintain water nutrient and 

salinity levels typical of oligotrophic coastal waters (0.2 µM NO3¯, 0.05 µM PO43¯ at 35 ‰ salinity; 

Chapter 2) Individual samples with intact holdfasts and no signs of reproductive or necrotic tissue 

were selected for deployment.  

Following laboratory acclimation, three Ulva lactuca individuals were placed in a single 

20 cm x 8 cm cylindrical cage suspended 0.25 m below the surface at low tide at each deployment 

site. Cages were constructed of plastic mesh covered with polyester mesh fabric (eight mm 

diameter), which allowed water flow but excluded larger reef herbivores. A line tethered to a 

cinderblock anchor and small float was used to hold cages in place. Ten cages were deployed 

along a 1 km transect parallel to shore at Kahana Bay on April 21st, 2012 and Waimānalo Bay on 

June 13th, 2012 for seven days and eight days, respectively. On May 21st, 2013, 36 cages were 

deployed for seven days along 8.5 km of shoreline at Waimānalo Bay. Locations of each 

deployment site were recorded using a GPSmap76s (Garmin International Inc., KS, USA). Prior to 

each deployment, three acclimated samples were triple rinsed in distilled water, dried at 60° C, 

ground to powder, and submitted to SOEST Biogeochemical Stable Isotope Facility (BSIF) at UHM 

for analysis of Ulva tissue δ15N, N %, and C % as a measure of initial (post-acclimation and pre-

deployment) parameter values. To quantify these algal tissue parameters, a Costech ECS 4010 

Elemental Combustion System (Costech Analytical Technologies, CA, USA) interfaced with a 

ThermoFinnigan DeltaXP (Thermo Fisher Scientific Inc., MA, USA) was used at BSIF. After 

incubation in coastal waters, all three Ulva individuals from each deployment site were prepared 

as above for tissue analysis. Because tissue parameter variability in samples from identical sites 

was relatively low (Chapter 3), and analytical budgets were limited, only one individual Ulva 

sample per deployment site was submitted to BSIF for tissue analysis as above. 
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To estimate analytical error associated with Ulva tissue processing and elemental 

quantification, duplicate sample pairs of dried tissue from a single individual (n = 23 pairs) were 

submitted to BSIF. Error was calculated as the average error between duplicates (the absolute 

value of the difference between duplicate samples expressed as a percentage of the mean of 

duplicate sample values). Due to the plastic morphology and ambiguous nature of Ulva species 

in Hawaiʻi (O’Kelly et al., 2010), thirteen Ulva samples, that were collected for deployment 

between 2012 -2013, were submitted to the Algal Biodiversity Lab at UHM for post-experimental 

molecular identification. Comparisons of sample primary sequence data and ITS1 secondary 

structure with the results of O’Kelly et al. (2010) identified three operational taxonomic units 

with sequence matches to species Ulva lactuca and Ulva ohnoi. Hereafter, samples with Ulva 

lactuca-type morphology are referred to as Ulva. 

Waimānalo area water samples 

Water samples were collected for nutrient analysis (Table A.4) in acid washed 500 ml bottles from 

the water column, beach pore water, the Waimānalo WWTP, three groundwater production 

wells, and four groundwater production tunnels operated by the Honolulu Board of Water 

Supply. Sample locations were recorded with a GPSmap76s and salinity and temperature were 

measured using a YSI multi-parameter sonde (Yellow Springs Instruments, model V24 6600 with 

conductivity/temperature sensor model 6560, OH, USA). Surface water was collected adjacent 

to algal cages on May 27th, 2013 (samples W11 to W41, Table A.4) and on June 12th, 2014 during 

radon measurements (samples W43 to W48, Table A.4) from a small boat. Large holes (1 m wide 

and 1 m deep) were dug in beach sand at three sites (P3, P4, and P5) with a shovel until pore 

water was visible as a shallow pool on May 24th 2013. Pieozometers were then hammered into 

the sand at various depths below the water level (0.5 m, 1 m, and 1.5 m), and a peristaltic pump 

(model: 91352123, Geotech, CO, USA) was used to extract beach pore water. Two samples of 

benthic pore water (samples BenPiz1A and BenPiz2A) were collected on June 13th, 2014, slightly 

offshore from site P3, using a small piezometer and hand pump to extract water from 10 cm 

below the benthic surface.  
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Water samples collected for dissolved inorganic nutrient analysis of ammonium (NH4+), 

nitrate (NO3-), nitrite (NO2-), silicate (SiO44-), and phosphate (PO43-) were filtered (using a 60-ml 

syringe and 0.45-µm nylon filter; Whatman, PA, USA) and refrigerated in 60-ml acid washed 

bottles prior to analysis. Samples for analysis of total dissolved nitrogen (TDN) and total dissolved 

phosphorus (TDP) were refrigerated in 60-ml acid washed bottles. All water samples for dissolved 

nutrients were submitted for analysis at the SOEST Laboratory for Analytical Biogeochemistry at 

UHM. Samples for δ15N determination of dissolved NO3- in water (δ15N-NO3-) were filtered to 0.45 

µm (as above) and frozen before analysis at BSIF. Water sample δ15N-NO3- was determined using 

the denitrifier method (Sigman et al., 2001) and a Finnigan MAT252 coupled to a Gas Bench II 

peripheral (Thermo Fisher Scientific Inc., MA, USA) for samples where NO3- ≥ 1 µM. Nitrite was 

removed using sulfamic acid during sample preparation if the NO2- concentration > 1 % of the 

NO3- concentration (Granger et al., 2006).  

Electrical resistivity imaging 

Subsurface electrical resistivity (ER) was measured over a five-hour period, during flood tide at 

Waimānalo Beach, to detect the response of benthic pore waters to changes in water height. 

Nine trials were conducted on June 15th 2012 using a SuperSting R8/IP unit (Advanced 

Geosciences Inc., TX, USA). An eight-channel receiver was connected to 165 m electrode 

streamer (56 electrodes at 3 m intervals) via an external switch box. A command file was created 

using SuperSting Utility software (Advanced Geosciences Inc., Austin, TX) that included a dipole-

dipole array of 37 electrodes with a total of 482 readings over 32.5 minutes per trial; maximum 

error was set to 3 %. Two 12-V deep-cycle batteries were used to power the SuperSting with a 

maximum current of 1.25 A available to the electrodes. The streamer was oriented perpendicular 

to shore as shown by the dashed line in Figure 4.2b. Stainless steel stakes (40 cm long) were 

attached to the first 15 electrodes to ensure electrical contact with the beach sand and stabilize 

the streamer under wave action. Electrode 37 (E37), which marks 0 m, was located furthest up 

the beach while electrode 1 (E1) was located offshore at 108 m (Figure 4.3). Conductivity, 

temperature, and water depth were monitored with CTD-Divers (Schlumberger Water Services, 

Burnaby, Canada) adjacent to E1, electrode 12 (E12), and electrode 29 (E29, located in beach 
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pore water at site P3). The elevation of each electrode relative to the water level was determined 

using a transect tape and laser level for electrodes above water and CTD-Diver depth data for 

electrodes below water. This data was used to produce the underwater terrain files, for each 

measurement trial, that are required for accurate estimations of subsurface resistivity. Low tide 

(0.03 m above the mean lower low tide level) occurred at 6:14 AM at Moku o Lo‘e (NOAA station 

#1612480), in nearby Kāne‘ohe Bay. 

 Earth Imager 2D (Advanced Geosciences Inc., TX, USA) was used to perform inversions of 

raw ER data and estimate subsurface resistivity. A unique underwater terrain file was used for 

each trial inversion; water resistivity was set to 0.189 Ohm-m (calculated from CTD-Diver 

conductivity) and electrode elevations reflected the water level at the midpoint of each trial. The 

time-lapse inversion tool in Earth Imager 2D was used to calculate differences between low and 

high tide resistivity using an underwater terrain file that reflected low tide electrode positions. 

Earth Imager 2D software performed multiple iterations for each trial using conductive earth 

default settings until the best fit between measured and predicted values was obtained. The 

misfit histogram tool was then used to remove a small portion of noisy data (< 5 % of data points). 

Good model performance is indicated by low values of both the root mean square (RMS) error in 

percentage (< 10 %) and the measure of model fitness, L2-norm (< 1.0) (Advanced Geosciences 

Inc., 2009). 

 
222Rn measurements 

To estimate SGD flux, the 222Rn activity of Waimānalo Bay surface waters was measured on June 

12th, 2014 from 8:15 AM to 11:46 AM from a small motor boat. Low tide (0.1 m below the mean 

lower low tide) occurred at 7:12 AM at Moku o Lo‘e (NOAA station #1612480). Average speed of 

the boat was 4.85 km h-1 over a total track length of 17.4 km. SGD flux was calculated using a 
222Rn box model following the methods of Dulaiova et al. (2010). This model combines 222Rn 

activity, salinity, wind speed, water volume, and residence time to account for excess 222Rn 

(Dulaiova et al., 2010) from SGD (both fresh and saline components). Water was pumped from 

15 cm below the surface with a bilge pump (rated at 3 l min-1) to an air-water exchanger system 

(model RAD-Aqua, Durridge Co., MA, USA). A commercially available 222Rn detector (model: 
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RAD7, Durridge Co., MA, USA) pumped air from the air-water exchanger and measured 222Rn gas 

concentration via its decay product 218Po, using a five-minute measurement interval. 

Temperature and conductivity were recorded using a CTD-Diver attached to the bilge pump. 

Vertical profiles of the water column temperature and conductivity were recorded using a YSI 

V24 6600 sonde at multiple locations.  

The position of the boat was recorded with a GPSmap76s and wind speed was measured 

at Bellows Air Force Base weather station (National Weather Service, 

http://www.prh.noaa.gov/hnl/). The median of previous measurements of 222Rn activity from 

Haiku aquifer in Kāne‘ohe (150,000 dpm m-3) was used to approximate an end-member for fresh 

Waimānalo groundwater. An offshore 222Rn activity of 64 dpm m-3 (Street et al., 2008) was used 

to account for inputs at high tide due to ingrowth from natural 226Ra. The GPS location of the 

boat’s track during measurement of 222Rn activity was imported to ArcMap 10.0 software (ESRI, 

Redlands, CA, USA). For each five-minute measurement cycle and associated 222Rn activity value, 

a polygon was produced that traced the shoreline and the boat's track. The area of each polygon 

was then multiplied by the thickness of buoyant groundwater layer (estimated from conductivity 

depth profiles) to calculate the water volume associated with each 222Rn inventory box and SGD 

flux in cubic meters of water per meter of shoreline per day (m3 m-1 d-1). 

Radium isotopes 

Beach pore water and coastal surface water was collected to measure Ra activity and determine 

and apparent radium age. Beach pore water was pumped from piezometers into three 20-l plastic 

containers. Marine surface water was collected at the shoreline (sample W42), 180 m offshore 

(site WA25), and 480 m offshore (site WA28) using a plastic beaker to transfer water into the 20-

l containers (Table A.4). Sample locations were recorded with a GPSmap76s and total sample 

volume was estimated using a handheld luggage scale (liters of saltwater = kg of sample ÷ 1.025). 

Following the methods of Dulaiova and Burnett (2008), sample water was passed through a 

cartridge containing MnO2 coated acrylic fibers at a rate < 1 l min-1. Radium free water was used 

to rinse sand and sediment from the fiber in the laboratory at UHM before initial short-lived 

radium isotope activity (223Ra and 224Ra) was measured on a delayed radium coincidence counting 
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system (Dulaiova and Burnett, 2008; Moore and Arnold, 1996). All samples were measured at 

least once within the month following collection to obtain a more precise value of 223Ra activity 

(this allowed for partial decay 224Ra), and again after one month to obtain a more precise value 

of 224Ra (228Th activity was subtracted from 224Ra activity to calculate excess 224Ra activity). Errors 

associated with the uncertainty of each activity measurement are shown as 1σ (Τable 4.3) 

representing approximately 8 % – 14 % of the reported values. Ratios of excess 224Ra: 223Ra were 

calculated and apparent radium age was determined following Dulaiova and Burnett (2008).  

Estimates of N and P loading from Waimānalo WWTP and OSDS 

Total nutrient loading to groundwater from the Waimānalo WWTP was calculated using daily 

effluent injection volume and reported nutrient concentration data (n = 35 nutrient samples) 

from years 2004 – 2013 (City and County of Honolulu, 2014b) as: 

Loading (mass per time) = concentration (mass ÷ volume) × flow rate (volume ÷ time)      Eq. 4.1 

Wastewater N loading to groundwater attributable to OSDS in Waimānalo was estimated 

using the OSDS data set of Whittier and El-Kadi (2009). In this data set, the mass of N produced 

per OSDS unit (an individual cesspool, soil treatment unit, or septic system) was calculated using 

the estimated daily effluent volume from each unit and published effluent nutrient 

concentrations for various types OSDS units in Hawaiʻi (WRRC and Engineering Solutions Inc., 

2008) as input to Eq. 4.1. Total daily efflux volume and N loading from OSDS units (n = 754) in 

Waimānalo to groundwater (assuming conservative transport) was calculated by summing daily 

efflux volume estimates for all OSDS sites (n = 714) within the Waimānalo watershed boundary 

(Figure 4.2a).  

Groundwater [N] modeling, mapping, and statistical analysis 

The software package Groundwater Modeling System (GMS; Aquaveo, UT, USA) served as a user 

interface the modeling codes MODFLOW 2000 (Harbaugh et al., 2000) and the Modular Three-

Dimensional Multispecies Transport Model (MT3DMS; Zheng and Wang, 1999). MODFLOW 
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simulates groundwater processes including flow in heterogeneous-layered anisotropic aquifers, 

recharge, and extraction/injection by wells using the finite difference technique (Harbaugh et al., 

2000). MT3DMS uses the MODFLOW groundwater flow solution to simulate the transport of 

dissolved constituents in groundwater (Zheng and Wang, 1999). Together, these modeling codes 

simulate all of the major transport mechanisms including advection, dispersion, sorption, and 

first order decay.  

The groundwater flow model expanded upon the Source Water Assessment Program 

(SWAP) model of Oʻahu (Rotzoll and El-Kadi, 2007; Whittier et al., 2004) to include groundwater 

N transport. Boundary conditions included recharge at the top model boundary, specified head 

at the coastal boundaries reflecting the observed water levels near the coast, and a no-flow 

bottom boundary. The OSDS-derived effluent discharge rate and N mass (total N) input to the 

transport model were created by joining the groundwater model recharge coverage to the OSDS 

point shapefile of Whittier and El-Kadi (2009). The wastewater injection locations, injection rate, 

and total nitrogen (TN) concentration of private users was acquired from GIS data and 

Underground Injection Control permits from the Hawaiʻi Department of Health, Safe Drinking 

Water Branch (State of Hawaiʻi, 2013b). To estimate N loading to coastal groundwater from the 

Waimānalo WWTP, the average daily injection rate in 2013 (City and County of Honolulu, 2014b) 

and TN concentration of treated wastewater sampled at this facility (554 μM TN, sample 

WaiWWTP; Table 4.4) was included in the model. Nitrogen was treated as a conservative species 

with no degradation/transformation simulated. Reduction of N concentration only resulted from 

the addition of nitrate free recharge and hydrodynamic dispersion. Dispersivity was set at 34 m 

based on stochastic analysis of the lithology of four different boreholes in central Oʻahu (TEC Inc., 

2001, 2004). The N transport simulation was run for 50 years to ensure that the simulated N 

concentrations would reach a steady state distribution.  

The output of these model codes produced a grid of simulated wastewater-derived N 

concentration (total dissolved N) that was converted to a shapefile for statistical analysis in 

ArcMap. The coastal boundary of the groundwater model was extended 500 meters offshore in 

both simulations in order to overlap with Ulva deployment sites. To compare estimates of coastal 

groundwater [N] with algal tissue parameters, the spatial join tool in ArcMap was used to assign 

82 



each Ulva deployment site a corresponding coastal groundwater [N] value. Spearman’s 

correlations (correlation coefficient shown as rs) were performed in SigmaPlot 11.0 software 

(Systat Software Inc, CA, USA) to compare Ulva tissue parameters (δ15N, N %, and C:N) with 

estimated groundwater [N] and distance from the Waimānalo WWTP. 

The locations and parameter values associated with algal samples, water samples, OSDS 

sites, wastewater injection sites, and SGD flux estimates were mapped using ArcMap. To 

compare land use in Waimānalo and Kahana Valleys, land use data for Oʻahu (State of Hawaiʻi 

Office of Planning, 2014) was reclassified into five land-use types: forest and rangeland, 

residential, commercial, urban, and agriculture. Resulting polygons were adjusted to reflect 

actual boundaries shown in ArcMap aerial imagery. SigmaPlot was used to perform all other 

statistical tests.  

Results 

Algal deployment results 

The location of deployed Ulva samples (and associated δ15N values), the Waimānalo WWTP, 

OSDS sites, and estimated groundwater [N] are shown in Figure 4.2a. Distance from the 

Waimānalo WWTP was negatively correlated with Ulva tissue δ15N (rs = -0.74, p < 0.001) and N % 

(rs = -0.68, p < 0.001) values (Table 4.1). All tissue δ15N values > 15 ‰ (maximum δ15N = 17.5 ‰; 

Table A.3) were located within 1 km (direct line of sight) of the Waimānalo WWTP; values of 

tissue δ15N decreased in all directions relative to this facility (minimum δ15N = 4.5 ‰; Figure 4.2). 

The highest tissue N % values (> 1 %) generally occurred nearshore, at the center of the 

Waimānalo Bay, while the lowest N % values (≤ 0.8 %) were found on northern and southern 

ends of the bay (Figure 4.2a). Ulva tissue δ15N and N % values had a significant positive 

relationship with estimated groundwater [N] and each other (Table 4.1). Estimated groundwater 

[N] was positively correlated with Ulva tissue δ15N values (rs = 0.67, p < 0.001; Table 4.1) and N 

% (rs = 0.44, p = 0.003; Table 4.1). A strong correlation was detected between Ulva tissue δ15N 

and N (%) values (rs = 0.84, p < 0.001; Table 4.1). Ulva tissue parameters δ15N and N % decreased 

with increasing distance from shore while tissue C:N values increased (δ15N: 15.6 ‰ to 6.5 ‰; N 

%: 1.6 % to 0.6 %; C:N: 19.5 to 43.8). Initial values (post-acclimation/pre-deployment) of Ulva 
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tissue δ15N, N %, and C:N from 2012 to 2013 had a mean ± standard deviation of 7.3 ‰ ± 2.1 ‰, 

1.0% ± 0.2 %, and 26.9 ± 4.7, respectively. Average analytical error of duplicate algal samples was 

4.1 %, 2.5 %, and 0.7 % for tissue δ15N, N %, and C:N, respectively. 
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Figure 4.2 Waimānalo study location. a) Ulva tissue δ15N values are shown for 2012 deployments 
(n = 10) as filled colored triangles and for 2013 deployments (n = 36) as filled colored circles. SGD 
flux estimates (m3m-1d-1) are shown as colored blue bands. Estimated groundwater [N] (mg/l) is 
shown as colored polygons overlain on a shaded relief map of Oʻahu. The location of OSDS sites 
(small back dots) and the Waimānalo WWTP (black star) are shown. The location of the geologic 
cross section of Waimānalo (Figure 4.1) from Lum and Sterns (1970) is shown as a dashed line. b) 
Enlarged view of the central region of Waimānalo Bay. The location of the ER streamer is shown 
as a black hashed line. 
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The results tissue analyses from Ulva samples deployed during 2012 were used to 

compare Waimānalo Bay to Kahana Bay (Table 4.2). Two-sample t-tests indicate the mean tissue 

δ15N value of samples deployed at Waimānalo Bay (15.7‰ ± 1.4 ‰) was significantly greater (T= 

-20.87, p < 0.001) than the mean tissue δ15N value of samples deployed in Kahana Bay (5.2‰ ± 

0.7 ‰; Table 4.2). Although, Ulva samples deployed at Kahana had a significantly higher mean 

tissue C:N (T = 2.38, p = 0.030) value compared to samples incubated in Waimānalo Bay, a 

significant difference was not detected for tissue N % between locations (T = -1.31, p = 0.209). 

Compared to initial Ulva tissue values (mean δ15N = 6.5‰ ± 0.3 ‰, mean N % = 0.7% ± 0.1 %, n 

= 3), samples deployed in Kahana Bay had lower final tissue δ15N values (range = 3.8 ‰ to 5.9 ‰) 

and higher final tissue N % values (range = 0.9 % to 2.1 %) (Table 4.2). In contrast, final Ulva tissue 

values were much greater in samples deployed in Waimānalo Bay for both δ15N (range = 12.4 ‰ 

to 17.4 ‰) and N % (range = 1.1 % to 2.1 %) compared to initial values (mean δ15N = 5.4 ± 0.4 ‰, 

mean N % = 0.8 ± 0.1 %, n = 3; Table 4.2). All algal sample parameters are listed in Appendix 4. 

Table 4.1 Spearman’s correlation results between Ulva tissue parameters (δ15N, N %, and C:N), 
distance (m) from Waimānalo WWTP (Distance), and estimated groundwater [N] (GW [N]). A 
sample size (n) of 42 was used for correlations with GW [N] and Ulva samples that were deployed 
within 100 m of the shoreline. All deployed Ulva samples (n = 46) were included for all other 
correlation analyses. * indicates significance at p< 0.01. 

Variable A Variable B Coefficient p-value n 
δ15N (‰) N %  0.84 <0.001* 46 
δ15N (‰) Distance -0.74 <0.001* 46 
N % Distance -0.68 <0.001* 46 
C:N Distance 0.64 <0.001* 46 
δ15N (‰) GW [N] 0.67 <0.001* 42 
N % GW [N] 0.44   0.003* 42 
C:N GW [N] 0.25    0.107 42 
δ15N (‰) N % 0.84  <0.001* 46 

Estimated groundwater [N] and water sample nutrient results 

The locations, volumes, and N concentrations of wastewater efflux from injection wells and OSDS 

sites were used to estimate groundwater [N] in Waimānalo (Figure 4.2). A relatively large plume 

of elevated N (3 mg l-1 to 6 mg l-1) was located within the vicinity of Waimānalo WWTP and a 
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region of high density OSDS referred to as the “beach lots” (Figure 4.2b). The highest 

groundwater [N] values (6 mg l-1) are found at the center of this plume, which coincides with the 

location of wastewater injection wells at the Waimānalo WWTP and the northern extent of the 

beach lots. Marine surface water sampled during 2013 and 2014 at sites located within this 

simulated N plume (samples W23, W24, W42, W45, and W46), generally had higher 

concentrations of dissolved inorganic nutrients (NH4+, NO3-, NO2-, SiO44-, and PO43-) than marine 

surface water sampled from other sites (Table A.4). Sample W42 (site W1), the marine surface 

water sample closest to the WWTP (~ 650 m from the WWTP), had the highest values for 

dissolved inorganic nutrients of all surface water samples (Table A.4). In addition, the δ15N-NO3- 

values of water sampled from the shoreline at site W1 (22.14 ‰) and adjacent to algal cage site 

WA24 (23.09 ‰), which was located ~ 80 m offshore from site W1, were very similar to the δ15N-

NO3- value of treated wastewater effluent sampled from the Waimānalo WWTP (sample 

WaiWWTP, 24.37 ‰) (Table A.4). In contrast, water sampled from drinking water production 

wells (samples Well01 and Well02) and beach pore water (sample P4C) had much lower δ15N-

NO3- values, which ranged from 5.39 ‰ to 8.03 ‰ (Table A.4). 

Table 4.2 Initial and final algal parameter values for Ulva tissues deployed at Waimānalo and 
Kahana in 2012. Mean and standard deviation are shown for each parameter. A sample size of 3 
individuals per location was included for initial values and 10 individuals per location were 
included for final values. * indicates significance at p < 0.05. 

Initial 
δ15N (‰) 

Final 
δ15N (‰) 

Initial 
N (%) 

Final 
N (%) 

Initial 
C (%) 

Final 
C (%) 

Initial 
C:N 

Final 
C:N 

Kahana 6.5 5.2 0.7 1.4 20.9 28.5* 31.8 21.6* 
± 0.3 ± 0.7 ± 0.1 ± 0.4 ± 0.4 ± 1.4 ± 3.4 ± 5.9 

Waimānalo 5.4 15.7* 0.8 1.7 23.4 25.4 30.6 16.2 
± 0.4 ± 1.4 ± 0.1 ± 0.4 ± 0.8 ± 1.2 ± 3.4 ± 4.1 

Water samples were collected from beach sands using a piezometer placed 0.5 m 

(samples P3A, P4A, P5A), 1.0 m (samples P3B, P4B, P5B), and 1.5 m (sample P4C) below the pore 

water surface. The location of piezometer sites P3, P4, and P5 were 7 m, 11 m, and 15 m, 

respectively, from the edge of the swash zone at low tide. Nitrate and silicate in beach pore water 
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samples appeared to increase slightly with piezometer depth and distance from the coastline 

towards land (Table A.4).  

Radium activity 

Radium activity in Waimānalo beach pore water, collected from two sites in 2012 (P1A and P2A) 

and three sites in 2013 (P3B, P4C, and P5B), ranged from 19.1 to 39.0 disintegrations per minute 

per cubic meter (dpm m-3) for 223Ra and from 19.0 dpm m-3 to 39.0 dpm m-3 for 224Ra; a mean 

activity ratio (AR, 224Ra:223Ra) of 0.96 was calculated (Table 4.3). In contrast, marine surface water 

samples (RAW42, RAW25, and RAW28) had a significantly higher mean AR of 2.31 (T = 5.305, p = 

0.002) and a lower Ra activity ranging from 6.2 dpm m-3 to 8.9 dpm m-3 for 223Ra and 13.1 dpm 

m-3 to 16.8 dpm m-3 for 224Ra (Table 4.3). The difference in AR ratios detected between beach 

pore water and marine surface water suggests the presence of groundwater discharge from more 

than one source. Therefore, the absolute apparent radium age of marine surface samples cannot 

be calculated using beach porewater as an initial end-member. However, if the activity ratio of 

sample RAW25 (~ 180 m from the shoreline at site WA25) is used as a relative end-member for 

offshore groundwater discharge, the apparent radium age of surface water sampled offshore at 

site WA28 (sample RAW28, ~ 450 m from the shoreline) is calculated to be 2.5 days older than 

sample RAW25.  

Radon activity 

SGD flux (m3 m-1 d-1) was calculated for each five-minute interval of 222Rn activity measurements, 

associated with a unique segment of the boat’s track through Waimānalo Bay (Figure 4.2). 222Rn 

activities ranged from 0 dpm l-1 to 35 dpm l-1. Maximum values of 222Rn activity (35 dpm l-1) and 

SGD flux rate (21.4 m3 m-1 d-1) were located near shore at the center of the bay; values decreased 

with increasing distance from shore (Figure 4.2). This region of maximum SGD flux was within the 

same area as Ulva samples (UlWA09, UlWA10 and UlWA17 to UlWA21; Table A.3) that had the 

highest values for tissue δ15N (Figure 4.2). Very low 222Rn activity (< 2 dpm l-1) was measured 

offshore and along the shoreline in the southern part of the Bay (Figure 4.2). SGD flux in the outer 

bay (and some northern segments near shore) was estimated to be zero after accounting for 
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222Rn additions not associated with SGD, such as diffusion and ingrowth from dissolved 226Ra 

(Figure 4.2).   

Table 4.3 Radium isotope activity of water samples in Waimānalo. Marine SW indicates water 
sampled at the surface of the water column. Beach pore water (Beach PW) samples were 
extracted from saturated sand using a peristaltic pump and a piezometer. Beach PW sample 
names ending in an A, B, or C were obtained from 0.5, 1, or 1.5 m below the pore water surface. 
The units for activity are disintegrations per minute per cubic meter (dpm m-3). Estimates of 
measurement uncertainty are shown as 1σvalues. 

Sample Site Date Type 223Ra 
(dpm m-3) 

223Ra   
1σ 

224Ra 
(dpm m-3) 

224Ra 
1σ 

224Ra:223Ra 

RAW42 W1 5/24/2012 Marine SW   8.89 0.91 16.68 1.37 1.88 
RAW25 WA25 5/27/2013 Marine SW   4.98 0.69 14.57 1.15 2.93 
RAW28 WA28 5/27/2013 Marine SW   6.17 0.80 13.10 1.05 2.12 
RAP1A P1 6/15/2012 Beach PW 39.01 3.91 28.95 2.59 0.74 
RAP2A P2 6/15/2012 Beach PW 28.73 2.93 28.98 2.61 1.01 
RAP3B P3 5/24/2013 Beach PW 19.80 2.00 23.82 1.96 1.20 
RAP4C P4 5/24/2013 Beach PW 33.22 3.34 28.28 2.36 0.85 
RAP5B P5 5/24/2013 Beach PW 19.06 1.96 18.98 1.62 1.00 

Electrical resistivity imaging 

Electrical resistivity measurements of beach pore water and the fluids of the benthic subsurface 

show distinct changes over a six-hour period of rising water level associated with flood tide 

(Figure 4.3). At low tide, a thin but extensive zone of low conductivity is present nearshore 

(shown as green, ~ 5,500 µS cm-1) with small isolated zones of very low conductivity (shown as 

blue, ~ 1,000 µS cm-1) extending from shore (Figure 4.3a). Seaward of this feature is a zone with 

greater conductivity (orange/red) which approaches that of ocean water at 108 m from the 

beginning of the streamer (Figure 4.3a). As the water level increased during flood tide (Figure 

4.3), the low conductivity zone was diminished and was replaced by an advancing plume of 

intruding seawater (orange/red), with higher conductivity. At the same time, the thinner less 

conductive layer of fluid, which was in contact with the benthic surface, persisted as the water 

level increased (Figure 4.3). Within this layer, small isolated zones of low conductivity (shown as 

blue, ~ 1,000 µS cm-1) advanced towards the shore approximately 20 m as the water level 
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increased (Figure 4.3a through 4.3e). RMS error was ≤ 5.25 % and L2-norm values were ≤ 0.96 for 

all nine inversions. Changes in subsurface resistivity were also calculated as percent change over 

nine measurement trials (Figure A.1). Resistivity of the subsurface increased up to 100 % (shown 

as red) near the benthic surface and decreased to ~ 50 % (shown as light blue) below the seaward 

end of electrode streamer (Figure A.1).  

Figure 4.3 Subsurface conductivity (µS cm-1) at Waimānalo Bay as measured by electrical 
resistivity. Measurements trials were performed during flood tide with a SuperSting on June 15th, 
2012. Earth Imager 2D was used to perform inversions and calculate conductivity. Individual 
electrodes (black dots) are shown along the streamer (black line). Horizontal distance (m) is 
shown on upper x-axis with electrode #37 (E37) at 0 m and electrode #1 (E1) at 108 m. Vertical 
distance (m) with respect to sea level is shown as elevation (m) on the y-axis. CTD-divers were 
deployed on the benthic surface at 108 m, 75 m, and in shallow beach pore water at 24 m. a) 
Trial 1: Low Tide, RMS error = 4.60 %, L2 = 0.96 b) Trial 3, RMS error = 4.52 %, L2 = 0.68 c) Trial 5: 
Mid Tide, RMS error = 5.25 %, L2 = 0.74 d) Trial 7, RMS error = 5.25 %, L2 = 0.86 e) Trial 9: High 
Tide, RMS error = 5.22 %, L2 = 0.95. 
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Substantial decreases in the conductivity of water above benthic surface were detected, 

by both CTD-Divers attached to the electrode streamer (at E1 and E12), as the water level 

increased (recorded by CTD-Diver at site P3) during flood tide (Figure 4.4). Conductivity of water 

at electrode E12 (at 75 m; Figure 4.3) began to drop rapidly (from 53.5 mS cm-1 to 30.0 mS cm-1) 

at 8 AM and remained low for nearly 2.5 h before increasing (Figure 4.4). A similar trend was 

detected at electrode E1 (at 108 m) with decreased conductivity from 54.0 mS cm-1 to 37.5 mS 

cm-1 lasting 1 h (Figure 4.4). Unlike water at the benthic surface, the conductivity of beach pore 

water at site P3 began to increase with water depth for 0.5 h before reaching a maximum value 

of 55.4 mS cm-1 (Figure 4.4).  

Figure 4.4 Time series measurements of salinity at Waimānalo Bay. Conductivity was measured 
by two CTD-Divers attached to the electrode streamer during electrical resistivity measurements. 
CTD-Divers were located at the benthic surface adjacent to electrode 1 (E1 at 108 m) and 
electrode 12 (E12 at 75 m). In addition, conductivity was measured in beach porewater at site 
P3.  The conductivity (mS cm-1) at E1, E12, and P3 is shown on the y-axis. Depth below pore water 
(cm) is also shown on the y-axis site for site P3 (adjacent to electrode 29 at 24 m). Time of day (x-
axis) is shown for the morning of June 15th, 2012. Low tide occurred at 6:14 am at 0.03 m (mean 
lower low tide). 
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Estimates of wastewater volume and N mass 

Waimānalo had an estimated 714 OSDS sites (754 individual units; 78 % cesspools, 22 % soil 

treatment) which produce approximately 707,400 m3 yr-1 (186,850,000 gal yr-1) of effluent, 

31,000 kg yr-1 TN, and 9,000 kg yr-1 P. From 2004 to 2008, the Waimānalo WWTP had a mean 

annual effluent injection rate of 901,914 m3 yr-1 (238,260,600 gal yr-1). The mean annual mass of 

N and P, in treated wastewater produced by this facility during this period, was estimated at 

22,232 kg total Kjeldahl nitrogen (TKN), 19,108 kg ammonia (NH3), 396 kg NO3- + NO2- (N+N), and 

2,540 kg total phosphorus (TP). From 2009 to 2013, the mean annual effluent injection rate was 

776,788 m3 yr-1 (205,205,766 gal yr-1). The estimated mass of N and P produced during this period 

was by the Waimānalo WWTP ~ 75 % less than the previous period because of facility upgrades 

in July of 2008. Estimated mean annual mass of N and P produced by Waimānalo WWTP from 

2009 to 2013 was 5,123 kg TKN, 4,474 kg NH3, 1,771 kg N+N, and 556 kg TP. The mean 

concentration of specific nutrients for years 2004 to 2013 is shown in Figure A.2. Although the 

annual volume of effluent produced by the Waimānalo WWTP during 2009-2013 was similar to 

that of OSDS, the WWTP produced an estimated ~ 83 % less N and 94 % less P than OSDS units in 

Waimānalo.  

Discussion 

Recent studies on Maui indicate that SGD is a significant pathway for wastewater transport to 

coastal ecosystems (Dailer et al., 2010; Dailer et al., 2012a; Glenn et al., 2013; Hunt and Rosa, 

2009). The results of this study suggest a similar phenomenon is occurring in Waimānalo, Oʻahu. 

Estimates of groundwater [N] indicate a relatively large plume of elevated N is associated with 

wastewater injection wells located at the Waimānalo WWTP and an area of high density OSDS. 

High δ15N values measured in Ulva tissues, coastal water, and benthic pore water sampled 

adjacent to this plume suggest wastewater is present in nearshore waters at the center of 

Waimānalo Bay. Using isotopic tracers of groundwater (Rn and Ra) in addition to time series 

measurements of electrical resistivity and conductivity, we conclude that SGD is significant 

pathway for wastewater transport to marine waters in this region.  
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Potential sources of N to Waimānalo and Kahana Bays 

High values of δ15N from water and Ulva tissues suggest Waimānalo WWTP is a major source of 

N to adjacent nearshore waters. The δ15N-NO3- values from coastal and benthic pore waters 

sampled near the WWTP were almost identical to the δ15N-NO3- value of treated wastewater 

sampled at the Waimānalo WWTP. Ulva tissue δ15N values > 15 ‰ were only found in samples 

deployed within 1 km of the WWTP. On Maui, similar values of elevated δ15N in algal tissues and 

coastal waters were commonly found adjacent to WWTPs using injection wells to dispose treated 

(secondary or higher) wastewater (Dailer et al., 2010; Dailer et al., 2012a; Glenn et al., 2013; Hunt 

and Rosa, 2009). In addition, Ulva tissue δ15N and N % values decrease significantly with 

increasing distance from the Waimānalo WWTP and increase with estimated groundwater [N].  

In closed systems, where a limited amount of substrate is initially available, the ratio of 

the heavy isotope to the lighter isotope in a substrate increases with consumption if isotopic 

discrimination (in favor of the lighter isotope) is occurring (Peterson and Fry, 1987). A similar 

process occurs in wastewater systems; denitrifying bacteria produce effluent δ15N values with a 

clear negative relationship to effluent N concentration over time (Heaton, 1986). In open systems 

(such as coastal environments) where new N is available and the mean δ15N value is not widely 

variable over time at a particular location, the tissue δ15N value of an alga may be related to 

available N. In a controlled laboratory setting, tissue δ15N values, tissue N %, growth rate, and 

photosynthetic performance of Ulva faciata increased with increasing amounts of treated 

wastewater (wastewater was added daily) (Dailer et al., 2012b). In Waimānalo (this study), 

Māʻalaea Bay (Chapter 5), and Kahului Bay (Chapter 5), deployed Ulva tissue δ15N values had 

strong relationships with tissue N % values. At these locations, a sample’s tissue δ15N value may 

be an indicator (relative to other deployed samples at a particular location) of the quantity of 

wastewater-derived N in algae and associated waters. While we cannot definitively distinguish N 

derived from various sources of wastewater using these methods, δ15N values associated with 

effluent from cesspools and septic systems (δ15N-NO3 ~ 10 ‰) {McQuillan, 2004 #1911;Derse, 

2007 #1204}{Aravena, 1993 #2045} are typically lower than that of treated wastewater 
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(secondary and tertiary treatment level, δ15N-NO3 ≥ 15 ‰) (Dailer et al., 2010; Glenn et al., 2013; 

Hunt and Rosa, 2009; McQuillan, 2004).  

Coastal regions of Waimānalo have previously been identified as areas of high 

environmental risk due to wastewater from high density OSDS (Whittier and El-Kadi, 2009) and 

other sources of pollution (Harrigan and Burr, 2001). Total N measured in shallow observation 

wells near the shoreline and within this region of high density OSDS was greater than 3000 µM 

TN (Hoover and Unutoa, 1997). Shallow groundwater and runoff are likely pathways that 

transport animal waste, human waste, and fertilizer to Waimānalo Stream (Harrigan and Burr, 

2001). Using the software Nonpoint Source Pollution and Erosion Comparison (N-SPECT), an 

estimated 83,126 kg of N and over 1 million kg of total suspended solids are added to the 

Waimānalo Bay annually (Hawaiʻi State Department of Health, 2007) by Waimānalo Stream. 

Kahana is an adequate site for comparison to Waimānalo because of marked similarities 

in total watershed area, climate, geologic history, and differences in the level of anthropogenic 

impact. Low-density OSDS associated with residential areas in Kahana Valley had no detectable 

impact on coastal waters of the bay. Coastal marine surface and beach pore water sampled at 

Kahana during a concurrent study (Mayfield, 2013) generally had lower N concentrations than 

comparable samples from Waimānalo. Tissue analyses of Ulva samples deployed at both 

locations during 2012 yielded very different results. Average Ulva tissue δ15N values at Kahana 

were much lower than Waimānalo and are within the range of values typical of soil N (Kendall et 

al., 2007). Since no difference was detected for final Ulva tissue N % between Kahana and 

Waimānalo, the difference in tissue δ15N values between these locations must be explained by a 

difference in the major N source. Comparisons of initial and final Ulva parameters indicate that 

on average, algal tissues deployed in Kahana incorporated N from a source with a relatively low 

δ15N value (i.e. natural soil N) and tissues deployed in Waimānalo incorporated N from a source 

with a relatively high value (i.e. wastewater). Interestingly, the carbon content and C:N ratio was 

significantly greater in Kahana algal samples, suggesting plants deployed at this location may be 

N limited compared to Waimānalo samples. 
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SGD flux and tidal response in Waimānalo Bay 

Results from 222Radon measurements, water samples, ER images, Ra isotopes, and conductivity 

time series indicate that SGD is a significant source of terrestrial water to Waimānalo Bay. In 

agreement with other SGD studies in Hawaiʻi (Dimova et al., 2012; Garrison et al., 2003; 

Holleman, 2011; Johnson et al., 2008; Mayfield, 2013), SGD flux was greatest near shore and 

decreased with increasing distance from the shoreline in Waimānalo. In addition, multiple lines 

of evidence suggest two distinct sources of groundwater may be present in Waimānalo Bay. 

 This study challenges the notion that the vertical movement of deep groundwater (and 

injected wastewater) is restricted by an upper confining unit nearshore in the subsurface of 

Waimānalo Bay. In a generalized geologic section of the Waimānalo coastal plain, Lum and 

Stearns (1970) show a confining clay layer persists below bay for least 300 m seaward of the 

shoreline. This appears to be an assumption based on the results of exploratory holes drilled on 

land because benthic sediments were not examined (Lum, 1969; Lum and Stearns, 1970). As 

shown for the modeled injectate plumes that originate from the Kahului (Burnham et al., 1977), 

Kihei (Hunt and Rosa, 2009), and Lahaina (Glenn et al., 2013) wastewater treatment facilities, 

relatively warm fresh effluent is likely to be buoyant within this Waimānalo aquifer due to 

differences in salinity and temperature with the receiving saline groundwater. Thus, it is probable 

effluent from the Waimānalo WWTP is buoyant and advances along the underside of the upper 

confining clay layer until it disperses upward through porous sediments to the nearshore water 

column or the confining layer terminates all together.  

Elevated nutrient concentrations, in addition to the reduced salinity measured in pore 

water and marine surface water samples, imply fresh and brackish water are components of 

beach groundwater and sub-benthic fluids at Waimānalo. ER images showed a definitive 

hydrologic connection between sub-benthic pore water and brackish terrestrial groundwater 

that was tidally modulated. In contrast to similar studies that have used ER to measure changes 

in sub-benthic conductivity over time on Oʻahu (Dimova et al., 2012; Swarzenski et al., 2013), our 

results show that a layer of low conductivity fluid was not displaced by saline water as the water 

level increased with flood tide. This may be explained by the presence of a less porous medium 

of lower hydraulic conductivity. If this layer decreases the horizontal flow velocity of fluids, fluids 
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that are more saline may be forced to flow through sediments with a greater porosity below. If 

present, this layer may minimize vertical mixing and force discharge of shallow aquifer waters 

onshore and deeper, semi-confined waters slightly offshore. Temporary reductions in the 

conductivity of water at the benthic surface, associated with increasing water level during flood 

tide (as measured by CTD-divers), suggest that this potentially less porous layer is hydraulically 

connected to the water column above and allows for vertical flow and discharge of brackish 

groundwater to the water column. It is possible that we detected a semi-confining and porous 

unit similar to the 1.2 m thick clay layer observed in a core drilled near the shoreline in Waimānalo 

(Lum and Stearns, 1970). Additional evidence for a semi-confining unit near the shoreline, which 

separates shallow and deep groundwater, is provided by differences in the activity ratio of 
224Ra:223Ra and δ15N values of beach pore waters compared marine surface water samples. If this 

hypothesis is correct, SGD discharging from beach pore water at the shoreline may be supplied 

with shallow groundwater containing N from OSDS and other sources (i.e., agriculture) while 

deeper water containing WWTP-derived N is discharged through permeable, sub-benthic 

sediments slightly offshore.  

Conclusions 

It is clear that wastewater-derived N was present in the nearshore waters of Waimānalo Bay. 

Although the results of algal bioassays and water samples imply that the Waimānalo WWTP was 

a major source of N to adjacent marine waters, OSDS may contribute an equal or greater amount 

of nutrients to coastal groundwater and Waimānalo Bay. The results of this and other recent 

studies (Dailer et al., 2012a; Glenn et al., 2013; Hunt and Rosa, 2009; Moore, 2010; Zhang and 

Mandal, 2012) identify SGD as a significant hydrologic link connecting terrestrial groundwaters 

with nearshore marine ecosystems in Hawaiʻi and elsewhere. These findings highlight the need 

for a greater understanding of SGD and the impacts of this process on nearshore reefs. 

Minimizing contaminant loads to coastal aquifers will reduce the delivery of pollutants to 

nearshore ecosystems in areas with SGD flux.  
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CHAPTER 5 

MARINE ALGAE AS A BIOINDICATOR OF NUTRIENT  
SOURCE AND LOADING TO COASTAL ZONES OF MAUI, HAWAIʻI 

Intended for submission to Marine Pollution Bulletin 
Daniel W. Amato, James M. Bishop, Craig R. Glenn, Henrieta Dulaiova, and Celia M. Smith 

Abstract 

Submarine groundwater discharge (SGD) can transport land-based contaminants to coastal 

ecosystems. In this study, algal bioassays, benthic community analyses, and geochemical 

methods were used to compare reefs adjacent to various types of land use and potential nutrient 

sources on Maui. Three common reef algae, Acanthophora spicifera, Hypnea musciformis, and 

Ulva spp. were collected and/or deployed at six locations with SGD. Algal tissue nitrogen (N) 

parameters (δ15N, N %, and C:N) were compared with nutrient and δ15N-nitrate values of coastal 

groundwater and marine surface waters. Benthic composition was analyzed using digital 

photographs. Reefs adjacent to sugarcane farms or wastewater injection wells had the greatest 

abundance of macroalgae, low community diversity, and the highest concentrations of N in algal 

tissues, coastal groundwater, and marine surface waters compared to relatively unimpacted 

locations. A conceptual model for Hawaiʻi is proposed that uses Ulva tissue parameters (δ15N and 

N %) to identify potential N source(s) and relative N loading. 

Introduction 

Connections among land use, coastal water quality, and marine ecosystem health are often 

difficult to identify because multiple pathways may influence nutrient loading to coastal water 

bodies (Slomp and Van Cappellen, 2004). While the effects of terrestrial runoff on marine 

ecosystems have been characterized widely (Fabricius, 2005; Risk, 2014), relatively little is known 

about the biochemical interactions of submarine groundwater discharge (SGD) and nearshore 

marine communities. In this study, we examine relationships between water quality and benthic 

reef organisms across locations adjacent to varying types of land use on Maui in areas with SGD 

input.  
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Anthropogenic nutrient loading via SGD has been implicated as a source that supports 

macroalgal blooms and associated shifts in the composition of biological communities (Costa et 

al., 2000; Costa et al., 2008; Lyons et al., 2014; McCook, 1999; Naim, 1993), harmful algal 

(phytoplankton) blooms (Gobler and Sañudo-Wilhelmy, 2001; Hu et al., 2006; Hwang et al., 2005; 

LaRoche et al., 1997; Lee and Kim, 2007; Paerl and Otten, 2013), and eutrophication (González et 

al., 2008; Lapointe and Clark, 1992; Povinec et al., 2012; Tse and Jiao, 2008) in coastal ecosystems 

worldwide. In addition to environmental concerns associated with nutrient loading, SGD enriched 

with wastewater from onsite sewage disposal systems (OSDS) and sewage treatment facilities 

may present a human health risk (De Sieyes, 2011; Futch et al., 2010; Paul et al., 2000; Paul et al., 

1997; Whittier and El-Kadi, 2009; Whittier and El-Kadi, 2014).  

Blooms of opportunistic algae have been linked to increased coastal nutrient 

concentrations in Hawaiʻi (Smith et al., 2005; Smith et al., 1981; Sun, 1996), Florida (Lapointe, 

1997; Lapointe et al., 2005a; Lapointe and Bedford, 2007), Bermuda (Lapointe and O'Connell, 

1989; McGlathery, 1992), Jamaica (Lapointe, 1997), The Bahamas (Lapointe et al., 2004), Brazil 

(Costa et al., 2008), Martinique (Littler et al., 1992), Reunion Island (Naim, 1993), China (Liu et 

al., 2013), and Australia’s Great Barrier Reef (Bell, 1992). The most obvious and direct impacts of 

macroalgae on corals are observed when algal species overgrow and physically disturb corals 

while competing for light, nutrients, and space (Hughes, 1989; Hunter and Evans, 1995; Lirman, 

2001; Martinez et al., 2012; Smith et al., 2004a; Smith et al., 2005; Smith et al., 1981). In addition, 

both nutrient loading and algae may also indirectly impact corals via other biochemical pathways 

(McCook et al., 2001). The presence of algae (no physical contact) can increase coral disease and 

mortality through the release of dissolved compounds that enhance microbial activity on coral 

tissues (Smith et al., 2006). A similar mechanism has been proposed for the indirect effects of 

nutrient loading on coral disease and bleaching (Bruno et al., 2003; McCook et al., 2001; Vega 

Thurber et al., 2014; Voss and Richardson, 2006).  

Marine macroalgae are widely used as a bioindicator of coastal water quality because 

their tissues contain a record of biologically available nutrients which closely reflects the chemical 

composition of sources over time (Barr et al., 2013; Cohen and Fong, 2004a; Dailer et al., 2010; 

Dailer et al., 2012b; Fong et al., 1998). The use of algal tissue δ15N as a bioassay is well established 
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and particularly useful in monitoring the extent of wastewater pollution in a variety of coastal 

environments (Barr et al., 2013; Costanzo et al., 2005; Dailer et al., 2010; Dailer et al., 2012a; 

Dudley and Shima, 2010; Gartner et al., 2002; Hunt and Rosa, 2009; Lapointe, 1997; Pitt et al., 

2009; Riera et al., 2000; Risk et al., 2009; Rogers, 2003; Savage and Elmgren, 2004; Umezawa et 

al., 2002) because these plants acquire available nitrogen (N) with little to no isotopic 

fractionation (Cohen and Fong, 2005; Dudley et al., 2010).  

Sewage effluent and other denitrified sources are generally enriched in 15N relative to 14N 

because of the preferential use of the lighter N isotope (14N) by bacteria (Heaton, 1986). 

Published δ15N values of wastewater-derived N range from +7 ‰ to +93 ‰ for nitrate dissolved 

in water (Aravena et al., 1993a; Glenn et al., 2012; Glenn et al., 2013; Hunt and Rosa, 2009; 

Kendall et al., 2007), and from +4 ‰ to +50 ‰ in marine macroalgal tissue (Barr et al., 2013; 

Costanzo et al., 2005; Dailer et al., 2010; Glenn et al., 2012; Glenn et al., 2013; Risk et al., 2009). 

Natural and synthetic fertilizer-based N sources generally have low δ15N values (0 ‰ to +4 ‰ 

and -4 ‰ to +4 ‰, respectively) (Kendall, 1998; Macko and Ostrom, 1994; Owens, 1987). In 

contrast to the detection of sewage-derived N in plants and water samples, detection of fertilizer-

derived N may be confounded by other sources with similar ranges of δ15N values.  

While δ15N values do not imply N amount, algal tissue N % and the tissue C:N ratio have 

been used as a relative indicator of N availability in water and N limitation in algae, respectively 

(Atkinson and Smith, 1983; Barr et al., 2013; Jones et al., 1996; Peckol et al., 1994; Teichberg et 

al., 2010). Algal tissue N may provide a better measure of available N in water than traditional 

water sampling because biologically available N is integrated over a period of incubation; this 

allows for the incorporation of nutrient pulses associated with tidal processes (such as SGD) or 

runoff events (Costanzo et al., 2000; Fong et al., 2004; Hernandez et al., 1997). 

On Maui, reef health has suffered from the synergistic effects of nutrient pollution, 

overfishing, and invasive species (Friedlander et al., 2008; Rodgers et al., 2014; Walsh et al., 

2010). Coral cover loss at three long-term monitoring sites on Maui (Honolua Bay, Mā‘alaea Bay, 

and Papaula Point) is so severe that these reefs may have already experienced total coral reef 

ecosystem collapse (Walsh et al., 2010). Coastal areas of Maui proximal to high human population 

density, wastewater facilities, and large-scale agriculture have experienced persistent and 
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extensive blooms of opportunistic macroalgae, specifically Hypnea musciformis, Ulva lactuca, 

and Cladophora sericea (Dollar and Andrews, 1997; Dollar et al., 2011; Hodges, 1996; Laws et al., 

2004; Smith et al., 2002; Smith et al., 2005; Soicher and Peterson, 1997; Sun, 1996; Van Beukering 

and Cesar, 2004). Recent studies have identified municipal wastewater injection wells (Dailer et 

al., 2010; Dailer et al., 2012a; Glenn et al., 2013; Hunt and Rosa, 2009) and agricultural practices 

as major nutrient sources to Maui’s coastal ecosystems (Dollar and Andrews, 1997; Dollar et al., 

2011; Laws et al., 2004; Soicher and Peterson, 1997).  

Historically, the Clean Water Act, which prohibits unpermitted discharge of contaminants 

to waters of the United States, has not applied to the disposal of wastewater into coastal aquifers 

because an explicit link between receiving groundwater and marine ecosystems was not 

recognized (Dailer et al., 2010). Using a combination of macroalgal bioassays, geochemical 

modeling, and water sampling, Hunt and Rosa (2009) conclude that wastewater injection wells 

at the Kihei and Lahaina wastewater reclamation facilities (WWRF) are a source of nutrients, 

pharmaceuticals, and a variety of other chemicals delivered to shallow reefs on Maui via SGD. 

Algal bioassays at these sites confirm the wastewater signal is stronger at the surface and 

nearshore (Dailer et al., 2010; Dailer et al., 2012a; Glenn et al., 2012; Glenn et al., 2013; Hunt and 

Rosa, 2009) where most recreational users are active. Subsequent groundwater and geochemical 

modeling, that included fluorescent tracer dyes, provided unequivocal evidence for a hydrologic 

connection between wastewater injection wells at the Lahaina WWRF and nearby coastal marine 

springs (Glenn et al., 2012; Glenn et al., 2013). Kahului WWRF, the highest rate wastewater 

injection facility in Hawaiʻi, disposes ~ 16,700 m3 d-1 (4.4 million gal d-1) of treated effluent into 

the coastal aquifer within 50 m of the shoreline on north Maui (Dailer et al., 2010). Although 

Dailer et al. (2010) found high values of δ15N in algal tissues adjacent to the Kahului WWRF and 

numerical models predict effluent will mix with nearshore waters (Burnham et al., 1977), a 

detailed investigation of SGD composition, or its potential impact on reef health, has not been 

completed for this location.  

Using common marine algae as a bioindicator of available nitrogen, we hypothesize that 

algal tissue N (δ15N and N %) is related to the dominant N source and amount of biologically 

available N in coastal groundwater and marine surface waters of Maui, Hawaiʻi. Our results are 
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discussed in the context of SGD as a pathway for anthropogenic nutrient loading and its effects 

on reef ecosystems. 

Methods 

Study locations 

In this work, six locations were chosen that represent various types of land use and potential 

sources of nutrients on Maui (Figure 5.1). All locations showed precursory evidence of SGD as 

indicated by lowered nearshore salinity. Honomanu Bay (NE Maui, latitude 20.86219, longitude 

-156.165667), initially judged the least impacted location due to its remote location, has no 

known sources of contamination or history of algal blooms. Tropical forest dominates this 

watershed and a groundwater-fed stream network discharges to the NW of the bay. Honolua Bay 

(NW Maui, latitude 21.013829, longitude -156.639656) is within Mokuleiʻa Marine Life 

Conservation District (MLCD) and is surrounded by a moderately impacted watershed which 

includes golf courses and low density OSDS (Whittier and El-Kadi, 2014) as potential nutrient 

sources. In the recent past, pineapple fields dominated nearby lands, but fields have been fallow 

since 2006. An intermittent stream at the center of the bay is a source of sediment and organic 

debris from the watershed during large rain events (Walsh et al., 2010). Previous studies indicate 

that Honolua Bay had a relatively intact marine grazer community with fish biomass that was 

comparable to other MLCD sites (Friedlander et al., 2007). 

Waiehu, Kahului, Kuʻau, and Māʻalaea Bays represent study locations in which moderate 

to high levels of nutrient flux were likely as judged by the presence of OSDS, high volume 

wastewater injection, or large-scale sugarcane agriculture. All locations have an abundance of 

one or more invasive algal species (Ulva lactuca, Hypnea musciformis, and Acanthophora 

spicifera) in the intertidal to subtidal zone. Waiehu (latitude 20.914023, longitude -156.489007) 

is a semi-enclosed embayment with a small stream to the north. OSDS density and associated 

risk of nutrient contamination to coastal waters was greatest at Waiehu compared to other study 

locations (Whittier and El-Kadi, 2014). 

The Kahului Bay location (latitude 20.898709, longitude -156.455962) is centered on the 

Kahului WWRF. This facility uses eight wastewater injection wells, located within 50 m of the 
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shoreline, to dispose treated sewage into the aquifer below. Although there is no agriculture 

adjacent to the coast in this area, groundwater upgradient from this location may be impacted 

by sugarcane production and a low density of OSDS (Whittier and El-Kadi, 2014). Located 9 km 

east of the Kahului WWRF, Kuʻau Bay (latitude 20.926169, longitude -156.373436) is surrounded 

by extensive sugarcane agriculture within 100 m of the shoreline. Although OSDS units occur at 

a relatively low density in this coastal area, high-density OSDS upslope is a potential source of 

nutrients to Kuʻau Bay (Whittier and El-Kadi, 2014). Nearshore waters of Māʻalaea Bay (latitude 

20.792548, longitude -156.508104) receive relatively high amounts of nutrients from both 

sugarcane agriculture and shallow wastewater injection wells that service the numerous 

condominiums located near the coastline (Dailer et al., 2010; Dollar et al., 2011). Direct discharge 

of water (from Maui Ocean Center and Maui Electric Company) with low N concentrations (Dailer 

et al., 2010) and low-density OSDS (Whittier and El-Kadi, 2014) are potential sources of nutrients 

to nearshore reefs in Māʻalaea Bay. 
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Figure 5.1 Study locations on Maui. High N study locations Kahului (KW), Kuʻau (KB), and 
Māʻalaea Bays (MB) are shown as red stars. Low-N study locations Honomanu (HM), Honolua 
(HB), and Waiehu (WB) Bays are shown as red green stars. The red dotted line indicates the 
boundary of sugarcane farms. 

Algal bioassays 

Tissues of common marine algae were used as an indicator of biologically available N in coastal 

waters using two distinct methods: 1) Pretreatment and short-term deployment of algal tissues 

in cages. 2) Collection of naturally occurring algal tissues from intertidal and nearshore subtidal 

zones. Bioassays using these two methods are hereafter referred to as deployed or shore-

collected samples, respectively.   

Prior to deployment, Ulva lactuca samples were pretreated in low-nutrient, artificial 

seawater for one week (Instant Ocean® Sea Salt and distilled water to 35 ‰ salinity) to minimize 

tissue N content following Dailer et al. (2012). Samples were exposed to filtered natural sunlight 

(translucent glass) at a maximum of ~ 700 µM photons m-2 s-1 photosynthetically active radiation 

(4π Li-Cor quantum sensor, Model LI-193SA, Li-Cor, NE, USA) and aeration. Reagent grade 
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nitrate and phosphate were added every two days in addition to distilled water to maintain water 

nutrient and salinity levels typical of oligotrophic coastal waters: final concentrations 0.2 µM 

NO3¯, 0.05 µM PO43¯ at 35 ‰ salinity (Chapter 2). To quantify initial tissue chemistry following 

this pre-treatment phase, nine samples (three per deployment period) were prepared for tissue 

N and C analyses: tissues were triple rinsed in distilled water, holdfast tissues or fouling organisms 

were removed, vegetative tissues were blotted dry with paper towel, placed in an aluminum foil 

tray, and dried at 71°C in a conventional oven for at least one week. Algal samples were then 

transported back to the University of Hawaiʻi at Mānoa (UHM), stored at 60 °C until a constant 

mass was achieved, ground to powder, and placed in individual glass vials that were stored in a 

desiccant until submission to the Biogeochemical Stable Isotope Facility (BSIF) for determinations 

of tissue δ15N (‰), N %, and C % and C:N. To quantify algal tissue parameters, BSIF used a Costech 

ECS 4010 Elemental Combustion System (Costech Analytical Technologies, CA, USA) interfaced 

with a ThermoFinnigan DeltaXP (Thermo Fisher Scientific Inc., MA, USA). Ratios of 15N:14N were 

expressed as δ15N (calculated using Eq. 1.1 relative to atmospheric nitrogen). 

For the algal deployment bioassay, three individuals of Ulva lactuca (with intact holdfasts 

and no signs of reproductive or necrotic tissue) were placed in a cylindrical cage (8 cm x 20 cm) 

constructed of plastic mesh and 8 mm diameter polyester mesh fabric, which allowed water flow 

and excluded macroherbivores. Cages were suspended 0.25 m below the sea surface on a single 

line tethered to a cinder block anchor and small float at each site for 5 to 6 days. Depending on 

the area of the study location, 9 to 16 cages were deployed during three deployment periods of 

two locations per period.  

For the shore-collected algal bioassay, three individuals of Ulva lactuca, Hypnea 

musciformis, and Acanthophora spicifera were collected (when present) from the intertidal zone 

or shallow nearshore reef (< 3 m depth). Locations of all deployment and collection sites were 

recorded using a GPSmap76s (Garmin International Inc., KS, USA). Algal deployment and shore-

collections were completed during July and August of 2012 at Māʻalaea and Honolua Bays and 

during July of 2013 at Kuʻau, Honomanu, Kahului and Waiehu Bays.  After sample retrieval of 

both deployed and shore-collected tissues, all plants were immediately prepared as above for 

submission to BSIF. One individual per site was randomly chosen for submission to BSIF with the 
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exception of Māʻalaea Bay shore-collected samples (three samples per collection site were 

submitted to BSIF to measure variability among a sample values at a single site). A subset of 

duplicate tissue samples (n = 23 duplicate pairs) was submitted to estimate analytical error which 

was calculated as the average error between duplicates (the absolute value of the difference 

between duplicate samples expressed as a percentage of the mean of duplicate sample values).  

Due to the plastic morphology and ambiguous nature of Ulva species in Hawaiʻi (O’Kelly 

et al., 2010), thirteen samples that were collected for deployment between 2012 and 2013, were 

submitted to the Algal Biodiversity Lab at UHM for post-experimental molecular identification. 

Comparisons of sample primary sequence data and ITS1 secondary structure with the results of 

O’Kelly et al. (2010) identified three operational taxonomic units with sequence matches to 

species Ulva lactuca and Ulva ohnoi. Hereafter, samples with Ulva lactuca-type morphology are 

referred to as Ulva. 

Water samples 

Marine surface water samples were collected adjacent to all deployment cages in addition to 

select nearshore sites at low tide. A piezometer and peristaltic pump were used to sample coastal 

groundwater from beach pore water or distinct springs above the swash zone at all locations. A 

sample of treated Kahului WWRF effluent was also obtained. Salinity and temperature of all 

samples were measured using a YSI sonde (Yellow Springs Instruments, model V24 6600 with 

conductivity/temperature sensor Model 6560, OH, USA). Samples were initially collected in acid 

washed 500-ml bottles and stored on ice for up to 12 h before being split into acid washed 60-ml 

bottles.  

All water samples were analyzed for total dissolved nitrogen (TN), total dissolved 

phosphorus (TP), and dissolved inorganic nutrients (SiO44-, NO3-, NO2-, NH4+, and PO43-) at the 

SOEST Laboratory for Analytical Biogeochemistry at UHM. The isotopic composition of N in 

dissolved nitrate (δ15N-NO3-) was measured at BSIF using the denitrifier method (Sigman et al., 

2001) for samples with NO3- ≥ 1 µM. For samples that had a concentration of NO2-  greater than 

1 % of the nitrate concentration, NO2- was removed using sulfamic acid during sample 

preparation (Granger et al., 2006). Only water samples collected during Ulva deployments (2012 
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to 2013) were included in the analyses, with the exception of water δ15N-NO3- values from 

samples collected during April 2014 (δ15N-NO3- values for Māʻalaea and Honolua Bays were not 

available for 2012 - 2013) under similar SGD and ocean conditions. A subset of duplicate water 

samples was submitted for δ15N-NO3- (n = 17 duplicate pairs) and nutrient analysis (n = 22 

duplicate pairs) to estimate analytical error as above.   

Benthic community analyses 

The benthic community was analyzed following a modified CRAMP rapid assessment protocol 

(Brown et al., 2004; Jokiel, 2008) during April 2014. Two adjacent areas were selected at each 

field location within a 1 m to 3 m depth for benthic analysis. Within each area, a 4 m x 100 m 

transect grid (50 potential, 10-m shore-parallel transects) was generated using ArcMap 10.0 

(ESRI, CA, USA). Five transects were randomly chosen from the grid for benthic analysis using a 

random number generator. A Nikon AW110 camera attached to a PVC photoquadrat frame (18.2 

cm × 27.0 cm) was used to take one photograph every meter per transect for a total of 100 images 

per location. 

Each image represented 458.8 cm2 of benthic surface after being cropped to a size of 

3,148 x 2,010 pixels to remove the PVC frame. PhotoGrid software {Bird, 2001 #2121} was used 

to analyze each image using a point-intercept method with 25 random points per image. Benthic 

organisms or substrates were identified to the species level (when possible) and grouped into 

categories: coral, macroalgae, turf algae, crustose coralline algae, invertebrates, and abiotic 

substrate. The proportion of points in each category (pi) in reference to total points per transect 

(250 points) and per location (2500 points) was calculated. In addition to species richness (sum 

of unique species), Shannon’s diversity (H’) index (Shannon, 1948), and Simpson’s dominance 

(λ) index (Simpson, 1949) were calculated with Eq. 2.4  and Eq. 2.5 respectively. 

Geospatial and statistical analyses 

GPS coordinates (Datum = WGS 1984) of algal and water sample sites were imported to ArcMap 

with associated sample data to produce maps of each study location. The distance (m) from Ulva 

deployment sites to the shoreline, or to the Kahului WWRF, was calculated in ArcGIS using 
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shoreline data provided by the State of Hawaiʻi (State of Hawaiʻi Office of Planning, 2014). Water 

and algal sample parameters were spatially joined with those of their nearest neighbor within a 

given radius using ArcMap. Similar to other studies (Dailer et al., 2010; Derse et al., 2007; 

Umezawa et al., 2002), we present mean algal tissue δ15N values for shoreline collection sites 

with more than one species (Kuʻau and Kahului Bay), because minimal variation in tissue δ15N 

was found among species at identical sites. ArcMap was used to interpolate algal tissue δ15N 

values from both deployed and shore-collected samples at Kahului Bay using an ordinary kriging 

method with a spherical semivariogram model and variable search radius. The kriging raster 

output was then clipped to the shoreline and converted to a polygon shapefile of truncated 

integers. The estimated extent of the Kahului WWRF wastewater plume, as shown in Burnham 

et al. (1977), was overlain on an aerial image (ArcMap basemap) using the shoreline as a 

reference and software Adobe Photoshop CC (Adobe Systems, CA, USA).  

SigmaPlot 11 (Systat Software Inc, CA, USA) was used to perform all statistical tests. 

Nonparametric tests such as Kruskal-Wallis ANOVA (identified by the H-statistic), Dunn’s pairwise 

comparisons, and Spearman’s correlations (identified by correlation coefficient rs) were 

performed if the data’s distribution violated assumptions of normality or homoscedasticity. One-

way ANOVA (identified by the F-statistic), Tukey’s pairwise comparisons, and regression 

techniques were used to compare parameters if test assumptions were not violated.  

 

Results 

Water and algal nutrient relationships 

Freshwater input from SGD was present at all locations as evidenced by reduced salinity in 

nearshore waters associated with low tide. SGD gradients were observed in surface water at all 

locations as lower salinity and higher nutrient concentrations measured at nearshore sites 

compared to offshore sites. In general, nutrients in surface water sampled at algal deployment 

cages had strong correlations with distance, salinity, and silicate values (Table A.5 to A. 11).  
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Table 5.1 Spearman’s correlation results for algal tissue N % and C:N vs. water DIN. Dissolved 
inorganic nitrogen (DIN) concentrations of marine surface water (Surface DIN) and coastal 
groundwater (CGW DIN) were correlated with both deployed Ulva and shore-collected tissue 
values of N % and C:N. Spearman’s correlation coefficient is shown as rs, the p-value is shown as 
p, and n represents sample size. All sample sites were within a 100 m distance of each other. 

Deployed 
δ15N 

Shore-collected 
δ15N 

Surface δ15N rs 0.74 0.529 
p 0.000109 0.0115 
n 19 22 

CGW δ15N rs 0.402 0.632 
p 0.0307 0.0000468 
n 29 35 

Table 5.2 Spearman’s correlation results for algal tissue δ15N values vs. water δ15N-NO3. δ15N 
(‰) values of marine surface water (Surface δ15N) and coastal groundwater (CGW δ15N) were 
correlated with δ15N (‰) values of both deployed Ulva and shore-collected tissues. Spearman’s 
correlation coefficient is shown as rs, the p-value is shown as p, and n represents sample size. 
All sample sites were within a 100 m distance of each other. 

Deployed 
N % 

Deployed 
C:N 

Shore-collected 
N % 

Shore-collected 
C:N 

Surface DIN rs 0.596 -0.661 0.8 -0.818 
p 0.000000276 0.0000002 0.0000002 0.0000002 
n 63 63 36 36 

CGW DIN rs 0.75 -0.77 0.726 -0.839 
p 0.0000002 0.0000002 0.0000002 0.0000002 
n 29 29 35 35 

Dissolved inorganic nitrogen (DIN) concentrations of marine surface water and coastal 

groundwater were significantly correlated with adjacent algal tissue N % and C:N values for both 

shore-collected and deployed samples (Table 5.1). Similar results were found for δ15N-NO3- values 

of marine and coastal groundwater with tissue δ15N values of both shore-collected and deployed 

algae (Table 5.2). Mean analytical error of duplicate algal samples was 5.2 % for tissue δ15N 

values, 2.5 % for tissue N, and 1.0 % for tissue C:N. Mean analytical error for water samples was 
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8.1 %, 1.8 %, 12.0 % 18.0 %, 67.7 %, 9.2 %, 13.0 %, and 18.8 % for δ15N-NO3-, SiO44-, NO3-, NO2-, 

NH4+,PO43-, TN, and TP, respectively.  

Significant differences among locations were detected for nutrient concentrations (TN, 

DIN, TP and PO43-) of marine surface water (Table 5.3) and coastal groundwater (Table 5.4) as 

well as mean algal tissue N parameters (δ15N, N %, and C:N) for deployed Ulva (Table 5.5) and 

shore-collected algae (Table 5.6). Significant differences in salinity were detected among 

locations for coastal groundwater samples (Table 5.4) but not marine surface water samples 

(Table 5.3). Mean DIN concentrations in marine surface water and tissue N % of deployed Ulva 

were high at Kahului, Māʻalaea, and Kuʻau Bays relative to Waiehu, Honomanu, and Honolua Bays 

(Figure 5.2). Using the mean DIN content of water and deployed Ulva tissue N % as indicators of 

available N (Figure 5.2), we compare nutrient relationships between high N locations (Kahului, 

Māʻalaea, and Kuʻau Bays) and Low-N locations (Waiehu, Honomanu, and Honolua Bays) below. 
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Figure 5.2 Mean marine surface DIN, phosphate, and deployed Ulva tissue N % from all locations. 
Study locations Waiehu (WB), Honomanu (HM), Honolua (HB), Kahului (KW), Māʻalaea (MB), and 
Kuʻau (KB) Bays appear in order of increasing marine surface DIN concentration. Mean 
concentrations of DIN are shown as dark bars on the primary y-axis (µM). Mean concentration of 
phosphate (PO43-, µM) are shown as light bars and tissue N % values of deployed Ulva samples 
are shown as closed circles on the secondary y-axis. Error bars indicate standard deviation of the 
mean. The dashed line separates Low-N locations (left of line) from High-N locations (right of 
line). 

High-N locations 

High-N locations had a mean ± standard deviation of TN and DIN in marine surface water, ranging 

from 11.2 µM ± 13.6 µM TN and 3.7 µM ± 4.6 µM DIN at Kahului Bay, to 29.9 µM ± 18.9 µM TN 

and 25.6 µM ± 17.8 µM DIN at Kuʻau Bay (Table 5.3). Kuʻau Bay had the highest concentration of 

N in both surface water (TN = 68.7 µM, DIN = 60.9 µM) and coastal groundwater (TN = 641.9 µM, 

DIN = 460.8 µM) of all samples. Mean N (TN and DIN) concentrations of surface water from Kuʻau 
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Bay were significantly greater than all Low-N locations, but not significantly different from 

Kahului and Māʻalaea Bays (Table 5.3). Coastal groundwater N (TN and DIN) concentrations 

(Table 5.4) had higher mean values than surface waters but showed similar trends among 

locations. Values of δ15N-NO3- were highest at Kahului Bay (Figure 5.3) in both surface water 

(mean 23.0 ‰ ± 11.1 ‰) and coastal groundwater (mean 13.7 ‰ ± 10.4 ‰). The δ15N-NO3- value 

of treated wastewater sampled from the Kahului WWRF (21.3 ‰) was within the range of δ15N-

NO3- values measured at Kahului Bay in both marine surface and coastal groundwater (Figure 

5.3). In general, TP and PO43- were highly variable within and among locations in both surface 

water (Table 5.3) and coastal groundwater (Table 5.4).  
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Type     cgw       cgw        cgw   ms   cgw   ms  cgw   ms  cgw   ms 

Location    WB        HM                   HB    KW                    MB   KB 

Figure 5.3 Individual value plot of δ15N values of water-NO3- at all locations. Coastal groundwater 
samples (cgw) are shown as circles and marine surface water samples (ms) are shown as squares. 
Study locations Waiehu (WB), Honomanu (HM), Honolua (HB), Kahului (KW), Māʻalaea (MB), and 
Kuʻau (KB) Bays appear in order of increasing marine surface DIN concentration as shown in 
Figure 5.2. The mean δ15N value of each category is shown as a cross. The dotted line represents 
the mean δ15N (‰) value of dissolved nitrate (2.3 ± 1.8 ‰) in water sampled from 15 drinking 
water wells near study locations during the summer of 2013 and 2014 (unpublished data). The 
dashed line represents the δ15N value of nitrate in treated wastewater effluent (21.3 ‰) sampled 
at the Kahului WWRF.  
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Table 5.3 Marine surface water nutrient concentrations. Total dissolved nitrogen (TN), dissolved 
inorganic N (DIN), total dissolved phosphorous (TP), and dissolved phosphate (PO43-) values are 
shown as mean ± standard deviation (µM) for each study location. Significant differences 
between locations were found for all variables except salinity using Kruskal-Wallis one way 
ANOVA on ranks (all p < 0.01). Locations which do not share a boldface letter are significantly 
different (p < 0.05) using Dunn’s pairwise comparisons on ranks.  

Location n Salinity TN DIN TP PO43- 

Waiehu 10 
 32.2 ± 

2.3 
A 

   4.7 ± 
0.8    
AC 

   0.1 ± 
0.1 
AC 

   0.00 ± 
0.01 

A 

  0.06 ± 
0.06 

B 

Honomanu 10 
 32.7 ± 

2.8 
A 

   3.9 ± 
0.4 
A 

   0.3 ± 
0.3 
AC 

   0.12 ± 
0.14 
AB 

   0.34 ± 
0.27 

A 

Honolua 11 
 33.7 ± 

0.9 
A 

   8.0 ± 
8.3 
AC 

   1.8 ± 
1.7 

ACD 

   0.09 ± 
0.11 
AB 

   0.10 ± 
0.12 
AB 

Kahului 22 
 33.4 ± 

1.4 
A 

  11.2 ± 
13.6    
BC 

   3.7 ± 
4.6 
BC 

   0.17 ± 
0.20 
AB 

  0.43 ± 
0.86 
AB 

Māʻalaea 11 
 31.7 ± 

2.5 
A 

  15.2 ± 
13.3   
BC 

   11.4 ± 
13.0 
BD 

   0.15 ± 
0.25 
AB 

  0.22 ± 
0.29 
AB 

Kuʻau 10 
 32.4 ± 

1.8 
A 

   29.9 ± 
18.9 

B 

   25.6 ± 
17.8 

B 

   0.17 ± 
0.13 

B 

   0.37 ± 
0.25 

A 
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Table 5.4 Mean coastal groundwater nutrient concentrations. Total dissolved nitrogen (TN), 
dissolved inorganic N (DIN), total dissolved phosphorous (TP), and dissolved phosphate (PO43-) 
values are shown as mean ± standard deviation (µM) for each study location. Significant 
differences between locations were found for all variables using Kruskal-Wallis one way ANOVA 
on ranks (all p < 0.01). Locations which do not share a boldface letter are significantly different 
(p < 0.05) using Dunn’s pairwise comparisons on ranks.  

Location n Salinity TN DIN TP PO43- 

Waiehu 4 
   19.7 ±  

12.7 
AB 

   5.8 ± 
2.1 
A 

   1.6 ± 
1.8 
A 

   3.09 ± 
3.39 
ABC 

   3.44 ± 
3.39 
AC 

Honomanu 5 
   3.1 ± 

5.8 
A 

 20.3 ± 
5.3 
AC 

  8.0 ± 
1.9 
A 

  3.41 ± 
1.91 
ABC 

   3.87 ± 
1.38 
AC 

Honolua 6 
   17.6 ± 

13.7 
AB 

  22.7 ± 
14.9 
AC 

   17.2 ± 
15.3 
AB 

   1.20 ± 
0.89 
ABC 

   1.27 ± 
0.87 
BC 

Kahului 8 
   6.9 ± 

3.3 
AB 

   54.2 ± 
48.0 
AC 

   45.3 ± 
39.9 
AB 

   0.91 ± 
0.57 
AC 

   1.92 ± 
0.65 
BC 

Māʻalaea 7 
 29.2 ± 

5.5 
B 

   45.4 ± 
62.0 

A 

  42.3 ± 
62.3 

A 

   0.83 ± 
0.90 
AC 

   1.01 ± 
1.03 
BC 

Kuʻau 7 
   2.9 ± 

2.9 
A 

 525.9 ± 
73.9 
BC 

 414.9 ± 
37.8 

B 

   5.25 ± 
1.36 

B 

   4.90 ± 
1.06 

A 
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Deployed Ulva had twice the mean tissue N % and one half the C:N values at High-N 

locations compared to Low-N locations (Table 5.5). Average values at High-N locations ranged 

from 2.01 % ± 0.71 % N and 15.4 ± 6.8 C:N at Māʻalaea, to 2.95 % ± 0.57 % N and 9.9 ± 1.7 C:N at 

Kuʻau Bay (Table 5.5). Final mean tissue N % in deployed samples increased from initial values at 

all High-N locations (Table 5.5). Final Ulva tissue N % and C:N values were generally significantly 

different between High-N and Low-N locations, but were similar within both location groups 

(Table 5.5).  

Distance from shore had a positive relationship with deployed Ulva tissue δ15N values and 

a negative relationship with tissue N % at both Māʻalaea (Figures 5.4a, 5.5) and Kuʻau (Figures 

5.4b, 5.6) Bays. Deployed Ulva tissue N % had a strong negative correlation with tissue δ15N 

values at Kuʻau (rs = -0.91, p < 0.001, n = 10) and Māʻalaea Bays (rs = -0.84, p = 0.002, n = 10). 

Marine surface water DIN concentration was positively related to the N % of deployed Ulva 

tissues at Kuʻau (F = 12.8721, r2 = 0.62, p = 0.007) and Māʻalaea (F = 8.2962, r2 = 0.70, p = 0.014) 

bays. A minimum δ15N value for deployed samples of 2.2 ‰ was measured from Ulva tissue 

adjacent to a groundwater spring in Māʻalaea Harbor. Shore-collected algae at Kuʻau bay had 

significantly lower mean tissue δ15N values than all other locations (Table 5.6). In general, 

relatively low mean tissue δ15N values (2.8 ‰ to 4.4 ‰) and high mean tissue N (2.0 % to 3.5 %) 

were detected in both shore-collected and deployed algae from Māʻalaea and Kuʻau Bays (Tables 

5.5, 5.6). 

Deployed Ulva tissue δ15N values had a significant negative relationship with increasing 

distance from the Kahului WWRF (Figures 5.4c, 5.7, 5.8). A similar trend was found for shore-

collected algae in an eastward direction from the WWRF (F= 39.8811, r2 = 0.71, p< 0.001), using 

longitude as a proxy for distance (Figure 5.7). In general, Ulva deployed nearshore at High-N 

locations had final δ15N values which were similar to mean δ15N values of shore-collected algal 

tissues (Figures 5.5, 5.6, 5.7). Figure 5.8 shows the highest algal tissue δ15N values were measured 

adjacent to the Kahului WWRF in both deployed Ulva (δ15N = 9.7 ‰) and shore-collected algae 

(δ15N = 15.3 ‰). Interpolated algal δ15N values ≥ 8 ‰ generally fell within the boundary of 

injected wastewater as estimated by Burnham et al. (1977) at the Kahului study location (Figure 

5.8).  
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Figure 5.4 Distance vs. deployed Ulva tissue δ15N and N %. Final values for deployed Ulva tissue 
δ15N (‰) (filled black circles) and N % (filled red diamonds) are shown on the y-axis. The x-axis 
represents distance (m) from the nearest shoreline. At Kahului Bay (c), the linear distance from 
the Kahului WWRF is shown on the x-axis. Regressions were performed for distance vs. Ulva 
tissue δ15N (black dotted line) and Ulva tissue N % (red dashed line) for all locations: a) Māʻalaea 
Bay. δ15N (‰) = 2.7411 + 0.3391*ln(X), F = 8.5348, R2= 0.52, p= 0.0192. N % = 2.5598*e(-0.0039*X), 
F = 6.6089, r2 = 0.45, p= 0.0331. b) Kuʻau Bay. δ15N (‰) = 2.7188 *X0.1244, F = 9.2524, r2 = 0.54, p 
= 0.0160. N % = 3.5061*e(-0.0028*X), F = 20.0566, r2= 0.71, p< 0.0021. c) Kahului Bay. δ15N (‰) = 
18.9551 – 1.8191*ln(X), F = 27.3428, r2 = 0.66, p = 0.0001. N % = 2.2339 + 0.0004*X, F = 0.6603, 
r2 = 0.05, p = 0.4300. d) Honomanu Bay. δ15N (‰) = 6.3815 + 0.0019(X), F = 0.3136, r2 = 0.05, p = 
0.5930. N % = 1.3995 - 0.0014, F = 2.2814, r2= 0.25, p = 0.1747). e) Waiehu Bay. δ15N (‰) = 6.2712 
+ 0.0049(X), F = 0.3136, r2 = 0.11, p = 0.3553. N % = 0.9837 + 0.0024, F = 5.1916, r2 = 0.39, p = 
0.0522). f) Honolua Bay. δ15N (‰) = 4.3292 + 0.0007(X), F = 0.0028, r2 = 0.00, p = 0.9594. N % = 
1.0301 - 0.0040, F = 2.0568, r2 = 0.26, p = 0.2015). Significant regressions are indicated as * p < 
0.05, ** p < 0.005, *** p< 0.0005. 
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Figure 5.5 Māʻalaea Bay location map. Sites of Ulva deployments, algal shore-collections, marine 
surface water (MS Water), and coastal groundwater samples (CG Water) are shown as filled 
circles, triangles, asterisks, and stars, respectively. Symbol colors at these sites indicate sample 
δ15N (‰) values as shown above. Boldface numbers indicate tissue N % values for deployed and 
shore-collected samples. 
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Figure 5.6 Kuʻau Bay location map. Sites of Ulva deployments, algal shore-collections, marine 
surface water (MS Water), and coastal groundwater samples (CG Water) are shown as filled 
circles, triangles, asterisks, and stars, respectively. Symbol colors at these sites indicate sample 
δ15N (‰) values as shown above. Boldface numbers indicate tissue N % values for deployed and 
shore-collected samples.   
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Figure 5.7 Kahului Bay location map. Sites of Ulva deployments, algal shore-collections, marine 
surface water (MS Water), and coastal groundwater samples (CG Water) are shown as filled 
circles, triangles, asterisks, and stars, respectively. Symbol colors at these sites indicate sample 
δ15N (‰) values as shown above. Boldface numbers indicate tissue N % values for deployed and 
shore-collected samples. 
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Figure 5.8 Interpolation of algal tissue δ15N values at Kahului Bay. Interpolated algal δ15N values 
are shown as blue shaded polygons. Algal sites used in the interpolation are shown as filled black 
circles and triangles for deployed Ulva and sites of shore-collected algae, respectively. The 
dashed line represents the two dimensional boundary of treated wastewater effluent disposed 
into Kahului WWRF injection wells (filled red stars) as estimated by Burnham et al. (1977). The 
location of the Kahului WWRF is shown within the red dotted line. 
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Low-N locations 

Marine surface water N concentrations at Low-N locations were generally an order of magnitude 

lower and less variable than High-N locations (Table 5.3). Marine surface water TN and DIN 

concentrations ranged from 5.3 µM ± 2.2 µM TN and 0.2 µM ± 0.2 µM DIN at Waiehu Bay, to 7.8 

µM ± 3.0 µM TN and 3.5 µM ± 0.4 µM DIN at Honolua Bay (Table 5.3). TN and DIN concentrations 

were not significantly different among Low-N locations in marine surface water (Table 5.3) or 

coastal groundwater (Table 5.4). The lowest values for water δ15N-NO3- were found in coastal 

groundwater (mean = 1.1  ‰ ± 0.7 ‰) at Honomanu Bay.  

Table 5.5 Mean deployed Ulva tissue nitrogen parameters vs. location. Values shown are mean 
± standard deviation. Initial values represent tissue N after preconditioning treatment on day 0 
of the deployment. Final values represent tissue N after deployment. Low-N locations are 
indicated by Low-N and High-N locations are indicated by High-N. One way Kruskal-Wallis ANOVA 
detected significant differences among locations for mean Ulva tissue δ15N (H = 45.603, p < 
0.001), N % (H = 45.394, p < 0.001), and tissue C:N (F (H = 42.334, p < 0.001). Locations which do 
not share a boldface letter are significantly different (p < 0.05) using Dunn’s test of pairwise 
comparisons. 

Location 
Final 

n 

Final 
δ15N 
(‰) 

Initial 
δ15N 
(‰) 

Final 
N 

(%) 

Initial 
N 

(%) C:N 
WB 10 6.5 ± 0.6 A 8.9 ± 0.4 1.11 ± 0.15 AD 1.7 ± 0.3 24.9 ± 2.7 A 
HM 9 6.6 ± 0.5 A 8.7 ± 0.4 1.25 ± 0.16 ACE 1.6 ± 0.4 22.3 ± 2.9 A 
HB 8 4.4 ± 0.9 BC 5.5 ± 0.5 0.83 ± 0.23 AC 0.5 ± 0.0 27.5 ± 6.9 A 

KW 16 7.1 ± 1.4 A 8.9 ± 0.4 2.52 ± 0.75 BF 1.7 ± 0.3 12.6 ± 4.0 B 
MB 10 3.9 ± 0.8 C 5.5 ± 0.5 2.01 ± 0.71 BDEF 0.5 ± 0.0 15.4 ± 6.8 AB 
KB 10 4.4 ± 0.8 BC 8.7 ± 0.4 2.95 ± 0.57 B 1.6 ± 0.4   9.9 ± 1.7 B 

Ulva tissues deployed at Low-N locations had low mean tissue N % and high tissue C:N, 

with final values ranging from 0.83 ± 0.23 % N and 27.5 ± 6.9 C:N at Honolua Bay, to 1.25 ± 0.16 

% N and 22.3 ± 2.9 C:N at Honomanu Bay (Table 5.5). Final mean δ15N and N % values of deployed 

Ulva tissues were lower than initial values at Honomanu and Waiehu Bays (Table 5.5). At Honolua 

Bay, a slight increase in mean tissue N % and a slight decrease in mean tissue δ15N from initial 

values of deployed Ulva was observed (Table 5.5). Significant relationships between distance 

from shore and deployed Ulva tissue parameters (N % and δ15N) were not detected at Low-N 
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locations: Honomanu Bay (Figures 5.4d, 5.9), Honolua Bay (Figures 5.4e, 5.10), and Waiehu Bay 

(Figures 5.4f, 5.11). Shore-collected algae from Waiehu (Table 5.6) had slightly lower mean tissue 

δ15N values than deployed Ulva samples (Table 5.5). Macroalgae were not present near the 

shoreline for collection at Honomanu or Honolua Bays. 

Table 5.6 Nitrogen parameters of shore-collected algal tissues. Values shown are mean ± 
standard deviation for locations (boldface) and for individual species by location. One way 
Kruskal-Wallis ANOVA detected significant differences among locations for δ15N (H = 89.681, p < 
0.001), % N (H = 25.192, p < 0.001), and tissue C:N (H = 35.994, p < 0.001). Locations which do 
not share boldface letter are significantly different (p < 0.05) using Dunn’s test of pairwise 
comparisons. 

Location n δ15N (‰)  N %    C:N 
Kahului Bay 36 8.5 ± 3.4 A 3.22 ± 0.78  A 8.6 ± 1.4 AB 

  A. spicifera 12 8.5 ± 3.4 3.29 ± 0.48 7.9 ± 0.6 
  H. musciformis 11 8.5 ± 3.9 3.62 ± 0.68 8.2 ± 1.1 
  U. spp. 13 8.6 ± 3.1 2.82 ± 0.90 9.5 ± 1.7 

Māʻalaea Bay 33 4.3 ± 0.7 B 2.90 ± 1.23 A 12.1 ± 5.5 B 

 U. spp. 33 4.3 ± 0.7 2.88 ± 1.28 12.1 ± 5.5 
Kuʻau Bay 31 2.8 ± 0.6 C 3.48 ± 0.78 A 8.1 ± 1.8 AB 

 A. spicifera 6 2.3 ± 0.9 3.24 ± 0.64 8.0 ± 1.7 
 H. musciformis 12 3.1 ± 0.6 4.14 ± 0.33 7.0 ± 0.4 
 U. spp. 13 2.8 ± 0.4 2.98 ± 0.73 9.1 ± 2.0 

Waiehu Bay 13 4.9 ± 0.4 AB 1.54 ± 0.49 B 17.1 ± 5.9 C 

  A. spicifera 12 4.9 ± 0.4  1.61 ± 0.44 15.7 ± 2.9 
 U. spp. 1 4.7 0.72 34.5 
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Figure 5.9 Honomanu Bay location map. Sites of Ulva deployments and coastal groundwater 
samples (CG Water) are shown as filled circles and stars, respectively. Symbol colors at these sites 
indicate sample δ15N (‰) values as shown above. Boldface numbers indicate tissue N % values 
for deployed and shore-collected samples. 
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Figure 5.10 Waiehu Bay location map. Sites of Ulva deployments, algal shore-collections, and 
coastal groundwater samples (CG Water) are shown as filled circles, triangles, and stars, 
respectively. Symbol colors at these sites indicate sample δ15N (‰) values as shown above. 
Boldface numbers indicate tissue N % values for deployed and shore-collected samples. 
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Figure 5.11 Honolua Bay location map. Sites of Ulva deployments and coastal groundwater 
samples (CG Water) are shown as filled circles and stars, respectively. Symbol colors at these sites 
indicate sample δ15N (‰) values as shown above. 
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Benthic analyses: Percent cover and diversity 

Large variation was observed in benthic assemblage among locations (Figure 5.12). Kuʻau and 

Māʻalaea Bays were dominated by fleshy (non-calcified) macroalgae (> 50 % cover) with greater 

than twice the mean percent cover of macroalgae compared to other locations (Figure 5.12). A 

significant difference in the proportion of benthic macroalgae among locations was detected (H 

= 51.45, p < 0.001). Tukey’s pairwise comparisons show Kuʻau and Māʻalaea Bays had a 

significantly greater proportion of macroalgae than Honomanu Bay (p < 0.01), Honolua Bay (p < 

0.01), and Kahului Bay (p < 0.01), but were not significantly different from each other. An inverse 

relationship between benthic cover of turf algae and macroalgae is apparent in Figure 5.12, and 

a negative correlation was detected (rs = -0.64, p < 0.001, n = 60). Corals were only present at 

Honomanu and Honolua bays representing ~ 15 % of the benthic surface (Figure 5.12). Non-coral 

invertebrates were rare at most locations except for Kahului Bay, where zoanthids accounted for 

50% to 90 % of benthic cover for most transects. 

Similar values for benthic diversity measures (Shannon’s Entropy, Simpson’s Dominance, 

and richness) were calculated for Honolua, Honomanu, Waiehu, and Māʻalaea Bays (Figure 5.12). 

Kahului and Kuʻau Bays had the lowest values for entropy, richness, and the highest dominance 

(Figure 5.12). The low diversity observed at these locations is likely driven by the high proportion 

of zoanthids at Kahului Bay and the siphonous chlorophyte Derbesia tenuissima, which accounted 

for ~ 60 % of benthic surface at Kuʻau Bay. Although Derbesia tenuissima represented ~ 35 % of 

the benthic surface at Māʻalaea Bay, at least seven other species of macroalgae were present. 

One species of non-native macroalgae, Acanthophora spicifera, was identified at three of six 

locations, accounting for ~ 4 % of the benthic surface in Waiehu Bay transects, but less than 

0.25 % at in Kahului and Māʻalaea Bays. 
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Figure 5.12 Benthic analyses by location. Benthic cover, shown as the proportion of a benthic 
type (y-axis), was calculated by sum of points identified (across 10 transects) divided by total 
points (2,500 points) per location (x-axis). Values for Shannon’s diversity (Entropy), Simpson’s 
dominance, and richness are shown for each location. Study locations Kuʻau (KB), Māʻalaea (MB), 
Waiehu (WB), Honomanu (HM), Honolua (HB), and Kahului (KW) Bays are shown in order of 
decreasing proportion of macroalgae (red). 

Discussion 

On a global scale, anthropogenic stressors such as coastal pollution, overfishing, and greenhouse 

gas emissions have been linked to substantial declines in coral cover and growth rates observed 

over the past few decades (Carpenter et al., 2008; Darling and Côté, 2013; De’ath et al., 2012; 

Kennedy et al., 2013; Sale and Hixon, 2014). When these stressors are combined, about 75 % of 

the world’s coral reefs are considered threatened (Burke et al., 2011). As of 2008, an estimated 

19 % of the original area of coral reefs has been effectively lost worldwide (Wilkinson, 2008). 

Meta-analyses have detected coral cover loss in excess of 50 % on Australia’s Great Barrier Reef 

(De’ath et al., 2012) and in the Caribbean (Edmunds and Elahi, 2007; Gardner et al., 2003); the 

average rate of coral cover loss was estimated at ~ 1.5 % y-1. A similar rate of decline was 

calculated for coral reefs of the Indo-Pacific (Bruno and Selig, 2007). Long-term monitoring 

programs in the United States report a 44 % decline in hard coral cover in the Florida Keys over 
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12 years (Donahue et al., 2008), and coral cover loss at 70 % of long-term sites on the main 

Hawaiian islands (Friedlander et al., 2008) during a similar time period. 

In addition to global anthropogenic impacts, opportunistic and non-native macroalgal 

blooms are one of the greatest threats to reef health on the main Hawaiian Islands (Conklin and 

Smith, 2005; Friedlander et al., 2008; Martinez et al., 2012; Nishimura, 2000; Smith, 2003; Smith 

et al., 2004a; Smith et al., 2002; Smith et al., 2005; Smith et al., 1981). Although coral cover 

averaged across 32 long-term monitoring locations in the main Hawaiian Islands has not changed 

significantly over a 12 year period, Maui had the highest proportion of sites (44 %) with significant 

loss of live coral (Rodgers et al., 2014). In this study, Maui reefs adjacent to sugarcane farms and 

wastewater injection wells generally had the most macroalgae, low diversity, and the highest N 

concentrations in algal tissues, coastal groundwater, and marine surface waters. In contrast, 

macroalgae were generally absent, corals were present, and nutrient concentrations in water 

were significantly lower at less impacted locations.  

Reef health and nutrient loading to coastal areas of Maui 

A mean decline in coral cover of 12.3 % was observed across 20 long-term monitoring locations 

on Maui from 1999 - 2013 (DLNR-DAR and UH-CRAMP, 2013; Rodgers et al., 2014). The most 

dramatic losses were from sites in Honolua Bay, Māʻalaea Bay, and Papaula Point, with an 

average coral cover loss of 50.1 % ± 26.2 % during this time period (DLNR-DAR and UH-CRAMP, 

2013; Rodgers et al., 2014). A 2013 benthic assessment at long-term CRAMP monitoring site, 

Honolua Bay South (3 m depth), showed mean values of 7.8 ± 3.7 % coral cover, 0.8 ± 0.8 % 

macroalgae, 75.2 ± 3.5 % turf algae, and 14.9 ± 5.0 % crustose coralline algae (DLNR-DAR and UH-

CRAMP, 2013). These values are similar to our 2014 benthic results at a nearly identical location 

in Honolua Bay, and our least impacted location, Honomanu Bay.  

The results of this study identified Kuʻau Bay as the most impacted study location because 

of the relatively High-N in algae and water, the presence of invasive algae the shoreline, high 

macroalgal cover, and low benthic diversity. A nearby CRAMP site, Papaula Point (10 m depth), 

located between Kuʻau bay and Kahului WWRF, has experienced the largest decline in coral cover 

of all CRAMP sites in Hawaiʻi (Rodgers et al., 2014). A recent phase shift has occurred at this site 
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(Walsh et al., 2010), with a decrease in coral cover from ~ 50 % in 1999 to ~ 6 % cover in 2013, 

while macroalgae cover (mostly A. spicifera) increased from ~ 25 % to 69 % (DLNR-DAR and UH-

CRAMP, 2013). Low δ15N (‰) values and high tissue N % in algae in this study and in Dailer et al. 

(2010), imply that synthetic fertilizer applied to adjacent sugarcane fields is the most likely source 

of nutrients to this area (Papaula Pt. to Kuʻau Bay).  

Similar to results from Kuʻau Bay, the combination of low δ15N and High-N concentrations 

in Ulva tissues and water samples from Māʻalaea Bay suggest high loading from a source with a 

low δ15N value. In a previous study, Dollar et al. (2011) concluded that SGD influences the 

nearshore reef at Māʻalaea within 100 m of the shoreline, and reported values for N parameters 

in macroalgae and water nutrient concentrations that were nearly identical to those of this study. 

Mean algal δ15N values from Māʻalaea reported by Dailer et al. (2010) showed similar trends. In 

agreement with the conclusions of Dollar et al. (2011), our results suggest that while shallow 

wastewater injection wells at adjacent condominiums at Māʻalaea may be a source of nutrients 

in the nearshore zone, fertilizer applied to adjacent sugarcane farms is the dominant source of N 

to this reef.  

As shown for other coastal areas impacted by wastewater (Barr et al., 2013; Costanzo et 

al., 2005; Dailer et al., 2010; Dailer et al., 2012a; Glenn et al., 2012; Glenn et al., 2013; Hunt and 

Rosa, 2009), algal tissue δ15N values were an effective indicator of wastewater in nearshore 

marine waters. The extent of the Kahului WWRF wastewater plume (outer boundary of the 

interpolated algal δ15N = 8 ‰, Figure 8) was remarkably similar to the results of numerical models 

that predicted the boundaries of the injected effluent plume fell, within  300 m to the east and 

west of the Kahului WWRF, and 600 m seaward (Burnham et al., 1977). Clear spatial patterns and 

relatively high δ15N values in algal tissues, coastal groundwater, and marine surface water 

sampled near the Kahului WWRF imply this facility is a source of N to adjacent reefs. This 

conclusion was further supported by the results of a concurrent study (unpublished data) that 

estimated coastal groundwater sampled adjacent to the Kahului WWRF contained between 54 % 

to 67 % wastewater on average (n = 3), using two naturally occurring isotopic tracers of water 

(δ2H and δ18O) and salinity. 
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Benthic analysis reveals the reef adjacent to Kahului WWRF had the lowest diversity of all 

locations in this study. Kahului Bay transects were almost entirely dominated by colonial 

zoanthids; a phenomenon not reported at any other monitoring location in the main Hawaiian 

Islands (Walsh et al., 2010). High zoanthid abundance in Kahului Bay may be related to 

wastewater discharge, as shown for multiple sites worldwide. In Tobago, West Indies, zoanthids 

were a significant component (> 20 % cover) and Ulva tissues had higher δ15N values at a reef 

impacted by a wastewater outfall compared to other sites (Lapointe et al., 2010). Zoanthid 

dominance at shallow inshore reefs was related to non-point source sewage pollution and 

strongly correlated with Enterococcus concentrations, suggesting their dominance under 

hypertrophic, fecal-polluted conditions in southwestern Puerto Rico (Hernández-Delgado et al., 

2008). In Bahia, Brazil, zoanthid abundance was linked to increased nutrients associated with 

wastewater-enriched SGD (Costa et al., 2008). In Kāneʻohe Bay, Oʻahu, municipal wastewater 

input at multiple sites caused a shift in benthic community structure during the early 1970’s from 

corals to filter feeders such as zoanthids, sponges, and barnacles (Laws, 2000; Smith et al., 1981). 

In the southern part of Kāneʻohe Bay, extensive beds of zoanthids replaced scleractinian corals 

on shallow patch and fringing reefs (Walsh and Bowers, 1971).  

Algal bioassays: Tracking changes in tissue chemistry across spatial gradients 

This study helps refine the use and interpretation of algal bioassays in three ways: 1) Initial values 

of algal tissue δ15N and N % were important for tracking changes in algal tissue chemistry. 2) The 

presence and type of spatial relationships in both tissue δ15N and N % values along onshore-

offshore gradients was related to N source and level of N loading. 3) Shore-collected algal tissues 

reflected values and spatial trends in both deployed algal samples and water quality. Although 

many studies used algal tissue δ15N values to detect wastewater in coastal areas (Cole et al., 

2005; Costa et al., 2008; Costanzo et al., 2000; Dailer et al., 2013; Dailer et al., 2010; Dailer et al., 

2012a; Derse et al., 2007; Dollar et al., 2011; Dudley and Shima, 2010; Gartner et al., 2002; Hunt 

and Rosa, 2009; Riera et al., 2000; Umezawa et al., 2002), tissue N % was typically not reported. 

In this study, we showed that tracking changes in both tissue δ15N and N % values can inform N 

source identification and level of N loading. For example, it is often difficult to distinguish fertilizer 
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as a source of N using δ15N values alone because many sources have δ15N values which span a 

similar range (Kendall et al., 2007). We deployed preconditioned Ulva tissues with relatively low 

initial tissue N % and δ15N values which were slightly higher than those typically reported for 

synthetic fertilizer and natural soil N (Kendall et al., 2007), in order to detect N uptake from local 

sources. Samples deployed near shore at Kuʻau and Māʻalaea Bay showed decreases in tissue 

δ15N values and increases in N % over the deployment period; this implies uptake of N derived 

from a source with a low δ15N value (i.e., synthetic fertilizer). Identical trends in tissue N 

parameters with distance from shore found at these two locations implied N-loading via SGD was 

highest nearshore and decreased with distance from the shoreline.  

Changes in tissue N % are particularly informative when tissue δ15N values remain 

constant while N % increases. Although the final tissue δ15N values of samples deployed near 

Kahului WWRF were similar to pre-deployment values, final tissue N % was greater than twice 

the initial concentration, implying these samples rapidly acquired N from a denitrified source 

(i.e., treated wastewater). Samples deployed further offshore at Kahului Bay generally had 

increased tissue N % and decreased tissue δ15N, which suggested that final tissue N was a mix of 

pre-deployment N and uptake of a N source with lower δ15N value (i.e., oceanic surface water). 

In Hawaiʻi, oceanic surface waters (0-150 m) typically have very low levels of DIN with low δ15N 

values (~ 0 to 3.5 ‰ ± 1 ‰) (Casciotti et al., 2008). We suggest the lack of spatial trends in 

deployed algal tissue N parameters (δ15N and N %), in addition to relatively minimal changes in 

(or loss of) tissue N %, as observed at Low-N locations in this study (Honolua, Honomanu, and 

Waiehu), may be characteristic of relatively unimpacted coastal ecosystems.  

We recommend shore-collection of naturally occurring macroalgae as a preliminary 

assessment available N, as well as a supplement to algal deployment bioassays and conventional 

water sampling. Shore-collected samples may reflect available N more accurately than short-

term deployments because final tissue N values are not influenced by initial values. However, 

deployment of preconditioned tissues provides controlled and robust comparisons of available 

N among multiple sites and locations. In addition, algal tissue deployments in multiple 

dimensions allow for the use of interpolation techniques that can provide more information on 

the extent of impacted area. Using a three-dimensional Ulva deployment array, Dailer et al. 
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(2012a) showed wastewater-enriched SGD (from Lahaina WRRF injection wells) was most 

concentrated near the surface, and SGD flux varied over time at many sites. In Moreton Bay, 

Australia, Costanzo et al. (2005) tracked the effectiveness of wastewater plant upgrades from 

1998 to 2003 using Catennella nipae deployed at ~ 100 sites across 60 km. 

Figure 5.13 Conceptual model of N loading from potential sources in Hawaiʻi. Ulva tissue δ15N 
(‰) is shown on the x-axis and tissue N % is shown on the primary y-axis. Potential N source(s) 
and relative N-loading (secondary y-axis) are identified by plotting an Ulva sample’s tissue δ15N 
value and its tissue N % value. Natural sources of N include soil, precipitation, and marine surface 
N. Fertilizer represents synthetic products of nitrate and/or ammonium. Mixed refers to δ15N 
values which result from N uptake from multiple sources with different δ15N signatures. 
Wastewater refers to denitrified sources of human and animal waste including septic, cesspools, 
and facilities utilizing primary, secondary, or higher levels of treatment. The range of δ15N values 
for a potential N source is based on reported values reviewed in Kendall et al. (2007) and Dailer 
et al. (2010). 
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Conclusions 

It is clear that the combined use of algal tissue δ15N and tissue N % values provides more 

information on potential N sources and amount of N than δ15N values alone. Building on the work 

of Barr et al. (2013), we present a conceptual model to assist in N source identification that 

integrates both Ulva tissue δ15N and N % values observed in this and other studies in Hawaiʻi 

(Figure 5.13). Unlike the natural baseline range for Ulva δ15N values of 6.6‰ to 8.8 ‰ suggested 

for New Zealand (Barr et al., 2013), natural baseline values in this Hawaiʻi model are closer to 

zero, reflecting a mix of natural terrestrial and marine surface water N sources. In Hawaiʻi, 

macroalgal tissue δ15N values typically range from 0 ‰ to 4 ‰ from samples located at relatively 

unimpacted sites on Maui (Dailer et al., 2010), Oʻahu (Cox et al., 2013), Kauai (Derse et al., 2007), 

and Hawaiʻi Island (Dailer et al., 2013; Kim et al., 2014).  

Based on our results, we suggest a value of 2 % for Ulva tissue N to represent a threshold 

between locations impacted by relatively High-N loading, and relatively unimpacted sites with 

Low-N loading, in Hawaiʻi. A similar trend was observed in areas with a large N “footprint” across 

islands in Hawaiʻi (Van Houtan et al., 2014). In addition, maximum growth rates were observed 

for Ulva lactuca when tissue N was ≥ 2 % in a controlled setting in Hawaiʻi (Dailer et al., 2012b). 

This conceptual model is intended to aid in the identification of potential N sources and relative 

amount of loading to Hawaiian coastal ecosystems. It is particularly suited for use with naturally 

occurring (e.g. shore-collected) Ulva samples, in which tissue N parameters reflect N available at 

a single site. When applying this model to deployed Ulva samples, initial tissue N values should 

be considered as discussed above.   

Anthropogenic nutrient enrichment of coastal groundwater, and its subsequent delivery 

via SGD, may present a chronic stress to many nearshore ecosystems. In this study, fertilizer 

enriched SGD provided orders of magnitude more N to macroalgal dominated reefs proximal to 

sugarcane fields, compared to relatively unimpacted locations on Maui. These findings imply the 

largely ubiquitous process of SGD represents a significant nexus connecting land use practices to 

coastal water quality and reef health on Maui. In order to protect the health of nearshore reefs, 

loading of anthropogenic nutrients and other pollutants to coastal groundwater must be 

minimized.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

Our collective vision for the future should include a world where humans coexist with healthy, 

diverse communities of organisms within habitats that are free of toxins and pollutants. To some, 

the goal of conservation and restoration is the return of ecosystems to a natural state that 

resembles a time before human alteration. In many locations, this may not be possible due to 

the lack of baseline data, or changes that cannot be reversed. Considering that humans are a part 

of, and play a significant role in, the “natural world,” it may be more realistic to envision future 

ecosystems where resources, materials, and waste products are tightly recycled between 

humans and habitats. As the demand for resources continues to increase with the growing global 

human population, it is essential that we protect and maintain essential ecosystem services. 

From the food we eat and the water we swim in, to the air we breathe, human health is 

inextricably linked to environmental health. 

It is obvious that humans have greatly altered the natural world. Forests have become 

farmlands, reefs have become harbors, and wetlands have become cities over a very short 

geological timeframe. More than 50 years of research has documented the decline of natural 

systems, yet governments and corporations continue to choose profits over penguins. 

Anthropogenic stressors such as overfishing, nutrient enrichment, coastal development, 

pollution, and global warming have been linked to the decline of coral reefs worldwide. In order 

to begin (or continue) the process of restoration and conservation of coastal ecosystems, the 

sources and mechanisms that lead to habitat degradation must be identified. This dissertation 

developed with this goal in mind: To identify the sources, mechanisms, and impacts of coastal 

nutrient pollution at select sites in Hawaiʻi with an emphasis on the process of submarine 

groundwater discharge (SGD).  

At the onset of this research, evaluating the connection between terrestrial sources of 

wastewater and marine ecosystems was a priority. Recent studies in West Maui strongly 

suggested that wastewater injection wells at the Lahaina wastewater reclamation facility 

(WWRF) were a source of nutrients to shallow reefs. Although the Clean Water Act prohibits un-
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permitted discharge of pollutants into “waters of the US”, groundwater is not explicitly included. 

However, some courts have recently concluded that permits are required for the indirect 

discharge of pollutants where there is a connection or link between discharged pollutants and 

their addition to navigable waters, or a significant nexus between sources and impact exists 

(Dailer et al., 2010). Therefore, it was essential to establish SGD as a vector, transport mechanism, 

or significant nexus between terrestrial pollutants and marine ecosystems in this work.  

Using multiple tracers and methods from many disciplines, the results of this dissertation 

show that groundwater-derived N is transported to nearshore reefs via SGD where it is available 

for use by marine organisms. Quantification of radioisotope activity, water quality, and 

subsurface resistivity proved useful in the characterization of SGD, whereas algal bioassays, 

physiological measurements, and benthic assessments were essential to demonstrate the impact 

of SGD on reef communities. In chapter four, I present the first evidence that wastewater 

injection wells may be source of nitrogen (N) to shallow coastal waters adjacent to Waimanalo 

wastewater treatment plant (WWTP) on Oʻahu and the Kahaului WWRF on Maui. While this data 

was compelling enough to garner interest and concern from the Hawaiʻi Department of Health 

and the EPA, I am aware that it may not be sufficient to influence local policy changes alone. 

Perhaps a more conventional assessment, such as the use of dye tracers, is warranted for these 

sites. Glenn et al. (2013) provided irrefutable evidence of a hydraulic connection between the 

injection wells at a Lahaina wastewater reclamation facility (WWRF) and shallow marine springs 

using fluorescent dyes.  

The Lahaina WWRF dye tracer study may have been the linchpin holding together a 

decade of research in a recent court case. In May of 2014, a federal district court ruled that Maui 

County was in violation of the Clean Water Act (Osher, 2014). This ongoing legal battle involving 

Maui County, the United States Environmental Protection Agency (USEPA) and environmental 

organizations provide an interesting example of the interplay between science, government, law, 

and public opinion. Although the Clean Water Act can be a powerful tool in court, it is unfortunate 

that our local governments did not respond sooner to potential threats to Hawaiian coral reefs 

and ultimately, Hawaiʻi’s economy. The near shore ecosystems of Hawaiʻi provide recreational 

opportunities for millions of visitors each year, which support Hawaiʻi’s largest industry: tourism. 
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Reef related tourism and recreation add ~ $364 million dollars to Hawaiʻi’s economy each year 

while near shore reefs contribute ~ $1 billion in gross revenues annually for the state (National 

Oceanic and Atmospheric Administration, 2005). A recent report estimates that the total 

economic value for protecting and restoring Hawaiian Coral Reefs is ~ $34 billion y-1 (Bishop et 

al., 2011). Even relatively small scale macroalgal blooms, such as the accumulation of the alien 

alga Hypnea musicformis on beaches in Kihei, Maui can significantly impact local economics (Van 

Beukering and Cesar, 2004). 

High-volume point sources of pollutants, such as municipal wastewater injection wells, 

should be relatively easy to mitigate because they are commonly operated by local governments 

and directly impact a relatively small area. However, thousands of private injection wells may 

exist in the Hawaiian Islands, many of which have no known permit or existing records (Hudson 

Slay, personal communication, 8/12/14). One solution that has always fascinated me is the use 

of algae to treat wastewater before discharge to the environment occurs. Many programs 

worldwide have been successful at removing excess nutrients from wastewater while 

simultaneously producing energy and clean water. When sewage is viewed as a resource, there 

is no wastewater, only water that is wasted. 

 Mitigating non-point sources of pollution will likely be an even more difficult task. It will 

take a monumental effort to upgrade Hawaiʻi’s 90,000 cesspools to an adequate level of 

treatment. Hawaiʻi is the only state that still allows the construction of cesspools; at least 800 

new cesspool units are permitted each year (State of Hawaiʻi, 2015b). The results presented in 

chapter four suggest cesspools on Oʻahu are source of N to coastal waters and associated plants 

at many locations. This work has no doubt been very timely in delivery of this important message. 

Multiple bills were introduced in early 2015 to the Hawaiʻi State Legislature (28th legislature) with 

the goal of phasing out cesspools (State of Hawaiʻi, 2015a): HB1140 and its companion bill SB1272 

aim to establish a tax credit for upgrading existing cesspools, while HB1141 would prohibit the 

construction of new cesspools if passed. As pointed out by marine science professors at the 

University of Hawaiʻi at Hilo, replacing all the cesspools in Hawaiʻi with septic tanks (average cost 

~ $6,000 per unit) would cost ~ $540 million (Testimony to the Department of Health, State of 
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Hawaiʻi, 10/02/2014). Although this seems like a large sum, a one-time cost of $540 million is 

minuscule compared to $1 billion in the annual revenue contributed by nearshore reefs. 

In addition to cesspools, non-point source pollution from agricultural activities is a major 

threat to coral reefs of because of the large spatial scale at which fertilizer and other 

agrochemicals are applied. Coastal springs sampled in this study that were adjacent to sugarcane 

fields at Kuʻau Bay, Maui had extremely High-N levels (Chapter 5); these samples may represent 

the highest N values reported for coastal groundwater in Hawaiʻi. Benthic community analyses 

presented in chapter five suggest that fertilizer-enriched SGD may support high cover of 

opportunistic algal species and reduced reef diversity. Similar results were found for Māʻalaea 

Bay, which is also flanked by sugarcane fields.  

The results reported in this dissertation support the conclusions of many studies that 

suggest SGD is a ubiquitous, highly-variable, worldwide phenomenon with important 

biogeochemical implications (Burnett et al., 2003; Gallardo and Marui, 2006; Kim et al., 2005; 

Moore et al., 2008; Santos, 2008; Slomp and Van Cappellen, 2004; Zhang and Mandal, 2012). This 

work furthers our understanding of how biological reef organisms and communities are 

influenced by complex interactions among many factors associated with SGD flux such as land 

use, geology, and tidal cycles. In regions that are relatively unimpacted by humans, reef 

organisms may have become adapted to, and now rely on, the modest nutrient subsidies 

provided by fresh groundwater discharge. In regions impacted by overfishing and other 

anthropogenic activities, nutrient-enriched groundwater may be detrimental to nearshore reefs. 

These impacts are likely to be greater in oligotrophic regions where primary productivity is 

limited by the availability of macronutrients. In chapter five, low levels of nutrients in coastal 

groundwater from relatively unimpacted regions of Maui did not produce a noticeable effect on 

algal tissue chemistry or benthic communities. In contrast, poor reef health and distinct spatial 

trends in algal tissue N parameters were observed at locations with high concentrations of N in 

coastal groundwater.  

Although benthic macro-communities are a good indicator of reef health, herbivorous 

pelagic species may be equally important in maintaining a balanced ecosystem. In the last 

decade, I have seen the disturbing evidence of the indirect effects of nutrient enrichment on the 
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green sea turtle, Chelonia mydas. My colleagues have provided strong evidence for a relationship 

between the turtle tumor disease Fibropapillomatosis (FP), and land use in Hawaiʻi. Van Houtan 

et al. (2010) hypothesize that elevated levels of arginine, an FP tumor promoting amino acid, are 

found in the diets of turtles that consume common reef algae growing in locations adjacent to 

watersheds with High-N loads (Van Houtan et al., 2010). Turtles foraging at eutrophic sites, like 

Kuʻau or Māʻalaea Bays, were estimated to consume 14 times more arginine than background 

levels (Van Houtan et al., 2014). Using a geographically weighted regression approach similar to 

that found in chapter 3, 72 % of the spatial variability of FP in turtles was explained by the “N 

footprint” of watersheds across the main Hawaiian Islands (Van Houtan et al., 2010). 

It has become clear that the quality of coastal groundwater can influence the health of 

adjacent marine ecosystems wherever coastal groundwater is connected to the sea. As stated 

above, the level of impact is dependent on complex interactions that include both biotic and 

abiotic factors. Comparisons of groundwater models with algal bioassays agree with other SGD 

studies in that relationships between land based sources of N, and N available to marine 

ecosystems, are spatially variable (Chapter 3). I hypothesize that this is due to differences in local 

hydrologic parameters, and suggest that anthropogenic impacts may need to be evaluated at the 

watershed scale. In many cases, it is possible to mitigate these impacts if appropriate 

management strategies are adopted. Restoration programs that incorporate a ridge-to-reef 

perspective should be implemented with the goal of reducing nutrient and sediment loading to 

near shore ecosystems. Marine protected areas have been shown to halt the loss of coral and 

increase fish biomass (Selig and Bruno, 2010). Using similar concepts, recent research suggests 

that the reversal of phase shifts and return of natural communities is possible under the right 

conditions (Smith et al., 2010). 

Although baseline information is a necessary part of any restoration effort, many 

scientists are tired of leading and reading reef surveys that document the downward spiral of 

marine ecosystems. If we are to have any reefs left that provide healthy sources of food and 

recreation, immediate action is required. Whatever form future restoration efforts take, it is 

essential to have the support of the local community. Examples of successful restoration efforts 

in the Pacific emphasize the importance of integrating social and cultural elements into 
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restoration solutions (Richmond et al., 2011). Future development and conservations efforts 

must include humans as an integral part of a healthy and balanced ecosystem. Homo sapiens are 

a unique keystone species. We have the ability to reflect on our past, evaluate our options, and 

proceed in a direction that will influence the survival of our species on this planet. In order to 

preserve essential ecosystem services that provide clean air and water, we must collectively 

choose penguins over profits. 
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APPENDIX 

Table A.1 Wailupe water sample data. Values from samples collected in 2010 were obtained from 
Holleman (2011). The units of salinity are ‰ and specific nutrient values are shown in μM units. 
Letters A, B, and C in sample names indicate the study location. Samples with Low, LowLow, and 
High in the sample name indicate that samples were collected during the low, lower low, or high 
tide, respectively. 

Sample name Date latitude longitude Salinity PO4
3-  SiO4

2- N+N NH4
+ 

Wailupe A Low 5/6/2014 21.27565 -157.76250 21.3    1.04 312.20 23.50 1.04 
Wailupe B Low 5/6/2014 21.27517 -157.76230 34.9 0.08 16.50 0.58 0.29 
Wailupe C Low 5/6/2014 21.27298 -157.76151 35.0 0.09 1.60 0.09 0.46 
Wailupe A High 5/14/2014 21.27565 -157.76250 34.3 0.14 25.40 1.86 0.75 
Wailupe B High 5/14/2014 21.27517 -157.76230 34.7 0.05 6.70 0.18 0.38 
Wailupe C High 5/14/2014 21.27298 -157.76151 34.5 0.02 9.50 0.08 3.25 
Wailupe C LowLow 5/15/2014 21.27298 -157.76151 34.4 0.02 2.30 0.08 0.45 
Wailupe B LowLow1 5/15/2014 21.27517 -157.76230 11.0 1.26 492.60 21.66 0.78 
Wailupe B LowLow2 5/15/2014 21.27517 -157.76230 24.0 0.59 217.20 8.08 1.66 
Wailupe A LowLow 5/15/2014 21.27565 -157.76250 3.0 1.95 668.80 42.70 0.64 

Wailupe PP1 Low 5/30/2010 21.27543 -157.76248 25.82 0.56 210.40 15.85 0.98 
Wailupe PP2 Low 5/30/2010 21.28592 -157.79432 34.98 0.23 21.60 0.58 0.52 
Wailupe PP3 Low 5/30/2010 21.27545 -157.76247 25.98 0.74 202.50 11.94 5.41 
Wailupe PP4 Low 5/30/2010 21.27530 -157.76245 33.51 0.09 42.50 0.57 0.74 
Wailupe PP5 Low 5/30/2010 21.27520 -157.76240 33.98 0.13 25.30 0.38 0.39 
Wailupe PP1 High 5/30/2010 21.27543 -157.76248 35.13 0.12 7.70 0.18 0.28 
Wailupe PP2 High 5/30/2010 21.28592 -157.79432 35.12 0.10 7.30 0.17 0.45 
Wailupe PP3 High 5/30/2010 21.27545 -157.76247 35.14 0.13 7.90 0.16 0.50 
Wailupe PP4 High 5/30/2010 21.27530 -157.76245 35.14 0.12 8.30 0.16 0.26 
Wailupe PP5 High 5/30/2010 21.27520 -157.76240 35.15 0.10 6.40 0.13 0.17 
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Table A.2 Percent cover of various land-use types for Waimānalo and Kahana. Land-use data was 
obtained from State of Hawaiʻi Office of Planning (State of Hawaiʻi Office of Planning, 2014) and 
reclassified into five land-use types (forest and rangeland, residential, commercial, urban, and 
agriculture) in the software ArcMap 10.0. Individual polygons were compared with ArcMap aerial 
imagery and adjusted to reflect actual boundaries. Waimānalo and Kahana Valleys have an 
estimated total area 28.6 km2 and 21.6 km2, respectively. 

Land-use Type Waimānalo Kahana 
Agriculture 31.1 % 0.3 % 
Commercial 14.7 % 0.0 % 
Forest and Rangeland 43.5 % 99.0 % 
Residential  10.0 % 0.7 % 
Urban 0.7 % 0.0 % 
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Table A.3 Waimānalo and Kahana Ulva sample data. Samples with sites names beginning with 
a W or K were located in Waimānalo or Kahana, respectively and latitude and longitude indicate 
the location of sample deployment (Datum = WGS 1984). Sample names containing PD indicate 
samples that were submitted for initial tissue analysis (post-acclimation/pre-deployment); 
latitude and longitude of these samples indicate the location of the initial collection site. 
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Table A.3 continued. 
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Figure A.1 Percent change in resistivity at Waimānalo Bay. Measurements of electrical resistivity 
were conducted using a SuperSting on June 15th, 2012. Earth Imager 2D was used to calculate 
percent change in resistivity, from low to high tide (measurement 9 minus measurement 1) at 
Waimānalo Bay, using an underwater terrain file calibrated to low-tide electrode geometry . 
Black dots indicate individual electrodes along the streamer (black line) at three meter spacing. 
Horizontal distance (m) is shown on top (x-axis) of each image with electrode #37 (E37) at 0 m 
and electrode #1 (E1) at 108 m while vertical distance with respect to sea level is shown on the 
y-axis (m). RMS error = 31.71 %, L2 = 1.00 
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Figure A.2 Nutrient concentrations of Waimānalo WWTP effluent. Annual Mean values for total 
Kjeldahal nitrogen (TKN), ammonia (NH3), nitrate + nitrite (N + N), and total phosphorous (TP) are 
shown on the y-axis for years 2004 to 2013 (x-axis). Units are mg/l. 
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Table A.5 Spearman’s correlation results for marine surface water samples. The correlation 
coefficient (rs) and p-value (p) is shown for parameters salinity, silicate (SiO44-), total dissolved 
nitrogen (TN), dissolved inorganic N (DIN), total dissolved phosphorous (TP), and dissolved 
phosphate (PO43-). Marine surface water samples from study locations were pooled; n = 74. 

 SiO44- TN DIN TP PO43- 
Salinity rs -0.50 -0.38 -0.40 -0.42 -0.49 

p 0.00000632 0.000955 0.000481 0.000185 0.0000136 

SiO44- rs 0.38 0.67 0.56 0.93 
p 0.000995 0.0000002 0.000000353 0.0000002 

TN rs 0.68 0.53 0.32 
p 0.0000002 0.0000016 0.00523 

DIN rs 0.56 0.65 
p 0.000000344 0.0000002 

TP rs 0.64 
p 0.0000002 
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Table A.6 Spearman’s correlation results for marine surface water at Honolua Bay. Samples were 
collected adjacent to deployment cages at Honolua Bay. The correlation coefficient (rs) and p-
value (p) is shown for parameters distance from shore (distance) in meters, salinity, silicate (SiO44-

), total dissolved nitrogen (TN), dissolved inorganic N (DIN), total dissolved phosphorous (TP), and 
dissolved phosphate (PO43-). n = 9. 

Salinity SiO44- TN DIN TP PO43- 
Distance rs 0.48 -0.95 0.13 -0.90 -0.32 -0.85 

p 0.169 0.0000002 0.709 0.0000002 0.381 0.000392 

Salinity rs -0.56 -0.12 -0.44 -0.22 -0.28 
 p 0.0988 0.742 0.223 0.55 0.434 

SiO44- rs 0.12 0.95 0.49 0.90 
p 0.742 0.0000002 0.169 0.0000002 

TN rs 0.18 0.66 0.18 
p 0.612 0.0428 0.612 

DIN rs 0.58 0.98 
p 0.0874 0.0000002 

TP rs 0.638 
p 0.0583 
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Table A.7 Spearman’s correlation results for marine surface water at Honomanu Bay. Samples 
were collected adjacent to deployment cages at Honomanu Bay. The correlation coefficient (rs) 
and p-value (p) is shown for parameters distance from shore (distance) in meters, salinity, silicate 
(SiO44-), total dissolved nitrogen (TN), dissolved inorganic N (DIN), total dissolved phosphorous 
(TP), and dissolved phosphate (PO43-). n = 9 

 Salinity SiO44- TN DIN TP PO43- 
Distance rs 0.45 -0.53 -0.60 -0.60 -0.82 -0.73 

p 0.204 0.124 0.0769 0.0769 0.00393 0.02 

Salinity rs -0.80 -0.77 -0.89 -0.80 -0.58 
p 0.00625 0.0121 0.0000002 0.00625 0.0874 

SiO44- rs 0.65 0.80 0.82 0.88 
p 0.0501 0.00625 0.00393 0.0000002 

TN rs 0.82 0.73 0.63 
p 0.00393 0.02 0.0583 

DIN rs 0.76 0.65 
p 0.0121 0.0501 

TP rs 0.817 
p 0.00393 
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Table A.8 Spearman’s correlation results for marine surface water at Kahului Bay. Samples were 
collected adjacent to deployment cages at Kahului Bay. The correlation coefficient (rs) and p-
value (p) is shown for parameters distance from Kahului WWRF (distance) in meters, salinity, 
silicate (SiO44-), total dissolved nitrogen (TN), dissolved inorganic N (DIN), total dissolved 
phosphorous (TP), and dissolved phosphate (PO43-). n = 16 

 Salinity SiO44- TN DIN TP PO43- 
Distance rs -0.02 -0.11 -0.02 0.24 0.34 -0.06 

p 0.935 0.68 0.935 0.366 0.198 0.814 

Salinity rs -0.335 -0.515 -0.374 -0.361 -0.188 
 p 0.198 0.0402 0.149 0.163 0.476 

SiO44- rs 0.0941 0.741 0.0981 0.965 
p 0.72 0.00 0.71 0.00 

TN rs 0.20 0.44 0.02 
p 0.456 0.0866 0.935 

DIN rs 0.364 0.774 
p 0.16 0.0000328 

TP rs 0.142 
p 0.594 
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Table A.9 Spearman’s correlation results for marine surface water at Māʻalaea Bay. Samples were 
collected adjacent to deployment cages at Māʻalaea Bay. The correlation coefficient (rs) and p-
value (p) is shown for parameters distance from shore (distance) in meters, salinity, silicate (SiO44-

), total dissolved nitrogen (TN), dissolved inorganic N (DIN), total dissolved phosphorous (TP), and 
dissolved phosphate (PO43-). n = 10 

 
Salinity SiO44- TN DIN TP PO43- 

Distance rs 0.81 -0.50 -0.78 -0.67 -0.63 -0.69 
p 0.00257 0.126 0.00523 0.029 0.048 0.0252 

Salinity rs -0.61 -0.75 -0.73 -0.69 -0.66 
 p 0.0537 0.0108 0.0131 0.0252 0.0332 

SiO44- rs 0.75 0.88 0.84 0.87 
p 0.0108 0.0000002 0.0000002 0.0000002 

TN rs 0.81 0.69 0.84 
p 0.00257 0.0252 0.0000002 

DIN rs 0.97 0.94 
p 0.0000002 0.0000002 

TP rs 0.919 
p 0.0000002 
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Table A.10 Spearman’s correlation results for marine surface water at Kuʻau Bay. Samples were 
collected adjacent to deployment cages at Kuʻau Bay. The correlation coefficient (rs) and p-value 
(p) is shown for parameters distance from shore (distance) in meters, salinity, silicate (SiO44-), 
total dissolved nitrogen (TN), dissolved inorganic N (DIN), total dissolved phosphorous (TP), and 
dissolved phosphate (PO43-). n = 9 

Salinity SiO44- TN DIN TP PO43- 
Distance rs 0.94 -0.71 -0.76 -0.75 -0.59 -0.72 

p 0.0000002 0.0186 0.0087 0.0108 0.0665 0.0157 

Salinity rs -0.70 -0.72 -0.70 -0.56 -0.66 
 p 0.0217 0.0157 0.0217 0.0812 0.0332 

SiO44- rs 0.99 0.96 0.87 0.89 
p 0.0000002 0.0000002 0.0000002 0.0000002 

TN rs 0.99 0.89 0.93 
p 0.0000002 0.0000002 0.0000002 

DIN rs 0.93 0.95 
p 0.0000002 0.0000002 

TP rs 0.976 
p 0.0000002 
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Table A.11 Spearman’s correlation results for marine surface water at Waiehu Bay. Samples were 
collected adjacent to deployment cages at Waiehu Bay. The correlation coefficient (rs) and p-
value (p) is shown for parameters distance from shore (distance) in meters, salinity, silicate (SiO44-

), total dissolved nitrogen (TN), dissolved inorganic N (DIN), total dissolved phosphorous (TP), and 
dissolved phosphate (PO43-). n = 10 

 
 
 
 
  

  Salinity SiO44- TN DIN TP PO43- 
Distance rs 0.71 -0.75 -0.82 -0.19 -0.59 -0.56 

 p 0.0186 0.0108 0.0015 0.583 0.0665 0.0812 
         

Salinity rs  -0.99 -0.53 -0.12 -0.39 -0.84 
 p  0.0000002 0.107 0.733 0.243 0.0000002 
         

SiO44- rs   0.59 0.07 0.39 0.86 
 p   0.0665 0.838 0.243 0.0000002 
         

TN rs    0.30 0.32 0.41 
 p    0.384 0.346 0.213 
         

DIN rs     0.34 -0.10 
 p     0.327 0.759 
         

TP rs      0.107 
 p      0.759 

154 
 



LITERATURE CITED 

Abreu, M.H., Pereira, R., Buschmann, A., Sousa-Pinto, I., Yarish, C., 2011. Nitrogen uptake 

responses of Gracilaria vermiculophylla (Ohmi) Papenfuss under combined and single 

addition of nitrate and ammonium. Journal of Experimental Marine Biology and Ecology 

407, 190-199. 

Advanced Geosciences Inc., 2009. Instruction manual for EarthImager 2D version 2.4.0, 

Resistivity and IP Inversion Software, Austin, Texas, p. 139. 

Aravena, R., Evans, M., Cherry, J.A., 1993. Stable isotopes of oxygen and nitrogen in source 

identification of nitrate from septic systems. Groundwater 31, 180-186. 

Atkinson, M., Smith, S., 1983. C:N:P ratios of benthic marine plants. Limnology and 

Oceanography 28, 568-574. 

Baker, D., Rodríguez-Martínez, R., Fogel, M., 2013. Tourism’s nitrogen footprint on a 

Mesoamerican coral reef. Coral Reefs 32, 691-699. 

Barr, N.G., Dudley, B.D., Rogers, K.M., Cornelisen, C.D., 2013. Broad-scale patterns of tissue-

δ15N and tissue-N indices in frondose Ulva spp.; Developing a national baseline indicator 

of nitrogen-loading for coastal New Zealand. Marine Pollution Bulletin 67, 203-216. 

Beal, C., Gardner, E., Menzies, N., 2005. Process, performance, and pollution potential: A review 

of septic tank–soil absorption systems. Soil Research 43, 781-802. 

Becker, B., 2007. Function and evolution of the vacuolar compartment in green algae and land 

plants (Viridiplantae). International Review of Cytology 264, 1-24. 

Beer, S., Axelsson, L., 2004. Limitations in the use of PAM fluorometry for measuring 

photosynthetic rates of macroalgae at high irradiances. European Journal of Phycology 

39, 1-7. 

Beer, S., Bjork, M., 2000. Measuring rates of photosynthesis of two tropical seagrasses by pulse 

amplitude modulated (PAM) fluorometry. Aquatic Botany 66, 69-76. 

Beer, S., Ilan, M., 1998. In situ measurements of photosynthetic irradiance responses of two 

Red Sea sponges growing under dim light conditions. Marine Biology 131, 613-617. 

155 



Beer, S., Larsson, C., Poryan, O., Axelsson, L., 2000. Photosynthetic rates of Ulva (Chlorophyta) 

measured by pulse amplitude modulated (PAM) fluorometry. European Journal of 

Phycology 35, 69-74. 

Bell, P., 1992. Eutrophication and coral reefs-some examples in the Great Barrier Reef lagoon. 

Water Research 26, 553-568. 

Beusen, A.H.W., Slomp, C.P., Bouwman, A.F., 2013. Global land–ocean linkage: direct inputs of 

nitrogen to coastal waters via submarine groundwater discharge. Environmental 

Research Letters 8, 034035. 

Bird, C.E., 2001. PhotoGrid Beta 1.0, Honolulu, Hawai‘i. 

Bird, K.T., Habig, C., DeBusk, T., 1982. Nitrogen allocation and storage patterns in Gracilaria 

tikvahiae (Rhodophyta). Journal of Phycology 18, 344-348. 

Bishop, R.C., Chapman, D.J., Kanninen, B.J., Krosnick, J.A., Leeworthy, V.R., Meade, N.F., 2011. 

Total economic value for protecting and restoring Hawaiian coral reef ecosystems: Final 

report. NOAA Technical Memorandum National Oceanic and Atmospheric 

Administration. CRCP 16, :406. 

Björnsäter, B.R., Wheeler, P.A., 1990. Effect of nitrogen and phosphorus supply on growth and 

tissue composition of Ulva fenestrata and Enteromorpha intestinalis (Ulvales, 

Chlorophyta). Journal of Phycology 26, 603-611. 

Blanco, A.C., Watanabe, A., Nadaoka, K., Motooka, S., Herrera, E.C., Yamamoto, T., 2011. 

Estimation of nearshore groundwater discharge and its potential effects on a fringing 

coral reef. Marine Pollution Bulletin 62, 770-785. 

Boehm, A.B., Weisberg, S.B., 2005. Tidal forcing of Enterococci at marine recreational beaches 

at fortnightly and semidiurnal frequencies. Environmental Science & Technology 39, 

5575-5583. 

Boesch, D.F., 2002. Challenges and opportunities for science in reducing nutrient over-

enrichment of coastal ecosystems. Estuaries 25, 886-900. 

Bokuniewicz, H., Buddemeier, R., Maxwell, B., Smith, C., 2003. The typological approach to 

submarine groundwater discharge (SGD). Biogeochemistry 66, 145-158. 

156 



Bowen, J., Kroeger, K., Tomasky, G., Pabich, W., Cole, M., Carmichael, R., Valiela, I., 2007. A 

review of land–sea coupling by groundwater discharge of nitrogen to New England 

estuaries: Mechanisms and effects. Applied Geochemistry 22, 175-191. 

Bowen, J.L., Valiela, I., 2001. The ecological effects of urbanization of coastal watersheds: 

historical increases in nitrogen loads and eutrophication of Waquoit Bay estuaries. 

Canadian Journal of Fisheries and Aquatic Sciences 58, 1489-1500. 

Brown, E.K., Cox, E., Jokiel, P., Rodgers, S.K.u., Smith, W.R., Tissot, B.N., Coles, S.L., Hultquist, J., 

2004. Development of benthic sampling methods for the Coral Reef Assessment and 

Monitoring Program (CRAMP) in Hawaiʻi. Pacific Science 58, 145-158. 

Bruland, G.L., MacKenzie, R.A., 2010. Nitrogen source tracking with δ15N content of coastal 

wetland plants in Hawaiʻi. Journal of Environmental Quality 39, 409-419. 

Bruno, J.F., Petes, L.E., Drew Harvell, C., Hettinger, A., 2003. Nutrient enrichment can increase 

the severity of coral diseases. Ecology Letters 6, 1056-1061. 

Bruno, J.F., Selig, E.R., 2007. Regional decline of coral cover in the Indo-Pacific: timing, extent, 

and subregional comparisons. PLOS ONE 2, e711. 

Burford, M.A., Revill, A.T., Smith, J., Clementson, L., 2012. Effect of sewage nutrients on algal 

production, biomass and pigments in tropical tidal creeks. Marine Pollution Bulletin 64, 

2671-2680. 

Burke, L., Reytar, K., Spalding, M., Perry, A., 2011. Reefs at risk revisited. World Resources 

Institute. Washington, DC, 114. 

Burnett, W.C., Aggarwal, P.K., Aureli, A., Bokuniewicz, H., Cable, J.E., Charette, M.A., Kontar, E., 

Krupa, S., Kulkarni, K.M., Loveless, A., Moore, W.S., Oberdorfer, J.A., Oliveira, J., Ozyurt, 

N., Povinec, P., Privitera, A.M.G., Rajar, R., Ramessur, R.T., Scholten, J., Stieglitz, T., 

Taniguchi, M., Turner, J.V., 2006. Quantifying submarine groundwater discharge in the 

coastal zone via multiple methods. Science of the Total Environment 367, 498-543. 

Burnett, W.C., Bokuniewicz, H., Huettel, M., Moore, W.S., Taniguchi, M., 2003. Groundwater 

and pore water inputs to the coastal zone. Biogeochemistry 66, 3-33. 

157 



Burnett, W.C., Dulaiova, H., 2003. Estimating the dynamics of groundwater input into the 

coastal zone via continuous radon-222 measurements. Journal of Environmental 

Radioactivity 69, 21-35. 

Burnham, W.L., Larson, S.P., Cooper, H.H., 1977. Distribution of injected wastewater in the 

saline lava aquifer, Wailuku-Kahului wastewater treatment facility, Kahului, Maui, 

Hawaiʻi. United States Geological Survey. USGS Report:77-469, 58. 

Burrows, E.M., 1959. Growth form and environment in Enteromorpha. Journal of the Linnean 

Society of London, Botany 56, 204-206. 

Cable, J., Burnett, W., Chanton, J., 1997. Magnitude and variations of groundwater seepage 

along a Florida marine shoreline. Biogeochemistry 38, 189-205. 

Cable, J.E., Burnett, W.C., Chanton, J.P., Weatherly, G.L., 1996. Estimating groundwater 

discharge into the northeastern Gulf of Mexico using radon-222. Earth and Planetary 

Science Letters 144, 591-604. 

Carpenter, K.E., Abrar, M., Aeby, G., Aronson, R.B., Banks, S., Bruckner, A., Chiriboga, A., Cortés, 

J., Delbeek, J.C., DeVantier, L., 2008. One-third of reef-building corals face elevated 

extinction risk from climate change and local impacts. Science 321, 560-563. 

Carr, M.-E., Friedrichs, M.A.M., Schmeltz, M., Noguchi Aita, M., Antoine, D., Arrigo, K.R., 

Asanuma, I., Aumont, O., Barber, R., Behrenfeld, M., Bidigare, R., Buitenhuis, E.T., 

Campbell, J., Ciotti, A., Dierssen, H., Dowell, M., Dunne, J., Esaias, W., Gentili, B., Gregg, 

W., Groom, S., Hoepffner, N., Ishizaka, J., Kameda, T., Le Quéré, C., Lohrenz, S., Marra, J., 

Mélin, F., Moore, K., Morel, A., Reddy, T.E., Ryan, J., Scardi, M., Smyth, T., Turpie, K., 

Tilstone, G., Waters, K., Yamanaka, Y., 2006. A comparison of global estimates of marine 

primary production from ocean color. Deep Sea Research Part II: Topical Studies in 

Oceanography 53, 741-770. 

Carruthers, T.J.B., van Tussenbroek, B.I., Dennison, W.C., 2005. Influence of submarine springs 

and wastewater on nutrient dynamics of Caribbean seagrass meadows. Estuarine, 

Coastal and Shelf Science 64, 191-199. 

Casciotti, K.L., Trull, T.W., Glover, D.M., Davies, D., 2008. Constraints on nitrogen cycling at the 

subtropical north pacific station ALOHA from isotopic measurements of nitrate and 

158 



particulate nitrogen. Deep Sea Research Part II: Topical Studies in Oceanography 55, 

1661-1672. 

Causey, N.B., J. P. Prytherch, J. McCaskill, H. J. Humm, and F. A. Wolf, 1946. Influence of 

environmental factors upon the growth of Gracilaria confervoides. Bulletin of the Duke 

University Marine Station 3, 19-24. 

Charette, M., Moore, W., Burnett, W., 2008. Uranium-and thorium-series nuclides as tracers of 

submarine groundwater discharge, in: Krishnaswami, S., Cochran, J.K. (Eds.), 

Radioactivity in the Environment, pp. 155-191. 

Charpy-Roubaud, C., Sournia, A., 1990. The comparative estimation of phytoplanktonic, 

microphytobenthic and macrophytobenthic primary production in the oceans. Marine 

Microbial Food Webs 4, 31-57. 

Choi, H.G., Kim, Y.S., Kim, J.H., Lee, S.J., Park, E.J., Ryu, J., Nam, K.W., 2006. Effects of 

temperature and salinity on the growth of Gracilaria verrucosa and G. chorda, with the 

potential for mariculture in Korea. Journal of Applied Phycology 18, 269-277. 

Choi, T.S., Kang, E.J., Kim, J.-h., Kim, K.Y., 2010. Effect of salinity on growth and nutrient uptake 

of Ulva pertusa (Chlorophyta) from an eelgrass bed. Algae 25, 17-26. 

Chow, F., 2012. Nitrate assimilation: The role of in vitro nitrate reductase assay as nutritional 

predictor, in: Najafpour, M. (Ed.), Applied photosynthesis. InTech, Shanghai, China, pp. 

105-120. 

City and County of Honolulu, 2014a. City and County of Honolulu Department of Enivironmental 

Services: Wastewater systems. Retrieved on 7/10/14, from 

http://www.honolulu.gov/envwwm.html 

City and County of Honolulu, 2014b. Waimānalo Wastewater Treatment Plant daily injection 

volume and effluent nutrient data: 2004 -2013. Department of Environmental Services, 

Honolulu, Hawai‘i. 

Cloern, J.E., 2001. Our evolving conceptual model of the coastal eutrophication problem. 

Marine Ecology Progress Series 210, 223-253. 

159 

http://www.honolulu.gov/envwwm.html


Cohen, R.A., Fong, P., 2004a. Nitrogen uptake and assimilation in Enteromorpha intestinalis (L.) 

Link (Chlorophyta): using 15N to determine preference during simultaneous pulses of 

nitrate and ammonium. Journal of Experimental Marine Biology and Ecology 309, 67-77. 

Cohen, R.A., Fong, P., 2004b. Nitrogen uptake and assimilation in Enteromorpha intestinalis (L.) 

Link (Chlorophyta): using N-15 to determine preference during simultaneous pulses of 

nitrate and ammonium. Journal of Experimental Marine Biology and Ecology 309, 67-77. 

Cohen, R.A., Fong, P., 2005. Experimental evidence supports the use of δ15N content of the 

opportunistic green macroalga Enteromorpha intestinalis (Chlorophyta) to determine 

nitrogen sources to estuaries. Journal of Phycology 41, 287-293. 

Cole, M.L., Kroeger, K.D., McClelland, J.W., Valiela, I., 2005. Macrophytes as indicators of land-

derived wastewater: Application of a δ15N method in aquatic systems. Water Resources 

Research 41, W01014. 

Conklin, E.J., Smith, J.E., 2005. Abundance and spread of the invasive red algae, Kappaphycus 

spp., in Kāne’ohe Bay, Hawai’i and an experimental assessment of management options. 

Biological Invasions 7, 1029-1039. 

Conlan, K.E., Rau, G.H., Kvitek, R.G., 2006. δ13C and δ15N shifts in benthic invertebrates exposed 

to sewage from McMurdo Station, Antarctica. Marine Pollution Bulletin 52, 1695-1707. 

Connolly, R.M., Gorman, D., Hindell, J.S., Kildea, T.N., Schlacher, T.A., 2013. High congruence of 

isotope sewage signals in multiple marine taxa. Marine Pollution Bulletin 71, 152-158. 

Cornelisen, C.D., Wing, S.R., Clark, K.L., Bowman, M.H., Frew, R.D., Hurd, C.L., 2007. Patterns in 

the and signature of Ulva Pertusa: Interaction between physical gradients and nutrient 

source pools. Limnology and Oceanography 52, 820-832. 

Costa, J., O S, Leao, Z.M.A.N., Nimmo, M., Attrill, M.J., 2000. Nutrification impacts on coral reefs 

from northern Bahia, Brazil. Hydrobiologia 44, 307-315. 

Costa, J.O.S., Nimmo, M., Attrill, M.J., 2008. Coastal nutrification in Brazil: A review of the role 

of nutrient excess on coral reef demise. Journal of South American Earth Sciences 25, 

257-270. 

160 



Costanzo, S.D., O'Donohue, M.J., Dennison, W.C., 2000. Gracilaria edulis (Rhodophyta) as a 

biological indicator of pulsed nutrients in oligotrophic waters. Journal of Phycology 36, 

680-685. 

Costanzo, S.D., O’Donohue, M.J., Dennison, W.C., Loneragan, N.R., Thomas, M., 2001. A new 

approach for detecting and mapping sewage impacts. Marine Pollution Bulletin 42, 149-

156. 

Costanzo, S.D., Udy, J., Longstaff, B., Jones, A., 2005. Using nitrogen stable isotope ratios δ15N of 

macroalgae to determine the effectiveness of sewage upgrades: changes in the extent 

of sewage plumes over four years in Moreton Bay, Australia. Marine Pollution Bulletin 

51, 212-217. 

Cox, T.E., 2011. Aspects of ecology and algal physiology in Hawai'i's rocky intertidal zones. PhD 

dissertation. University of Hawai'i at Mānoa, Honolulu, Hawai'i, p. 234. 

Cox, T.E., Smith, C.M., Popp, B.N., Foster, M.S., Abbott, I.A., 2013. Can stormwater be detected 

by algae in an urban reef in Hawai‘i? Marine Pollution Bulletin 71, 92-100. 

D'Elia, C., Webb, K., Porter, J., 1981. Nitrate-rich groundwater inputs to Discovery Bay, Jamaica: 

a significant source of N to local coral reefs? Bulletin of Marine Science 31, 903-910. 

D'Elia, C.F., DeBoer, J.A., 1978. Nutritional studies of two red algae. II. Kinetics of ammonium 

and nitrate uptake. Journal of Phycology 14, 266-272. 

Dailer, M., Smith, C., Glenn, C., 2013. Preventing the introduction and spread of nutrient driven 

invasive algal blooms and coral reef degradation in West Hawaiʻi. Final report to the 

Hawaiʻi Coral Reef Initiative. University of Hawaiʻi at Mānoa. Honolulu, Hawaiʻi, 24. 

Dailer, M.L., Knox, R.S., Smith, J.E., Napier, M., Smith, C.M., 2010. Using δ15N values in algal 

tissue to map locations and potential sources of anthropogenic nutrient inputs on the 

island of Maui, Hawaiʻi, USA. Marine Pollution Bulletin 60, 655-671. 

Dailer, M.L., Ramey, H.L., Saephan, S., Smith, C.M., 2012a. Algal δ15N values detect a 

wastewater effluent plume in nearshore and offshore surface waters and three-

dimensionally model the plume across a coral reef on Maui, Hawaiʻi, USA. Marine 

Pollution Bulletin 64, 207-213. 

161 



Dailer, M.L., Smith, J.E., Smith, C.M., 2012b. Responses of bloom forming and non-bloom 

forming macroalgae to nutrient enrichment in Hawai‘i, USA. Harmful Algae 17, 111-125. 

Darling, E.S., Côté, I.M., 2013. Vulnerability of coral reefs, in: Pielke, R.A. (Ed.), Climate 

vulnerability: Understanding and addressing threats to essential resources. Academic 

Press, Oxford, pp. 259-270. 

Daskin, J.H., Calci, K.R., Burkhardt, W., 3rd, Carmichael, R.H., 2008. Use of N stable isotope and 

microbial analyses to define wastewater influence in Mobile Bay, AL. Marine Pollution 

Bulletin 56, 860-868. 

Davison, I.R., 1991. Environmental effects on algal photosynthesis: Temperature. Journal of 

Phycology 27, 2-8. 

Dawes, C.J., Moon, R.E., Davis, M.A., 1978. The photosynthetic and respiratory rates and 

tolerances of benthic algae from a mangrove and salt marsh estuary: A comparative 

study. Estuarine and Coastal Marine Science 6, 175-185. 

Dawes, C.J., Orduña-rojas, J., Robledo, D., 1999. Response of the tropical red seaweed 

Gracilaria cornea to temperature, salinity and irradiance. Journal of Applied Phycology 

10, 419-425. 

De Sieyes, N.R., 2011. Coastal septic systems and submarine groundwater discharge: A case 

study. PhD dissertation. Department of Civil and Environmental Engineering, Stanford 

University, Stanford, California, p. 169. 

De’ath, G., Fabricius, K.E., Sweatman, H., Puotinen, M., 2012. The 27–year decline of coral cover 

on the Great Barrier Reef and its causes. Proceedings of the National Academy of 

Sciences of the United States of America 109, 17995-17999. 

DeBoer, J.A., Guigli, H.J., Israel, T.L., D'Elia, C.F., 1978. Nutritional studies of two red algae. I. 

Growth rate as a function of nitrogen source and concentration. Journal of Phycology 

14, 261-266. 

Denault, M., Stieve, E., Valiela, I., 2000. Effects of nitrogen load and irradiance on 

photosynthetic pigment concentrations in Cladophora vagabunda and Gracilaria 

tikvahiae in Estuaries of waquoit Bay. Biological Bulletin 199, 223-225. 

162 



Derse, E., Knee, K.L., Wankel, S.D., Kendall, C., Berg, C.J., Paytan, A., 2007. Identifying sources of 

nitrogen to Hanalei Bay, Kaua‘i, utilizing the nitrogen isotope signature of macroalgae. 

Environmental Science & Technology 41, 5217-5223. 

Deser, C., Alexander, M.A., Xie, S.-P., Phillips, A.S., 2010. Sea surface temperature variability: 

Patterns and mechanisms. Annual Review of Marine Science 2, 115-143. 

Destombe, C., Godin, J., Nocher, M., Richerd, S., Valero, M., 1993. Differences in response 

between haploid and diploid isomorphic phases of Gracilaria verrucosa (Rhodophyta: 

Gigartinales) exposed to artificial environmental conditions, in: Chapman, A.R.O., 

Brown, M.T., Lahaye, M. (Eds.), Fourteenth International Seaweed Symposium. Springer 

Netherlands, pp. 131-137. 

Devkota, M.L., Hatfield, G., Chintala, R., 2014. Effect of sample size on the performance of 

ordinary least squares and geographically weighted regression. British Journal of 

Mathematics & Computer Science 4, 1-21. 

Dimova, N.T., Swarzenski, P.W., Dulaiova, H., Glenn, C.R., 2012. Utilizing multichannel electrical 

resistivity methods to examine the dynamics of the fresh water–seawater interface in 

two Hawaiian groundwater systems. Journal of Geophysical Research 117, C02012. 

Dinsdale, E.A., Pantos, O., Smriga, S., Edwards, R.A., Angly, F., Wegley, L., Hatay, M., Hall, D., 

Brown, E., Haynes, M., 2008. Microbial ecology of four coral atolls in the Northern Line 

Islands. PLOS ONE 3, e1584. 

DLNR-DAR, UH-CRAMP, 2013. Long-term benthic cover data set of the main Hawaiian Islands, 

Department of Land and Natural Resources- Division of Aquatic Resources (DLNR-DAR) 

and University of Hawaiʻi - Coral Reef Assessement and Monitoring Program (UH-

CRAMP). NOAA, Honolulu, Hawaiʻi. 

Dollar, S., Andrews, C., 1997. Algal blooms off west Maui: Assessing the causal linkages between 

land and the coast ocean. Final report. University of Hawaiʻi at Mānoa. 100. 

Dollar, S., Atkinson, M., Hochberg, E., Nance, T., 2011. An evaluatation of causal factors 

affecting coral reef community structure in Mā‘alaea Bay, Maui, Hawaiʻi. Report 

submitted to the County of Maui Department of Finance. Marine Research Consultants 

Inc. 84. 

163 



Donahue, S., Acosta, A., Akins, L., Ault, J., Bohnsack, J., Boyer, J., Callahan, M., Causey, B., Cox, 

C., Delaney, J., 2008. The state of coral reef ecosystems of the Florida Keys, in: Waddell, 

J.E., Clark, A.M. (Eds.), The state of coral reef ecosystems of the United States and 

Pacific Freely Associated States: 2008 NOAA Technical Memorandum NOS NCCOS 73. 

NOAA/NCCOS Center for Coastal Monitoring and Assessment’s Biogeography Team, 

Silver Spring, Maryland, pp. 161-187. 

Dortch, Q., 1990. The interaction between ammonium and nitrate. Marine Ecology Progress 

Series 61, 183-201. 

Doty, M.S., 1971. The productivity of benthic frondose algae at Waikiki Beach. 1967-1968. 

University of Hawaiʻi Botanical Science Paper 22, 119. 

Doty, M.S., Oguri, M., 1956. The island mass effect. Journal du Conseil 22, 33-37. 

Downing, J., McClain, M., Twilley, R., Melack, J., Elser, J., Rabalais, N., Lewis Jr, W., Turner, R., 

Corredor, J., Soto, D., 1999. The impact of accelerating land-use change on the N-cycle 

of tropical aquatic ecosystems: current conditions and projected changes. 

Biogeochemistry 46, 109-148. 

Downing, J.A., 1997. Marine nitrogen:phosphorus stoichiometry and the global N:P cycle. 

Biogeochemistry 37, 237-252. 

Dubinsky, Z.V.Y., Stambler, N., 1996. Marine pollution and coral reefs. Global Change Biology 2, 

511-526. 

Dudley, B.D., Barr, N.G., Shima, J.S., 2010. Influence of light intensity and nutrient source on 

δ13C and δ15N signatures in Ulva pertusa. Aquatic Biology 9, 85-93. 

Dudley, B.D., Shima, J.S., 2010. Algal and invertebrate bioindicators detect sewage effluent 

along the coast of Titahi Bay, Wellington, New Zealand. New Zealand Journal of Marine 

and Freshwater Research 44, 39-51. 

Duke, C.S., Litaker, W., Ramus, J., 1989. Effect of temperature on nitrogen-limited growth rate 

and chemical composition of Ulva curvata (Ulvales: Chlorophyta). Marine Biology 100, 

143-150. 

Dulaiova, H., Burnett, W.C., 2008. Evaluation of the flushing rates of Apalachicola Bay, Florida 

via natural geochemical tracers. Marine Chemistry 109, 395-408. 

164 



Dulaiova, H., Camilli, R., Henderson, P.B., Charette, M.A., 2010. Coupled radon, methane and 

nitrate sensors for large-scale assessment of groundwater discharge and non-point 

source pollution to coastal waters. Journal of Environmental Radioactivity 101, 553-563. 

Edmunds, P.J., Elahi, R., 2007. The demographics of a 15-year decline in cover of the Caribbean 

reef coral Montastraea annularis. Ecological Monographs 77, 3-18. 

Erickson, K., 2014. Living Ocean. NASA Science: Earth, Retrieved on 4/16/2015, from 

http://science.nasa.gov/earth-science/oceanography/living-ocean/ 

Fabricius, K.E., 2005. Effects of terrestrial runoff on the ecology of corals and coral reefs: review 

and synthesis. Marine Pollution Bulletin 50, 125-146. 

Fan, X., Xu, D., Wang, Y., Zhang, X., Cao, S., Mou, S., Ye, N., 2014. The effect of nutrient 

concentrations, nutrient ratios and temperature on photosynthesis and nutrient uptake 

by Ulva prolifera: implications for the explosion in green tides. Journal of Applied 

Phycology 26, 537-544. 

Field, C.B., Behrenfeld, M.J., Randerson, J.T., Falkowski, P.G., 1998. Primary production of the 

biosphere: Integrating terrestrial and oceanic components. Science 281, 237-240. 

Finkel, Z.V., 2014. Marine net primary production, in: Freedman, B. (Ed.), Global Environmental 

Change. Springer Netherlands, pp. 117-124. 

Fitzsimons, J., Parham, J., Benson, L., McRae, M., Nishimoto, R., 2005. Biological assessment of 

Kahana Stream, island of O'ahu, Hawai'i: An application of PABITRA survey methods 1. 

Pacific Science 59, 273-281. 

Fong, P., Boyer, K.E., Desmond, J.S., Zedler, J.B., 1996. Salinity stress, nitrogen competition, and 

facilitation what controls seasonal succession of two opportunistic green macroalgae? 

Journal of Experimental Marine Biology and Ecology 206, 203-221. 

Fong, P., Boyer, K.E., Kamer, K., Boyle, K.A., 2003. Influence of initial tissue nutrient status of 

tropical marine algae on response to nitrogen and phosphorus additions. Marine 

Ecology Progress Series 262, 111-123. 

Fong, P., Boyer, K.E., Zedler, J.B., 1998. Developing an indicator of nutrient enrichment in 

coastal estuaries and lagoons using tissue nitrogen content of the opportunistic alga, 

165 

http://science.nasa.gov/earth-science/oceanography/living-ocean/


Enteromorpha intestinalis (L. Link). Journal of Experimental Marine Biology and Ecology 

231, 63-79. 

Fong, P., Fong, J.J., Fong, C.R., 2004. Growth, nutrient storage, and release of dissolved organic 

nitrogen by Enteromorpha intestinalis in response to pulses of nitrogen and phosphorus. 

Aquatic Botany 78, 83-95. 

Fourqurean, J., Escorcia, S., Anderson, W., Zieman, J., 2005. Spatial and seasonal variability in 

elemental content, δ13C, and δ15N of Thalassia testudinum from South Florida and its 

implications for ecosystem studies. Estuaries 28, 447-461. 

Freeze, R.A., Cherry, J., 1979. Groundwater. Prentice Hall Inc., Upper Saddle River, New Jersey, 

p. 604.

Friedlander, A., Aeby, G., Brainard, R., Brown, E., Chaston, K., Clark, A., McGowan, P., 

Montgomery, T., Walsh, W., Williams, I., Wiltse, W., 2008. The state of coral reef 

ecosystems of the main Hawaiian Islands, in: Waddell, J.E., Clark, A.M. (Eds.), The state 

of coral reef ecosystems of the United States and Pacific freely associated states. NOAA 

Technical Memorandum NOS NCCOS 73. NOAA/NCCOS Center for Coastal Monitoring 

and Assessment’s Biogeography Team. NOAA, Silver Spring, Maryland, pp. 219-261. 

Friedlander, A.M., Brown, E.K., Monaco, M.E., 2007. Coupling ecology and GIS to evaluate 

efficacy of marine protected areas in Hawaiʻi. Ecological Applications 17, 715-730. 

Friedlander, M., 1992. Gracilaria conferta and its epiphytes: the effect of culture conditions on 

growth. Botanica Marina 35, 423-428. 

Friedlander, M., Dawes, C.J., 1985. In situ uptake kinetics of ammonium and phosphate and 

chemical composition of the red seaweed Gracilaria tikvahiae. Journal of Phycology 21, 

448-453. 

Fujita, R.M., 1985. The role of nitrogen status in regulating transient ammonium uptake and 

nitrogen storage by macroalgae. Journal of Experimental Marine Biology and Ecology 92, 

283-301. 

Futch, J.C., Griffin, D.W., Lipp, E.K., 2010. Human enteric viruses in groundwater indicate 

offshore transport of human sewage to coral reefs of the Upper Florida Keys. 

Environmental Microbiology 12, 964-974. 

166 



Gallardo, A., Marui, A., 2006. Submarine groundwater discharge: an outlook of recent advances 

and current knowledge. Geo-Marine Letters 26, 102-113. 

Gao, Z., Xu, D., Meng, C., Zhang, X., Wang, Y., Li, D., Zou, J., Zhuang, Z., Ye, N., 2014. The green 

tide-forming macroalga Ulva linza outcompetes the red macroalga Gracilaria 

lemaneiformis via allelopathy and fast nutrients uptake. Aquatic Ecology 48, 53-62. 

Gardner, T.A., Côté, I.M., Gill, J.A., Grant, A., Watkinson, A.R., 2003. Long-term region-wide 

declines in Caribbean corals. Science 301, 958-960. 

Garrison, G.H., Glenn, C.R., McMurtry, G.M., 2003. Measurement of submarine groundwater 

discharge in Kahana Bay, Oʻahu, Hawaiʻi. Limnology and Oceanography 48, 920-928. 

Gartner, A., Lavery, P., Smit, A.J., 2002. Use of δ15N signatures of different functional forms of 

macroalgae and filter-feeders to reveal temporal and spatial patterns in sewage 

dispersal. Marine Ecology Progress Series 235, 63-73. 

Gessner, F., Schramm, W., 1971. Salinity. Marine Ecology 1, 705-820. 

Giambelluca, T.W., Chen, Q., Frazier, A.G., Price, J.P., Chen, Y.-L., Chu, P.-S., Eischeid, J.K., 

Delparte, D.M., 2013. Online rainfall atlas of Hawai'i. Bulletin of the American 

Meteorological Society 94, 313-316. 

Glenn, C.R., Whittier, R.B., Dailer, M.L., Dulaiova, H., El-Kadi, A.I., Fackrell, J.K., Kelly, J.R., 

Waters, C.A., 2012. Lahaina groundwater tracer study—Lahaina, Maui, Hawaiʻi, Final 

interim report. Report to the State of Hawaiʻi Department of Health, the U.S. 

Environmental Protection Agency, and the U.S. Army Engineer Research and 

Development Center, University of Hawaiʻi at Mānoa. Honolulu, Hawaiʻi, 463. 

Glenn, C.R., Whittier, R.B., Dailer, M.L., Dulaiova, H., El-Kadi, A.I., Fackrell, J.K., Kelly, J.R., 

Waters, C.A., Sevadjian, J., 2013. Lahaina groundwater tracer study - Lahania, Maui, 

Hawaiʻi, Final report. Report to the State of Hawaiʻi Department of Health, the U.S. 

Environmental Protection Agency, and the U.S. Army Engineer Research and 

Development Center, University of Hawaiʻi at Mānoa. Honolulu, Hawaiʻi, 502. 

Gobler, C.J., Sañudo-Wilhelmy, S.A., 2001. Temporal variability of groundwater seepage and 

brown tide blooms in a Long Island embayment. Marine Ecology Progress Series 217, 

299-309. 

167 
 



González-De Zayas, R., Merino-Ibarra, M., Soto-Jiménez, M., Castillo-Sandoval, F., 2013. 

Biogeochemical responses to nutrient inputs in a Cuban coastal lagoon: runoff, 

anthropogenic, and groundwater sources. Environmental Monitoring and Assessment 

185, 10101-10114. 

González, F.U.T., Herrera-Silveira, J.A., Aguirre-Macedo, M.L., 2008. Water quality variability 

and eutrophic trends in karstic tropical coastal lagoons of the Yucatán Peninsula. 

Estuarine, Coastal and Shelf Science 76, 418-430. 

Granger, J., Sigman, D.M., Prokopenko, M.G., Lehmann, M.F., Tortell, P.D., 2006. A method for 

nitrite removal in nitrate N and O isotope analyses. Limnology and Oceanography: 

Methods 4, 205-212. 

Hader, D.-P., Lebert, M., Figueroa, F.L., Jimenez, C., Vinegla, B., Perez-Rodriguez, E., 1998. 

Photoinhibition in Mediterranean macroalgae by solar radiation measured on site by 

PAM fluorescence. Aquatic Botany 61, 225-236. 

Hadwen, W.L., Arthington, A.H., 2007. Food webs of two intermittently open estuaries receiving 
15N-enriched sewage effluent. Estuarine, Coastal and Shelf Science 71, 347-358. 

Hamel, K., 2012. Comparative rates of photosynthesis in Hawaiian endemic and invasive species 

of Gracilaria (Rhodophyta). MS thesis. Botany Department, University of Hawaiʻi at 

Mānoa, Honolulu, Hawaiʻi, p. 121. 

Hanisak, L.W.S., 2000. Macroalgal tissue nutrients as indicators of nitrogen and phosphorus 

status in the Florida Keys. Journal of Phycology 36, 28-28. 

Hanisak, M.D., 1983. The nitrogen relationships of marine macroalgae, in: Carpenter, E.J., 

Capone, D.G. (Eds.), Nitrogen in the marine environment. Academic Press, New York, 

New York, pp. 699-730. 

Hanshaw, B.B., Back, W., 1980. Chemical mass-wasting of the northern Yucatan Peninsula by 

groundwater dissolution. Geology 8, 222-224. 

Harbaugh, A., Banta, E., Hill, M., McDonald., M., 2000. MODFLOW-2000, the U.S. Geological 

Survey modular ground-water model: User guide to modularization concepts and the 

ground-water flow process. U.S. Geological Survey. Reston, Virginia, Open-File Report 

00-92, 130. 

168 
 



Harrigan, J., Burr, S., 2001. Total maximum daily loads estimated for Waimānalo stream- island 

of O’ahu, Hawaiʻi. Report prepared for the United States Environmental Protection 

Agency by the Hawai’i State Department of Health, Environmental Planning Office, 

Honolulu, Hawai’i 36. 

Hawaiʻi State Department of Health, 2007. Koʻolaupoko watershed restoration action strategy: 

Kailua Bay Advisory Council (KBAC). Honolulu, HI, Report 05-080, 163. 

Hawes, I., Sutherland, D., Hanelt, D., 2003. The use of pulse amplitude modulated fluorometry 

to determine fine-scale temporal and spatial variation of in situ photosynthetic activity 

within an Isoetes-dominated canopy. Aquatic Botany 77, 1-15. 

Heaton, T., 1986. Isotopic studies of nitrogen pollution in the hydrosphere and atmosphere: A 

review. Chemical Geology 59, 87-102. 

Heikoop, J., Risk, M., Lazier, A., Edinger, E., Jompa, J., Limmon, G., Dunn, J., Browne, D., 

Schwarcz, H., 2000. Nitrogen-15 signals of anthropogenic nutrient loading in reef corals. 

Marine Pollution Bulletin 40, 628-636. 

Herbert, R.A., 1999. Nitrogen cycling in coastal marine ecosystems. Federation of European 

Microbiological Societies Microbiology Reviews 23, 563-590. 

Hernández-Delgado, E., Sandoz, B., Bonkosky, M., Norat-Ramírez, J., Mattei, H., 2008. Impacts 

of non-point source sewage pollution on Elkhorn coral, Acropora palmata (Lamarck), 

assemblages of the southwestern Puerto Rico shelf, 11th International Coral Reef 

Symposium, Fort Lauderdale, FL, pp. 747-751. 

Hernandez, I., Peralta, G., PerezLlorens, J.L., Vergara, J.J., Niell, F.X., 1997. Biomass and 

dynamics of growth of Ulva species in Palmones river estuary. Journal of Phycology 33, 

764-772. 

Herrera-Silveira, J.A., 1998. Nutrient-phytoplankton production relationships in a groundwater-

influenced tropical coastal lagoon. Aquatic Ecosystem Health & Management 1, 373-

385. 

Herrera-Silveira, J.A., Medina-Gomez, I., Colli, R., 2002. Trophic status based on nutrient 

concentration scales and primary producers community of tropical coastal lagoons 

influenced by groundwater discharges. Hydrobiologia 475, 91-98. 

169 
 



Herrera-Silveira, J.A., Morales-Ojeda, S.M., 2009. Evaluation of the health status of a coastal 

ecosystem in southeast Mexico: Assessment of water quality, phytoplankton and 

submerged aquatic vegetation. Marine Pollution Bulletin 59, 72-86. 

Herrera-Silveira, J.A., Ramírez, R.J., Zaldivar, R.A., 1998. Overview and characterization of the 

hydrology and primary producer communities of selected coastal lagoons of Yucatán, 

México. Aquatic Ecosystem Health & Management 1, 353-372. 

Hoch, M.P., Fogel, M.L., Kirchman, D.L., 1992. Isotope fractionation associated with ammonium 

uptake by a marine bacterium. Limnology and Oceanography 37, 1447-1459. 

Hodges, M., 1996. Na Makaala volunteer coastal monitoring team final report: Prepared for 

Hawai‘i Department of Health and NOAA Hawaiian Islands Humpback Whale National 

Maritime Sanctuary. 

Holleman, K.D., 2011. Impact of flux, residence time and nutrient load of submarine 

groundwater discharge on coastal phytoplankton growth in coastal waters of Hawaiʻi. 

MS thesis. Department of Geology and Geophysics, University of Hawaiʻi at Mānoa, 

Honolulu, Hawaiʻi, p. 138. 

Hooke, R.L., Martín-Duque, J.F., Pedraza, J., 2012. Land transformation by humans: a review. 

GSA Today 22, 4-10. 

Hoover, D.J., Unutoa, T.M., 1997. Assessment of nitrogen and microbial contributions of 

Waimānalo "beach lot" cesspool systems to groundwater. University of Hawaiʻi at 

Mānoa. Water Resources Research Center Report 1997-02, 97. 

Howarth, R.W., 2008. Coastal nitrogen pollution: A review of sources and trends globally and 

regionally. Harmful Algae 8, 14-20. 

Howarth, R.W., Marino, R., 2006. Nitrogen as the limiting nutrient for eutrophication in coastal 

marine ecosystems: evolving views over three decades. Limnology and Oceanography 

51, 364-376. 

Hoyle, M.D., 1975. The literature pertinent to the red algal genus Gracilaria in Hawaiʻi. Marine 

Agronomy Program, University of Hawaiʻi at Mānoa. Honolulu, Hawaiʻi  Technical report 

3, 340. 

170 
 



Hoyle, M.D., 1976. Autecology of ogo (Gracilaria bursapastoris) and limu manauea (G. 

coronopifolia) in Hawaiʻi with special emphasis on Gracilaria species as indicators of 

sewage pollution. PhD dissertaion. University of Hawaiʻi at Mānoa, Honolulu, HI, p. 418. 

Hu, C., Muller-Karger, F.E., Swarzenski, P.W., 2006. Hurricanes, submarine groundwater 

discharge, and Florida's red tides. Geophysical Research Letters 33, L11601. 

Hughes, T.P., 1989. Community structure and diversity of coral reefs: the role of history. 

Ecology, 275-279. 

Hughes, T.P., Rodrigues, M.J., Bellwood, D.R., Ceccarelli, D., Hoegh-Guldberg, O., McCook, L., 

Moltschaniwskyj, N., Pratchett, M.S., Steneck, R.S., Willis, B., 2007. Phase shifts, 

herbivory, and the resilience of coral reefs to climate change. Current Biology 17, 360-

365. 

Hunt, C.D., 2007. Wastewater and nutrient source tracking – results of reconnaissance chemical 

mapping at Kualoa and Kahana, Oʻahu. A presentation to the Hawaiʻi Department of 

Health on February 27, 2007, Retrieved on 9/15/14, from 

http://hi.water.usgs.gov/studies/beachmonitoring/pdf/USGS_DOH_Sourcetracking_slid

es.pdf 

Hunt, C.D., Rosa, S.N., 2009. A multitracer approach to detecting wastewater plumes from 

municipal injection wells in nearshore marine waters at Kihei and Lahaina, Maui, 

Hawaiʻi. U.S. Geological Survey. Report 2009-5253, 166. 

Hunter, C.L., Evans, C.W., 1995. Coral reefs in Kāne‘ohe Bay, Hawaiʻi: Two centuries of western 

influence and two decades of data. Bulletin of Marine Science 57, 501-515. 

Hwang, D.-W., Kim, G., Lee, Y.-W., Yang, H.-S., 2005. Estimating submarine inputs of 

groundwater and nutrients to a coastal bay using radium isotopes. Marine Chemistry 96, 

61-71. 

Israel, A., Martinez-Goss, M., Friedlander, M., 1999. Effect of salinity and pH on growth and 

agar yield of Gracilaria tenuistipitata var. liui in laboratory and outdoor cultivation. 

Journal of Applied Phycology 11, 543-549. 

Johannes, R.E., 1980. The ecological significance of the submarine discharge of groundwater. 

Marine Ecology Progress Series 3, 365-373. 

171 
 

http://hi.water.usgs.gov/studies/beachmonitoring/pdf/USGS_DOH_Sourcetracking_slides.pdf
http://hi.water.usgs.gov/studies/beachmonitoring/pdf/USGS_DOH_Sourcetracking_slides.pdf


Johnson, A.G., Glenn, C.R., Burnett, W.C., Peterson, R.N., Lucey, P.G., 2008. Aerial infrared 

imaging reveals large nutrient-rich groundwater inputs to the ocean. Geophysical 

Research Letters 35, L15606. 

Jokiel, P.L., 2008. CRAMP rapid assessment: Benthic protocols. Coral reef assessment and 

monitoring program, Retrieved on 3/1/2014, from 

http://cramp.wcc.hawaii.edu/Rapid_Assessment_Files/RA_benthic_protocol.htm 

Jones, A.B., Dennison, W.C., Stewart, G.R., 1996. Macroalgal responses to nitrogen source and 

availability: amino acid metabolic profiling as a bioindicator using Gracilaria edulis 

(Rhodophyta). Journal of Phycology 32, 757-766. 

Jong, F.d., 2007. Marine eutrophication in perspective: On the relevance of ecology for 

environmental policy. Springer, Berlin, Germany, p. 335. 

Jordan, A., Vadas, R., 1972a. Influence of environmental parameters on intraspecific variation in 

Fucus vesiculosus. Marine Biology 14, 248-252. 

Jordan, A.J., Vadas, R.L., 1972b. Influence of environmental parameters on intraspecific 

variation in Fucus vesiculosus. Marine Biology 14, 248-252. 

Kamer, K., Fong, P., 2000. A fluctuating salinity regime mitigates the negative effects of reduced 

salinity on the estuarine macroalga, Enteromorpha intestinalis. Journal of Experimental 

Marine Biology and Ecology 254, 53-69. 

Kamer, K., Fong, P., 2001. Nitrogen enrichment ameliorates the negative effects of reduced 

salinity on the green macroalga Enteromorpha intestinalis. Marine Ecology Progress 

Series 218, 87-93. 

Karl, D.M., Tien, G., 1997. Temporal variability in dissolved phosphorus concentrations in the 

subtropical North Pacific Ocean. Marine Chemistry 56, 77-96. 

Kay, E.A., Lau, L.S., Stroup, E.D., Dollar, S.J., Fellows, D.P., Young, R.H., 1977. Hydrologic and 

ecologic inventories of the coastal waters of west Hawaiʻi. Water Resources Research 

Center, University of Hawaiʻi at Mānoa Technical report 105, 102. 

Kelly, J.L., Glenn, C.R., Lucey, P.G., 2013. High-resolution aerial infrared mapping of 

groundwater discharge to the coastal ocean. Limnology and Oceanography Methods 11, 

262-277. 

172 
 

http://cramp.wcc.hawaii.edu/Rapid_Assessment_Files/RA_benthic_protocol.htm


Kelly, J.R., 2008. Nitrogen effects on coastal marine ecosystems, in: Hatfield, J.L., Follett, R.F. 

(Eds.), Nitrogen in the Environment: Sources, Problems, and Management. Elsevier Inc, 

San Diego, CA, pp. 271-332. 

Kendall, C., 1998. Tracing nitrogen sources and cycling in catchments, in: Kendall, C., 

McDonnell, J.J. (Eds.), Isotope tracers in catchment hydrology. Elsevier, Amsterdam, pp. 

519-576. 

Kendall, C., Elliott, E.M., Wankel, S.D., 2007. Tracing anthropogenic inputs of nitrogen to 

ecosystems, in: Michener, R.H., Lajtha, K. (Eds.), Stable isotopes in ecology and 

environmental science. John Wiley & Sons, Malden, Massachusetts, pp. 375-449. 

Kennedy, Emma V., Perry, Chris T., Halloran, Paul R., Iglesias-Prieto, R., Schönberg, 

Christine H.L., Wisshak, M., Form, Armin U., Carricart-Ganivet, Juan P., Fine, M., Eakin, 

C.M., Mumby, Peter J., 2013. Avoiding coral reef functional collapse requires local and 

global action. Current Biology 23, 912-918. 

Kim, C.J.S., Yoshioka, R.M., Tracy, A.M., Harvell, D.C., 2014. Linking sewage pollution and water 

quality to spatial patterns of Porites growth anomalies in Puakō, Hawai‘i. Final report for 

Puakō Community Association. Cornell University. Ithaca, New York, 15. 

Kim, G., Kim, J.S., Hwang, D.W., 2011. Submarine groundwater discharge from oceanic islands 

standing in oligotrophic oceans: Implications for global biological production and organic 

carbon fluxes. Limnology and Oceanography 56, 673-682. 

Kim, G., Ryu, J.-W., Yang, H.-S., Yun, S.-T., 2005. Submarine groundwater discharge (SGD) into 

the Yellow Sea revealed by 228Ra and 226Ra isotopes: Implications for global silicate 

fluxes. Earth and Planetary Science Letters 237, 156-166. 

Kim, G., Swarzenski, P., 2010. Submarine groundwater discharge (SGD) and associated nutrient 

fluxes to the coastal ocean, in: Liu, K.-K., Atkinson, L., Quiñones, R., Talaue-McManus, L. 

(Eds.), Carbon and Nutrient Fluxes in Continental Margins. Springer-Verlag, New York, 

pp. 529-538. 

Kinzie, R.A., 2008. Four decades of macroalgal stasis and change on an urban coral reef. 

Micronesica 40, 101-122. 

173 
 



Kirst, G.O., 1990. Salinity tolerance of eukaryotic marine algae. Annual Review of Plant Biology 

41, 21-53. 

Knee, K., Paytan, A., 2011. Submarine groundwater discharge: A source of nutrients, metals, 

and pollutants to the coastal ocean, in: E, W., DS, M. (Eds.), Treatise on estuarine and 

coastal science. Academic Press, Waltham, Massachusetts, pp. 205–233. 

Knowlton, N., Jackson, J.B.C., 2008. Shifting baselines, local impacts, and global change on coral 

reefs. PLoS Biology 6, e54. 

Koban, M.A., III, 2012. Groundwater nutrients and their potential impact over blooms of 

Karenia brevis. MS thesis. The University of West Florida, FL, p. 58. 

Koch, E., Lawrence, J., 1987. Photosynthetic and respiratory responses to salinity changes in the 

red alga Gracilaria verrucosa. Botanica Marina 30, 327-329. 

Kroon, F.J., Schaffelke, B., Bartley, R., 2014. Informing policy to protect coastal coral reefs: 

Insight from a global review of reducing agricultural pollution to coastal ecosystems. 

Marine Pollution Bulletin 85, 33-41. 

Lapointe, B.E., 1981. The effects of light and nitrogen on growth, pigment content, and 

biochemical composition of Gracilaria foliifera v. angustissima (Gigartinales, 

Rhodophyta). Journal of Phycology 17, 90-95. 

Lapointe, B.E., 1985. Strategies for pulsed nutrient supply to Gracilaria cultures in the Florida 

Keys: Interactions between concentration and frequency of nutrient pulses. Journal of 

Experimental Marine Biology and Ecology 93, 211-222. 

Lapointe, B.E., 1997. Nutrient thresholds for bottom-up control of macroalgal blooms on coral 

reefs in Jamaica and southeast Florida. Limnology and Oceanography 42, 1119-1131. 

Lapointe, B.E., Barile, P.J., Littler, M.M., Littler, D.S., 2005a. Macroalgal blooms on southeast 

Florida coral reefs II. Cross-shelf discrimination of nitrogen sources indicates widespread 

assimilation of sewage nitrogen. Harmful Algae 4, 1106-1122. 

Lapointe, B.E., Barile, P.J., Littler, M.M., Littler, D.S., Bedford, B.J., Gasque, C., 2005b. 

Macroalgal blooms on southeast Florida coral reefs: I. Nutrient stoichiometry of the 

invasive green alga Codium isthmocladum in the wider Caribbean indicates nutrient 

enrichment. Harmful Algae 4, 1092-1105. 

174 
 



Lapointe, B.E., Barile, P.J., Yentsch, C.S., Littler, M.M., Littler, D.S., Kakuk, B., 2004. The relative 

importance of nutrient enrichment and herbivory on macroalgal communities near 

Norman's Pond Cay, Exumas Cays, Bahamas: a "natural" enrichment experiment. Journal 

of Experimental Marine Biology and Ecology 298, 275-301. 

Lapointe, B.E., Bedford, B.J., 2007. Drift rhodophyte blooms emerge in Lee County, Florida, USA: 

Evidence of escalating coastal eutrophication. Harmful Algae 6, 421-437. 

Lapointe, B.E., Clark, M.W., 1992. Nutrient inputs from the watershed and coastal 

eutrophication in the Florida Keys. Estuaries 15, 465-476. 

Lapointe, B.E., Langton, R., Bedford, B.J., Potts, A.C., Day, O., Hu, C., 2010. Land-based nutrient 

enrichment of the Buccoo Reef Complex and fringing coral reefs of Tobago, West Indies. 

Marine Pollution Bulletin 60, 334-343. 

Lapointe, B.E., O'Connell, J., 1989. Nutrient-enhanced growth of Cladophora prolifera in 

harrington sound, Bermuda: Eutrophication of a confined, phosphorus-limited marine 

ecosystem. Estuarine, Coastal and Shelf Science 28, 347-360. 

Lapointe, B.E., Rice, D.L., Lawrence, J.M., 1984. Responses of photosynthesis, respiration, 

growth and cellular constituents to hypo-osmotic shock in the red alga Gracilaria 

tikvahiae. Comparative biochemistry and physiology Part A: Physiology 77, 127-132. 

Larned, S.T., 1998. Nitrogen- versus phosphorus-limited growth and sources of nutrients for 

coral reef macroalgae. Marine Biology 132, 409-421. 

LaRoche, J., Nuzzi, R., Waters, R., Wyman, K., Falkowski, P., Wallace, D., 1997. Brown tide 

blooms in Long Island’s coastal waters linked to interannual variability in groundwater 

flow. Global Change Biology 3, 397-410. 

Lassauque, J., Lepoint, G., Thibaut, T., Francour, P., Meinesz, A., 2010. Tracing sewage and 

natural freshwater input in a Northwest Mediterranean bay: Evidence obtained from 

isotopic ratios in marine organisms. Marine Pollution Bulletin 60, 843-851. 

Laws, E., Brown, D., Peace, C., 2004. Coastal water quality in the Kihei and Lahaina districts of 

the island of Maui, Hawaiian Islands. Impacts from physical habitat and groundwater 

seepage: implications for water quality standards. International Journal of Environment 

and Pollution 22, 531-546. 

175 
 



Laws, E.A., 2000. Aquatic pollution: An introductory text. John Wiley & Sons, New York, New 

York, p. 672. 

Lee, Y.-W., Kim, G., 2007. Linking groundwater-borne nutrients and dinoflagellate red-tide 

outbreaks in the southern sea of Korea using a Ra tracer. Estuarine, Coastal and Shelf 

Science 71, 309-317. 

Lewis, J.B., 1987. Measurements of grounwater seapage flux onto a coral reef: spatial and 

temporal variations. Limnology and Oceanography 32, 1165-1169. 

Lin, D.T., Fong, P., 2008. Macroalgal bioindicators (growth, tissue N, δ15N) detect nutrient 

enrichment from shrimp farm effluent entering Opunohu Bay, Moorea, French 

Polynesia. Marine Pollution Bulletin 56, 245-249. 

Lirman, D., 2001. Competition between macroalgae and corals: effects of herbivore exclusion 

and increased algal biomass on coral survivorship and growth. Coral Reefs 19, 392-399. 

Littler, M.M., Littler, D.S., Brooks, B.L., 2006a. Harmful algae on tropical coral reefs: Bottom-up 

eutrophication and top-down herbivory. Harmful Algae 5, 565-585. 

Littler, M.M., Littler, D.S., Brooks, B.L., Lapointe, B.E., 2006b. Nutrient manipulation methods 

for coral reef studies: A critical review and experimental field data. Journal of 

Experimental Marine Biology and Ecology 336, 242-253. 

Littler, M.M., Littler, D.S., Lapointe, B.E., 1992. Modification of tropical reef community 

structure due to cultural eutrophication: the southwest coast of Martinique, 7th 

International Coral Reefs Symposium, Guam, pp. 335-343. 

Liu, D., Keesing, J.K., He, P., Wang, Z., Shi, Y., Wang, Y., 2013. The world’s largest macroalgal 

bloom in the Yellow Sea, China: Formation and implications. Estuarine, Coastal and Shelf 

Science 129, 2-10. 

Liu, J.-W., Dong, S.-l., 2001. Comparative studies on utilizing nitrogen capacity between two 

macroalgae Gracilaria tenuistipitata var. liui (rhodophyta) and Ulva pertusa 

(chlorophyta) I. Nitrogen storage under nitrogen enrichment and starvation. Journal of 

Environmental Sciences 13, 318-322. 

Lobban, C.S., Harrison, P., 1994. Seaweed ecology and physiology. Cambridge University Press, 

Cambridge, UK, p. 366. 

176 
 



Lum, D., 1969. Preliminary report on geohydrologic exploration for deep well disposal of 

effluent, Waimānalo sewage treatment plant, Oʻahu. Department of the land and 

natural resources circular, State of Hawaiʻi. Honolulu, Hawaiʻi, Report C54, 17. 

Lum, D., Stearns, H.T., 1970. Pleistocene stratigraphy and eustatic history based on cores at 

Waimānalo, Oʻahu, Hawaiʻi. Geological Society of America Bulletin 81, 1-16. 

Lyons, D.A., Arvanitidis, C., Blight, A.J., Chatzinikolaou, E., Guy-Haim, T., Kotta, J., Orav-Kotta, H., 

Queirós, A.M., Rilov, G., Somerfield, P.J., 2014. Macroalgal blooms alter community 

structure and primary productivity in marine ecosystems. Global Change Biology 20, 

2712-2724. 

Macko, S.A., Ostrom, N.E., 1994. Pollution studies using stable isotopes, in: Lajtha, K., Michener, 

R.H. (Eds.), Stable isotopes in ecology. Blackwell Scientific, London, UK, pp. 45-62. 

Mariotti, A., Mariotti, F., Champigny, M.-L., Amarger, N., Moyse, A., 1982. Nitrogen isotope 

fractionation associated with nitrate reductase activity and uptake of NO3− by Pearl 

Millet. Plant Physiology 69, 880-884. 

Martinez, J.A., Smith, C.M., Richmond, R.H., 2012. Invasive algal mats degrade coral reef 

physical habitat quality. Estuarine, Coastal and Shelf Science 99, 42-49. 

Mathieson, A.C., Burns, R.L., 1975. Ecological studies of economic red algae. v. growth and 

reproduction of natural and harvested populations of Chondrus crispus Stackhouse in 

New Hampshire. Journal of Experimental Marine Biology and Ecology 17, 137-156. 

Mayfield, K.K., 2013. A summary of the submarine groundwater discharge (SGD) in Kahana bay: 

Spatial and intra-daily variability. BS thesis. Geology and Geophysics, University of 

Hawaiʻi at Mānoa, Honolulu, p. 56. 

McConnaughey, T.A., Adey, W.H., Small, A.M., 2000. Community and environmental influences 

on reef coral calcification. Limnology and Oceanography 45, 1667-1671. 

McCook, L., Jompa, J., Diaz-Pulido, G., 2001. Competition between corals and algae on coral 

reefs: A review of evidence and mechanisms. Coral Reefs 19, 400-417. 

McCook, L.J., 1999. Macroalgae, nutrients and phase shifts on coral reefs: Scientific issues and 

management consequences for the Great Barrier Reef. Coral Reefs 18, 357-367. 

177 
 



McCoy, C.A., Corbett, D.R., 2009. Review of submarine groundwater discharge (SGD) in coastal 

zones of the Southeast and Gulf Coast regions of the United States with management 

implications. Journal of Environmental Management 90, 644-651. 

McGlathery, K.J., 1992. Physiological controls on the distribution of the macroalga Spyridea 

hypnoides - patterns along a eutrophication gradient in Bermuda. Marine Ecology 

Progress Series 87, 173-182. 

McGlathery, K.J., Pedersen, M.F., Borum, J., 1996. Changes in intracellular nitrogen pools and 

feedback controls on nitrogen uptake in Chaetomorpha linum (Chlorophyta) Journal of 

Phycology 32, 393-401. 

McGowan, M.P., 2004. Submarine groundwater discharge: freshwater and nutrient input into 

Hawaiʻi's coastal zone. MS thesis. Department of Geology and Geophysics, University of 

Hawaiʻi at Mānoa, Honolulu, Hawaiʻi p. 147. 

McManus, J.W., Polsenberg, J.F., 2004. Coral–algal phase shifts on coral reefs: Ecological and 

environmental aspects. Progress in Oceanography 60, 263-279. 

McQuillan, D., 2004. Ground-water quality impacts from on-site septic systems, 13th Annual 

Conference of the National Onsite Wastewater Recycling Association, Albuquerque, 

New Mexico, pp. 7-10. 

Michael, H.A., Lubetsky, J.S., Harvey, C.F., 2003. Characterizing submarine groundwater 

discharge: A seepage meter study in Waquoit Bay, Massachusetts. Geophysical Research 

Letters 30, 1297. 

Minet, E., Coxon, C., Goodhue, R., Richards, K., Kalin, R., Meier-Augenstein, W., 2012. Evaluating 

the utility of 15N and 18O isotope abundance analyses to identify nitrate sources: A soil 

zone study. Water Research 46, 3723-3736. 

Modak, J.M., 2002. Haber process for ammonia synthesis. Resonance 7, 69-77. 

Mohsen, A., Nasr, A., Metwalli, A., 1972. Effect of different salinities on growth, reproduction, 

amino acid synthesis, fat and sugar content in Ulva fasciata Delile plants. Botanica 

Marina 15, 177-181. 

Moore, W.S., 2009. Submarine groundwater discharge, in: John, H.S., Karl, K.T., Steve, A.T. 

(Eds.), Encyclopedia of ocean sciences. Academic Press, Oxford, UK, pp. 551-558. 

178 
 



Moore, W.S., 2010. The effect of submarine groundwater discharge on the ocean. Annual 

Review of Marine Science 2, 59-88. 

Moore, W.S., Arnold, R., 1996. Measurement of 223Ra and 224Ra in coastal waters using a 

delayed coincidence counter. Journal of Geophysical Research: Oceans 101, 1321-1329. 

Moore, W.S., Sarmiento, J.L., Key, R.M., 2008. Submarine groundwater discharge revealed by  
228Ra distribution in the upper Atlantic Ocean. Nature Geoscience 1, 309-311. 

Most, R.J., 2012. Nutrient and herbivory effects on benthic marine algal biomass and 

community structure on the Kona Coast of Hawai‘i. MS thesis. University of Hawai‘i at 

Hilo, Hilo, Hawai‘i, p. 71. 

Moynihan, M.A., Baker, D.M., Mmochi, A.J., 2012. Isotopic and microbial indicators of sewage 

pollution from Stone Town, Zanzibar, Tanzania. Marine Pollution Bulletin 64, 1348-1355. 

Mutchler, T., Dunton, K.H., Townsend-Small, A., Fredriksen, S., Rasser, M.K., 2007. Isotopic and 

elemental indicators of nutrient sources and status of coastal habitats in the Caribbean 

Sea, Yucatan Peninsula, Mexico. Estuarine Coastal and Shelf Science 74, 449-457. 

Naim, O., 1993. Seasonal responses of a fringing reef community to eutrophication (Reunion 

Island, Western Indian Ocean). Marine Ecology Progress Series 99, 137-151. 

National Oceanic and Atmospheric Administration, 2005. Implementation of the national coral 

reef action strategy: Report on U.S. coral reef task force agency activities from 2002-

2003. Silver Spring, Maryland, 124. 

National Oceanic and Atmospheric Administration, 2014. Tides and currents. Center for 

operational oceanographic products and services, Retrieved on 7/1/2014, from 

http://tidesandcurrents.noaa.gov/waterlevels.html?id=1612340 

Nejrup, L.B., Staehr, P.A., Thomsen, M.S., 2013. Temperature and light-dependent growth and 

metabolism of the invasive red algae Gracilaria vermiculophylla - a comparison with two 

native macroalgae. European Journal of Phycology 48, 295-308. 

Nelson, S.G., Glenn, E.P., Moore, D., Ambrose, B., 2009. Growth and distribution of the 

macroalgae Gracilaria salicornia and G. parvispora (Rhodophyta) established from 

aquaculture introductions at Molokaʻi, Hawaiʻi. Pacific Science 63, 383-396. 

179 
 

http://tidesandcurrents.noaa.gov/waterlevels.html?id=1612340


Nishimura, N., 2000. Introduced macroalgae in Hawaiian waters, with special reference to the 

invasive red alga, Gracilaria salicornia (C. Agardh) Dawson. PhD. University of Hawaiʻi at 

Mānoa, Honolulu, Hawaiʻi, p. 108. 

Norton, T., Mathieson, A., Neushul, M., 1981. Morphology and environment, in: Lobban, C.S., 

Wynne, M. (Eds.), The biology of seaweeds. University of California Press, California pp. 

421-451. 

O’Kelly, C.J., Kurihara, A., Shipley, T.C., Sherwood, A.R., 2010. Molecular assessment of Ulva 

spp. (Ulvophyceae, Chlorophyta) in the Hawaiian Islands. Journal of Phycology 46, 728-

735. 

Oberdorfer, J.A., 2003. Hydrogeologic modeling of submarine groundwater discharge: 

comparison to other quantitative methods. Biogeochemistry 66, 159-169. 

Olutiola, P., 1976. Some environmental and nutritional factors affecting growth and sporulation 

of Aspergillus flavus. Transactions of the British Mycological Society 66, 131-136. 

Orduña-Rojas, J., García-Rodríguez, L.D., López-Meyer, M., Riosmena-Rodríguez, R., 2013. 

Photosynthetic and respiratory responses of Gracilaria parvispora from the 

southeastern Gulf of California. Journal of Applied Phycology 25, 1855-1861. 

Osher, W., 2014. Federal Ruling: Maui County Is Violating Clean Water Act. Retrieved on 

8/28/14, from http://mauinow.com/2014/06/02/federal-ruling-maui-county-is-

violating-clean-water-act/ 

Otaga, F., Matsui, T., 1965. Photosynthesis in several marine plants in relation to carbon dioxide 

supply, light and inhibitors. Japanese Journal of Botany 19, 83-97. 

Owens, N.J., 1987. Natural variations in 15N in the marine environment. Advances in Marine 

Biology 24, 389-451. 

Paerl, H.W., 1997. Coastal eutrophication and harmful algal blooms: Importance of atmospheric 

deposition and groundwater as ''new'' nitrogen and other nutrient sources. Limnology 

and Oceanography 42, 1154-1165. 

Paerl, H.W., Otten, T.G., 2013. Harmful cyanobacterial blooms: causes, consequences, and 

controls. Microbial Ecology 54, 995-1010. 

180 
 

http://mauinow.com/2014/06/02/federal-ruling-maui-county-is-violating-clean-water-act/
http://mauinow.com/2014/06/02/federal-ruling-maui-county-is-violating-clean-water-act/


Páez, A., Farber, S., Wheeler, D., 2011. A simulation-based study of geographically weighted 

regression as a method for investigating spatially varying relationships. Environment and 

Planning-Part A 43, 2992. 

Parsons, M.L., Walsh, W.J., Settlemier, C.J., White, D.J., Ballauer, J.M., Ayotte, P.M., Osada, 

K.M., Carman, B., 2008. A multivariate assessment of the coral ecosystem health of two 

embayments on the lee of the island of Hawai‘i. Marine Pollution Bulletin 56, 1138-

1149. 

Paul, J.H., McLaughlin, M.R., Griffin, D.W., Lipp, E.K., Stokes, R., Rose, J.B., 2000. Rapid 

movement of wastewater from on-site disposal systems into surface waters in the 

Lower Florida Keys. Estuaries 23, 662-668. 

Paul, J.H., Rose, J.B., Jiang, S.C., Zhou, X., Cochran, P., Kellogg, C., Kang, J.B., Griffin, D., Farrah, 

S., Lukasik, J., 1997. Evidence for groundwater and surface marine water contamination 

by waste disposal wells in the Florida Keys. Water Research 31, 1448-1454. 

Paytan, A., Shellenbarger, G.G., Street, J.H., Gonneea, M.E., Davis, K., Young, M.B., Moore, W.S., 

2006. Submarine groundwater discharge: An important source of new inorganic 

nitrogen to coral reef ecosystems. Limnology and Oceanography, 343-348. 

Peckol, P., DeMeo-Anderson, B., Rivers, J., Valiela, I., Maldonado, M., Yates, J., 1994. Growth, 

nutrient uptake capacities and tissue constituents of the macroalgae Cladophora 

vagabunda and Gracilaria tikvahiae related to site-specific nitrogen loading rates. 

Marine Biology 121, 175-185. 

Peckol, P., Rivers, J.S., 1995. Physiological responses of the opportunistic macroalgae 

Cladophora vagabunda (L.) van den Hoek and Gracilaria tikvahiae (McLachlan) to 

environmental disturbances associated with eutrophication. Journal of Experimental 

Marine Biology and Ecology 190, 1-16. 

Pedersen, A., Kraemer, G., Yarish, C., 2004. The effects of temperature and nutrient 

concentrations on nitrate and phosphate uptake in different species of Porphyra from 

Long Island Sound (USA). Journal of Experimental Marine Biology and Ecology 312, 235-

252. 

181 
 



Pedersen, M.F., Borum, J., 1996. Nutrient control of algal growth in estuarine waters. Nutrient 

limitation and the importance of nitrogen requirements and nitrogen storage among 

phytoplankton and species of macroalgae. Marine Ecology Progress Series 142, 261-272. 

Perez, M., Garcia, T., Invers, O., Ruiz, J.M., 2008. Physiological responses of the seagrass 

Posidonia oceanica as indicators of fish farm impact. Marine Pollution Bulletin 56, 869-

879. 

Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annual Review of Ecology and 

Systematics 18, 293-320. 

Peterson, R.N., Burnett, W.C., Glenn, C.R., Johnson, A.G., 2009. Quantification of point-source 

groundwater discharges to the ocean from the shoreline of the Big Island, Hawaiʻi. 

Limnology and Oceanography 54, 890-904. 

Pickering, T.D., Gordon, M.E., Tong, L.J., 1993. Effect of nutrient pulse concentration and 

frequency on growth of Gracilaria chilensis plants and levels of epiphytic algae. Journal 

of Applied Phycology 5, 525-533. 

Piñón-Gimate, A., Soto-Jiménez, M.F., Ochoa-Izaguirre, M.J., García-Pagés, E., Páez-Osuna, F., 

2009. Macroalgae blooms and δ15N in subtropical coastal lagoons from the 

Southeastern Gulf of California: Discrimination among agricultural, shrimp farm and 

sewage effluents. Marine Pollution Bulletin 58, 1144-1151. 

Pitt, K.A., Connolly, R.M., Maxwell, P., 2009. Redistribution of sewage-nitrogen in estuarine 

food webs following sewage treatment upgrades. Marine Pollution Bulletin 58, 573-580. 

Povinec, P.P., Burnett, W.C., Beck, A., Bokuniewicz, H., Charette, M., Gonneea, M.E., Groening, 

M., Ishitobi, T., Kontar, E., Liong Wee Kwong, L., Marie, D.E., Moore, W.S., Oberdorfer, 

J.A., Peterson, R., Ramessur, R., Rapaglia, J., Stieglitz, T., Top, Z., 2012. Isotopic, 

geophysical and biogeochemical investigation of submarine groundwater discharge: 

IAEA-UNESCO intercomparison exercise at Mauritius Island. Journal of Environmental 

Radioactivity 104, 24-45. 

Rabalais, N.N., 2002. Nitrogen in aquatic ecosystems. AMBIO: A Journal of the Human 

Environment 31, 102-112. 

182 
 



Raimbault, P., Garcia, N., Cerutti, F., 2008. Distribution of inorganic and organic nutrients in the 

South Pacific Ocean− evidence for long-term accumulation of organic matter in 

nitrogen-depleted waters. Biogeosciences 5, 281-298. 

Ralph, P.J., Gademann, R., 2005. Rapid light curves: A powerful tool to assess photosynthetic 

activity. Aquatic Botany 82, 222-237. 

Reed, R., Russell, G., 1978. Salinity fluctuations and their influence on “bottle brush” 

morphogenesis in Enteromorpha intestinalis (L.) Link. British Phycological Journal 13, 

149-153. 

Reopanichkul, P., Schlacher, T.A., Carter, R.W., Worachananant, S., 2009. Sewage impacts coral 

reefs at multiple levels of ecological organization. Marine Pollution Bulletin 58, 1356-

1362. 

Richmond, R.H., Golbuu, Y., Idechong, N., Wolanski, E., 2011. Integration of social and cultural 

aspects in designing ecohydrology and restoration solutions, in: Wolanski, E., McLusky, 

D. (Eds.), Treatise on estuarine and coastal science. Academic Press, Waltham, 

Massachusetts, pp. 71-80. 

Riera, P., Stal, L.J., Nieuwenhuize, J., 2000. Heavy δ15N in intertidal benthic algae and 

invertebrates in the Scheldt Estuary (The Netherlands): Effect of river nitrogen inputs. 

Estuarine, Coastal and Shelf Science 51, 365-372. 

Risk, M.J., 2014. Assessing the effects of sediments and nutrients on coral reefs. Current 

Opinion in Environmental Sustainability 7, 108-117. 

Risk, M.J., Lapointe, B.E., Sherwood, O.A., Bedford, B.J., 2009. The use of δ15N in assessing 

sewage stress on coral reefs. Marine Pollution Bulletin 58, 793-802. 

Rodgers, B.S., 2010. How does groundwater impact eelgrass in Long Island? The role of nitrogen 

and herbicide in reducing eelgrass growth,survival and photosynthetic efficiency. MS 

thesis. State University of New York at Stony Brook, New York, p. 61. 

Rodgers, K.S., Jokiel, P.L., Brown, E.K., Hau, S., Sparks, R., 2014. Hawai‘i coral reef assessment 

and monitoring program: Over a decade of change in spatial and temporal dynamics in 

coral reef communities. Pacific Science 69, in press. 

183 
 



Rogers, K., Barr, N., Dudley, B., Cornelisen, C., 2012. Developing a New Zealand wide coastal 

bio-indicator of nitrogen loading using patterns of tissue-δ15N and tissue-N in Ulva 

macroalgae. Geophysical Research Abstracts 14, EGU2012-1975-2011. 

Rogers, K.M., 2003. Stable carbon and nitrogen isotope signatures indicate recovery of marine 

biota from sewage pollution at Moa Point, New Zealand. Marine Pollution Bulletin 46, 

821-827. 

Rosenberg, G., Probyn, T., Mann, K., 1984. Nutrient uptake and growth kinetics in brown 

seaweeds: response to continuous and single additions of ammonium. Journal of 

Experimental Marine Biology and Ecology 80, 125-146. 

Rosenshein, L., 2010. Mapping geographically weighted regression, p values. GeoNet The Esri 

Community, Retrieved on 7-28-14, from https://geonet.esri.com/thread/18644 

Rotzoll, K., El-Kadi, A., 2007. Numerical ground-water flow simulation for Red Hill fuel storage 

facilities, NAVFAC Pacific, Oʻahu, Hawaiʻi. Prepared for TEC Inc., Water Resources 

Research Center, University of Hawaiʻi. Honolulu, Hawaiʻi, 76. 

Ryther, J.H., Corwin, N., DeBusk, T.A., Williams, L.D., 1981. Nitrogen uptake and storage by the 

red alga Gracilaria tikvahiae (McLachlan, 1979). Aquaculture 26, 107-115. 

Sale, P.F., Hixon, M.A., 2014. Addressing the global decline in coral reefs and forthcoming 

impacts on fishery yields, in: Bortone, S.A. (Ed.), Interrelationships Between Corals and 

Fisheries. CRC Press, Boca Raton, Florida, pp. 7-18. 

Sánchez, A., Ortiz-Hernández, M.C., Talavera-Sáenz, A., Aguíñiga-García, S., 2013. Stable 

nitrogen isotopes in the turtle grass Thalassia testudinum from the Mexican Caribbean: 

Implications of anthropogenic development. Estuarine, Coastal and Shelf Science 135, 

86-93. 

Santos, I.R., 2008. Submarine groundwater discharge driving mechanisms and biogeochemical 

aspects. PhD dissertation. Florida State University, Tallahassee, Florida, p. 158. 

Santos, I.R., Niencheski, F., Burnett, W., Peterson, R., Chanton, J., Andrade, C.F.F., Milani, I.B., 

Schmidt, A., Knoeller, K., 2008. Tracing anthropogenically driven groundwater discharge 

into a coastal lagoon from southern Brazil. Journal of Hydrology 353, 275-293. 

184 
 



Saroussi, S., Beer, S., 2007. Acclimations of macroalgae as reflected in photosynthetic 

parameters derived from PAM fluorometry, and possible implications for abundance 

patterns. Marine Ecology 28, 377-383. 

Savage, C., 2005. Tracing the influence of sewage nitrogen in a coastal ecosystem using stable 

nitrogen isotopes. AMBIO: A Journal of the Human Environment 34, 145-150. 

Savage, C., Elmgren, R., 2004. Macroalgal (Fucus vesiculosus) δ15N values trace decrease in 

sewage influence. Ecological Applications 14, 517-526. 

Schemel, L., 2001. Simplified conversions between specific conductance and salinity units for 

use with data from monitoring stations. Interagency Ecology Program for the San 

Francsico Estuary Newsletter 14, 17-18. 

Schlacher, T.A., Mondon, J.A., Connolly, R.M., 2007. Estuarine fish health assessment: evidence 

of wastewater impacts based on nitrogen isotopes and histopathology. Marine Pollution 

Bulletin 54, 1762-1776. 

Schlesinger, W.H., 2009. On the fate of anthropogenic nitrogen. Proceedings of the National 

Academy of Sciences of the United States of America 106, 203-208. 

Selig, E.R., Bruno, J.F., 2010. A global analysis of the effectiveness of marine protected areas in 

preventing coral loss. PLOS ONE 5, e9278. 

Shannon, C.E., 1948. A mathematical theory of communication. Bell System Technical Journal 

27, 623-656. 

Sharp, J.H., 1983. The distributions of inorganic nitrogen and dissolved and particulate organic 

nitrogen in the sea, in: Carpenter, E.J., Capone, D.G. (Eds.), Nitrogen in the marine 

environment. Academic Press, New York, New York, pp. 1-35. 

Sigman, D., Casciotti, K., Andreani, M., Barford, C., Galanter, M., Böhlke, J., 2001. A bacterial 

method for the nitrogen isotopic analysis of nitrate in seawater and freshwater. 

Analytical Chemistry 73, 4145-4153. 

Sigman, D.M., Altabet, M.A., McCorkle, D.C., Francois, R., Fischer, G., 2000. The δ15N of nitrate 

in the southern ocean: Nitrogen cycling and circulation in the ocean interior. Journal of 

Geophysical Research: Oceans 105, 19599-19614. 

185 
 



Simon, C., Gall, E.A., Levavasseur, G., Deslandes, E., 1999. Effects of short-term variations of 

salinity and temperature on the photosynthetic response of the red alga Grateloupia 

doryphora from Brittany (France). Botanica Marina 42, 437-440. 

Simpson, E.H., 1949. Measurement of diversity. Nature 163, 688. 

Slomp, C.P., Van Cappellen, P., 2004. Nutrient inputs to the coastal ocean through submarine 

groundwater discharge: Controls and potential impact. Journal of Hydrology 295, 64-86. 

Smil, V., 2004. Enriching the earth: Fritz Haber, Carl Bosch, and the transformation of world 

food production. The Massachusetts Institute of Tchnology Press, Cambridge, 

Massachusetts, p. 338. 

Smit, A., Robertson, B., du Preez, D., 1996. Influence of ammonium-N pulse concentrations and 

frequency, tank condition and nitrogen starvation on growth rate and biochemical 

composition of Gracilaria gracilis. Journal of Applied Phycology 8, 473-481. 

Smith, J., Smith, C., Hunter, C., 2001. An experimental analysis of the effects of herbivory and 

nutrient enrichment on benthic community dynamics on a Hawaiian reef. Coral Reefs 

19, 332-342. 

Smith, J.E., 2003. Invasive macroalgae on tropical reefs: Impacts, interactions, mechanisms and 

management. Journal of Phycology 39, 53. 

Smith, J.E., Hunter, C.L., Conklin, E.J., Most, R., Sauvage, T., Squair, C., Smith, C.M., 2004a. 

Ecology of the invasive red alga Gracilaria salicornia (Rhodophyta) on Oʻahu, Hawaiʻi. 

Pacific Science 58, 325-343. 

Smith, J.E., Hunter, C.L., Smith, C.M., 2002. Distribution and reproductive characteristics of 

nonindigenous and invasive marine algae in the Hawaiian Islands. Pacific Science 56, 

299-315. 

Smith, J.E., Hunter, C.L., Smith, C.M., 2010. The effects of top–down versus bottom–up control 

on benthic coral reef community structure. Oecologia 163, 497-507. 

Smith, J.E., Runcie, J.W., Smith, C.M., 2005. Characterization of a large-scale ephemeral bloom 

of the green alga Cladophora sericea on the coral reefs of west Maui, Hawaiʻi. Marine 

Ecology Progress Series 302, 77-91. 

186 
 



Smith, J.E., Shaw, M., Edwards, R.A., Obura, D., Pantos, O., Sala, E., Sandin, S.A., Smriga, S., 

Hatay, M., Rohwer, F.L., 2006. Indirect effects of algae on coral: algae-mediated, 

microbe-induced coral mortality. Ecology Letters 9, 835-845. 

Smith, J.E., Smith, C.M., Vroom, P.S., Beach, K.L., Miller, S., 2004b. Nutrient and growth 

dynamics of Halimeda tuna on Conch Reef, Florida Keys: Possible influence of internal 

tides on nutrient status and physiology. Limnology and Oceanography 49, 1923-1936. 

Smith, S.V., Kimmerer, W.J., Laws, E.A., Brock, R.E., Walsh, T.W., 1981. Kāneʻohe Bay sewage 

diversion experiment: Perspectives on ecosystem responses to nutritional 

perturbabation. Pacific Science 35, 279-397. 

Smith, V.H., Tilman, G.D., Nekola, J.C., 1999. Eutrophication: impacts of excess nutrient inputs 

on freshwater, marine, and terrestrial ecosystems. Environmental Pollution 100, 179-

196. 

Soicher, A., Peterson, F., 1997. Terrestrial nutrient and sediment fluxes to the coastal waters of 

west Maui, Hawaiʻi. Pacific Science 51, 221-232. 

State of Hawaiʻi, 2013a. Hawaiʻi visitor statistics data set: 2013. State of Hawaiʻi Department of 

Buisness, Economic Development & Tourism, Hawaiʻi. 

State of Hawaiʻi, 2013b. Oʻahu underground injection control permit GIS data. Department of 

Health Safe Drinking Water Branch, Honolulu, Hawaiʻi. 

State of Hawaiʻi, 2014. Underground injection control (UIC) program. Retrieved on 7/14/14, 

from http://health.hawaii.gov/sdwb/uicprogram/ 

State of Hawaiʻi, 2015a. 28th Legislature, 2015. Hawaiʻi State Legislature, Retrieved on 4/15/15, 

from http://www.capitol.hawaii.gov/ 

State of Hawaiʻi, 2015b. Cesspools in Hawaiʻi. Retrieved on 4/17/15, from 

http://health.hawaii.gov/wastewater/cesspools/ 

State of Hawaiʻi Office of Planning, 2014. Hawaiʻi statewide GIS program. Retrieved on 

8/28/2014, from http://planning.hawaii.gov/gis/download-gis-data 

Steffensen, D., 1976. Morphological variation of Ulva in the Avon-Heathcote Estuary, 

Christchurch. New Zealand Journal of Marine and Freshwater Research 10, 329-341. 

187 
 

http://health.hawaii.gov/sdwb/uicprogram/
http://www.capitol.hawaii.gov/
http://health.hawaii.gov/wastewater/cesspools/
http://planning.hawaii.gov/gis/download-gis-data


Stieglitz, T., Taniguchi, M., Neylon, S., 2008. Spatial variability of submarine groundwater 

discharge, Ubatuba, Brazil. Estuarine, Coastal and Shelf Science 76, 493-500. 

Stimson, J., Larned, S.T., 2000. Nitrogen efflux from the sediments of a subtropical bay and the 

potential contribution to macroalgal nutrient requirements. Journal of Experimental 

Marine Biology and Ecology 252, 159-180. 

Street, J.H., Knee, K.L., Grossman, E.E., Paytan, A., 2008. Submarine groundwater discharge and 

nutrient addition to the coastal zone and coral reefs of leeward Hawaiʻi. Marine 

Chemistry 109, 355-376. 

Sun, L., 1996. The Maui algal bloom: the role of physics, in: Wiltse, W. (Ed.), Algal Blooms: 

Progress Report on Scientific Research. West Maui Watershed Management Project. 

United States Environmental Protection Agency, Honolulu, Hawaiʻi, pp. 54-57. 

Swartz, C.H., Reddy, S., Benotti, M.J., Yin, H., Barber, L.B., Brownawell, B.J., Rudel, R.A., 2006. 

Steroid estrogens, nonylphenol ethoxylate metabolites, and other wastewater 

contaminants in groundwater affected by a residential septic system on Cape Cod, MA. 

Environmental Science & Technology 40, 4894-4902. 

Swarzenski, P.W., Dulaiova, H., Dailer, M.L., Glenn, C.R., Smith, C.G., Storlazzi, C.D., 2013. A 

geochemical and geophysical assessment of coastal groundwater discharge at select 

sites in Maui and O‘ahu, Hawai‘i, in: Wetzelhuetter, C. (Ed.), Groundwater in the coastal 

zones of Asia-Pacific. Springer Netherlands, pp. 27-46. 

Sweeney, R., Liu, K., Kaplan, I., 1978. Oceanic nitrogen isotopes and their uses in determining 

the source of sedimentary nitrogen, in: Robinson, B.W. (Ed.), Stable isotopes in the 

earth sciences New Zealand DSIR Bulletins, Lower Hutt, New Zealand, pp. 9-26. 

Taiz, L., Zeiger, E., 2010. Plant Physiology. Sinauer Associates, Sunderland, Massachusetts, p. 

782. 

Taniguchi, M., Burnett, W.C., Cable, J.E., Turner, J.V., 2002. Investigation of submarine 

groundwater discharge. Hydrological Processes 16, 2115-2129. 

Taniguchi, M., Burnett, W.C., Dulaiova, H., Kontar, E.A., Povinec, P.P., Moore, W.S., 2006. 

Submarine groundwater discharge measured by seepage meters in sicilian coastal 

waters. Continental Shelf Research 26, 835-842. 

188 
 



Taniguchi, M., Stieglitz, T., Ishitobi, T., 2008. Temporal variability of water quality of submarine 

groundwater discharge in Ubatuba, Brazil. Estuarine, Coastal and Shelf Science 76, 484-

492. 

Taylor, R., Fletcher, R.L., Raven, J.A., 2001. Preliminary studies on the growth of selected ‘green 

tide’ algae in laboratory culture: effects of irradiance, temperature, salinity and 

nutrients on growth rate. Botanica Marina 44, 327. 

TEC Inc., 2001. Final remedial investigation report – Remedial investigation for Waikakalaua and 

Kipapa fuel storage annexes at Hickam petroleum, oils and lubricants (POL) pipeline and 

facilities, Oʻahu, Hawaiʻi. Prepared for T.S. Air Force 15th Air Base Wing, Environmental 

Restoration Program, Hickam Air Force Base. Honolulu, Hawaiʻi. 

TEC Inc., 2004. Groundwater modeling study – The potential impact s of recycled water 

irrigation on drinking water sources in the Pearl Harbor Aquifer. Report prepared for 

Brown and Caldwell, Honolulu, Hawaiʻi. 

Teichberg, M., Fox, S.E., Olsen, Y.S., Valiela, I., Martinetto, P., Iribarne, O., Muto, E.Y., Petti, 

M.A.V., Corbisier, T.N., Soto-JimÉNez, M., PÁEz-Osuna, F., Castro, P., Freitas, H., Zitelli, 

A., Cardinaletti, M., Tagliapietra, D., 2010. Eutrophication and macroalgal blooms in 

temperate and tropical coastal waters: Nutrient enrichment experiments with Ulva spp. 

Global Change Biology 16, 2624-2637. 

Teichberg, M., Heffner, L., Fox, S., Valiela, I., 2007. Nitrate reductase and glutamine synthetase 

activity, internal N pools, and growth of Ulva lactuca: responses to long and short-term 

N supply. Marine Biology 151, 1249-1259. 

Titlyanov, E.A., Kiyashko, S.I., Titlyanova, T.V., Yakovleva, I.M., 2009. δ13C and δ15N in tissues of 

reef building corals and the endolithic alga Ostreobium quekettii under their symbiotic 

and separate existence. Galaxea, Journal of Coral Reef Studies 11, 169-175. 

Tse, K.C., Jiao, J.J., 2008. Estimation of submarine groundwater discharge in Plover Cove, Tolo 

Harbour, Hong Kong by 222Rn. Marine Chemistry 111, 160-170. 

Tu, J., Xia, Z.-G., 2008. Examining spatially varying relationships between land use and water 

quality using geographically weighted regression I: Model design and evaluation. 

Science of the Total Environment 407, 358-378. 

189 
 



U.S. Census Bureau, 2011. American housing survey for the United States: 2011. Current 

housing reports, Washington, DC, H150/11, 186. 

U.S. Census Bureau, 2013. Honolulu County, Hawaiʻi: Quick facts. Retrieved on 3/12/15, from 

http://quickfacts.census.gov/qfd/states/15/15003.html 

U.S. Environmental Protection Agency, 2002. Consolidated assessment and listing methodology: 

Toward a compendium of best practices. US Environmental Protection Agency, Office of 

Wetlands, Oceans, and Watersheds, Retrieved on 02/10/2014, from 

http://water.epa.gov/type/watersheds/monitoring/calm.cfm 

U.S. Environmental Protection Agency, 2007. Residential nutrient reduction. U.S. Environmental 

Protection Agency EPA/600/S-07/004, 2. 

Umezawa, Y., Miyajima, T., Yamamuro, M., Kayanne, H., Koike, I., 2002. Fine-scale mapping of 

land-derived nitrogen in coral reefs by δ15N in macroalgae. Limnology and 

Oceanography 47, 1405-1416. 

UNESCO, 2004. Submarine groundwater discharge: management implications, measurements 

and effects. IHP-VI Series on Groundwater. IOC Manuals and Guides, Scientific 

Committee on Oceanic Research-Land-Ocean Interactions in the Coastal zone Paris, 

France. 

UNESCO, SCOPE, 2007. Human alteration of the nitrogen cycle: Threats, benefits and 

opportunities. UNESCO-SCOPE Policy and Benefits, United Nations Educational, 

Scientific and Cultural Organization. Paris, France, 6. 

Valiela, I., 1995. Marine ecological processes, 2 ed. Springer Science + Buisness Media, Inc, New 

York, New York, p. 686. 

Valiela, I., Foreman, K., Lamontagne, M., Hersh, D., Costa, J., Peckol, P., Demeoandreson, B., 

Davanzo, C., Babione, M., Sham, C.H., Brawley, J., Lajtha, K., 1992. Couplings of 

watersheds and coastal waters: Sorces and consequences of nutrient enrichment in 

Waquoit Bay, Massachusetts. Estuaries 15, 443-457. 

Valiela, I., Geist, M., McClelland, J., Tomasky, G., 2000. Nitrogen loading from watersheds to 

estuaries: Verification of the Waquoit Bay nitrogen loading model. Biogeochemistry 49, 

277-293. 

190 
 

http://quickfacts.census.gov/qfd/states/15/15003.html
http://water.epa.gov/type/watersheds/monitoring/calm.cfm


Van Beukering, P., Cesar, H.S., 2004. Ecological economic modeling of coral reefs: evaluating 

tourist overuse at Hanauma Bay and algae blooms at the Kihei Coast, Hawaiʻi. Pacific 

Science 58, 243-260. 

Van Houtan, K.S., Hargrove, S.K., Balazs, G.H., 2010. Land use, macroalgae, and a tumor-forming 

disease in marine turtles. PLOS ONE 5, e12900. 

Van Houtan, K.S., Smith, C.M., Dailer, M.L., Kawachi, M., 2014. Eutrophication and the dietary 

promotion of sea turtle tumors. PeerJ 2, e602. 

Vega Thurber, R.L., Burkepile, D.E., Fuchs, C., Shantz, A.A., McMinds, R., Zaneveld, J.R., 2014. 

Chronic nutrient enrichment increases prevalence and severity of coral disease and 

bleaching. Global Change Biology 20, 544-554. 

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler, D.W., 

Schlesinger, W.H., Tilman, D.G., 1997. Human alteration of the global nitrogen cycle: 

sources and consequences. Ecological Applications 7, 737-750. 

Voss, J.D., Richardson, L.L., 2006. Nutrient enrichment enhances black band disease progression 

in corals. Coral Reefs 25, 569-576. 

Vroom, P.S., Braun, C.L., 2010. Benthic composition of a healthy subtropical reef: baseline 

species-level cover, with an emphasis on algae, in the Northwestern Hawaiian Islands. 

PLOS ONE 5, e9733. 

Wada, E., Hattori, A., 1978. Nitrogen isotope effects in the assimilation of inorganic nitrogenous 

compounds by marine diatoms. Geomicrobiology Journal 1, 85-101. 

Walker, D., Ormond, R., 1982. Coral death from sewage and phosphate pollution at Aqaba, Red 

Sea. Marine Pollution Bulletin 13, 21-25. 

Walsh, G.E., Bowers, R.L., 1971. A review of Hawaiian zoanthids with descriptions of three new 

species. Zoological Journal of the Linnean Society 50, 161-180. 

Walsh, W., Sparks, R., Barnett, C., Couch, C., Cotton, S., White, D., Stone, K., Conklin, E., 2010. 

Long-term monitoring of coral reefs of the main Hawaiian islands. Final report to NOAA 

coral reef conservation program. Department of Land and Natural Resources Division of 

Aquatic Resources. HI, State of Hawai‘i monitoring report NA06NOS4260113, 133. 

191 
 



Waser, N., Harrison, P., Nielsen, B., Calvert, S., Turpin, D., 1998. Nitrogen isotope fractionation 

during the uptake and assimilation of nitrate, nitrite, ammonium, and urea by a marine 

diatom. Limnology and Oceanography 43, 215-224. 

Weinstein, Y., Less, G., Kafri, U., Herut, B., Sanchez-Cabeza, P.P.a.J.A., 2006. Submarine 

groundwater discharge in the southeastern Mediterranean (Israel), in: Baxter, M. (Ed.), 

Radioactivity in the environment. Elsevier Science Ltd, Amsterdam, The Netherlands, pp. 

360-372. 

Wheeler, D.C., 2014. Geographically weighted regression, in: Fischer, M.M., Nijkamp, P. (Eds.), 

Handbook of regional science. Springer Berlin Heidelberg, pp. 1435-1459. 

Wheeler, P.A., Björnsäter, B.R., 1992. Seasonal fluctuations in tissue nitrogen, phosphorus, and 

N:P for five macroalgal species common to the pacific northwest coast. Journal of 

Phycology 28, 1-6. 

White, A.J., Critchley, C., 1999. Rapid light curves: A new fluorescence method to assess the 

state of the photosynthetic apparatus. Photosynthesis Research 59, 63-72. 

Whittier, R.B., El-Kadi, A.I., 2009. Human and environmental risk ranking of onsite sewage 

disposal systems. Report prepared for State of Hawaiʻi Safe Drinking Water Branch, 

School of Ocean and Earth Science Technology Department of Geology and Geophysics, 

University of Hawaiʻi at Mānoa. Honolulu, Hawaiʻi, 142. 

Whittier, R.B., El-Kadi, A.I., 2014. Human health and environmental risk ranking of on-site 

sewage disposal systems for the Hawaiian islands of Kauaʻi, Molokaʻi, Maui, and Hawaiʻi. 

Report prepared for State of Hawaiʻi Safe Drinking Water Branch, School of Ocean and 

Earth Science Technology Department of Geology and Geophysics, University of Hawai‘i 

at Mānoa. Honolulu, Hawaiʻi, 257. 

Whittier, R.B., Rotzoll, K., Dhal, S., El-Kadi, A.I., Ray, C., Chen, D., Chang, D., 2004. Hawaiʻi source 

water assessment program report: Volume 2. Prepared for State of Hawaiʻi Department 

of Health, Safe Drinking Water Branch, University of Hawai‘i at Mānoa, Water Resources 

Reseach Center. Honolulu, Hawaiʻi. 

Wiencke, C., Bischof, K., 2012. Seaweed biology: Novel insights into ecophysiology, ecology and 

utilization. Springer-Verlag, Berlin, Germany, p. 514. 

192 
 



Wilkinson, C., 2008. Status of coral reefs of the world: 2008. Global Coral Reef Monitoring and 

Reef and Rainforest Research Centre, Townsville, Australia p. 298. 

Williams, I., Walsh, W., Miyasaka, A., Friedlander, A., 2006. Effects of rotational closure on coral 

reef fishes in Waikiki-Diamond head fishery management area, Oʻahu, Hawaiʻi. Marine 

Ecology Progress Series 310, 139-149. 

Wong, S.-L., Chang, J., 2000. Salinity and light effects on growth, photosynthesis, and 

respiration of Grateloupia filicina (Rhodophyta). Aquaculture 182, 387-395. 

WRRC and Engineering Solutions Inc., 2008. Onsite Wastewater Treatment Survey and 

Assessment – Prepared for the State of Hawaiʻi Department of Business, Economic 

Development and Tourism Office of Planning, Hawaiʻi Coastal Zone Management 

Program; and the Department of Health. Honolulu, Hawaiʻi, 135. 

Yokoya, N.S., Kakita, H., Obika, H., Kitamura, T., 1999. Effects of environmental factors and 

plant growth regulators on growth of the red alga Gracilaria vermiculophylla from 

Shikoku Island, Japan. Hydrobiologia 398/399, 339-347. 

Yu, C.-H., Lim, P.-E., Phang, S.-M., 2013. Effects of irradiance and salinity on the growth of 

carpospore-derived tetrasporophytes of Gracilaria edulis and Gracilaria tenuistipitata 

var liui (Rhodophyta). Journal of Applied Phycology 25, 787-794. 

Zablackis, E., 1987. The effect of salinity on growth rate and branch morphology in tank 

cultivated Grateloupia filicina (Rhodophyta) in Hawaiʻi. Aquatic Botany 27, 187-193. 

Zhang, J., Mandal, A.K., 2012. Linkages between submarine groundwater systems and the 

environment. Current Opinion in Environmental Sustainability 4, 219-226. 

Zheng, C., Wang, P.P., 1999. MT3DMS: A modular three-dimensional multi-species transport 

model for simulation of advection, dispersion and chemical reactions of contaminants in 

groundwater systems; documentation and user's guide. Prepared for the U.S. Army 

Engineer Research and Development Center, Vicksburg, Mississippi, USA, Report SERDP-

99-1. 

 

193 
 


	TITLE PAGE
	ACKNOWLEDGEMENTS
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1
	BACKGROUND INFORMATION
	Introduction
	Nitrogen and productivity in marine ecosystems
	Macroalgae as bioindicators of water column N loading
	Stable isotopes of N in the coastal environment
	Nitrogen source determination using plant tissue δ15N values
	Submarine groundwater discharge in coastal environments
	Physiological stress associated with SGD: Salinity
	Physiological stress associated with SGD: Temperature
	SGD measurement techniques
	Summary and objectives


	CHAPTER 2
	SUBMARINE GROUNDWATER DISCHARGE MODIFIES PHOTOSYNTHESIS, GROWTH, AND MORPHOLOGY FOR TWO SPECIES OF GRACILARIA (RHODOPHYTA)
	Abstract
	Introduction
	Methods
	Field experiment: Wailupe Beach Park
	Simulated SGD study

	Results
	Field experiment: Wailupe Beach Park
	Physical conditions at Wailupe study locations
	Physiological response of deployed algae
	Benthic community diversity at Wailupe

	Simulated SGD study
	Growth rate and branch development: Pooled trials
	Photosynthetic response: Replicate trial two


	Discussion
	Conclusions


	CHAPTER 3
	ALGAL BIOASSAYS DETECT MODELED LOADING OF WASTEWATER-DERIVED NITROGEN IN COASTAL WATERS OF OʻAHU, HAWAIʻI
	Abstract
	Introduction
	Methods
	Algal collections
	Algal deployments
	Algal tissue parameter mapping
	Groundwater [N] simulations
	Geospatial analysis and statistical models

	Results
	Spatial trends in algal tissue N
	Model results

	Discussion
	Conclusions


	CHAPTER 4
	WASTEWATER IN THE WATERSHED: A MULTI-TRACER STUDY OF SEWAGE-DERIVED NITROGEN IN COASTAL WATERS OF OʻAHU, HAWAIʻI
	Abstract
	Introduction
	Study areas

	Methods
	Algal bioassay
	Waimānalo area water samples
	Electrical resistivity imaging
	222Rn measurements
	Radium isotopes
	Estimates of N and P loading from Waimānalo WWTP and OSDS
	Groundwater [N] modeling, mapping, and statistical analysis

	Results
	Algal deployment results
	Estimated groundwater [N] and water sample nutrient results
	Radium activity
	Radon activity
	Electrical resistivity imaging
	Estimates of wastewater volume and N mass

	Discussion
	Potential sources of N to Waimānalo and Kahana Bays
	SGD flux and tidal response in Waimānalo Bay

	Conclusions


	CHAPTER 5
	MARINE ALGAE AS A BIOINDICATOR OF NUTRIENT
	SOURCE AND LOADING TO COASTAL ZONES OF MAUI, HAWAIʻI
	Abstract
	Introduction
	Methods
	Study locations
	Algal bioassays
	Water samples
	Benthic community analyses
	Geospatial and statistical analyses

	Results
	Water and algal nutrient relationships
	High-N locations
	Low-N locations
	Benthic analyses: Percent cover and diversity

	Discussion
	Reef health and nutrient loading to coastal areas of Maui
	Algal bioassays: Tracking changes in tissue chemistry across spatial gradients

	Conclusions


	CHAPTER 6
	CONCLUSIONS AND FUTURE DIRECTIONS

	APPENDIX
	LITERATURE CITED



