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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:
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

δ 15N (‰) = ��𝑅𝑅

𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

� − 1� x 103 where 𝑅𝑅 =
6

15

𝑁𝑁

14𝑁𝑁

(Sweeney et al., 1978)

Eq. 1.1

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 NO3may 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 NO3concentrations 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 estuarinelike 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 wellbuffered 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).

15

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/lownutrient 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; highnutrient, hyposaline conditions onshore mix to ambient salinity and near-undetectable levels of
21

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 onshoreoffshore 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
22

conductivity meter (Yellow Springs Instruments, model EC300, OH, USA). At the end of this pretreatment 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 onshoreoffshore 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
�� ÷ time
initial mass

Eq. 2.2

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

TI = 100 × �

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
𝑅𝑅

Shannon’s Diversity (H’) = − � 𝑝𝑝𝑖𝑖 × ln(𝑝𝑝𝑖𝑖 )
𝑖𝑖=1
𝑅𝑅

Simpson’s Dominance (λ) = � 𝑝𝑝𝑖𝑖2
𝑖𝑖=1

Eq. 2.4
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
G. coronopifolia
G. coronopifolia
G. coronopifolia
G. salicornia
G. salicornia
G. salicornia

Location
A
B
C

n
3
5
6

A
B
C

6
6
6

δ15N (‰)

5.9 ± 0.1 A
6.3 ± 0.4 A
3.6 ± 0.5 B

N%
1.5 ± 0.2 A
1.0 ± 0.1 B
0.8 ± 0.0 C

C%
21.6 ± 4.0 A
20.4 ± 2.4 A
20.9 ± 3.7 A

C:N
14.9 ± 0.8 A
20.6 ± 1.7 AB
27.5 ± 7.3 B

7.0 ± 1.3 A
6.5 ± 0.4 A
4.3 ± 0.3 B

1.2 ± 0.2 A
0.7 ± 0.1 B
0.6 ± 0.1 B

14.0 ± 1.9 A
9.7 ± 3.3 B
14.3 ± 2.8 A

12.4 ± 1.3 A
13.7 ± 3.6 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.
δ

15

N (‰)
N%
C%
C:N
ETRmax
α
Ek

n
3
3
3
3
6
6
6

G. coronopifolia
5.7 ± 0.3
1.0 ± 0.1
25.9 ± 1.3
25.7 ± 1.4
21.6 ± 3.6
0.25 ± 0.0
85.2 ± 6.0

G. salicornia
5.3 ± 0.3
0.6 ± 0.1
10.0 ± 5.9
16.8 ± 8.4
23.3 ± 5.2
0.23 ± 0.1
112.9 ± 42.3

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).
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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 em-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.

Field Experiment

Simulated SGD
Study

Species Treatment
Gc 11
Gc 19
Gc 27
Gc 35

n
12
12
12
12

Growth
Rate
1.4 ± 1.5
2.2 ± 0.5
3.0 ± 0.6
1.1 ± 0.4

Tip
Score
31.0 ± 21.4
110.3 ± 32.7
117.6 ± 35.7
79.1 ± 15.3

Tip
Index
-50.4 ± 32.4
83.8 ± 53.8
132.7 ± 105.8
30.2 ± 41.0

13.8 ± 4.1
17.1 ± 9.4
44.7 ± 8.1
29.3 ± 3.4

0.23 ± 0.03
0.21 ± 0.07
0.27 ± 0.01
0.24 ± 0.02

59.5 ± 18.2
77.1 ± 23.3
163.0 ± 27.9
124.1 ± 20.2

99.7 ± 30.2 94.8 ± 154.1
128.3 ± 27.0 110.2 ± 64.4
112.2 ± 34.1 110.4 ± 121.0

34.8 ± 7.3
30.2 ± 2.0
28.6 ± 3.1

0.16 ± 0.02
0.24 ± 0.05
0.19 ± 0.05

218.6 ± 49.8
127.6 ± 23.8
159.8 ± 45.9

35.8 ± 3.9
40.4 ± 8.8
25.0 ± 3.2

0.25 ± 0.06
0.25 ± 0.03
0.15 ± 0.02

147.8 ± 34.5
161.1 ± 26.0
168.9 ± 33.3

Gc
Gc
Gc

A
B
C

3
5
6

2.2 ± 1.8
2.7 ± 1.7
3.8 ± 4.7

Gs
Gs
Gs

A
B
C

6
6
6

0.7 ± 2.0
1.6 ± 1.0
-0.8 ± 3.6

28.0 ± 6.0
17.1 ± 2.3
16.6 ± 8.4

144.7 ± 105.7
59.7 ± 46.8
-14.8 ± 57.7

ETRmax

α

Ek

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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C

B

A

Location
33.7
± 3.3
49.4
± 10.8
38.7
± 15.4

% Macroalgae
33.7
± 3.3
47.9
± 11.6
3.9
± 3.2

0.0
± 0.0
1.4
± 2.8
34.8
± 14.9

% Invasive % Native
38.6
± 6.1
16.0
± 12.3
16.7
± 6.7

0.0
± 0.0
0.4
± 0.6
0.0
± 0.0

20.3
± 3.4
34.1
± 2.7
43.1
± 10.2

% Turf % CCA % Abiotic
0.0
± 0.0
0.0
± 0.0
1.4
± 3.2

% Coral
7.0
± 5.1
0.0
± 0.0
0.0
± 0.0

% Zoanthid

1.0
± 0.1
0.5
± 0.3
1.1
± 0.2

40.7
± 4.4
65.4
± 19.8
37.9
± 8.6

Shannon’s Simpson’s
Index
Index

Table 2.4 Average percent cover (mean ± standard deviation) of benthic organisms and diversity indices by location. Crustose
coralline algae are represented by CCA. Sand, gravel, and coral rubble are represented by % Abiotic.

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).

41

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 wastewaterderived 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 bioindicators 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 # 2012062).
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).
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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
Density
Density
Density
Density
GW [N] A
GW [N] A
GW [N] A
GW [N] A
GW [N] B
GW [N] B
GW [N] B
GW [N] B

Regression
type
OLS
GWR
OLS
GWR
OLS
GWR
OLS
GWR
OLS
GWR
OLS
GWR

Dependent
variable
δ15N
δ15N
N%
N%
δ15N
δ15N
N%
N%
δ15N
δ15N
N%
N%

p-value
0.000*
N/A
0.148
N/A
0.000*
N/A
0.828
N/A
0.000*
N/A
0.999
N/A

r2
value
0.37
0.65
0.02
0.20
0.32
0.69
0.00
0.33
0.36
0.82
0.00
0.29

AICc
value
492
464
149
143
496
461
152
129
490
446
152
134

Morans I
p-value
0.000*
0.046*
0.003*
0.033*
0.000*
0.131
0.028*
0.376
0.000*
0.995
0.032*
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

Density
Density
Density
Density

OLS
GWR
OLS
GWR

GW [N] A
GW [N] A
GW [N] A
GW [N] A

OLS
GWR
OLS
GWR

GW [N] B
GW [N] B
GW [N] B
GW [N] B

OLS
GWR
OLS
GWR

Dependent
variable
δ15N
δ15N
N%
N%
δ15N
δ15N
N%
N%
δ15N
δ15N
N%
N%
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r2
AICc
p-value value value

Morans I
p-value

0.047*
N/A
0.661
N/A

0.08
0.22
0.00
0.30

275
273
84
82

0.225
0.476
0.000*
0.114

0.179
N/A
0.478
N/A

0.04
0.13
0.01
0.06

277
277
83
86

0.221
0.273
0.000*
0.001*

0.104
N/A
0.227
N/A

0.05
0.18
0.03
0.11

276
274
82
84

0.178
0.203
0.001*
0.001*

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.

64

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 wastewaterderived 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
67

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 SEWAGEDERIVED 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 d1)

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
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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 predeployment) 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.

77

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 dipoledipole 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
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222Rn

detector (model:

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

http://www.prh.noaa.gov/hnl/). The median of previous measurements of

222Rn

Service,

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 20l 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 ThreeDimensional 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
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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
δ15N (‰)
δ15N (‰)
N%
C:N
δ15N (‰)
N%
C:N
δ15N (‰)

Variable B Coefficient
N%
0.84
Distance
-0.74
Distance
-0.68
Distance
0.64
GW [N]
0.67
GW [N]
0.44
GW [N]
0.25
N%
0.84

p-value
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
0.003*
0.107
<0.001*

n
46
46
46
46
42
42
42
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-NO3values 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 δ15NNO3- 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 δ15NNO3- 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
Final
15
(‰) δ N (‰)
6.5
5.2
± 0.3
± 0.7
5.4
15.7*
± 0.4
± 1.4

δ15N
Kahana
Waimānalo

Initial
N (%)
0.7
± 0.1
0.8
± 0.1

Final
N (%)
1.4
± 0.4
1.7
± 0.4

Initial
C (%)
20.9
± 0.4
23.4
± 0.8

Final
C (%)
28.5*
± 1.4
25.4
± 1.2

Initial
C:N
31.8
± 3.4
30.6
± 3.4

Final
C:N
21.6*
± 5.9
16.2
± 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
RAW42

Site
W1

Date

Type

223Ra

m-3)

(dpm
5/24/2012 Marine SW
8.89

223Ra

224Ra

m-3)

1σ
(dpm
0.91
16.68

224Ra

1σ
1.37

224Ra:223Ra

1.88

RAW25 WA25

5/27/2013 Marine SW

4.98

0.69

14.57

1.15

2.93

RAW28 WA28
RAP1A
P1

5/27/2013 Marine SW
6/15/2012 Beach PW

6.17
39.01

0.80
3.91

13.10
28.95

1.05
2.59

2.12
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
RAP5B

P4
P5

5/24/2013
5/24/2013

Beach PW
Beach PW

33.22
19.06

3.34
1.96

28.28
18.98

2.36
1.62

0.85
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 (xaxis) 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 fertilizerderived 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
101

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 shorecollected 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 shorecollections 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
106

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. Oneway 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 Shore-collected
δ15N
δ15N
Surface δ15N rs
0.74
0.529
p 0.000109
0.0115
n
19
22
CGW δ15N

rs
p
n

0.402
0.0307
29

0.632
0.0000468
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
Deployed Shore-collected Shore-collected
N%
C:N
N%
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
p
n

0.75
-0.77
0.0000002 0.0000002
29
29

0.726
0.0000002
35

-0.839
0.0000002
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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PO43-, (µM) or Ulva tissue N (%)
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 δ15NNO3- 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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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

Waiehu

10

Honomanu 10

DIN

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

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

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

High-N Locations

Honolua
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TP

PO43-

TN

High-N Locations

Low-N Locations

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

Waiehu

4

Honomanu

DIN

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

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

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

Kuʻau
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PO43-

TN

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 shorecollected 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.

High N

Low N

Location
WB
HM
HB
KW
MB
KB

Final
n
10
9
8
16
10
10

Final
δ15N
(‰)
6.5 ± 0.6
6.6 ± 0.5
4.4 ± 0.9
7.1 ± 1.4
3.9 ± 0.8
4.4 ± 0.8

Initial
δ15N
(‰)
8.9
± 0.4
A
A 8.7 ± 0.4
BC 5.5 ± 0.5
A 8.9 ± 0.4
C 5.5 ± 0.5
BC 8.7 ± 0.4

Final
N
(%)
1.11 ± 0.15
1.25 ± 0.16
0.83 ± 0.23
2.52 ± 0.75
2.01 ± 0.71
2.95 ± 0.57

Initial
N
(%)
1.7
± 0.3
AD
ACE 1.6 ± 0.4
0.5 ± 0.0
AC
1.7 ± 0.3
BF
BDEF 0.5 ± 0.0
1.6 ± 0.4
B

C:N
24.9 ± 2.7
22.3 ± 2.9
27.5 ± 6.9
12.6 ± 4.0
15.4 ± 6.8
9.9 ± 1.7

A
A
A
B
AB
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
Kahului Bay

n
36

δ15N (‰)
8.5 ± 3.4 A

N%
3.22 ± 0.78 A

A. spicifera
H. musciformis
U. spp.
Māʻalaea Bay

12
11
13
33

8.5 ± 3.4
8.5 ± 3.9
8.6 ± 3.1
4.3 ± 0.7 B

3.29 ± 0.48
3.62 ± 0.68
2.82 ± 0.90
2.90 ± 1.23 A

7.9 ± 0.6
8.2 ± 1.1
9.5 ± 1.7
12.1 ± 5.5 B

U. spp.
Kuʻau Bay

33
31

4.3 ± 0.7
2.8 ± 0.6 C

2.88 ± 1.28
3.48 ± 0.78 A

12.1 ± 5.5
8.1 ± 1.8 AB

A. spicifera
H. musciformis
U. spp.
Waiehu Bay

6
12
13
13

2.3 ± 0.9
3.1 ± 0.6
2.8 ± 0.4
4.9 ± 0.4 AB

3.24 ± 0.64
4.14 ± 0.33
2.98 ± 0.73
1.54 ± 0.49 B

8.0 ± 1.7
7.0 ± 0.4
9.1 ± 2.0
17.1 ± 5.9 C

A. spicifera
U. spp.

12
1

4.9 ± 0.4
4.7

1.61 ± 0.44
0.72

15.7 ± 2.9
34.5
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C:N
8.6 ± 1.4 AB

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 UHCRAMP, 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 UHCRAMP, 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 onshoreoffshore 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 shortterm 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 un134

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
Wailupe A Low
Wailupe B Low
Wailupe C Low
Wailupe A High
Wailupe B High
Wailupe C High
Wailupe C LowLow
Wailupe B LowLow1
Wailupe B LowLow2
Wailupe A LowLow

Date
5/6/2014
5/6/2014
5/6/2014
5/14/2014
5/14/2014
5/14/2014
5/15/2014
5/15/2014
5/15/2014
5/15/2014

latitude
21.27565
21.27517
21.27298
21.27565
21.27517
21.27298
21.27298
21.27517
21.27517
21.27565

longitude
-157.76250
-157.76230
-157.76151
-157.76250
-157.76230
-157.76151
-157.76151
-157.76230
-157.76230
-157.76250

Salinity
21.3
34.9
35.0
34.3
34.7
34.5
34.4
11.0
24.0
3.0

PO431.04
0.08
0.09
0.14
0.05
0.02
0.02
1.26
0.59
1.95

SiO42312.20
16.50
1.60
25.40
6.70
9.50
2.30
492.60
217.20
668.80

N+N
23.50
0.58
0.09
1.86
0.18
0.08
0.08
21.66
8.08
42.70

NH4+
1.04
0.29
0.46
0.75
0.38
3.25
0.45
0.78
1.66
0.64

Wailupe PP1 Low
Wailupe PP2 Low
Wailupe PP3 Low
Wailupe PP4 Low
Wailupe PP5 Low
Wailupe PP1 High
Wailupe PP2 High
Wailupe PP3 High
Wailupe PP4 High
Wailupe PP5 High

5/30/2010
5/30/2010
5/30/2010
5/30/2010
5/30/2010
5/30/2010
5/30/2010
5/30/2010
5/30/2010
5/30/2010

21.27543
21.28592
21.27545
21.27530
21.27520
21.27543
21.28592
21.27545
21.27530
21.27520

-157.76248
-157.79432
-157.76247
-157.76245
-157.76240
-157.76248
-157.79432
-157.76247
-157.76245
-157.76240

25.82
34.98
25.98
33.51
33.98
35.13
35.12
35.14
35.14
35.15

0.56
0.23
0.74
0.09
0.13
0.12
0.10
0.13
0.12
0.10

210.40
21.60
202.50
42.50
25.30
7.70
7.30
7.90
8.30
6.40

15.85
0.58
11.94
0.57
0.38
0.18
0.17
0.16
0.16
0.13

0.98
0.52
5.41
0.74
0.39
0.28
0.45
0.50
0.26
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
Agriculture
31.1 %
Commercial
14.7 %
Forest and Rangeland
43.5 %
Residential
10.0 %
Urban
0.7 %
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Kahana
0.3 %
0.0 %
99.0 %
0.7 %
0.0 %

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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Table A.4 Waimānalo water sample data. Marine indicates water samples that were collected from the surface of the ocean. Beach
PW and Benthic PW indicates water samples that were extracted with a piezometer from beach sand or benthic sediment,
respectively. 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. Well
and Tunnel sample water was collected from groundwater production wells or tunnels managed by the City and County of Honolulu
Board of Water Supply. Wastewater indicates treated wastewater effluent sampled at the Waimānalo WWTP. Latitude and longitude
indicate the location of sample collection (Datum = WGS 1984).
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Table A.4 continued.

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.
SiO44TN
Salinity rs
-0.50
-0.38
p 0.00000632 0.000955

DIN
-0.40
0.000481

PO43-0.42
-0.49
0.000185 0.0000136
TP

SiO44-

rs
p

TN

rs
p

DIN

rs
p

0.56
0.65
0.000000344 0.0000002

TP

rs
p

0.64
0.0000002

0.38
0.67
0.56
0.93
0.000995 0.0000002 0.000000353 0.0000002
0.68
0.0000002
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0.53
0.0000016

0.32
0.00523

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 pvalue (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
SiO44TN
DIN
Distance rs
0.48
-0.95 0.13
-0.90
p
0.169 0.0000002 0.709 0.0000002

TP
-0.32
0.381

PO43-0.85
0.000392

Salinity

rs
p

-0.22
0.55

-0.28
0.434

SiO44-

rs
p

TN

rs
p

DIN

rs
p

0.58
0.98
0.0874 0.0000002

TP

rs
p

0.638
0.0583

-0.56 -0.12
0.0988 0.742

-0.44
0.223

0.12
0.95
0.742 0.0000002

0.49
0.90
0.169 0.0000002

0.18
0.66
0.612 0.0428
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0.18
0.612

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
Distance rs
0.45
p
0.204
Salinity rs
p
SiO44- rs
p

SiO44TN
-0.53
-0.60
0.124 0.0769

DIN
TP
-0.60
-0.82
0.0769 0.00393

PO43-0.73
0.02

-0.80
-0.77
-0.89
-0.80
0.00625 0.0121 0.0000002 0.00625

-0.58
0.0874

0.65
0.0501

TN rs
p

0.80
0.82
0.88
0.00625 0.00393 0.0000002
0.82
0.00393

DIN rs
p
TP rs
p

0.73
0.02

0.63
0.0583

0.76
0.0121

0.65
0.0501
0.817
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 pvalue (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
Distance rs
-0.02
p
0.935

SiO44-0.11
0.68

TN
-0.02
0.935

DIN
0.24
0.366

TP
0.34
0.198

PO43-0.06
0.814

-0.361
0.163

-0.188
0.476

0.741 0.0981
0.00
0.71

0.965
0.00

0.20
0.44
0.456 0.0866

0.02
0.935

Salinity

rs
p

-0.335 -0.515 -0.374
0.198 0.0402 0.149

SiO44-

rs
p

0.0941
0.72

TN

rs
p

DIN

rs
p

0.364
0.774
0.16 0.0000328

TP

rs
p

0.142
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 pvalue (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
Distance rs
0.81
p 0.00257

SiO44TN
-0.50
-0.78
0.126 0.00523

DIN
-0.67
0.029

TP
-0.63
0.048

PO43-0.69
0.0252

-0.73
0.0131

-0.69
0.0252

-0.66
0.0332

Salinity

rs
p

SiO44-

rs
p

TN

rs
p

DIN

rs
p

0.97
0.94
0.0000002 0.0000002

TP

rs
p

0.919
0.0000002

-0.61
0.0537

-0.75
0.0108

0.75
0.88
0.84
0.87
0.0108 0.0000002 0.0000002 0.0000002
0.81
0.00257
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0.69
0.84
0.0252 0.0000002

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 SiO44Distance rs
0.94
-0.71
p 0.0000002 0.0186

TN
-0.76
0.0087

DIN
-0.75
0.0108

TP
-0.59
0.0665

PO43-0.72
0.0157

Salinity

rs
p

-0.72
0.0157

-0.70
0.0217

-0.56
0.0812

-0.66
0.0332

SiO44-

rs
p

0.99
0.96
0.87
0.89
0.0000002 0.0000002 0.0000002 0.0000002

TN

rs
p

0.99
0.89
0.93
0.0000002 0.0000002 0.0000002

DIN

rs
p

0.93
0.95
0.0000002 0.0000002

TP

rs
p

0.976
0.0000002

-0.70
0.0217
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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 pvalue (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
Distance rs
0.71
p 0.0186
Salinity

rs
p

SiO44-

SiO44TN
DIN
TP
-0.75
-0.82 -0.19
-0.59
0.0108 0.0015 0.583 0.0665
-0.99
0.0000002

PO43-0.56
0.0812

-0.53 -0.12
0.107 0.733

-0.39
-0.84
0.243 0.0000002

rs
p

0.59 0.07
0.0665 0.838

0.39
0.86
0.243 0.0000002

TN

rs
p

0.30
0.384

DIN

rs
p

TP

rs
p

0.32
0.346

0.41
0.213

0.34
0.327

-0.10
0.759
0.107
0.759
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