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Abstract  

Non-point sources of nutrients to coastal waters are not well-characterized for watersheds with 

coral reefs, which are vulnerable to excess nutrient inputs. Objectives of this study were to: 1) 

document the spatial distributions of nutrient concentrations within nearshore waters along two 

coastal developments with fringing coral reefs, and 2) identify nutrient sources in these bays by: 

measuring nutrient concentrations, developing nutrient mixing plots, assessing d15 of nitrogen 

(N) in macroalgal tissue, and developing d15N and d18O of NO3- stable isotope mixing models. 

Our results indicate that nutrient concentrations decreased from fresh groundwater to offshore 

waters. Within the bays, nutrient concentrations were higher at the shoreline and decreased 

offshore, with some surface waters higher in concentrations than benthic ones. There was 

conservative and non-conservative mixing between fresh and ocean waters within the bays, with 

the latter suggesting local nutrient sources and biological removal. Stable N isotopes in algal 

tissue and NO3- concurred revealing that fresh groundwater, ocean water, and fertilizers were 

dominant N sources in the bays. The significant relationship between benthic salinity and NO3- + 

NO2- concentrations demonstrated that submarine groundwater discharge (SGD) was an 

important nutrient source to reefs at both bays. Data from benthic conductivity loggers assessed 

salinity trends and the length of time that nutrients obtained from groundwater stayed on the 

benthos, revealing that nutrients were delivered to the reefs through SGD pulses, ranging from a 

few min to 2 d. These findings allow for the identification of reef areas more susceptible to 

nutrient pollution that may be susceptible to increased algal growth. Quantifying nutrient 

concentrations and identifying their sources in areas with coral reefs is imperative for reducing 

land-based nutrient loads, which may make the reefs to be more resilient to more global 

stressors.  
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Introduction 

Nutrient pollution has devastated coastal waters worldwide (Nixon 1995).  Excess 

nutrients stimulate algal blooms, which can shade the benthos, impacting light-sensitive 

organisms including corals (Smith et al. 1999; Teichberg et al. 2010). Coral reefs are particularly 

vulnerable to excess nutrients because they are adapted to oligotrophic conditions (Bishop et al. 

2017). Excess nutrients in coral reef ecosystems can have high ecological and economic costs. 

Nutrient pollution has been linked to higher susceptibility to and lower recovery from coral 

bleaching, in addition to increased prevalence of coral diseases (Vega Thurber et al. 2014; 

Delevaux et al. 2018; Wedding et al. 2018). Additionally, reefs impacted by nutrient pollution 

are less resilient to climate change-induced ocean warming and have lower calcification rates 

(Zaneveld et al. 2016; Silbiger et al. 2018). Sustained nutrient inputs can increase the occurrence 

of harmful algal blooms and cause phase shifts on reefs, further impairing reef health, and 

increased coral mortality (Szmant 2002; Cheal et al. 2010). Globally, it is estimated 6.1 million 

people depend on coral reefs for livelihoods and sustenance, and these human populations are 

adversely impacted when reef conditions degrade (Teh et al. 2013). In tropical areas with coral 

reefs, such as Hawai‘i, economic losses from nutrient pollution have been estimated to be 22.3 

million dollars annually (adjusted for 2020 inflation) (Van Buekering & Cesar 2004).  

It is critical to identify nutrient sources in order to reduce their inputs and allow 

ecosystem health to recover and be more resilient to other environmental stressors. 

Anthropogenic nutrient sources in coastal waters include runoff from residential and urban 

development, agriculture (fertilizers and livestock waste), wastewater, and fossil fuel 

combustion, with fertilizers being the most significant source globally (Carpenter et al. 1998; 

Howarth et al. 2002). The number of nutrient sources and the amounts coming from them is 
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expected to increase with human population growth, therefore, magnifying their impacts. While 

the impacts from artificial fertilizers from agriculture are well established, those from nearshore 

landscaping at coastal resorts to coral reefs are understudied (Dollar & Atkinson 1992; Malin et 

al. 2001; Anderson et al. 2008).  

To improve water quality and restore and maintain reef ecosystem functions, nutrient 

sources need to be identified and managed. The use of stable nitrogen isotopes (d15N) have been 

used to identify N sources to coastal waters, as many sources have distinct d15N values, 

including: -10‰-15‰ for soils, -4‰-20‰ fertilizers, and 10‰-20‰ wastewater (Kendall & 

McDonnell 1998; Hunt 2006; Derse et al. 2007; Xue et al. 2009; Dailer et al. 2010).  d15N in 

macroalgal tissues is a commonly used tool for determining N sources to coastal waters, as algae 

minimally discriminate between 15N and 14N, maintaining the original isotopic composition of 

the N sources (Savage 2005). To date, d15N in macroalgae have been widely used to document 

patterns of wastewater pollution in nearshore waters (Costanzo et al. 2005; Gartner et al. 2002; 

Savage 2005; Abaya et al. 2018). However, many d15N source signatures overlap, making it 

difficult to distinguish them from one another. Additionally, algae may take up N from several 

sources, so their d15N tissue value is a composite of all assimilated N sources. One approach to 

overcome these limitations is the use of d15N and d18O of NO3- in isotope mixing models, which 

can determine percent contribution of potential N sources to waterbodies (Wu et al. 2012; 

Wiegner et al. 2016). When macroalgal d15N signatures and stable isotope mixing models are 

used in conjunction, N sources (natural and anthropogenic) to coastal waters can be more 

accurately identified. 

In some coastal areas, especially those without rivers, submarine groundwater discharge 

(SGD) may be the exclusive freshwater input, and an important nutrient source (Burnett et al. 
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2003; Slomp & Van Cappalen 2004; Dulai et al. 2016). Nutrients may leach into groundwater 

from well-drained soils of anthropogenic terrestrial landscapes, such as golf courses and 

suburban lawns, and enter the ocean via coastal springs (Bernheardt et al. 2008).  SGD can 

become more enriched with nutrients as it is transported through developed landscapes to coastal 

waters, contributing excess nutrients to normally oligotrophic waters and impacting coral reefs 

(Bienfang et al. 2009; Knee et al. 2010; Prouty et al. 2017; Swarzenski et al. 2017). Wastewater 

inputs, from both injection wells and on-site sewage disposal systems (OSDS, i.e., cesspools), 

have been shown to elevate nutrient concentrations in SGD (Whittier et al. 2010; Amato et al. 

2016; Bishop et al. 2017). For example, on Maui Island, Hawai‘i, SGD with wastewater from an 

injection well had nutrient concentrations 50 times higher than ambient seawater, which 

decreased coral calcification rates and increased bioerosion rates (Prouty et al. 2017).  

SGD discharge rates and nutrient concentrations vary at coastal springs and seeps, 

causing spatiotemporal variation in nutrient concentrations within waterbodies. In general, SGD 

vented from the seafloor will flow upward as a result of density differences with seawater.  In 

addition, nutrients delivered by SGD can be further distributed by mixing from tides, currents, 

and wind depending on site characteristics (Dollar & Atkinson 1992). Nutrients from SGD 

delivered to nearshore waters are diluted at high tides and more concentrated at low tides (Santos 

et al. 2009). Mixing dynamics of semi-enclosed bays may affect residence times of nutrients 

transported via SGD, impacting coral reef productivity (Street et al. 2008). Characterizing 

nutrient concentrations in surface and benthic waters affected by coastal and submarine springs 

will allow for the spatial extent of nutrient pollution to be mapped in these areas, and for 

locations vulnerable to this type of pollution to be identified. 
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Our study expands the geographical extent and categories of land-based pollution sources 

to coral reefs from previous studies on Hawai‘i Island by determining nutrient sources at two 

coastal developments adjacent to bays. The leeward coast of Hawai‘i Island has one of Hawai‘i 

State’s largest contiguous coral reefs, which supports sustainable fishing, recreation, and tourism 

and are culturally significant (Gove et al. 2019). Additionally, about 80% of West Hawai‘i’s 

population lives within 8 km of coastline, and they are a source of nutrients to coastal waters 

(Gove et al. 2019). The South Kohala coast is home to several luxury developments, golf 

courses, and residential areas that use dry fertilizers to enhance terrestrial plant growth in 

addition to N2-fixing trees, such as Prosopis pallida (Kiawe), which are located adjacent to these 

coral reefs (Dollar & Atkinson 1992; Walsh et al. 2018). There is concern that nutrients from 

these sources are transported by SGD and they may be degrading nearshore reefs, but little water 

quality data, especially at a watershed-scale, exist for these areas.  

Objectives of this study were to: 1) document the spatial distributions of nutrient 

concentrations within nearshore waters along two coastal developments with fringing coral reefs, 

and 2) identify nutrient sources in these bays by: measuring nutrient concentrations, developing 

nutrient mixing plots, assessing d15N in macroalgal tissue, and developing d15N and d18O of NO3- 

stable isotope mixing models. Determining dominant nutrient sources to coral reefs, which are 

currently facing other adverse stressors, such as ocean acidification and rising sea surface 

temperature, will allow natural resource managers to monitor and adjust management strategies 

to reduce nutrient inputs. 

Methods 

Site Description 
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This study was conducted at two sites along the west coast of Hawai‘i Island, Hawai‘i, 

USA, within the National Oceanographic and Atmospheric Administration (NOAA) designated 

West Hawai‘i Habitat Blueprint and Focus Area (Fig. 1). Kūki‘o and Pau‘oa Bays were selected 

based on the extent and health of coral reefs fronting the developments, and due to the shared 

interest of the community and natural resource managers to preserve and protect these coastal 

resources. Both sites are mainly used by visitors and residents for recreation.  

Pau‘oa Bay lies within the Mauna Lani development, within the Waikoloa watershed. 

The Waikoloa watershed is comprised of highly permeable basalt from Mauna Loa volcanic 

eruptions (Sherrod et al. 2007). Land cover within 5-km of the Mauna Lani development is: 

developed (luxury resorts and residential) (~2%), forested (~35%), and bare substrate (63%) with 

N-fixing P. pallida trees occupying 14% of the total cover (Knee et al. 2010). The Mauna Lani 

development houses approximately 878 rooms at two luxury resorts, 504 homes, and 414 

condominiums. At the Mauna Lani development, wastewater effluent is treated at an R2 level in 

aerated lagoons with no disinfection and disposed of into an injection well on site. Pau‘oa Bay 

receives 225 mm of rainfall per year (Giambelluca et al. 2013). Average SGD discharge to the 

bay is 4,489 m3 d-1, producing a plume with an area of 44,000 m2 (Johnson 2008a).  This 

shoreline is considered a high erosion area (Fletcher et al. 2002). The dominant benthic substrate 

is boulder (Pacific Island Benthic Habitat Mapping Center 2018). Waikoloa Village is a 

development upslope from the bay that is home to 6,362 people. Most homes (1,587) have 

OSDS, with the remainder (413) connected to a wastewater treatment plant, which produces R3 

effluent through biofilm reactors and dissolved air floatation (US Census 2010; Abaya et al. 

2018; Hawai‘i Department of Health 2017).  
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Kūki‘o Bay lies within the Hualālai and Kūki'o developments within the Kūki‘o 

watershed, with no major upslope development, except rural residences. The Kūki‘o watershed is 

comprised of highly permeable basalt from Hualālai volcanic eruptions (Sherrod et al. 2007; 

Suka & Rooney 2017). The dominant benthic substrate is complex reef (Pacific Island Benthic 

Habitat Mapping Center 2018).  Land cover within 5-km of the Hualālai development is: 

developed (luxury resorts and residential) (2%), forested (29%), and bare substrate (70%) with 

N-fixing P. pallida trees occupying 8% of the total cover (Knee et al. 2010). The Hualālai and 

Kūki'o developments house approximately 243 rooms at one luxury resort, 143 homes, and 31 

condominiums. Wastewater effluent is treated at an R3 level with rotating biological contactors 

and UV disinfection and disposed of into an injection well on site (Delevaux et al. 2018). Kūki‘o 

Bay receives of 289 mm of rainfall annually (Giambelluca et al. 2013). Average SGD discharge 

to this bay is 9,089 m3 d-1, producing a plume area of 90,000 m2 (Johnson 2008a).  

Study Design 

SGD is generally characterized by the input of fresh, cooler water. In January 2017, we 

mapped surface offshore salinity patterns at each study site by kayak and swimming using a 

calibrated YSI 6600 v2-4 sonde to detect localized areas of SGD. From these surface salinity 

maps, 15 offshore stations with coral reef cover, encompassing a broad salinity gradient, were 

identified (App. 1). Terrestrial stations were selected for groundwater sampling, which included 

one to three groundwater wells and two anchialine ponds at each development and within their 

watersheds. Groundwater refers to water collected from wells located at mid (24-30m) and high 

(305-457m) elevations within the watershed, unless otherwise specified. 

Grab water samples were collected in 1-L acid-washed high-density Polypropylene 

bottles twice at each development at 25 stations, including: two to three groundwater wells used 
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for drinking and irrigation, two to three anchialine ponds, five shoreline, and 15 offshore surface 

and benthic stations (Fig. 1). Water sampling occurred between May and August 2017 during 

low tides to observe the effect of SGD on coastal water quality. Salinity and water temperature 

were measured at the time of sample collection using a calibrated YSI 2030 multi-parameter 

probe. 

Odyssey temperature-conductivity sensors (operating range: 3 to 60 mS/cm collecting 

data at 5-min intervals) were deployed at 15 benthic stations at each development. Divers free-

dove down and attached the logger to a rock or dead coral head using cable ties, and the location 

was photographed for documentation.  To calibrate the loggers in situ, vertical profiles from the 

surface to the seafloor adjacent to the logger were collected at the beginning and end of 

deployment using a Sontek Castaway. 

Nutrient Analyses  

Water samples were filtered through pre-combusted (500°C for 6 h) 0.7-µm GF/F filters 

(WhatmanTM), and stored frozen until analysis at the University of Hawai‘i Hilo (UH Hilo) 

Analytical Laboratory. They were analyzed for nutrient concentrations on a Lachat QuikChem 

8500 Flow Injection Autoanalyzer using standard methods (NO3- + NO2- [Detection Limit (DL) 

0.07 µmol/L, USEPA 353.2], NH4+ [DL 0.36 µmol/L, USGS I-2525-89], PO43- [DL 0.03 µmol/L, 

USEPA  356.1], total dissolved phosphorous (TDP) [DL 0.5 µmol/L, USGS I-4650-03, USEPA 

365.3], and H4SiO4 [DL 1 µmol/L, USEPA 366]).Total dissolved nitrogen (TDN) samples were 

analyzed by high-temperature combustion, followed by chemiluminescent detection of nitric 

oxide (DL 5 µmol/L, ASTM D5176, Shimadzu TOC-V, TNM-1) (Sharp et al. 2002).   

d15N Macroalgal Analyses 
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Macroalgal samples (Ulva spp., Pterocladiella spp., Tolypliocladiella spp., Dictoyta spp., 

Gracilaria spp., Laurencia spp.) were collected at shoreline and benthic stations at each 

development concurrently at the time of water collection. The samples were transported on ice to 

the laboratory, where they were rinsed with deionized water and dried at 60°C until a constant 

weight was achieved.  The same species macroalgae were not present at every station, and 

therefore composite samples were collected and analyzed.  The macroalgal samples were ground 

with a Wig-L-Bug grinding mill until homogeneous. About 2 mg of the macroalgal tissue was 

folded in a 4x6 mm tin capsules for d15N isotope analysis. Samples were analyzed on a Thermo 

Delta V Advantage isotope ratio mass spectrometer (IRMS) with a CostechTM ECS 4010 

Elemental Analyzer and a CostechTM ECS 4010 Elemental Analyzer located at the UH Hilo 

Analytical Laboratory. Data were normalized to the United States Geological Survey (USGS) 

standards USGS40 and USGS41 (L-glutamic acid). Isotopic signatures were expressed as 

standard (δ) values, in units of parts per mil (‰), and calculated as [(Rsample – Rstandard) / Rstandard] 

x 1000, where R = 15N/14N.  

N source collection 

Two natural (groundwater and ocean water) and two anthropogenic (fertilized soils and 

wastewater) N sources were sampled as possible nutrient inputs to both bays. Groundwater 

samples were collected from May to August 2017 within each development’s watershed (Fig. 1). 

Additionally, ocean water NO3- source values used in these models came from a previous study 

in Puakō, Hawai‘i, an adjacent area to our study (Abaya et al. 2018). The two likely 

anthropogenic N sources within these two watersheds are fertilizers used on resort landscaping 

and wastewater. Hence, fertilized soil and wastewater were collected in August 2019. Fertilized 
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soil samples were collected at three locations across each development near the golf courses 

(Fig. 1). Fertilized soil was dried, shaken for 24 h with reagent grade water, and filtered through 

a 0.22-µm cellulose acetate filter (WhatmanTM) and stored frozen until analysis (Derse et al. 

2007). Effluent wastewater samples were collected in 1-L sterilized high-density Polypropylene 

bottles at three wastewater treatment plants in the vicinity of the two developments (Fig. 1). The 

level and type of wastewater treatment are described above in Site Description. These samples 

were filtered and stored using the same protocol as the fertilized soils.   

d15N and d18O in NO3- Analyses 

Groundwater and ocean water samples were analyzed on a Thermo-Finnigan Precon 

coupled to an Thermo Delta Plus IRMS with data normalized to USGS standards (USGS32, 

USGS34, USGS53) at Northern Arizona University Stable Isotope Laboratory for d15N and d18O 

- NO3-. For the same analysis, fertilized soil extract and wastewater samples were analyzed on a 

Thermo Delta VTM Advantage IRMS interfaced with Thermo GasBench II with data normalized 

to USGS standards USGS32 and USGS34 at the UH Hilo Analytical Laboratory. 

Data Analysis 

All statistical tests were analyzed in R v. 1.1.3 with an α = 0.05 (R Core Team 2013). 

Each data set was tested for normality and equal variance. Non-parametric tests were used for 

data that did not meet assumptions for parametric analyses. Specifically, Mann-Whitney-

Wilcoxon rank-sum tests were used to assess differences for each water quality parameter 

between each development. General Linear Models (GLM) were used to assess differences 

among water types within each development for all water quality parameters, followed by a 
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Tukey’s post-hoc test to determine where significant differences occurred. Kruskal-Wallis tests 

were used to assess differences among water types between each development for all water 

quality parameters followed by a Dunn’s post-hoc test. Two-sample t-tests were used to assess 

differences between the shoreline and benthic d15N macroalgal values. 

Nutrient behavior was examined using mixing plots, which graph nutrient concentration 

and salinity data, with a theoretical mixing line connecting freshwater (fresh groundwater) and 

ocean (full strength seawater) end members (Officer 1979). Nutrient behavior was characterized 

as conservative when nutrient concentrations fell on the theoretical mixing line, which is 

indicative of dilution of groundwater with seawater. When data fell above or below the 

theoretical mixing line, data were characterized as exhibiting non-conservative behavior, which 

suggests that there is a mechanism of nutrient removal or addition that exists within each bay. 

Odyssey temperature and conductivity logger data were used to view trends of salinities 

and identify benthic seeps to determine benthic nutrient pulses and duration. Loggers were 

placed on the benthos at 15 stations, which recorded conductivity and temperature at 5-min 

intervals for 56 d at Pau‘oa and 54 d at Kūki‘o. Loggers were calibrated at the beginning and end 

of deployments using an in-situ vertical water column YSI Sontek Castaway. Logger accuracy 

was ± 3%, equivalent to a variability in salinity of ± 1 at a salinity of 35. Due to instrument 

accuracy, salinity < 33.5 was defined as a conservative estimate of low salinity indicative of 

seawater with possible freshwater inputs. Conductivity was converted to salinity using PSS-78 

algorithm and binned 0.5 salinity increments (Unesco 1981).  

Isotopic Mixing Models 

Percent contributions of N sources (fresh groundwater, ocean water, fertilized soils, and 

wastewater) to NO3- pools in different water types (anchialine ponds, shoreline, surface, and 
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benthic waters) were apportioned using a Bayesian stable isotope mixing model, SIMMR 

package in R (Parnell 2019). Brackish groundwater (salinity > 1) was not included in the mixing 

models because of ocean influence and close distance to other water type stations sampled.  

Therefore, fresh groundwater (average salinity < 1) was used in the mixing models because the 

locations of the groundwater were more inland and fresher. Normality of d15N- NO3- and d18O- 

NO3- data were tested using the Shapiro normality test. Source d15N- NO3- and d18O- NO3- values 

used in the mixing models were site specific for fresh groundwater and fertilized soil. 

Concentrations of NO3- were used to weight each source for each water type. A biplot of d15N 

and d18O data revealed N source isotopes were not being enriched to a 2:1 ratio as expected with 

denitrification (Kendall et al. 2007). Therefore, denitrification was not included as a factor in the 

SIMMR mixing models. The mixing models produced credible intervals, which are intervals of 

probability that the water type falls within the range of  d15N- NO3- and d18O- NO3- for each 

source. The mixing models’ results show N contribution proportions of each N source as 

quantiles for all water types. The 50% quantile was chosen to report for the mixing models 

because it provides the median contribution value of each of the sources. 

Results 

Nutrient Concentrations 

Nutrient concentrations were compared across water types and within each 

development’s watershed. Nutrient concentrations (NO3- + NO2-, PO43-, NH4+, and H4SiO4) 

varied among water types (groundwater, anchialine ponds, shoreline, surface, and benthic) 

(Figure 2). Nutrient concentrations were highest in groundwater and decreased downslope and 

along an offshore gradient across both developments (Fig. 3). One exception to the downslope 
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gradient pattern was NH4+ concentrations, which peaked in anchialine ponds, across both 

developments. NO3- + NO2- and PO43- concentrations differed between developments across all 

water types (Table 1). For H4SiO4, concentrations differed in shoreline and surface waters 

between developments (Table 1). NH4+ concentrations differed only in benthic waters between 

developments (Table 1). For most nutrient forms, concentrations were higher at Pau‘oa than 

Kūki‘o, with the notable exception of PO43-concentrations in groundwater at Kūki‘o which were 

eight times greater than those at Pau‘oa (Figure 2). 

Nutrient concentrations also varied between each development’s watershed (Fig. 2). 

Nutrient concentrations (NO3- + NO2- and PO43-) in groundwater within Pau‘oa differed among 

all water types, except were similar in concentrations near more developed area; between 

shoreline and anchialine pond samples (Table 2). In general, NH4+ concentrations were similar 

across most water type comparisons, except significantly differed in anchialine ponds when 

compared to all other water types (Table 2). Concentrations of H4SiO4 were significantly 

different among all water types except when compared between groundwater and anchialine 

pond waters within Pau'oa (Table 2). Nutrient concentrations (NO3- + NO2-, PO43-, and H4SiO4) 

in groundwater within Kūki'o differed among all water types (Table 2). Concentrations of NO3- + 

NO2- significantly differed among all water type comparisons, except when compared between 

surface and benthic waters (Table 3). Concentrations of PO43- were similar near more developed 

areas between anchialine pond and shoreline water types (Table 3). Much like Pau'oa, NH4+ 

concentrations at Kūki'o differed for the anchialine ponds in comparison to other water types 

(Table 3).  
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Nutrient addition and removal were evident at both developments through mixing plot 

analyses. In general, nutrient mixing at Pau‘oa was more conservative as fresh and salt waters 

mixed, compared to those at Kūki‘o, which often displayed non-conservative mixing (Fig. 3).  

At Pau‘oa, anchialine pond and shoreline concentrations for NO3
- + NO2

-, PO4
3-, and H4SiO4 fell 

below the theoretical mixing line, suggesting removal (Fig. 3). Likewise at Kūki‘o, PO4
3- and 

H4SiO4 concentrations for all stations fell below the theoretical mixing lines, suggesting removal. 

Conversely, NO3
- + NO2

- concentrations for shoreline, surface, and benthic stations at Kūki‘o fell 

above the theoretical mixing line, suggesting an external nutrient source. Theoretical mixing 

lines for PO4
3- and H4SiO4 had steeper slopes at Kūki‘o compared to Pau‘oa, indicating a large 

concentration difference between end members at the two developments.  

d15N in macroalgae and d15N- NO3- and d18O- NO3-  

 At both developments, shoreline and benthic d15N macroalgal tissue values ranged from 

+1.60 to +5.54‰, falling within the range for fresh groundwater and ocean water (Table 3). 

Values for Kūki‘o also fell within the fertilized soil range, which overlapped with fresh 

groundwater and ocean water values (Fig. 4). Note, d15N-NO3- values for fertilized soil were 

unique to each development. Macroalgae at both developments had more positive d15N values at 

the shoreline than at offshore benthic stations.  

 In contrast to d15N macroalgal values, d15N-NO3- values across the two developments 

were more positive for all water types (fresh groundwater, anchialine ponds, shoreline, surface, 

and benthic) and ranged from +0.22 to +17.87‰ (Table 4). Values of d15N-NO3- for anchialine 

ponds, shoreline, surface, and benthic water types were compared against N sources range 
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values. Fresh groundwater was not included in the comparison because it is one of the N sources. 

At Pau‘oa,  average values of d15N-NO3- for anchialine ponds, shoreline, surface, and benthic 

water types, fell within the ocean water N source value range; however, at Kūki'o there was no 

discernable difference between ocean and groundwater 15N source range. (Table 4). d15N-NO3- 

values became more positive from shoreline to benthic stations, which was more apparent at 

Pau‘oa than Kūki‘o. This pattern contrasts to the one observed for macroalgal d15N.  

 The use of d15N and d18O-NO3- in stable isotope mixing models further distinguished N 

sources to the bays at both developments. At Pau‘oa, fresh groundwater was the dominant NO3- 

source to all water types (Table 4 & 5, Fig. 5), with fertilized soil, wastewater, and ocean water 

contributing smaller proportions. At Kūki‘o, fertilized soil was the dominant NO3- source to all 

water types (Table 4, Fig. 5), with fresh groundwater, wastewater, and ocean water contributing 

smaller proportions. The contribution of these less significant NO3- sources varied among water 

types for each development (Table 4, Fig. 5). All source proportion estimates had variable 

credibility interval ranges, but dominant NO3- sources from the mixing models agreed with 

findings from d15N in macroalgal sources. 

Salinity 

In this study, benthic loggers were used to characterize salinity patterns along with nutrients 

concentrations to determine if groundwater was present on the reef and a potential nutrient 

source. The significant, but weak negative relationship between benthic NO3- + NO2- 

concentrations and salinity at both developments suggests that nutrients in the groundwater are 

present along reefs. Note, that the smaller range in salinity at Kūki‘o resulted in a slightly 

stronger relationship between these two parameters (R2= 0.18) than that observed at Pau‘oa (Fig. 
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7). The NO3- + NO2- concentration increased by 2.50 µmol/L and 1.70 µmol/L for each decrease 

of one salinity unit at Kūki‘o and Pau‘oa, respectively. 

Benthic conductivity logger data also quantified salinity trends and the amount of time 

that groundwater-derived nutrients remained on the benthos at both bays. Across both 

developments, 70% of stations were observed with low salinity events (salinity < 33.5), with a 

logger precision for salinity of 0.5.  Pau‘oa had two stations that experienced low salinity events 

(< 33.5) for 21% of the logger deployment time (Fig. 8). At Kūki‘o, low salinity occurred 

between 5%-13% of the time at three stations, and 23-28% of the time at two stations during 

logger deployment (Fig. 8). Occurrence of low salinity events at the benthos across both 

developments ranged from a few minutes to more than 2 d, with the majority of events lasting 

less than 12 h (Fig. 9).   

Discussion   

Nutrient Patterns 

Nutrient concentrations are generally higher in freshwaters, like groundwater and rivers, 

compared to coastal waters because they are physically closer to land-based nutrient sources, 

which often have higher nutrient concentrations that those within water bodies themselves 

(Howarth et al. 1996; Mackenzie et al. 2002; Boyer et al. 2005; Seitzinger et al. 2010). Coastal 

waters without river inputs typically receive terrestrial sources of nutrients via SGD (Slomp & 

Van Cappellen 2004; Bishop et al. 2017). Results from our study follow this pattern, with high 

nutrient concentrations generally decreasing from groundwater to the shoreline by 1.25 times, 

and then a tenfold decrease from the shoreline to surface and benthic ocean waters (Fig. 2).  One 

outlier in the downslope nutrient concentration trend was at Kūki‘o, where PO43- concentrations 
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in groundwater versus the surface and benthic waters were eight times greater. The golf course 

upslope and near the groundwater well locations likely explains the elevated PO43- 

concentrations. Fertilizers used for the greening of golf courses can leach into groundwater, 

increasing P fluxes to coastal waters; this was previously documented along the Kona coast of 

Hawai‘i Island (Dollar & Atkinson 1992). Additionally, Kūki‘o is located on a younger lava flow 

is rich in reactive PO43-, which may dissolve in the groundwater, but is then occluded as the 

groundwater is transported down slope due to high reactivity between PO43- and the iron oxides 

in the basalt (Bishop et al. 2017; Prouty et al. 2017). Another outlier in the downslope nutrient 

concentration pattern is NH4+ concentrations in anchialine ponds. At Pau‘oa, anchialine pond 

NH4+ concentrations were almost nine times higher than previously measured in anchialine 

ponds along the Kona coast (Knee et al. 2010; Sakihara 2012). Pau‘oa anchialine pond NH4+ 

concentrations fell within the range of ponds located near N2-fixing trees, P. pallida, which may 

be an additional N source to ponds in our study (Nelson-Kaula 2013; Dudley et al. 2014). 

Remineralization of organic matter in the anchialine ponds may also be responsible for higher 

NH4+ concentrations compared to other water types along the downslope gradient. A previous 

study found high rates of gross primary productivity and phytoplankton abundance in a Kona 

fishpond, along with correspondingly high-water column respiration rates (Bulseco-McKim et al. 

2017); these conditions along with low oxygen concentrations can result in the release of NH4+. 

Lastly, H4SiO4 concentrations did not decrease to the same degree as other nutrients moving from 

groundwater to offshore waters at Pau‘oa compared to Kūki‘o. This could be explained by 

differences in watershed slope and SGD rates, as Kūki‘o has a SGD rate two times higher than 

Pau‘oa (Oki et al. 1999; Johnson 2008a). Greater rock and soil weathering rates for Kūki‘o, 

which is geologically younger, may release more H4SiO4 downslope of the watershed (Visher 
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and Mink 1964). Overall, our results suggest watershed geology, vegetation, and land use may be 

responsible for the observed difference in nutrient patterns. 

Nutrient Mixing Behavior 

Nutrient mixing plots are a commonly used tool to examine nutrient behavior as 

freshwater and seawater mix in coastal areas (Boyle et al. 1974; Officer 1979). Nutrient mixing 

plots generated for each bay in our study revealed generally conservative nutrient mixing 

patterns, which has been previously documented along the Kona coast (Johnson et al. 2008b; 

Street et al. 2008; Knee et al. 2010).  Overall, nutrient mixing at Pau‘oa was more conservative 

than at Kūki‘o. However, this differs from previous SGD nutrient studies in Mexico and other 

locations in Hawai‘i, where NO3- + NO2- displayed non-conservative mixing indicative of 

removal, which was attributed to biological uptake (e.g., denitrification or assimilatory nitrate 

reduction) along the fresh to saltwater gradient (Mutchler et al. 2007; Johnson & Wiegner 2013).  

Across both developments, anchialine ponds showed evidence of nutrient removal likely 

from biological processes. Concentrations of NO3- + NO2- , PO43-, and H4SiO4 generally fell 

below the mixing line for groundwater and anchialine ponds suggestive of biological uptake 

(Fig. 3). Biological processes within the anchialine ponds may be reducing concentrations of 

particular nutrient forms, potentially decreasing the amount that may be transported downstream 

to the shoreline and offshore waters. This is supported by findings from a previous anchialine 

pond study in West Hawai‘i investigating primary production, where decreases of PO43-

concentrations and an increase in the autotrophic index, a measure of epilithon biomass, were 

observed after grazer exclusion (Dalton et al. 2013). An exception to this downslope nutrient 

pattern were increased NH4+ concentrations in anchialine ponds, which significantly differed 
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from groundwater and shoreline concentrations (Tables 2 & 3). Ponds in this study were 

observed to be within areas with N2 -fixing trees, P. pallida, where decomposition of their leaf 

litter are known to release to NH4+ (Nelson-Kaula et al. 2016). Landscaping at the developments, 

as well as biological processes within anchialine ponds, may be localized nutrient sources 

resulting in elevated concentrations nearshore waters. Additionally, biological processes within 

the anchialine ponds may be reducing concentrations of particular nutrient forms, potentially 

decreasing the amount that may be transported downstream to the shoreline and offshore waters. 

This is true for PO43- and H4SiO4, which are limiting nutrients for phytoplankton (Martin-

Jézéquel et al. 2000). 

Values which fell above the theoretical mixing line can provide insight on nutrient 

addition to different water types. In this study, both developments had several stations where 

NO3- + NO2- concentrations fell above the theoretical mixing line. This occurred in groundwater 

and some anchialine pond stations at Pau'oa and in shoreline, surface, and benthic stations at 

Kuki‘o. In particular, anchialine ponds and shoreline stations located near fertilized landscape 

areas had the highest concentrations of NO3- + NO2- (Fig. 1). Fertilizers not taken up by 

landscaping can increase N loading to coastal waters through runoff or leachate (Howarth et al. 

2002). Previous studies in South Carolina and Hawai‘i found that lagoons in close proximity to 

fertilized golf courses had elevated nutrients compared to background ocean water 

concentrations, and were a source of nutrients to neighboring coastal waters (Dollar and 

Atkinson 1992; Lewitus et al. 2003; Knee et al. 2010; Delevaux et al. 2018). In Florida, at reefs 

historically impacted by terrestrial N inputs, phase shifts from coral-dominated reefs to algal-

dominated ones have been documented (Lapointe et al. 2004; Maliao et al. 2008), resulting in 
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reduced biodiversity, resilience from climatic stressors, and food security (Ainsworth & Mumby 

2015). 

N Sources  

The use of d15N in macroalgae is a well-established method to document N loading and 

sources to coastal waters, primarily for wastewater and fertilizers (Derse et al. 2007, Dailer et al. 

2010, Abaya et al. 2018). However, because algae can take up N from several different sources, 

determining primary N sources can be difficult, especially if d15N source values overlap. In our 

study, the higher d15N algal values were at the shoreline and when compared to the benthos 

suggest that algae uptake some terrestrial N before it reaches the benthos. At both developments, 

shoreline and benthic d15N macroalgal values fell within groundwater and ocean water N source 

ranges (Fig. 5). Additionally, at Kuki‘o, the macroalgal values fell within the fertilized soil 

source range (Fig. 5).  These results suggest a potential mix of N sources. Conceptual models 

have been developed to characterize potential N sources (e.g., natural, fertilizers, wastewater, or 

mixed) to coastal waters using d15N and %N of algae (Barr et al. 2013; Amato et al. 2016). When 

shoreline and benthic values were plotted using this model, they fell within the 

natural/fertilizers/mixed land use values. This finding further supports that there is a mix of N 

sources to the bays. However, determining which N source should be targeted for reductions is 

challenging because these measurements and this conceptual model are not able to determine 

which sources are contributing the most N. 

Researchers have begun to use d15N- and d18O-NO3- in mixing models to overcome the 

above stated limitations with using macroalgae (Wiegner et al. 2016). In our study, results from 

the stable isotope mixing models agreed with d15N in macroalgal tissue measurements, indicating 
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that fresh groundwater was the main source of N to coastal waters at Pau‘oa, and that fertilized 

soils were the main N source at Kūki‘o (Fig. 5). It is important to note that the value for fertilized 

soil at Pau‘oa was highly enriched in 15N and fell within wastewater values, which may be due to 

R-2 treated wastewater being used for irrigation throughout the development until 1997 (Xue et 

al . 2009; Limtiaco 2013). At Kuki'o, a previous hydrological N-modeling study identified golf 

courses and the wastewater injection well as primary nutrient sources to nearshore ocean waters 

(Delevaux et al. 2018). The mixing model in our study estimated fertilized soil N contribution to 

be greater in surface ocean water than the benthos (Fig. 6). Terrestrial fertilizers may leach into 

the groundwater which is discharged as SGD at the shoreline and at benthic springs where SGD 

floats to surface waters. Our study found that fertilized soils contributed more N than the 

wastewater to the NO3- pool in Kuki'o's coastal waters. Reduction of fertilizer use and 

landscaping changes are recommended for improving water quality at Kūki‘o (Knee et al. 2010; 

Delevaux et al. 2018). Our results support that isotopic mixing models can further define point 

and non-point N sources, as well as regional versus local N sources (Kim et al. 2015; Zhang et 

al. 2018).  This will allow for more targeted management actions to reduce N inputs in 

watersheds and coastal waters. 

Evidence of SGD and nutrient transport 

Most SGD nutrient studies to date have focused on shoreline and surface samples using 

mass balance, steady-state models, and elemental tracers to quantify SGD fluxes (Kim et al. 

2008; Amato et al. 2016; Bishop et al. 2017; Richardson et al. 2017). The few studies that have 

focused on coral reefs have found that SGD geochemistry may contribute more nutrients than 

nearby rivers (Blanco et al. 2011), and contribute to benthic eutrophication (Hwang et al. 2005). 
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Our study provides lateral and vertical spatial in-situ nutrient measurements (onshore to offshore, 

and surface and benthic), coupled with benthic salinity and assumed nutrient duration to 

characterize SGD nutrient transport to coral reefs at a watershed scale. Together, these 

measurements can better pinpoint locations of elevated nutrients near corals and the duration that 

nutrients are on the benthos for biological uptake.  

Tropical islands with few or no rivers are more sensitive to SGD because it is the primary 

nutrient source to coastal waters, and its fluxes can vary spatially and temporally (Moosdorf et 

al. 2015). Previous studies along the west coast of Hawai‘i Island have established that SGD is 

prevalent along the shoreline and varies within and across sites (Street et al. 2008; Peterson et al. 

2009; Knee et al. 2010). Our salinity measurements suggest that SGD was present at the 

shoreline and benthos of the two developments, and varied among stations. At Pau‘oa, shoreline 

and surface waters consistently had lower salinities and higher nutrient concentrations, 

sometimes three times higher, compared to Kūki‘o and Puakō, a nearby coastal community 

(Figs. 1 and 2; Knee et al. 2010; Abaya et al. 2018). Low salinity stations were generally located 

at the outer bays, while stations with longer low salinity pulses closer to locations of shoreline 

springs (Fig. 8). Acoustic Doppler Current Profiler (ADCP) data from our study found water 

velocities at Pau‘oa to be stronger at the benthos and weak towards the surface, while Kūki‘o 

was the inverse (Couch et al. 2018). The lower salinity and higher nutrient concentrations at 

Pau‘oa suggest SGD vertically mixes towards the surface because of strong benthic water 

velocities. In addition, benthic salinity and NO3- concentrations were related, demonstrating that 

benthic seeps were a source of nutrients to the reefs (Fig. 6). SGD on the reefs was detected in 

pulses that lasted from several min to 2 d, with Pau‘oa having longer exposure times (Fig. 9). 

The benthic SGD patterns observed in our study may identify locations on the reef of longer 
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nutrient exposure, where algae have more opportunity to take up more N, especially during 

daylight hours (Dailer et al. 2012). At Pau‘oa, high H4SiO4 concentrations were associated with 

increased degradation in coral health including increased disease, greater algal competition, and 

less recovery potential (Couch et al. 2018). At Kūki‘o, relationships between coral health drivers 

and groundwater input were less clear (Couch et al. 2018). Therefore, sustained pulses of SGD 

seen at Pau‘oa may affect coral calcification rates, health, and reef resilience to other 

environmental stressors (Street et al. 2008; Richardson et al. 2017). Examining nutrient 

concentrations and benthic salinity together provide resource managers with areas that may be 

more vulnerable to nutrient pollution than others.  

Conclusion 

 Both land use and SGD can influence coastal water quality and impact coral reefs. Our 

study design, which employed several approaches—including nutrient mixing plots, stable 

isotopes (d15N in macroalgal tissue and mixing models), and benthic conductivity sensors—

resulted in the successful identification of N sources at two bays fronting coastal developments 

with fringing coral reefs. Our study also characterized the spatial distribution of nutrients within 

bays to identify locations that may be more impacted by terrestrial pollution. Low benthic 

salinity (< 33.5) pulses varied temporally and spatially, but confirms SGD is present and that 

corals can be exposed to high nutrient concentrations one to five-fold higher relative to ambient 

conditions. Nutrients were generally concentrated along the shoreline and surface waters, but 

were detected at lower concentrations on the reef, most likely due to biological uptake/removal. 

Identification of areas with high nutrient SGD within reefs can be utilized by natural resource 

managers to develop targeted management plans to reduce local stressors for reefs. Additionally, 
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overall watershed management and reduction of anthropogenic nutrient inputs will increase reef 

resilience and improve coastal water quality.  
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