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Abstract
Sewage pollution threatens human and ecosystem health, and its presence can

be masked by dilution from freshwater inputs or ocean mixing. This project assessed

sewage pollution in the coastal waters of Hilo, Hawaiʻi, an area with high freshwater

inputs impacted by on-site sewage disposal systems (OSDS) and an offshore sewage

treatment plant (STP) outfall. Twenty shoreline stations were sampled from July 2020 to

October 2021 for multiple sewage indicators: fecal indicator bacteria (FIB), nutrients,

and stable isotopes in macroalgae and nitrate in water, many of which were

incorporated into a sewage pollution scoring tool. Rivers and groundwater were

assessed as vectors of sewage pollution and sewage indicator values were compared

to water quality standards. Nutrient standards were exceeded in all waters, while FIB

standards were exceeded in river-influenced areas. River areas had the highest FIB,

NH4+, Chl a, turbidity values, and the highest probability of having stations with a

medium-level sewage impact. Groundwater areas had the highest nutrient

concentrations and groundwater was the dominant source of NO3- to all

freshwater-influence groups as indicated by the stable isotope mixing model. Low

sewage indicator values and pollution scores at stations with recently confirmed

connectivity to OSDS suggest that freshwater is diluting sewage along the shoreline.

This study emphasizes the importance of including a variety of sewage indicators to

account for variability influenced by area-specific environmental factors, such as high

freshwater input or differing hydrogeology, when assessing the influence of sewage

pollution on water quality.
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Introduction
The growing human population has exacerbated sewage pollution in coastal

waters, impacting both human and environmental health (Pruss, 1998; Wade et al.,

2003). Untreated sewage harbors high concentrations of nutrients, pathogens,

endocrine disruptors, heavy metals, and other toxins (Wear & Vega Thurber, 2015).

Annually, an estimated 50 million cases of respiratory illness and 120 million cases of

gastrointestinal illness are linked to swimming in sewage-contaminated waters, and the

antibiotic-resistant bacteria associated with sewage often increases the difficulty of

treating infection (Shuval, 2003; Fleisher et al., 2010; Boopathy, 2017; Gerken et al.,

2021). Algal blooms are well-documented in response to nutrient inputs from sewage

outfalls and phase shifts have occurred from coral to algae-dominated communities

after long-term sewage inputs (Pastorok & Bilyard, 1985; Hunter & Evans, 1995;

Lapointe et al., 2005; Lapointe & Bedford, 2010). Additionally, algal communities have

shown changes in dominant species in areas of known sewage pollution – increases in

opportunistic green algae or cyanobacteria (Pastorok & Bilyard, 1985; Soltan et al.,

2001; Guinda et al., 2008). Nutrients from sewage pollution increase the prevalence of

coral disease and add stress to coral reef ecosystems (Hunter & Evans, 1995).

Sewage-derived pathogens have been linked to coral disease, hindering their ability to

recover from other environmental stressors (Sutherland et al., 2010). Short-term

recovery of coral reefs has been observed after reducing point-source sewage pollution,

but full recovery can take years to decades and some changes are irreversible

(Pastorok & Bilyard, 1985; Hunter & Evans, 1995). If sewage is not effectively managed

in coral reef areas, further water quality degradation is inevitable.

Sewage collection and treatment are handled differently in urban and rural areas.

Sewer systems collect sewage in urban areas, where it is transported to sewage

treatment plants (STP) for treatment, and then disposed of through outfalls and injection

wells. In rural areas, onsite-sewage disposal systems (OSDS: cesspools, septic tanks,

aerobic treatment units) are a common method of sewage disposal. Cesspools, an

antiquated type of OSDS, are unlined, underground holes used to dispose of domestic

sewage. Hawaiʻi is the last state in the United States to ban new cesspool construction

and has set the goal of eliminating all cesspools by 2050 (Act 125; Ige, 2017).
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Feasibility of removing cesspools and switching to the use of a STP has been impeded

by the remote location of many homes currently utilizing cesspools. In many of these

remote locations, the highly variable, and often very permeable substrata with different

hydrologies has also hindered conversion to more modern types of OSDS. Hence,

area-specific strategies are needed for the cesspool conversion effort (HDOH, 2020).

To document sewage pollution in coastal waters, researchers use a variety of

sewage indicators and have found them to have varying effectiveness. Mezzacapo et al.

(2021) suggested that sewage pollution may be difficult to detect where there are

significant effects of dilution; either by freshwater inputs or ocean mixing, or nutrient

uptake. Fecal indicator bacteria (FIB) are commonly used by monitoring agencies to

assess recreational waters for the presence of sewage. Enterococcus spp. is used by

the United States Environmental Protection Agency (USEPA) and states’ departments

of health to assess marine recreational waters. In tropical settings, Enterococcus spp.

can survive and multiply in tropical soils and waters, confounding interpretations of

concentrations relative to sewage pollution (Hardina & Fujioka, 1991; Pinto et al., 2002;

Enns et al., 2012; Fujioka et al., 2015). Because of this, an additional FIB has been

adopted by the Hawai‘i Department of Health (HDOH), Clostridium perfringens. This

bacterium is considered to be more indicative of sewage pollution, because it is found in

the human gut and cannot multiply in oxic environments; however, C. perfringens is also

found in the guts of other warm-blooded animals and can survive in soils and rivers

(Niilo, 1980; Madema et al., 1997; Boehm et al., 2009; Fujioka et al., 2015; Miller-Pierce

& Rhoades, 2019, Gerken et al., 2022). More recently, genetic markers have been used

to identify human-specific gut bacteria, most commonly from the genus Bacteroides

using the HF183 marker, although geographic variability of the human gut microbiome

influences the effectiveness of this approach (Zhang et al., 2012; Ahmed et al., 2020).

Nutrient concentrations are high in sewage and often elevated in areas polluted

by sewage, but nutrients can have many non-sewage sources within a watershed,

making nutrient sources difficult to distinguish (Pastorok & Bilyard, 1985). Stable

isotopes: 𝛿15N of macroalgae and 𝛿15N- and 𝛿18O-NO3
- from water samples, have been

used as indicators of sewage in other areas of Hawaiʻi Island, on other Hawaiian

Islands, and worldwide, because isotope ratios often vary among nitrogen sources and
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therefore can be distinguished from one another (Costanzo et al., 2005; Dailer et al.,

2010; Lapointe et al., 2015; Wiegner et al., 2016; Abaya et al., 2018a; Wiegner et al.,

2021). However, in some instances, nitrogen sources can have overlapping stable

isotope values not allowing them to be distinguished from one another. Because of the

limitations of each individual indicator of sewage pollution, a recent study has

incorporated multiple indicators into a scoring tool to better evaluate sewage pollution in

coastal waters and found the tool to be successful in predicting sewage pollution

hotspots such as at springs with known connections to OSDS (Abaya et al., 2018a).

One location in Hawaiʻi experiencing sewage pollution is Hilo, the population

center of Hawaiʻi Island. Hilo has a STP with an offshore outfall, a high number of

OSDS, rivers flowing through urban areas into an enclosed portion of its bay, and large

rates of groundwater discharge. Hilo is currently recognized as a priority three category

in the cesspool conversion plan by the HDOH cesspool conversion working group,

“having sensitive waters that are potentially impacted by cesspools” (HDOH, 2017).

These risk factors threaten the Hilo community, who use these waters to fish and gather

for subsistence, and for surfing, canoe paddling, swimming, and other cultural practices

(Puniwai et al., 2016). Previous studies of Hilo have examined sewage pollution under

various river flow conditions, but the study of groundwater-influenced areas has been

limited (Wiegner et al., 2013; Carlson & Wiegner, 2016; Wiegner et al., 2016; Economy

et al., 2019). Two studies have also documented the presence of FIB in soils of various

land use areas, which may contribute to surface runoff during heavy rain events

(Economy et al., 2019; Gerken et al., 2022).

The presence of many sewage pollution risk factors in Hilo, the potential negative

impacts of sewage pollution to human and coral reef health, and the limited research of

this topic here, has inspired this study, which aimed to gain a comprehensive

understanding of sewage pollution along Hilo's shoreline. A multi-indicator approach to

assess sewage presence was developed by Abaya et al. (2018a), but this method has

never been applied to East Hawaiʻi or other areas influenced by both groundwater and

river inputs. The objectives: 1) to evaluate the relative importance of two sewage

pollution vectors, groundwater and rivers, and 2) to examine the efficacy of sewage

indicators in a tropical setting with many freshwater inputs. This work should inform the
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HDOH cesspool conversion working group on the current status of sewage pollution in

Hilo and provide aid in prioritizing areas for cesspool removal. A better understanding of

the accuracy of sewage indicators and the importance of incorporating multiple

indicators should aid future studies of sewage pollution in tropical settings.

Methods
Site Description

The town of Hilo is within the moku (district) of Hilo, located on the east side of

Hawaiʻi Island, HI, USA, and is home to approximately 43,263 residents (U.S. Census

Bureau, 2021). The study area for this project includes five ahupuaʻa (traditional land

division) in the Hilo Bay watershed - starting from the east: Waiākea, Piʻihonua, Puʻuʻeo,

ʻAlae, and Kaiwiki, encompassing the slopes of Mauna Loa and Mauna Kea volcanoes,

two major rivers: Wailuku and Wailoa, and multiple streams (Figure 1). Groundwater

recharge in the Hilo watershed is one of the largest in the Hawaiian chain, estimated to

be 409 m3/d/m, but sewage input through groundwater has not been well investigated

here (Engott, 2011). A 3.07-km breakwater divides the southern part of the Hilo Bay

shoreline, providing shelter to the Port of Hilo, but also trapping sediment and pollutants

from two major rivers within the sheltered area by reducing ocean recharge (M&E

Pacific, 1980; U.S. Army Corps of Engineers, 2015). Hilo has several sources of

sewage pollution to its coastal waters. The single municipal STP is permitted to

discharge effluent, treated by fixed-film secondary treatment with disinfection by

chlorination (Figure 1). Effluent from the Hilo STP is discharged approximately 1.3 km

offshore through an outfall pipe (U.S. EPA Region 9, 2010; Higuchi, 2014). This STP

services ~30% of homes and the remainder use OSDS, primarily cesspools. Hilo has

12,272 OSDS, 10,635 of which are classified as cesspools (Whittier & El Kadi, 2014).

Elevated FIB and nutrient concentrations have been documented in Hilo Bay and its

rivers (Wiegner et al., 2013; Wiegner et al., 2017; Economy et al., 2019). There are

currently five sites monitored by the HDOH Beach monitoring program (HDOH, 2019)

and an additional seven sites were previously monitored by the Surfrider Foundation

Blue Water Task Force, although this latter program is no longer active (Surfrider

Foundation, 2022).
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Hilo has a tropical climate, with wet winter (October-April) and dry summer

(May-October) seasons, experiencing an average annual rainfall of nearly 7000 mm at

high elevations and about 3000 mm near sea level (Giambelluca et al., 2013). The

Honoliʻi Stream watershed has an area of 39.2 km2 and a maximum elevation of 1867

m, consisting predominantly of conservation land, followed by agricultural, and urban at

78.4%, 21%, and 0.6%, respectively (Parham et al., 2008). The Wailuku River

watershed is the largest in the State of Hawaiʻi, with an area of 653.2 km2 and a

maximum elevation of 4200 m (Parham et al., 2008). The dominant land use of this

watershed is conservation, followed by agricultural, and urban at 76.9%, 22.4%, and

0.7%, respectively (Parham et al., 2008). The Wailoa River watershed encompasses

255.4 km2 and has a maximum elevation of 2964 m, with land use consisting of 70.9%

conservation, followed by 20.4% agricultural, and 8.7% urban near the lower reaches

(Parham et al., 2008). The low-lying Keaukaha watershed has a maximum elevation of

39 m, covering 6.6 km2, of which 61.9% is urban and 38.1% is agricultural land use type

(Parham et al., 2008).

Shoreline Sampling
Sampling took place at 20 stations spanning approximately 15 km of the Hilo

shoreline. Stations were selected based on observations of groundwater discharge from

field salinity surveys, county beach park status, and community significance. Shoreline

sampling took place over two consecutive days each month from July 2020 to October

2021. Stations were sampled on the lowest possible tides of each month to minimize

dilution of groundwater with seawater and within 2 h of sunrise to reduce sunlight

inactivation of FIB (Sinton et al., 2002). Triplicate water samples were collected from

each station in sterilized, acid-washed 1-L polypropylene bottles. Salinity and

temperature were measured in the field using a calibrated YSI ProSolo. Macroalgal

species present at each station were haphazardly collected based on availability and

proximity to the water sample collection point. Water and macroalgae samples were

stored on ice until processed in the laboratory.
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Laboratory Analyses
Enterococcus spp. were quantified using the Enterolert MPN method with a 1:9

dilution (10 mL sample: 90mL sterile water) (IDEXX Laboratories Inc.). Samples below

the detection limit of this method were assumed to have a value of 5 MPN/100 mL, half

of the detection limit at this dilution. Clostridium perfringens was quantified by filtering

100 mL of sample through a 0.45-µm pore size NO3
- filter (WhatmanTM) and plating the

filter onto membrane-Clostridium perfringens (m-CP) agar base (Oxoid Ltd.,

Basingstoke, Hampshire, England) (Bisson & Cabelli, 1979). All FIB culture samples

were processed and incubated within 6 h of sample collection. Samples from each

station from July 2020 to December 2020 were also analyzed for the HF183 marker for

human-associated Bacteroides. For Bacteroides analyses, 400 mL of water samples

were filtered onto sterile 0.20-µm pore size MCE filters (Advantec MFS, Inc.), dried, and

stored at -80 °C until DNA extraction. Bacterial DNA was extracted using the FastDNA

spin kit for soil (MP Biomedicals) with a slight modification to manufacturer protocol:

cells were lysed using a MP Biomedicals FastPrep bead beater for ~2 min. Extracted

DNA was stored at -40 °C until sequencing using an established HF183 quantitative

polymerase chain reaction (qPCR) assay (Haugland et al., 2010; Green et al., 2014).

Samples for nutrient analyses were taken from one of the triplicate bottles from

each station. Water was filtered through a muffled (600 °C, 5 h) GF/F filter (Whatman,

0.7-µm pore size) and stored at 0 °C until analysis. Nutrient samples were analyzed with

a Lachat Quikchem 8500, FIA autoanalyzer for NO2
- + NO3

- [Detection Limit (DL) 0.07

μmol/L, USEPA 353.2], NH4
+ [DL 0.36 μmol/L, USEPA 349], TDP [DL 0.25 μmol/L,

USGS I-4650-03, USEPA 365.5], PO4
3- [DL 0.03 μmol/L, USEPA 365.5], and H4SiO4 [DL

1 μmol L-1, USEPA 366]. Samples that were below the detection limit were recorded as

concentrations half the limit of detection. Total dissolved nitrogen (TDN) was analyzed

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

using a Shimadzu TNM-1 (DL 5 μmol/L, ASTM D5176). Filters from nutrient sample

processing were stored in amber-colored plastic vials at -80 °C until analysis for

Chlorophyll a (Chl a). Filters were analyzed using a Turner 10-AU fluorometer with an

analytical range from 0-20 μg Chl a/L with dilutions up to 1:4 (1 extract:4 90% acetone)

(USEPA 445.0).
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Additionally, water from each station was filtered through a 0.45-µm nylon filter

(Corning) for 𝛿15N- and 𝛿18O-NO3
- analysis, using a Thermo-GasBench II (Thermo

Electron) interfaced to an isotope ratio mass spectrometer (IRMS). Isotope data were

normalized to United States Geological Survey (USGS) standards (USGS32, USGS34,

USGS53) using the method developed by McIlvin & Altabet (2005) and expressed as

per mil (‰) (Eq. 1).

Eq. 1 𝛿15N, 𝛿18O  = [(Rsample-Rstandard)/Rstandard]✕1000, R = 15N/14N, 18O/16O

Nutrient and 𝛿15N and 𝛿18O-NO3
- analyses were conducted by the University of Hawaiʻi

at Hilo (UH Hilo) Analytical Lab. Turbidity and pH were measured using a HACH 2100Q

Sw (Version 1.03/9 #14100C035910) and an ORION STAR A325 Sw (Revision 3.04

meter #G12945), respectively.

Composite macroalgal samples from each station were rinsed with deionized

water to remove debris. A voucher of each species present in the sample was

preserved in 4% formalin for identification using morphological and anatomical

characteristics. The remaining samples were dried at 60 °C until a constant weight was

achieved. Dried, composite algal samples were ground and homogenized using a

Wig-L-Bug grinding mill, because a common species was not present at all stations.

Ground algal samples were folded into 3.5x5 mm foil tins for stable isotope analysis at

the University of Hawai‘i Hilo Analytical Lab. Macroalgae samples were analyzed for

𝛿15N using a Thermo Delta V IRMS. Nitrogen isotope data were normalized to USGS 40

(𝛿15N vs Air = -4.5‰) and USGS 41 (𝛿15N vs Air = 47.6‰), accurate to 0.2‰, and

expressed as %N and 𝛿15N vs N2 in air.

The documented variability of nutrient uptake and 𝛿15N values among algal

species, justified the use of composite samples as a sewage indicator (Martinez et al.,

2012; Bailes & Gröcke, 2020). Individual species were separated before processing

when three or more species were available from the same station. Preserved samples

were identified using a Leica ZOOM 2000 dissecting microscope, an Olympus BX41

compound microscope, and identification books (Abbott, 1999; Abbott & Huisman,

2004). A species list for all specimens was created (Appx. I-1).
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Station Groupings
Stations were grouped according to the freshwater water source that most

influenced their water quality. The most influential freshwater source was determined

using salinity data collected at each sampling and physical attributes of the station.

River-influenced (RI) stations were located at river mouths or in the visible sediment

plume of river mouths. Stations with an average salinity >10 throughout the study

period, despite having a visible spring, were considered to have a low

groundwater-influence (LGW). Stations with an average salinity <10 that had a visible

spring were considered to have a high groundwater-influence (HGW). Five stations

were RI, seven LGW, and eight HGW. Sewage indicator measurements were also

examined for temporal trends between wet and dry weather periods. Weather periods

were based on peaks in USGS stream discharge data from Honoliʻi Stream and Wailuku

River (Honoliʻi: USGS 16717000 https://waterdata.usgs.gov/usa/nwis/uv?16717000,

Wailuku: USGS 16704000 https://waterdata.usgs.gov/usa/nwis/uv?16704000) and

National Oceanic and Atmospheric Agency (NOAA) National Weather Service data from

the Hilo International Airport rain gauge (Hilo International Airport 87

https://www.weather.gov/wrh/Climate?wfo=hfo) gathered for each monthly pair of

sampling days during the study period (Figure 1). Peaks in these datasets were

generally between November and March, with 24 h rainfall values ranging from

24.80-108.20 mm and streamflow values ranging from 8.04-64.56 m3/s.

Geospatial analysis
A 0.8-km radius buffer was created around shoreline station points in ArcGIS Pro

(2.8.0) to include ~1-km2 of inland area. The total number of OSDS within the station

buffers were isolated using the intersect tool on the “osds_haw” layer (2010) available

from HDOH (2017). OSDS density was calculated as the sum of OSDS within the

~1-km2 land area buffer for each station (Figure 2; Table 2).

Statistical analyses:
Enterococcus spp., C. perfringens, nutrient concentrations and OSDS density of

each freshwater-influence group were directly compared to their applicable HDOH
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(2014; 2019) state water quality standards for recreational marine waters, estuaries,

and embayments, and those recommended to HDOH (Yates, 1985; Fujioka et al.,

2015). Each freshwater-influence group was also assigned a sewage pollution score

using the method developed by Abaya et al. (2018a) that weights each indicator based

on its reliability related to sewage pollution (Eq. 2).

Eq 2. (C. perfringens level × 3) + (𝛿15N macroalgae level × 3) + (Enterococcus

spp. level × 2) + (NO3
- + NO2

- level × 1) + (NH4
+ level × 1) + (TDP level × 1)

Standards for nutrient concentrations used in the sewage pollution scoring tool were

modified for estuaries and embayments under wet conditions based on the

environmental conditions in this study (HDOH, 2014); the original score was designed

using standards for open coastal waters as that research was conducted in Puakō,

Hawai‘i. Sewage indicators used in the sewage pollution scoring tool were C.

perfringens, 𝛿15N macroalgae, Enterococcus spp., NO3
- + NO2

-, NH4
+, and TDP (Table

1). Final sewage pollution scores were placed into low (11-17), medium (18-25), and

high (26-33) categories.

The assumptions of parametric statistical tests, normality and equal variance,

were examined using Shapiro-Wilk and Levene tests, respectively. When assumptions

for parametric tests were not met, data were transformed, or nonparametric tests were

used and data were presented using medians and range. A Kruskal-Wallis test was

used to determine if the Enterococcus spp., C. perfringens, nutrient concentrations,

%N-macroalgae, 𝛿15N-macroalgae, and sewage pollution scores differed among

freshwater-influence groups. Wilcoxon rank sum tests with a Bonferroni correction were

used to determine differences among groups if a significant difference was found.

One-sample t-tests and one-sample Wilcoxon rank sum tests were used to assess

differences between the 𝛿15N of individual macroalgal species from a similar station and

the 𝛿15N of composite samples at the same stations. Two-sample Wilcoxon rank-sum

tests were used to determine differences between wet and dry weather periods.

Spearman’s rank correlation tests were used to determine if there were any

associations between measured indicators, salinity, temperature, turbidity, or OSDS
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density. All statistical tests were completed using the program R (version 4.0.3) with ⍺ =

0.05 or 0.017 when a Bonferroni correction was applied.

Stable Isotope Mixing Model
The percent contribution of specific N sources to the NO3

- pool at each station

were determined using the 𝛿15N and 𝛿18O of NO3
- in water in a stable isotope mixing

model in the program R, the “simmr” package (version 0.4.5). This model uses

Bayesian methods and NO3
- concentration dependence to estimate coefficients that are

proportions of each source to the total sample (Parnell et al., 2013). Normality of 𝛿15N

and 𝛿18O values was tested using the Shapiro-Wilk normality test. Potential NO3
-

sources sampled were effluent from the Hilo STP pre-outfall manhole (STP, n=13) and

outfall discharge plume (n=4), inland groundwater from drinking water wells (GW, n=7),

and ocean water (n=3) (Appx. II-1). Stable isotope data for OSDS on Hawaiʻi Island

were obtained from Wiegner et al. (2016) and Abaya et al. (2018a) consisting of

cesspools, septic systems, and anaerobic treatment units (OSDS, n=17).

NO3
- concentrations for the outfall discharge plume and ocean water were below

the minimum requirement for stable isotope analysis and could not be used as NO3
-

sources. Bi-plots were created using average and corrected average values of 𝛿15N and

𝛿18O in NO3
- for each potential source to remove any sources with substantial overlap

from the mixing model. Two models were created to separate stations within the

breakwater and beyond the breakwater, because although permeable, it is unlikely that

the STP outfall would be a NO3
- source to areas within the breakwater. The first model

analyzed contributions of GW, OSDS, and STP sources to stations in the HGW and

LGW groups. The second model analyzed sources of GW and OSDS to stations in the

HGW, LGW, and RI groups. Both models were run a second time, considering

contributions of sources to each station within the model to assess trends that may have

been obscured by grouping. Mixing model results are presented as Bayesian 50%

credibility intervals to account for a larger range of variability.
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Results

Comparison of Sewage Indicators Among Freshwater-Influence Groups
Fecal Indicator Bacteria

The two measured FIB varied among freshwater-influence groups. Enterococcus

spp. concentrations significantly differed among groups (𝜒2
(2) = 15.13, p < 0.001), and

values were 253% and 215% higher in the RI group compared to the LGW (p < 0.001)

and HGW groups (p = 0.002) (Table 2). Clostridium perfringens concentrations were low

among all freshwater-influence groups, but differed significantly among groups (𝜒2
(2) =

14.46, p < 0.001), with the highest median concentration being 0.58 CFU/100 mL in the

RI group compared to 0 CFU/100 mL in both the HGW (p < 0.001) and LGW groups

(Table 2). No human-associated Bacteroides were detected in shoreline samples using

the HF183 marker.

Nutrients

Nutrient concentrations varied among freshwater-influence groups. NO2
-+NO3

-

and TDN concentrations significantly differed among groups (𝜒2
(2) = 97.68, p < 0.001;

𝜒2
(2) = 73.80, p < 0.001), with concentrations up to 203% and 78% higher in the HGW

group than the LGW and RI groups (p < 0.001, p < 0.001) (Table 2). NH4
+

concentrations also differed among groups (𝜒2
(2) = 40.85, p < 0.001), with concentrations

up to 82% higher in the RI group than the LGW and HGW groups (p < 0.001) (Table 2).

PO4
3- and TDP concentrations were significantly higher, up to 252% and 90%,

respectively, in the HGW group compared to the LGW (p < 0.001, p < 0.001) and RI (p <

0.001, p < 0.001) groups (𝜒2
(2) = 140.86, p < 0.001; 𝜒2

(2) = 97.50, p < 0.001) (Table 2).

H4SiO4 concentrations were also significantly higher, up to 113%, in the HGW group

compared to the other freshwater-influence groups (p < 0.001) (𝜒2
(2) = 82.72, p < 0.001).

Chlorophyll a & Turbidity

Chlorophyll a concentrations differed among freshwater-influence groups (𝜒2
(2) =

33.11, p < 0.001), with concentrations up to 272% higher in the RI group than the HGW

(p < 0.001) and LGW groups (Table 2). Turbidity also differed among these groups (𝜒2
(2)
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= 91.34, p < 0.001), with values in the RI group up to 316% higher than the LGW (p <

0.01) and HGW groups (p < 0.001).

Macroalgae

Thirty-two identifiable macroalgal species were collected for 𝛿15N and %N

analyses (Appx. I-1). Macroalga from Phylum Rhodophyta were most prevalent, with

Ahnfeltiopsis concinna, Chondrus sp., and Polyopes hakalauensis making up nearly half

of all samples collected. Percent N-content in macroalgae was similar at five of six

stations where individual and composite samples were compared (Appx. I-2). The 𝛿15N-

macroalgae was also similar at five of the six stations where individual species and

composite samples were compared (Appx. I-3). Macroalgal 𝛿15N values significantly

differed among all freshwater-influence groups (𝜒2
(2) = 18.65, p < 0.001), with the values

in the RI group up to 143% higher than the LGW (p < 0.001) and HGW (p < 0.001)

groups (Figure 3A). Percent N content in macroalgae also differed significantly among

all groups (𝜒2
(2) = 14.74, p = 0.001), and was 4% higher in the HGW group compared to

the LGW group (p = 0.001) (Figure 3B). Macroalgal 𝛿15N fell below the cutoff of +5.9‰,

considered by Abaya et al. (2018a) to be the low range for 𝛿15N-NO3
- of sewage, at all

stations. Four stations were above the cutoff of +4.0‰ that is considered by Smith et al.

(2021) to have moderate sewage influence (Appx. III-2). Macroalgal %N at 12 stations

was above the 2% considered by Amato et al. (2016) to indicate anthropogenic nutrient

loading (Appx. III-2).

Sewage Pollution Scores

All freshwater-influence groups had a similar median sewage pollution score of

17, falling into the low-impacted category (p = 0.17) (Figure 4). Sewage pollution scores

at individual stations ranged from a one-time minimum of 11 to as high as 21 at many

stations and all stations fell within the medium-impacted category at least once. Median

sewage pollution scores for two stations were in the medium category (Appx. III-1). The

probability of a station falling in the medium category was highest in the RI group, at

35(±23)%, followed by the HGW, then LGW groups at 28(±14)% and 24(±12)%,

respectively.

19



Weather-related Patterns of Sewage Indicators
Clostridium perfringens concentrations were significantly higher during dry

periods with a median concentration of 0.33 CFU/100 mL compared to 0.00 CFU/100

mL during wet periods (W = 13298, p = 0.002) (Figure 5A). Enterococcus spp.

concentrations did not differ between weather periods and were 0.34 MPN/100 mL

lower during dry periods. Concentrations of NH4
+ were also significantly higher during

dry periods (W = 14730, p = 0.03) (Figure 5B). Aside from NH4
+, nutrient concentrations

were generally higher during wet periods, but only H4SiO4, was significantly higher (W =

8605, p < 0.001) (Figure 5C). Chlorophyll a was also significantly higher during wet

periods (W = 16224, p < 0.001) (Figure 5D). Macroalgae 𝛿15N and %N were similar

between wet and dry periods (p > 0.05).

Associations Between Sewage Indicators
Salinity, temperature, and turbidity were negatively correlated with most nutrient

concentrations: NO2
-+NO3

- (p < 0.001), PO4
3- (p < 0.001), H4SiO4 (p < 0.001), TDP (p <

0.001), and TDN (p < 0.001), and were positively correlated with NH4
+ (p < 0.001)

(Figure 6). Salinity, temperature, and turbidity were also negatively correlated with

OSDS density (p < 0.025) and %N of macroalgae (p < 0.005) and were positively

correlated with 𝛿15N-macroalgae (p < 0.022). OSDS density was negatively correlated

with C. perfringens (p = 0.032), NH4
+ (p = 0.002), and Chl a (p = 0.005), and positively

correlated with NO2
-+NO3

- (p = 0.028), PO4
3- (p = 0.039), TDP (p = 0.001), and TDN (p =

0.021) (Figure 6). Clostridium perfringens was positively correlated with Enterococcus

spp. (p = 0.012), NH4
+ (p < 0.001), and Chl a (p = 0.001). Chlorophyll a concentrations

were also significantly correlated with all nutrient measurements (p < 0.001). All nutrient

concentrations were significantly correlated to one another, except NH4
+ and TDN

(Figure 6).

Nutrient Source Contributions
The dominant NO3

- source to stations beyond the breakwater, with three potential

sources, was GW, contributing 99% and 98% to the HGW and LGW groups,

respectively (Figure 7). Sewage from both OSDS and STP contributed 1% to these
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groups (Figure 7). For groups within the breakwater, with two potential sources, GW

was also the dominant source, contributing 96%, 94%, and 95% to the HGW, LGW, and

RI groups, respectively with OSDS contributing a maximum of 6% to the LGW group.

(Figure 8). Trends among individual stations showed a more even distribution of source

contributions. The highest contributions were from GW, contributing 46-97% of NO3
- to

all stations with the highest contribution to a station in the RI group (Figure 9). Sewage

from OSDS contributed 4-16%, with the highest contribution at a station in the RI group

(Figure 10). Sewage from the STP contributed 14-40% of NO3
-, with the highest

contribution to a station in the LGW group (Figure 11).

Discussion
Sewage Pollution Vectors

Rivers are known vectors of sewage pollution to the coastal environment.

Sewage-associated bacteria and viruses are present in contaminated rivers at

concentrations that increase the risk of contracting gastrointestinal and respiratory

illness as well as skin infections (Shuval, 2003; Viau et al., 2011, Economy et al., 2019;

Gerken et al., 2021). In addition to pathogens, rivers often have elevated concentrations

of nutrients, mainly NO3
-+NO2

-, NH4
+, PO4

3-, and silica, in comparison to coastal waters

(Knee et al., 2008). Sewage indicator measurements suggest that rivers make a large

contribution to sewage pollution in Hilo. The RI group had the highest FIB, NH4
+, and

Chl a concentrations, as well as the highest 𝛿15N-macroalgal and turbidity values (Figure

3A; Table 2). Additionally, stations in the RI group had the highest probability of having a

sewage pollution score in the medium-impacted sewage pollution category.

Measurements of these sewage indicators fell within the range of those previously

found in Hilo studies near rivers (Wiegner et al., 2017; Economy et al., 2019).

Groundwater comprises all baseflow discharge in rivers, likely explaining the high NO3
-

contribution of groundwater to the RI group determined by the stable isotope mixing

model (Shopka & Derry, 2012). Consistent with the findings of this study, rivers have

been identified as major sources of sewage to shoreline waters in other parts of the

world; however, in some instances, groundwater-influenced groups had higher sewage

indicator values than the RI group (Knee et al., 2008; Wiegner et al., 2013; Wiegner et

21



al., 2017; Economy et al., 2019). Although sewage pollution scores were similar among

freshwater-influence groups, these findings suggest that localized sewage inputs can

have significant effects on the level of sewage pollution in an area.

Sewage contamination of groundwater, especially from OSDS, is a growing

concern in areas with large groundwater discharge rates and high densities of OSDS

(Smith et al., 2021). OSDS-derived sewage pollution can be exacerbated in areas with a

highly permeable substratum, such as the fractured basalt of volcanic islands

(ArandaCirerol et al., 2006; Abaya et al., 2018a; Wiegner et al., 2021). Groundwater has

also been seen to contribute low concentrations of FIB and high concentrations of

nutrients to surf zones along sandy beaches in California and Mexico (Boehm et al.,

2004; ArandaCirerol et al., 2006; de Saiyes et al., 2008). In Hawaiʻi, groundwater has

been found to transport high concentrations of both FIB and nutrients to the shoreline,

and elevated 𝛿15N macroalgal values are frequently observed in close proximity to

shoreline springs of sewage-impacted areas (Abaya et al., 2018a; Amato et al., 2020;

Panelo et al., 2022). Studies have confirmed connections between OSDS and the

shoreline at many locations through groundwater using dye-tracer tests (Abaya et al.,

2018a; Wiegner et al., 2021, Waiki, 2022). Groundwater-influenced groups in this study

were characterized by extremely high concentrations of nutrients, but lower FIB

concentrations and low 𝛿15N macroalgal values, suggesting that sewage may be diluted

by groundwater or that non-sewage nutrients are present. Previous research has

documented elevated Enterococcus spp. concentrations in surf zones of

groundwater-influenced areas rather than at groundwater seeps and springs (Boehm et

al., 2004). In this study, groundwater appears to provide a constant low-level input of

Enterococcus spp. and C. perfringens. Positive correlations between two measured FIB

(Enterococcus spp. and C. perfringens) and turbidity suggests that continued low-level

groundwater input of FIB may accumulate in sediments and be resuspended during

high surf events, a possibility that was not investigated in this study.

Dye-tracer tests provide irrefutable evidence of sewage from OSDS at the

shoreline (Abaya et al., 2018a; Mezzacapo et al., 2021; Wiegner et al., 2021). Waiki

(2022) found sewage from OSDS was discharging at springs along the Hilo shoreline

from dye-tracer tests. All springs where dye emerged were in close proximity to
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groundwater stations in the HGW group in this study, documenting that sewage from

OSDS is present. Despite the known connectivity between OSDS and four stations in

this study, FIB and 𝛿15N-macroalgae concentrations were low, nutrient concentrations

were not elevated in comparison to other stations, and mixing model results also

suggested that OSDS made low NO3
- contributions at these stations. The groundwater

influenced station with the highest OSDS contribution was station 9 in the LGW group, a

beach park protected by a small breakwater with homes adjacent to its parking lot

(Appx. III-1; Figure 10). However, this station also had the highest contribution from the

STP, agreeing with the thought that sewage pollution is more evident when ocean

mixing is reduced (Mezzacapo et al., 2021).

Dilution of sewage indicators may obscure obvious evidence of sewage pollution

in coastal waters (Mezzacapo et al., 2021). Many areas with well-documented sewage

pollution on other Hawaiian islands and throughout the world have elevated sewage

indicator levels in comparison to the sewage indicator measurements in this study

(Hunter & Evans, 1995; Mallin et al., 2007; de Saiyes et al., 2008; Abaya et al., 2018a).

Dilution of treated effluent is commonly relied upon for disposal into streams across the

United States and in ocean outfalls to reduce the concentration of harmful pollutants

(Hunt et al., 2010; Rice & Westerhoff, 2017). Total groundwater recharge from the

Onomea and Hilo watersheds included in the study area is estimated to be nearly 609

m3/d/m compared to a total of 479 m3/d/m for all watersheds encompassing west

Hawaiʻi Island and 8 m3/d/m for the entire island of Oʻahu (Engott, 2011; Engott et al.,

2015). The low FIB concentrations at shoreline stations may be caused by dilution of

sewage by high-nutrient groundwater, driving the trends seen in freshwater-influence

groups. Mixing model results attribute nearly all NO3
- in groups to groundwater, with the

lowest contribution to the RI group receiving 95% of NO3
- from groundwater. Temporal

trends support this as well, with nutrient concentrations generally higher during wet

periods and FIB generally higher during dry periods, contrary to past studies of two

rivers in Hilo Bay (Wiegner et al., 2013; Wiegner et al., 2017; Economy et al., 2019).

Previous studies have observed higher FIB concentrations during storm events and wet

weather periods because of higher transport of FIB through groundwater and rivers,

especially during the first flush after heavy rain and the added effect of surface runoff of
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watershed sources (Economy et al., 2019; Ahmed et al., 2020, Gerken et al., 2022).

These temporal effects were not observed in this study because there may be a

constant flow of freshwater diluting OSDS-derived sewage or little surface runoff at

stations. Significant increases in NH4
+ concentrations were observed during dry periods

and were also positively correlated with salinity, suggesting that ocean waters may have

a higher influence on stations during dry periods. All other nutrients were negatively

correlated to salinity, temperature, and turbidity, which are indicators of ocean influence

contrasting the fresh, cold, and less turbid groundwater emerging from springs and

seeps.

Sewage Indicators
Monitoring of FIB can provide insight into the risk associated with swimming in

sewage-contaminated waters (Cabelli, 1989; Viau et al., 2011; Sunger et al., 2018).

Enterococcus spp. are thought to be indicative of pathogens related to sewage and

consistent with the “Fung-Fujioka scale” for C. perfringens, but this similarity was not

seen in the results of this study (Vaiu et al., 2011). The Fung/Fujioka scale specifies the

presence of non-point source sewage pollution when environmental C. perfringens

concentrations are greater than 10 CFU/100 mL and considers areas below this level to

be uncontaminated (Fung et al., 2007). In the current study, observed Enterococcus

spp. concentrations were often extremely high and would have prompted beach

closures for exceeding the statistical threshold value of 130 MPN/100 mL (HDOH,

2019). The Enterococcus spp. standard of 35 MPN/100 mL was exceeded in the RI

group, but not in groundwater groups, and was within the lower end of the range for two

of three rivers previously studied in Hilo (Economy et al., 2019; HDOH, 2019). The C.

perfringens standard of 5 CFU/100 mL was not exceeded in any freshwater influence

group and this FIB was generally not detected (Fujioka et al., 2015). Past studies of

rivers in Hilo and Florida found much higher concentrations of C. perfringens, ranging

from 0-45 CFU/100 mL (Futch et al., 2011; Wiegner et al., 2017; Economy et al., 2019).

The incorporation of C. perfringens usually contradicted the high levels of Enterococcus

spp. observed, although these FIB had a positive correlation. This is likely because C.

perfringens is more indicative of sewage pollution and has a lower probability of having
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an environmental source (Fujioka et al., 2015; Miller-Pierce & Rhoads, 2019). Many

studies have agreed that Enterococcus spp., although found in high concentrations in

human sewage, is not a reliable sewage indicator in tropical settings and that the

incorporation of other FIB is beneficial (Boehm et al, 2009; Fujioka et al., 2015; Abaya

et al., 2018a; Economy et al., 2019; Gerken et al., 2022). Genetic markers and qPCR

techniques are being increasingly used to identify and quantify human-specific FIB

(Amato et al., 2020). Regional dietary trends can lead to spatial variability in the

human-gut microbiome and a better understanding is needed to develop area-specific

markers to identify sewage pollution (Jia et al., 2019). The absence of

human-associated Bacteroides in shoreline samples may be a result of spatial variability

of the human-gut microbiome or the general low FIB concentrations due to dilution that

were observed in this study, as hits for the HF183 marker have been observed in Hilo

(Wiegner et al., 2017).

Eutrophication of coastal waters can result in algal blooms and anoxic zones,

adding stress to coral reef ecosystems that play important economic and cultural roles

(Mallin et al., 2007; Lapointe et al., 2015). Nitrogen and phosphorus concentrations are

often elevated in water bodies impacted by sewage pollution, but also in areas impacted

by agricultural and urban activities (Burford et al., 2012). Freshwater on young volcanic

islands is known to contain high levels of silica, resulting from the weathering of the

basalt substrata (Schopka & Derry, 2012; Adolf et al., 2019). HDOH nutrient standards

for estuaries and embayments were exceeded by tens to thousands of percent in all

freshwater-influence groups. Nitrogen concentrations observed at river stations were

similar to previous studies in Hilo rivers and concentrations at groundwater stations

were more than twice as high as river stations, but much lower than areas with known

anthropogenic disturbances in Maui and California (de Saiyes et al., 2008; Wiegner et

al., 2013; Amato et al., 2016; Wiegner et al., 2017). Nutrient concentrations measured in

sewage impacted areas in Maui have exceeded HDOH standards by nearly 100,000%,

with concentrations of TDN, TDP, and PO4
3- up to 525.9, 5.25, and 4.90 μmol/L,

respectively (Amato et al., 2016). Observed phosphorus concentrations were also

similar to previous studies at river influenced stations in the current study and much

lower than has been documented at areas known to be impacted by human nutrient
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input in Maui (Wiegner et al., 2013; Wiegner et al., 2017; Amato et al., 2016). Silica

concentrations were within the range of those previously recorded for groundwater and

rivers in Hawaiʻi and were consistent with the freshwater-influence groupings (Knee et

al., 2008; Wiegner et al., 2017; Abaya et al., 2018a). Freshwater, especially

groundwater, is a major source of nutrients to the Hilo shoreline, but levels are not

indicative of sewage pollution.

Macroalgae are a useful tool in assessing the impacts of sewage pollution in

coastal environments. The 𝛿15N and %N-macroalgae are often elevated in areas

impacted by human sewage pollution through comparison of both collected and

deployed algal samples (Costanzo et al., 2005; Dailer et al., 2010; Dailer et al., 2012;

Abaya et al., 2018a; Amato et al., 2020; Wiegner et al., 2021). Comparisons of both

single species and composite samples have been employed in previous studies

(Lapointe et al., 2005; Dailer et al., 2012; Wiegner et al., 2016; Abaya et al., 2018a;

Wiegner et al., 2021). This study found low variability in the 𝛿15N and %N-macroalgae

between individual species and composite samples collected from the same stations

with multiple species present. The %N- and 𝛿15N-macroalgae both differed between

individual species and composite samples at one of six stations in this study (Appx.

I-2F; Appx. I-3A). Both stations that differed in one measurement were similar in the

other measurement. Amato et al. (2016) suggest that areas with 𝛿15N-macroalgae

greater than 7‰ and N-content greater than 2% are indicative of anthropogenic nutrient

loading. Macroalgae collected throughout this study were frequently in excess of 2%

N-content, as high as 3%-N, suggesting an anthropogenic impact, but the highest

𝛿15N-macroalgae value was 5.2‰. Swart et al. (2014) suggested that 𝛿15N-macroalgae

may be underestimated by as much as 6‰ when ambient NO2
-+NO3

- concentrations

exceed 10 µmol/L because of shifts in the N fractionation mechanism of macroalgae.

Most stations in this study had concentrations of NO2
-+NO3

- greater than this threshold

on many occasions, and if accounted for, all stations would have had values more

similar to other areas impacted by sewage on Hawaiʻi Island, in Florida, and in Australia,

but lower values than recorded in wastewater plumes of Maui (Costanzo et al., 2005;

Lapointe et al., 2005; Dialer et al., 2012; Abaya et al., 2018a; Wiegner et al., 2021).

Additionally, the 𝛿15N and 𝛿18O-NO3
- of inland groundwater from drinking water wells was
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much lower in the current study than other studies in west Hawaiʻi Island (Amato et al.,

2016; Abaya et al., 2018a). If the difference in 𝛿15N-macroalgae values and the

𝛿15N-NO3
- of inland groundwater were considered, rather than the 𝛿15N-macroalgae

values themselves, 𝛿15N-macroalgae values recorded in the current study are elevated

within the range of previous studies, in relation to the background 𝛿15N-NO3
- of

groundwater.

The stable isotopes, 𝛿15N and 𝛿18O-NO3
-, have been used to estimate sewage

pollution source contributions in estuarine and coastal environments using stable

isotope mixing models (Wiegner et al., 2016; Wiegner et al., 2021; Panelo et al., 2022).

Previous studies on Hawaiʻi Island have estimated that groundwater is the dominant

source of NO3
- with sewage from OSDS contributing up to 36% and STP effluent

contributing up to 26% of NO3
- at the shorelines studied (Wiegner et al., 2021; Panelo et

al., 2022). The results of this study are consistent with these previous studies,

suggesting that diluted sewage from OSDS and the STP are present in low

concentrations throughout the study sites. The elevated range of 𝛿15N-NO3
- of STP

sewage effluent from +7.0 to +20.0‰ seen in the literature was not observed in effluent

from the Hilo STP, (-7.3 to +12.5‰) (reviewed in Wiegner et al., 2016). OSDS sewage

samples used as a source for the mixing models were located in other areas of Hawai’i

Island and the 𝛿15N-NO3
- of sewage from OSDS in Hilo may have been lower, given the

difference seen in the STP values.

Different sewage indicators can provide contradictory conclusions of the extent of

sewage pollution in a given area. In tropical settings, the fact that Enterococcus spp.

can survive and multiply in the environment often warrants the use of secondary FIB

(Fujioka et al., 2015). The sewage pollution scoring tool of Abaya et al. (2018a) placed a

high emphasis on C. perfringens and 𝛿15N-macroalgae for their specificity to sewage

pollution, but also included other indicators to gain a more comprehensive

understanding of sewage pollution. As was seen in this current study, sewage pollution

can be present in low concentrations, even when dye tracer tests confirm connectivity of

OSDS to shoreline springs (Waiki, 2022), and especially in areas of high freshwater flow

where dilution is a factor. Clostridium perfringens was mostly absent or in low

concentrations in shoreline samples and 𝛿15N-macroalgae was often below the range for
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sewage at all stations. All groups fell in the low category when grouped by freshwater

influence, but two stations were in the medium category individually. 𝛿15N-macroalgal

values would have been within the range of sewage if the underestimation of 𝛿15N in

NO2
-+NO3

--rich settings was considered, raising the sewage pollution scores of all

stations into the medium category and increasing variability in the sewage pollution

scores of all three freshwater-influence groups. Nutrient indicators used in the sewage

pollution scoring tool also exceeded the high level on most occasions, often by many

orders of magnitude, and varied among freshwater-influence groups, which was not

accounted for in this tool.

Conclusions
Freshwater dilution of sewage from both river and groundwater discharge make it

challenging for sewage to be detected in the environment. Different sewage indicators

measured in this study provided contrasting results, further emphasizing the importance

of incorporating many sewage indicators to assess sewage presence in the

environment. Sewage was present in the coastal waters of Hilo, and although difficult to

detect, the use of a sewage pollution scoring tool considering multiple indicators

demonstrated that Hilo is impacted by low-level sewage pollution. Commonly used

sewage indicators need to be assessed with an area-based understanding of

environmental factors to fully illustrate the extent of sewage pollution in an area of

interest. Results of this study will provide insight for decision making regarding sewage

pollution and upcoming discussions related to cesspool conversions, specifically for

Hilo, as well as other areas relying on OSDS. The HDOH priority three ranking for

cesspool conversion in Hilo should be reevaluated, given the documented presence of

sewage pollution in Hilo’s nearshore waters, and the impacts of sewage pollution in Hilo

should be assessed. Future studies of sewage pollution should aim to include a variety

of sewage indicators, with an area-based understanding of environmental factors, to

gain a more comprehensive understanding of the influence of sewage pollution vectors

on water quality.

28



References
Abaya, L.M., Wiegner, T.N., Colbert, S.L., Carlson, K.M., Kramer, K.L., Most, R., Couch,

C.S., 2018a. A multi-indicator approach for identifying shoreline sewage

pollution hotspots adjacent to coral reefs. Marine Pollution Bulletin. 129,

70-80.

Abbott, I.A., 1999. Marine red algae of the Hawaiian Islands. Bishop Museum Press,

Honolulu, Hawaiʻi.

Abbott, I.A. & Huisman, J.M., 2004. Marine green and brown algae of the Hawaiian

Islands. Bishop Museum Press, Honolulu, Hawaiʻi.

Adolf, J.E., Burns, J., Walker, J., Gamiao, S., 2019. Near shore distributions of

phytoplankton and bacteria in relation to submarine groundwater

discharge-fed fishponds, Kona coast, Hawaiʻi. Estuarine, Coastal and

Shelf Science. 219, 341-353.

Ahmed, W., Payyappat, S., Cassidy, M., Harrison, N., Besley, C., 2020.

Sewage-associated marker genes illustrate the impact of wet weather

overflows and dry weather leakage in urban estuarine waters of Sydney,

Australia. Science of the Total Environment 705, 135390.

Amato, D.W., Bishop, J.M., Glenn, C.R., Dulai, H., Smith, C.M., 2016. Impact of

submarine groundwater discharge on marine water quality and reef biota

of Maui. PLoS ONE. 11(11), e0165825.

Amato, D.W., Whittied, R.B., Dulai, H., Smith, C.M., 2020. Algal bioassays detect

modeled loading of wastewater-derived nitrogen in coastal waters of

OʻAHU, HAWAIʻI. Marine Pollution Bulletin. 150, 110668.

ArandaCirerol, N., Herrerra-Silveira, J.A., Comin, F.A., 2006. Nutrient water quality in a

tropical coastal zone with groundwater discharge, northwest Yucatan,

Mexico. Estuarine Coastal and Shelf Science. 68, 445-454.

29



Bailes, I.R. & Grӧcke, D.R., 2020. Isotopically labeled macroalgae: a new method for

determining sources of excess nitrogen pollution. Rapid Communications

in Mass Spectrometry. 34(24), e8951.

Bisson, J.W. & Cabelli, V.J., 1979. Membrane filter enumeration method for Clostridium

perfringens. Applied and Environmental Microbiology. 37(1), 55-66.

Boehm, A.M., Ashbolt, N.J., Colford Jr., J.M., Dunbar, L.E., Fleming, L.E., Gold, M.A.,

Hansel, J.A., Hunter, P.R., Ichida, A.M., McGee, C.D., Soller, J.A.,

Weisberg, S.B., 2009. A sea change ahead for recreational water quality

criteria. Journal of Water and Health. 7(1), 9-20.

Boehm, A.M., Shellenbarger, G.G, Paytan, A., 2004. Groundwater discharge:Potential

association with fecal indicator bacteria in the surf zone. Environmental

Science and Technology. 38(13), 3558-3566.

Boopathy, R., 2017. Presence of Methicillin Resistant Staphylococcus aureus (MRSA) in

sewage treatment plant. Bioresource Technology. 240, 144-148.

Cabelli, V.J., 1989. Swimming-associated illness and recreational water quality criteria.

Water Science and Technology. 21(2), 13-21.

Carlson, K.M. & Wiegner, T.N., 2016. Effects of submarine groundwater discharge on

bacterial growth efficiency in coastal Hawaiian waters. Aquatic Microbial

Ecology 77, 167-181.

Costanzo, S.D., Udy, J., Longstaff, B., Jones, A., 2005. Using nitrogen stable isotope

values (𝛿15N) of macroalgae to determine the effectiveness of sewage

upgrades: changes in the extent of sewage plumes over four years in

Moreton Bay, Australia. Marine Pollution Bulletin. 51(1-4), 212-217.

Dailer, M.L., Knox, R.S., Smith, J.E., Napier, M., Smith, C.M., 2010. Using 𝛿15N values in

algal tissue to map locations and potential sources of anthropogenic

nutrient inputs on the island of Maui, Hawaiʻi, USA. Marine Pollution

Bulletin. 60(2010), 655-671.

30



Dailer, M.L., Ramey, H.L., Saephan, S., Smith, C.M., 2012. Algal 𝛿15N values detect

wastewater effluent plume in nearshore and offshore surface waters and

three-dimensionally model the plume across a coral reef, Maui, Hawaiʻi,

USA. Marine Pollution Bulletin. 64, 207-213.

de Saiyes, N.R., Yamahara, K.M., Layton, B.A., Joyce, E.H., Boehm, A.B., 2008.

Submarine discharge of nutrient-enriched fresh groundwater at Stinson

Beach, California is enhanced during neap tides. Limnology and

Oceanography. 53(4), 1434-1445.

Economy, L.M, Wigner, T.N, Strauch, A.M, Awaya, J.D, Gerken, T., 2019. Rainfall and

streamflow effects on estuarine Staphylococcus aureus and fecal indicator

bacteria concentrations. Journal of Environmental Quality. 48(6),

1711-1721.

Engott, J.A., 2011. A water-budget model and assessment of groundwater recharge for

the island of Hawaiʻi. U.S. Geological Survey Scientific Investigations

Report 2011-5078.

Engott, J.A., Johnson, A.G., Bassiouni, M., Izuka, S.K., 2015. Spatially distributed

groundwater recharge for 2010 land cover estimated using a water-budget

model for the island of Oʻahu, Hawaiʻi. U.S. Geological Survey Scientific

Investigations Report 2015-5010.

Enns, A. et al., 2012. Spatial and temporal variation in indicator microbe sampling is

influential in beach management decisions. Water Research. 46,

2237-2246.

Fleisher, J.M. et al., 2010. The BEACHES study: health effects and exposures from

non-point source microbial contaminants in subtropical recreational marine

waters. International Journal of Epidemiology. 39, 1291-1298.

Fujioka, R., Solo-Gabriele, H., Byappanahalli, M., Kirs, M., 2015. U.S. recreational water

quality criteria: a vision for the future. International Journal of

Environmental Research and Public Health. 12(7), 7752-7776.

31



Fung, D.Y.C., Fujioka, R. Vijayavel, K., Sato, D., Bishop, D., 2007. Evaluation for Fung

double tube test for Clostridium perfringens and easyphage test for

F-specific RNA coliphages as rapid screening tests for fecal contamination

in recreational waters of Hawaiʻi. Journal of Rapid Methods & Automation

in Microbiology. 15, 217-229.

Futch, J.C., Griffin, D.W., Banks, K., Lipp, E.K., 2011. Evaluation of sewage sources and

fate on southeast Florida coastal reefs. Marine Pollution Bulletin. 62,

2308-2316.

Gerken, T.J., Roberts, M.C., Dykema P., Melly, G., Lucas, D., De Los Santos, V.,

Gonzales, J., Butaye, P., Wiegner, T.N., 2021. Environmental surveillance

and characterization of antibiotic resistant Staphylococcus aureus at

coastal beaches and rivers on the island of Hawaiʻi. Antibiotics. 10, 980.

Gerken, T.J., Wiegner, T.N., Economy, L.M., 2022. A comparison of soil Staphylococcus

aureus and fecal indicator bacteria concentrations across land uses in a

Hawaiian watershed. Journal of Environmental Quality. doi:

10.1002/jeq2.20380. Epub ahead of print.

Giambelluca, T.W., Chen, Q., Frazier, A.G., Price, J.P., Chen, Y.-L., Chu, P.-S., Eischeid,

J.K., Delparte, D.M., 2013. Online Rainfall Atlas of Hawaiʻi. Bulletin of

American Meteorological Society. 94, 313-316.

Green, H.C., Haugland, R.A., Varma, M., Millen, H.T., Borchardt, M.A., Field, K.G.,

Walters, W.A., Knight, R., Sivaganesan, M., Kelty, C.A., Shanks, O.C.,

2014. Improved HF183 quantitative real-time PCR assay for

characterization of human fecal pollution in ambient surface water

samples. Applications in Environmental Biology. 80(10), 3086-3094.

Guinda, X., Juanes, J.A., Puente, A., Revilla, J.A., 2008. Comparison of two methods

for the quality assessment of macroalgae assemblages, under different

pollution types. Ecological Indicators. 8(5), 743-753.

32



Hardina, C.M. & Fujioka, R.S., 1991. Soil: the environmental source of Escherichia coli

and Enterococci in Hawaiʻi’s streams. Environmental Toxicology and

Water Quality: An International Journal. 6, 185-195.

Haugland, R.A, Varma, M., Sivaganesan, M., Kelty, C., Peed, L., Shanks, O.C., 2010.

Evaluation of genetic markers from the 16S rRNA gene V2 region for use

in quantitative detection of selected Bacteroidales species and human

fecal waste by qPCR. Systematic and Applied Microbiology. 33(6),

348-357.

HDOH, 2014. Hawaii administrative rules title 11 chapter 54: water quality standards.

Hawaiʻi State Department of Health.

HDOH, 2017. Report to the twenty-ninth legislature State of Hawaiʻi 2018 regular

session relating to cesspools and prioritization for replacement. Hawaiʻi

State Department of Health.

HDOH, 2019. Hawaii beach monitoring program: revised December 31, 2019. Hawaiʻi

State Department of Health.

HDOH, 2020. Report to the thirty-first legislature State of Hawaiʻi interim report for the

cesspool conversion working group. Hawaiʻi State Department of Health.

Higuchi, D., 2014. EPA moves to protect Hilo’s coastal waters from leaks at sewage

facility. Environmental Protection Agency Honolulu, Hawaiʻi.

Hunt, C.D., Mansfield, A.D., Mickelson, M.J., Albro, C.S., Geyer, W.R., Roberts, P.J.W.,

2010. Plume tracking and dilution effect of effluent from the Boston

sewage outfall. Marine Environmental Research. 70, 150-161.

Hunter, C.L. & Evans, C.W., 1995. Coral reefs in Kaneohe Bay, Hawaii: two centuries of

western influence and two decades of data. Bulletin of Marine Science.

57(2), 501-515.

Ige, D.Y., 2017. Act 125. Executive Chambers, Honolulu, Hawaiʻi.

33



Jia, X., Schmitz, B.W., Caton, K., Zhang, B., Zabaleta, J., Taylor, C.M., Romanchishina,

T., Gerba, C.P., Pepper, I.L., Sherchan, S.P., 2019. Assessing the spatial

and temporal variability of bacterial communities in two Bardenpho

wastewater treatment systems via Illumina MiSeq sequencing. Science of

the Total Environment. 657, 1543-1552.

Knee, K.L, Layton, B.A., Street, J.H., Boehm, A.B., Paytan, A., 2008. Sources of

nutrients and fecal indicator bacteria to nearshore waters on the north

shore of Kauaʻi (Hawaiʻi, USA). Estuaries and Coasts. 31, 607-622.

Lapointe, B.E., Barile, P.J., Littler, M.M., Littler, D.S., Bedford, B.J., Gasque, C., 2005.

Macroalgal blooms on southeast Florida reefs: I. nutrient stoichiometry of

the invasive green alga Codium isthmocladum in the wider Caribbean

indicates nutrient enrichment. Harmful Algae. 4, 1092-1105.

Lapointe, B.E. & Bedford, B.J., 2010. Ecology and nutrition of invasive Caulerpa

brachypus f. parvifolia blooms on coral reefs off southeast Florida, U.S.A.

Harmful Algae. 9, 1-12.

Lapointe, B.E., Herren, L.W., Debortoli, D.D., Vogel, M.A., 2015. Evidence of

sewage-driven eutrophication and harmful algal blooms in Florida’s Indian

River Lagoon. Harmful Algae. 43, 82-102.

Madema, G.J., Bahar, M., Schets, F.M., 1997. Survival of Cryptosporidium parvum,

Escheria coli, faecal Enterococci and Clostridium perfringens in river

water: influence of temperature and autochthonous microorganisms.

Water Science and Technology. 35(11-12), 249-252.

Mallin, M.A., Cahoon, L.B., Toothman, B.R., Parsons, D.C., McIver, M.R., Ortwine, M.L.,

Harrington, R.N., 2007. Impacts of a raw sewage spill on water and

sediment quality in an urbanized estuary. Marine Pollution Bulletin. 54,

81-88.

34



Martinez, B., Sordo Pato, L., Manuel Rico, J., 2012. Nutrient uptake and growth

responses of three intertidal macroalgae with perennial opportunistic and

summer-annual strategies. Aquatic Botany. 96(1), 14-22.

McIlvin, M.R. & Altabet, M.A., 2005. Chemical conversion of nitrate and nitrite to nitrous

oxide for nitrogen and oxygen isotopic analysis in freshwater and

seawater. Analytical Chemistry. 77(17), 5589-5595.

Mezzacapo, M., Donohue, M.J., Smith, C., El-Kadi, A., Falinski, K., Lerner, D.T., 2021.

Hawaiʻi’s cesspool problem: review and recommendations for water

resources and human health. Journal of Contemporary Water Research

and Education. 170(1), 35-75.

Miller-Pierce, M.R. & Rhoads, N.A., 2019. Clostridium perfringens testing improves the

reliability of detecting non-point source sewage contamination in Hawaiian

coastal waters compared to using Enterococci alone. Marine Pollution

Bulletin. 144, 36-47.

M&E Pacific, 1980. Geological, biological, and water quality investigations of Hilo Bay.

Pages IV-1-IV-18. US Army Engineer District, Honolulu, HI

Niilo, L., 1980. Clostridium perfringens in animal disease: a review of current

knowledge. The Canadian Veterinary Journal. 21(5), 141-148.

Panelo, J., Wiegner, T.N., Colbert, S.L., Goldberg, S., Abaya, L.M., Conklin, E., Couch,

C., Falinsky, K., Gove, J., Watson, L., Wiggins, C., 2022. Spatial

distribution and sources of nutrients at two coastal developments in South

Kohala, Hawaiʻi. Marine Pollution Bulletin. 174, 113143.

Parham, J.E., Higashi, G.R., Lapp, E.K., Kuamoʻo, D.G.K., Nishimoto, R.T., Hau, S.,

Fitzsimons, J.M., Polhemus, D.A., Devick, W.S., 2008. Atlas of Hawaiian

Watersheds and Their Aquatic Resources. State of Hawaiʻi Department of

Land and Natural Resources. Division of Aquatic Resources.

35



Parnell, A.C., Phillips, D.L., Bearhop, S., Semmens, B.X., Ward, E.J., Moore, J.W.,

Jackson, A.L., Grey, J., Kelly, D.J., Inger, R., 2013. Bayesian stable

isotope mixing models. Environmetrics. 24, 387-399.

Pastorok, R.A. & Bilyard, G.R., 1985. Effects of sewage pollution on coral-reef

communities. Marine Ecology Progress Series. 21, 175-189.

Pinto, B., Pierotti, R., Canale, G., Reali, D., 2002. Characterization of “faecal

streptococci” as indicators of faecal pollution and distribution in the

environment. Letters in Applied Microbiology. 29, 258-263.

Pruss, A., 1998. Review of epidemiological studies on health effects from exposure to

recreational water. International Journal of Epidemiology. 27, 1-9.

Puniwai, N., Gray, S., Lepczyk, C.A., Kapono, A., Severance, C., 2016. Mapping ocean

currents through human observations: insights from Hilo Bay, Hawaiʻi.

Human Ecology. 44(3), 365-374.

Rice, J. & Westerhoff, P., 2017. High levels of endocrine pollutants in US streams during

low flow due to insufficient wastewater dilution. Nature Geoscience. 10,

587-591.

Schopka, H.H. & Derry, L.A., 2012. Chemical weathering fluxes from volcanic islands

and the importance of groundwater: the Hawaiian example. Earth and

Planetary Science Letters. 339-340, 67-78.

Shuval, H., 2003. Estimating the global burden of thalassogenic diseases: human

infectious diseases caused by wastewater pollution of the marine

environment. Journal of Water and Health. 1, 53-64.

Sinton, L.W., Hall, C.H., Lynch, P.A., Davies-Colley, R.J., 2002. Sunlight inactivation of

fecal indicator bacteria and bacteriophages from waste stabilization pond

effluent in fresh and saline waters. Applied and Environmental

Microbiology. 68(3), 1122-1131.

36



Smith, C.M., Whittier, R.B., Amato, D.W., Dailer, M.L., Colbert, S.L., Shuler, C.K.,

Altman-Kurosaki, N.T., Vasconcellos, S., Markel, A.C., Ornelas, B., 2021.

State-wide assessment of wastewater pollution intrusion into coastal

regions of the Hawaiian Islands. University of Hawaiʻi System Report.

Soltan, D., Verlaque, M., François Boudouresque, C., Francour, P., 2001. Changes in

macroalgal communities in the vicinity of a Mediterranean sewage

treatment outfall after the setting up of a treatment plant. Marine Pollution

Bulletin. 42(1), 59-70.

Sunger, N., Hamilton, K.A., Morgan, P.M., Haas, C.N., 2018. Comparison of

pathogen-derived ʻtotal-riskʻ with indicator based correlations for

recreational (swimming) exposure. Environmental Science and Pollution

Research. 26, 30614–30624.

Surfrider Foundation, 2022. Blue Water Task Force. Available from

https://bwtf.surfrider.org/ (accessed May 3, 2022).

Sutherland, K.P., Porter, J.W., Turner, J.W., Thomas, B.J., Looney, E.E., Luna, T.P.,

Meyers, M.K., Futch, J.C., Lipp, E.K., 2010. Human sewage identified as a

likely source of white pox disease of the threatened Caribbean elkhorn

coral Acropora palmata. Environmental Microbiology. 12(5), 1122-1131.

Swart, P.K., Evans, S., Capo, T., Altabet, M.A., 2014. The fractionation of nitrogen and

oxygen isotopes in macroalgae during the assimilation of nitrate.

Biogeosciences. 11, 6147-6157.

U.S. Army Corps of Engineers, 2015. Final Environmental Assessment for Proposed

Dredging of Hilo Harbor. Honolulu, Hawaiʻi.

U.S. Census Bureau, 2021. Population estimates 2019. Population Estimates Program,

Suitland, Maryland.

U.S. EPA Region 9, 2010. Energy assessment report for the County of Hawaiʻi Hilo

wastewater treatment plant. U.S. Environmental Protection Agency,

Washington, DC.

37



Viau, E.J. et al., 2011. Bacterial pathogens in Hawaiian coastal streams-associations

with fecal indicators, land cover, and water quality. Water Research. 45,

3279-3290.

Wade, T.J., Pai, N., Eisenberg, J.N.S., Colford Jr., J.M., 2003. Do U.S. Environmental

Protection Agency water quality guidelines for recreational waters prevent

gastrointestinal illness? A systematic review and meta-analysis.

Environmental Health Perspectives. 111, 1102-1109.

Waiki, S., 2022. Assessing the connectivity of on-site sewage disposal systems to

nearshore waters and water quality in Keaukaha, Hawaiʻi, USA

(Unpublished master’s thesis). University of Hawaiʻi at Hilo, Hawaiʻi.

Wear, S.L. & Vega Thurber, R., 2015. Sewage pollution: mitigation is key for coral reef

stewardship. Annals of the New York Academy of Sciences. 1355, 15-30.

Wiegner, T.N., Colbert, S.L., Abaya, L.M., Panelo, J., Remple, K., Nelson, C.E., 2021.

Identifying locations of sewage pollution within a Hawaiian watershed for

coastal water quality management actions. Journal of Hydrology: Regional

Studies. 38(2021), 100947

Wiegner, T.N., Edens, C.J., Abaya, L.M., Carlson, K.M., Lyon-Colbert, A., Molloy, S.L.,

2017. Spatial and temporal microbial pollution patterns in a tropical

estuary during high and low river flow conditions. Marine Pollution Bulletin.

114(2), 952-961.

Wiegner, T.N., Mead, L.H., Molloy, S.L., 2013. A comparison of water quality between

low- and high- flow river conditions in a tropical estuary, Hilo Bay, Hawaii.

Estuaries and Coasts. 36, 319-333.

Wiegner, T.N., Mokiao-Lee, A.U., Johnson, E.E., 2016. Identifying nitrogen sources to

thermal tide pools in Kapoho, Hawaiʻi, U.S.A., using a multi-stable isotope

approach. Marine Pollution Bulletin. 103, 63-71.

38



Whittier, R.B. & El-Kadi, A.L., 2014. Human health and environmental risk ranking of

on-site sewage disposal systems for the Hawaiian Islands of Kauaʻi,

Molokaʻi, and Hawaiʻi. Final Report Prepared for the State of Hawaiʻi

Department of Health. Safe Drinking Water Branch.

Yates, M.V., 1985. Septic tank density and ground-water contamination. Groundwater.

23(5), 586-591.

Zhang, T., Shao, M.-F., Ye, L., 2012. 454 pyrosequencing reveals bacterial diversity of

activated sludge from 14 sewage treatment plants. The ISME Journal. 6,

1137-1147.

39



Tables

Table 1. Sewage indicators used to calculate a sewage pollution score for each freshwater-influence group with the
weight factor for each indicator determined by the relationship to sewage and level values shown and referenced within
the table.

40



Table 2. Median [range] fecal indicator bacteria (FIB, *//left), nutrients (center), water quality concentrations (right), and
OSDS density (far right) along the Hilo, Hawaiʻi, shoreline compared to standards (bottom) implemented and recognized
by the Hawaiʻi Department of Health. Bold values indicate a measurement that exceeded its respective standard. Note,
that the FIB, nutrient, and water quality standards are geometric means and values from this study are presented as
medians to more accurately portray the spread of the data. RI represents river influenced groups, HGW and LGW
represent groups influenced by high and low volume groundwater discharge, respectively. Letters represent groupings
determined by Wilcoxon Rank Sum tests after applying a Bonferroni correction for multiple comparisons (𝛼 = 0.017).

*1.50 is the HDOH standard for embayments and 2.00 is the standard for estuaries. Standards for all other indicators are the same for embayments under wet conditions and
estuaries.
**14.28 is the HDOH standard for total nitrogen, while total dissolved nitrogen was measured in this study.
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Figures

Figure 1. Map of 20 stations in Hilo, Hawaiʻi, sampled for sewage pollution indicators
from July 2020 to October 2021 showing ahupuaʻa (Traditional land divisions), the Hilo
STP, the STP outfall, rivers, river gauges, and rain gauges included in the study.
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Figure 2. Map of ~1 km2 buffer of stations in Hilo and OSDS (HDOH, 2017; available
from State of Hawaiʻi Office of Planning and Sustainable Development) within a station
buffer (bright yellow) and beyond station buffers (light yellow).
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Figure 3. Median concentrations of (A) 𝛿15N and (B) %N in composite macroalgal
samples collected in Hilo, Hawaiʻi, from July 2020 to October 2021 along the Hilo,
Hawaiʻi, shoreline from three freshwater-influence groups (High Groundwater Influenced
(HGW), Low Groundwater Influenced (LGW), and River Influenced (RI)). Results of
Kruskal Wallis tests are displayed on the figures (𝜒2

(degrees of freedom), 𝛼 = 0.05) with lower
case letters indicating the significant groupings determined by Wilcoxon rank sum tests
with a Bonferroni correction for multiple comparisons (𝛼 = 0.017).
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Figure 4. Median sewage pollution scores among freshwater-influence groups (High
Groundwater Influenced (HGW), Low Groundwater Influenced (LGW), and River
Influenced (RI)) calculated from sewage indicator measurements made in Hilo, Hawaiʻi,
from July 2020 to October 2021. Results of Kruskal Wallis tests are displayed on the
figures (𝛼 = 0.05; Table 1).
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Figure 5. Median concentrations of: (A) Clostridium perfringens, (B) NH4
+, (C)

Chlorophyll a, and (D) H4SiO4, from measurements made between July 2020 and
October 2021 along the Hilo, Hawaiʻi, shoreline during dry and wet weather periods
determined by rainfall and local seasonal trends. The results of Wilcoxon rank sum tests
are displayed on the figures (𝛼 = 0.05).
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Figure 6. Correlations between sewage indicators, salinity, temperature, turbidity, and
OSDS density from measurements made in Hilo, Hawaiʻi, from July 2020 to October
2021. Spearman’s rho (⍴) is shown on each tile with red and blue tiles representing
positive and negative correlations, respectively, and asterisks indicating a significant
result (𝛼 = 0.05).
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Figure 7. Simmr mixing model results displaying the proportion (%) that potential
sources (groundwater sampled from drinking water wells (GW), sewage from on-site
sewage disposal systems (OSDS), and sewage from the Hilo STP outfall manhole
(STP)) contributed to the NO3

- pool of stations, beyond the breakwater, in two
freshwater-influence groups ((HGW) High Groundwater Influence, (LGW) Low
Groundwater Influence).
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Figure 8. Simmr mixing model results displaying the proportion (%) that potential
sources (groundwater sampled from drinking water wells (GW) and sewage from on-site
sewage disposal systems (OSDS)) contributed to the NO3

- pool of stations, within the
breakwater, in three freshwater-influence groups ((HGW) High Groundwater Influence,
(LGW) Low Groundwater Influence, and (RI) River Influenced).
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Figure 9. Estimated proportion contributions of groundwater from drinking water wells
(GW) to shoreline stations in Hilo, Hawaiʻi, derived from Bayesian stable isotope mixing
models (simmr) using 𝛿15N and 𝛿18O-NO3

- values. Boxed area represents 25% and 75%
credible quantiles, horizontal lines indicate the 50% quantile, and vertical lines and
outliers indicate minimum (2.5%) and maximum (97.5%) proportion values.
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Figure 10. Estimated proportion contributions of sewage from on-site sewage disposal
systems (OSDS) to shoreline stations in Hilo, Hawaiʻi, derived from Bayesian stable
isotope mixing models (simmr) using 𝛿15N and 𝛿18O-NO3

- values. Boxed area represents
25% and 75% credible quantiles, horizontal lines indicate the 50% quantile, and vertical
lines and outliers indicate minimum (2.5%) and maximum (97.5%) proportion values.

51



Figure 11. Estimated proportion contributions of sewage from the Hilo sewage
treatment plant outfall (STP) to shoreline stations in Hilo, Hawaiʻi, derived from
Bayesian stable isotope mixing models (simmr) using 𝛿15N and 𝛿18O-NO3

- values. Boxed
area represents 25% and 75% credible quantiles, horizontal lines indicate the 50%
quantile, and vertical lines and outliers indicate minimum (2.5%) and maximum (97.5%)
proportion values.

52



Appendices
Appendix I: Algae Species and Analyses

Appx. I-1. Macroalgae, diatoms, and cyanobacteria collected from shoreline stations
from January 2021 to June 2021. Algae were identified to the lowest taxonomic level
and are listed in alphabetical order.
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Appx. I-2. Density plots showing the results of one-sample t-tests comparing mean %N
values of individual macroalgal species (dashed line) to the mean %N value of
composite samples (solid line) at stations 2 (A), 3 (B), 8 (C), 10 (D), 11 (E), and 18 (F)
with 𝛼 = 0.05.
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Appx. I-3. Density plots showing the results of one-sample tests comparing mean 𝛿15N
values of individual macroalgal species (dashed line) to the mean 𝛿15N value of
composite samples (solid line) at stations 2 (A), 3 (B), 8 (C), 10 (D), 11 (E), and 18 (F)
with 𝛼 = 0.05. Medians and the results of a one-sample Wilcoxon test are displayed for
station 3 (B) with 𝛼 = 0.05.
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Appendix II: Potential Sources in Stable Isotope Mixing Model

Appx. II-1. Average (± standard deviation) values for stable isotopes of nitrate and
nutrient concentrations of potential sources used in the stable isotope mixing model to
determine nitrate contributions to freshwater-influence groups. OSDS data are obtained
from Wiegner et al. (2016) and Abaya et al. (2018a).
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Appendix III: Summary Station Data

Appx. III-1. Median [range] fecal indicator bacteria (left), nutrient (center-left),
chlorophyll a, and turbidity (center) measurements, OSDS density (center-right) and
sewage pollution scores (right) at twenty stations along the Hilo, Hawaiʻi, shoreline from
July 2020 to October 2021. Stations are grouped by freshwater-influence (left) and bold
values indicate an exceedance of its respective standard, if applicable (bottom).

*HDOH standards for Chl a differ between embayments (left) and estuaries (right).
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Appx. III-2. Median [range] macroalgal %N and 𝛿15N values and mean (±standard
deviation) 𝛿15N and 𝛿18O of nitrate in water from samples collected at 20 stations along
the Hilo, Hawaiʻi, shoreline from July 2020 to October 2021.
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