
Abstract
Pathogenic bacteria in nearshore waters are a public health 
threat, and many have watershed sources. Hence, understanding 
direct and indirect causes of bacterial loading can improve 
awareness and watershed management. Rainfall-driven runoff 
influences river discharge, affecting pathogen transport to 
the ocean. This study assessed pathogen loading to nearshore 
waters under varying weather conditions within Hilo Bay, Hawaii, 
from 2014 to 2017. Staphylococcus aureus, methicillin-resistant S. 
aureus (MRSA), and fecal indicator bacteria (FIB) were quantified 
in the bay, rivers, and potential watershed sources using culture-
based methods. Relationships between their concentrations with 
rainfall, river discharge, and water quality data were examined. 
Staphylococcus aureus, MRSA, and FIB were present within Hilo 
Bay and its rivers, as well as road runoff, sewage, and soils; MRSA 
was less prevalent. Staphylococcus aureus and FIB concentrations 
increased with rainfall and river discharge. Turbidity and salinity 
were the best water quality parameters for predicting bacteria 
concentrations, with positive and negative relationships, 
respectively. Our results suggest that more intense storms, 
especially after longer dry periods between events, will increase 
S. aureus and FIB loads to nearshore waters, as storms comprise 
>80% of annual river loads. Our models can be used to assess 
recreational water users’ health risks and predict future water 
quality conditions with changing rainfall patterns.
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Pathogenic bacteria in nearshore waters are a public 
health threat, with many originating from vertebrate fecal 
waste (Rochelle-Newall et al., 2015). One such bacterium 

is Staphylococcus aureus. Originally, it was only documented within 
healthcare settings, causing skin rashes, painful abscesses, necrotiz-
ing fasciitis, and scaled-skin syndrome (Chambers, 2001), but with 
the rise in community-acquired S. aureus infections, it is now a rec-
ognized environmental human health threat (Zetola et al., 2005). 
Recreational water use is thought to be a pathogen exposure route 
(Charoenca and Fujioka, 1993; Zetola et al., 2005), as S. aureus 
and one of its antibiotic resistant strains, methicillin-resistant S. 
aureus (MRSA), have been found in nearshore waters (Goodwin 
and Pobuda, 2009; Esiobu et al., 2013). An epidemiological study 
in Florida found that bathers reported skin infections six times 
more than nonbathers (Fleisher et al., 2010), and in Hawaii, 
they were four times more likely to develop S. aureus infections 
(Charoenca and Fujioka, 1995). Hawaii State has two times more 
MRSA infections than the national average (Chaiwongkarjohn 
et al., 2011), and the number has increased 40% since 2000, with 
the highest incidences on Hawaii Island among those 18 and 
under (Pellegrin, personal communication, 2017). These findings 
highlight health concerns with recreation water use, especially 
as MRSA is listed as a high-priority health threat on the World 
Health Organization’s antibiotic-resistant pathogen list (WHO, 
2017). Therefore, it is imperative that S. aureus watershed sources 
and factors controlling their export are identified.

The presence of S. aureus in nearshore waters has largely been 
attributed to human skin shedding during swimming (Elmir et al., 
2007). However, recent studies found S. aureus and MRSA within 
watersheds, including in rivers (Viau et al., 2011), urban road 
runoff (Selvakumar and Borst, 2006), swine farm soils (Schulz et 
al., 2012), and on pets and wildlife (Faires et al., 2009; Porrero et al., 
2013). Staphylococcus aureus and MRSA are also found in sewage 
(Rosenberg Goldstein et al., 2012), which can seep into ground-
water in areas with onsite sewage disposal systems (Whittier and 
El-Kadi, 2014). Hence, factors controlling S. aureus and MRSA 
transport to nearshore waters will impact human health.

Abbreviations: AIC, Akaike information criterion; CFU, colony-forming units; FIB, 
fecal indicator bacteria; MRSA, methicillin-resistant Staphylococcus aureus; MPN, 
most probably number; NARS, Natural Area Reserve System.
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Core Ideas

• Staphylococcus aureus and FIB were present in the bay, rivers, 
road runoff, sewage, and soils.
• MRSA was less prevalent in the environment than S. aureus and FIB.
• S. aureus and FIB bay concentrations increased with rainfall and 
river discharge.
• S. aureus and FIB bay concentrations varied with bay salinity 
and turbidity.
• Bay bacteria concentrations can be modeled from hydrologic 
and water quality data.
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Currently, there are no recreational water quality standards for 
S. aureus relating its concentrations in water to risk of contract-
ing an infection. Existing standards are for fecal indicator bacte-
ria (FIB), such as Enterococcus spp., that are used to assess human 
health risks associated with bathing in sewage-contaminated 
waters (USEPA, 2012). However, like S. aureus (Adeduntan 
2009), Enterococcus spp. is found in tropical soils (Hardina and 
Fujioka, 1991; Fujioka et al., 1998). Therefore, during storms, high 
concentrations of Enterococcus spp. in nearshore waters may not be 
indicative of sewage pollution (Fujioka et al., 2015). Thus, in tropi-
cal regions like Hawaii, Clostridium perfringens is used as a second-
ary FIB, as its spores do not reproduce in aerobic environments 
(Wright, 1989). As all of these bacteria have watershed sources, 
changes in rainfall will affect their growth in soils, export from 
watersheds, and nearshore concentrations (Strauch et al., 2014).

Rainfall effects on bacteria export to nearshore waters are 
well studied, especially in temperate areas with regards to FIB 
(reviewed in de Brauwere et al., 2014). Less is known about these 
dynamics in the tropics (Strauch et al., 2014; Rochelle-Newall et 
al., 2015; Strauch, 2017), particularly in the wet tropics, where 
recreational water use is year-round and river export is high. 
Additionally, impacts of rainfall on S. aureus export to nearshore 
waters are not known. Therefore, our project had three goals: (i) to 
assess the presence of S. aureus, MRSA, and FIB within nearshore 
waters, rivers, and watershed sources, (ii) to examine relationships 
between S. aureus or FIB and rainfall, river discharge metrics, and 
water quality parameters, and (iii) to develop predictive models 
that could be used to infer public health risks and anticipate future 
water quality conditions resulting from changing rainfall patterns. 
The USEPA has deemed the collection of antibiotic resistant 
pathogen data in nearshore waters and identification of watershed 
sources as priorities to reduce waterborne disease outbreaks and 
develop mitigation strategies (USEPA, 2018).

Materials and Methods
Study Site

This study was conducted in the Hilo Bay watershed, Hawaii 
Island, Hawaii (Fig. 1). It has a tropical rainforest biome, with 
annual rainfall ranging from ?3050 mm nearshore to ?7000 mm 
at higher elevations (Giambelluca et al., 2013), wet winters 
(October–April), dry summers (May–October), and air temper-
atures ranging from 19.3 to 27.2°C (US Climate Data). Surface 
waters enter Hilo Bay from the Wailuku and Wailoa Rivers. The 
Wailuku has Hawaii State’s greatest mean discharge (Q, range = 
991–2,330,476 L s−1) and largest watershed (653.2 km2; Parham 
et al., 2008). Land use is conservation forest (77%), agriculture 
(22%), and urban development (1%) (Parham et al., 2008). The 
Wailoa River watershed is smaller (255.4 km2), and has similar 
land use to the Wailuku River’s, except it drains more urban land 
(9%) (Parham et al., 2008). Peak discharge measured at Wailoa 
is two orders of magnitude lower than the Wailuku’s (15,432 L 
s−1; Presley et al., 2008). Also, submarine groundwater discharge 
provides 100 times more freshwater than average annual surface 
runoff to the bay (M & E Pacific, 1980).

Study Design
Bacteria (S. aureus, MRSA, and FIB), and physiochemi-

cal water quality parameters were analyzed in Hilo Bay surface 

waters collected over a range of rainfall and river discharge 
conditions (Fig. 2). Sampling began at sunrise to obtain the 
highest estimate of bacteria concentrations before cell photo-
inactivation occurred (Fujioka et al., 1981). Sampling occurred 
from March 2014 through March 2017 (n = 20 d). Hilo Bay sta-
tions included the Wailoa River mouth, Reed’s Bay, the Wailuku 
River mouth, and the University of Hawaii at Hilo’s water qual-
ity buoy (Fig. 1). The Wailuku and Wailoa river mouths and the 
water quality buoy are affected by river inputs, whereas Reed’s 
Bay is dominated by submarine groundwater discharge. Water 
was also collected at two upstream stations: the Wailuku River 
(elevation » 245 m) and the Wailoa River (elevation » 0 m; 
above this elevation, the river is ephemeral) from June 2016 to 
March 2017 (n = 10 d) (Fig. 1). At all stations, three 1-L samples 
were collected in sterile, acid-washed polypropylene bottles, and 
salinity and temperature were measured with an YSI Pro 2030 
multiparameter probe. Turbidity was measured in the laboratory 
using a turbidimeter (HACH 2100P).

Samples were also collected from potential watershed sources 
of bacteria, including road runoff, sewage, and soils (Fig. 1). 
Road runoff was collected once at two locations within down-
town Hilo in July 2017. Influent and effluent from the Hilo 
Wastewater Treatment Plant was sampled once in August 2017. 
Soils from the Pu‘u Maka‘ala Natural Area Reserve System 
(NARS) (19.51731° N, 155.28514° W) were sampled in tripli-
cate (60–100 g) 2.5 to 5 cm below the soil surface using a sterile 
metal spade. This site was used to assess forest soil bacteria con-
centrations within native forests with and without feral ungu-
lates (fenced for >10 yr) at three locations over three sampling 
days from June to July 2017. All sample types were collected in 
sterile, acid-washed, polypropylene bottles, immediately placed 
on ice, and processed within 4 to 8 h of collection.

Cumulative 24-h rainfall data were obtained from the NOAA 
National Weather Service Hilo International Airport rainfall 
gauge (4 m elevation) for the Wailoa River mouth and Reed’s Bay 
stations, and from the Pi‘ihonua (HI91) rainfall gauge (276 m ele-
vation) for the Wailuku River mouth and water quality buoy sta-
tions. Rainfall data from the National Climatic Data Center daily 
climate normals for the Hilo International Airport were used as 
thresholds for high and low rainfall conditions to assess the consis-
tency of relationships among bacteria. This analysis used data from 
two sites that were in close proximity to the gauge (Wailoa River 
mouth and Reed’s Bay, ?4 km away). No climate normal data are 
available for the Pi‘ihonua gauge. Wailuku River discharge data 
were gathered from the USGS gauge (16704000), the only gauge 
in the watershed, to assess potential changes in bacteria concen-
trations at the Wailuku River mouth station (?8 km downstream 
from gauge). These gauge data were used to determine the maxi-
mum discharge 24 h prior to sampling (Qmax) and calculate the 
ratio of river discharge 30 min prior to sampling to the 7-d moving 
average (Q/Q7-d ma). The relative change in river discharge (DQ) 
was calculated as a ratio of the instantaneous discharge at the time 
of sampling to the discharge 1 h prior to sampling (DQ = Qt/Qt − 1, 
where Qt = instantaneous discharge at the time of sampling and 
Qt − 1 = discharge 1 h prior to sampling) as in Strauch 2017.

Bacteria Analyses
Water from each replicate sample was analyzed for S. aureus, 

MRSA, and FIB (Enterococcus spp., C. perfringens). Staphylococcus 
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aureus and MRSA were enumerated by filtering sample water 
through 0.45-mm pore size cellulose nitrate filters, and culturing 
on BBL CHROMagar S. aureus and BBL MRSA II Select media, 
respectively (Goodwin and Pobuda, 2009; Viau et al., 2011). The 
cultures were incubated at 37°C for 24 h, and confirmed mauve 

colonies were counted as S. aureus or MRSA (Goodwin and 
Pobuda, 2009). Putative colonies were restreaked on their respective 
media types and incubated again for further confirmation. Eighty-
seven colonies were Gram stained, and 21 were identified as Gram-
positive, cocci clusters under a microscope (1000´ magnification). 

Fig. 1. Sampling stations in the Hilo Bay watershed, Hilo, HI (n = 20 bay samplings, including the Hilo Bay Water Quality buoy (WQ), n = 10 river 
samplings), and locations of potential watershed sources, including road runoff (RR, n = 2), sewage from the Hilo Wastewater Treatment Plant 
(HWWTP, n = 1; large, lower panel), and soil from the Pu‘u Maka‘ala Natural Area Reserve System (NARS, n = 9, lower inset), sampled from March 
2014 to March 2017. Locations of the Pi‘ihonua rainfall and Wailuku River gauge (same location), as well as the Hilo International Airport rainfall 
gauge, are shown on the upper right panel.

Fig. 2. Daily Wailuku River discharge (USGS gauge 16704000) and rainfall (Hilo International Airport, NOAA National Climatic Data Center) into Hilo 
Bay, Hawaii, during the study period.
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These colonies were analyzed using 24-h tube coagulase tests (BD 
BBL Coagulase Plasma, Rabbit with ethylenediaminetetraacetic 
acid [EDTA], BD Diagnostics), and 14 yielded positive results. Only 
morphologies similar to these 14 colonies were considered con-
firmed morphologies for S. aureus and MRSA. Hence, reported S. 
aureus and MRSA concentrations are presumptive. Enterococcus spp. 
concentrations were determined using the Enterolert MPN method 
and QuantiTray/2000 from IDEXX Laboratories, following manu-
facture recommendations (Palmer et al., 1993). Clostridium perfrin-
gens were enumerated by filtering water through 0.45-mm pore size 
cellulose nitrate filters and membrane-C. perfringens (mCP) agar 
(Bisson and Cabelli, 1979). Road runoff and sewage samples were 
diluted with autoclaved, deionized water up to a volume of 100 mL 
for vacuum filtration. Soil samples were processed using methods 
described in Myers et al. (2007) and Strauch et al. (2016), where 
10 g of soil were shaken with 200 mL of 0.15 M NaCl for 45 min at 
100 rpm and left to settle for ?5 min, and a supernatant aliquot was 
transferred into a sterile bottle with autoclaved, deionized water for 
vacuum filtration.

Statistical Analyses
Generalized linear mixed models were used (i) to compare 

differences in bacteria concentrations among stations (negative 
binomial, g distributions), (ii) to test relationships between bac-
teria concentrations and cumulative 24-h rainfall, Qmax, Q/Q7-d ma, 
and DQ (normal distributions), and (iii) to examine relationships 
among S. aureus, Enterococcus spp., and C. perfringens concentra-
tions (normal distributions). Binary (presence or absence) logistic 
regressions using generalized linear mixed models were used to 
assess the associations between the likelihood of MRSA presence 
with rainfall and Qmax, as MRSA was absent from most samples. 
A two-sample t test was used to examine differences in soil bacte-
ria concentrations between native forests with and without ungu-
lates. Model selection using general linear mixed global models and 
Akaike information criteria (AIC) were used to assess relationships 
among bacteria and all physiochemical parameters. Assumptions of 
independent observations and linearity between the explanatory 
variable and the link function for generalized linear mixed models 
were assessed. For general linear mixed models, response and 
explanatory variables were log10 or square root transformed to meet 
model assumptions. Models were designed to examine fixed effects 
(physiochemical parameters) on bacteria concentrations. Random 
effects (date and station) were taken out to reduce variability from 
repeated measures and spatial distributions. Analyses were con-
ducted in R (2017) using lme4, lmerTest, and MuMIn (a = 0.05).

Results
Bacteria Concentrations in Estuarine Waters, Rivers, 
and Potential Watershed Sources

Staphylococcus aureus, MRSA, and FIB were present at all sta-
tions within Hilo Bay, except at the water quality buoy, where 
MRSA was not observed (Fig. 3 and 4). Staphylococcus aureus 
concentrations differed among stations (p < 0.001, Fig. 3A) and 
ranged from 0 to 687 colony-forming units (CFU) 100 mL−1. The 
highest (mean ± SE) concentration was found at the Wailuku 
River mouth (94 ± 35 CFU 100 mL−1), and the lowest one was 
at Reed’s Bay (30 ± 8 CFU 100 mL−1). Methicillin-resistant S. 
aureus was absent from most samples but was sometimes present 

at low concentrations ranging from 0 to 13 CFU 100 mL−1 and 
was most frequently observed at the Wailuku River mouth (30% 
of samples) (Fig. 4). Enterococcus spp. concentrations also differed 
among stations (p < 0.001) (Fig. 3B), ranging by orders of magni-
tude (10–10,670 most probable number [MPN] 100 mL−1). The 
highest Enterococcus spp. concentrations were at the Wailoa River 

Fig. 3. Median (± quartiles and range) (a) Staphylococcus aureus, 
(b) Enterococcus spp., and (c) Clostridium perfringens concentrations 
in the Hilo Bay watershed, Hawaii, from March 2014 to March 2017. 
Solid lines separate marine and freshwater stations. Dashed lines on 
Enterococcus spp. panel indicate the Hawaii Department of Health 
(HDOH) statistical threshold values for a single sample (130 most 
probable number [MPN] 100 mL−1); on the C. perfringens panel, it 
represents the recommended marine recreational standard to HDOH 
(Fujioka and Byappanahalli, 1996) of 5 colony-forming units (CFU) 
100 mL−1. Results from generalized linear mixed models are shown in 
the figure; letters indicate differences among stations found through 
paired statistical analyses (a = 0.05). Sample size is shown in the 
figure. WQB, water quality buoy.
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mouth (1337 ± 632 MPN 100 mL−1), and the lowest ones were at 
Reed’s Bay (234 ± 121 MPN 100 mL−1). Clostridium perfringens 
concentrations also differed among stations (p < 0.001), ranging 
from 0 to 45 CFU 100 mL−1 (Fig. 3C), with the highest concen-
trations at the Wailuku River mouth (12 ± 3 CFU/100 mL), and 
the lowest concentrations at Reed’s Bay (3± 1 CFU 100 mL−1).

Staphylococcus aureus, MRSA, and FIB were identified in both 
the Wailuku and Wailoa Rivers. Bacterial concentrations were 
highest at the Wailoa River, with significant differences between 
S. aureus and Enterococcus spp. concentrations between the two 
rivers (Fig. 3). Methicillin-resistant S. aureus was not frequently 
detected (Fig. 4). Across all nearshore and freshwater stations, 
upstream Wailoa River had the highest bacteria concentrations 
(S. aureus: 256 ± 108 CFU 100 mL−1; Enterococcus spp.: 2484 ± 
1693 MPN 100 mL−1; C. perfringens: 17 ± 7 CFU 100 mL−1). 
Upstream Wailuku River had the lowest Enterococcus spp. concen-
trations across all stations (230 ± 122 MPN 100 mL−1) (Fig. 3B).

Staphylococcus aureus and FIB were identified in road runoff, 
sewage, and forest soils, whereas MRSA was in all of these sources, 
except forest soils. Road runoff had high and variable bacteria con-
centrations (Table 1). Higher bacteria concentrations were mea-
sured in the sewage influent than the effluent, except for S. aureus, 
where the opposite pattern was observed (Table 1). Effluent 

samples were just exposed to chlorination when collected, and 
it is likely that concentrations would further decrease with time. 
Staphylococcus aureus concentrations in the forest soils were higher 
than those measured for the other bacteria (Table 1) and signifi-
cantly different between ungulate and ungulate-free native forest 
soils (p = 0.047), whereas the other bacteria had similar concentra-
tions between the two forest soil types.

Relationships between Bacteria Concentrations with 
Rainfall, River Discharge, and Water Quality

Staphylococcus aureus, Enterococcus spp., and C. perfringens 
concentrations had significant and positive relationships with 
cumulative 24-h rainfall at the Wailoa and Wailuku River mouths, 
Reed’s Bay, and the water quality buoy (Fig. 5). No relationships 
between 24-h rainfall and the likelihood of MRSA being present 
at the Wailoa River mouth, Reed’s Bay (p = 0.335, z = 0.963), or 
the Wailuku River mouth (p = 0.322, z = 0.989) were found.

Significant relationships were found between river discharge 
metrics and S. aureus, Enterococcus spp., and C. perfringens con-
centrations at the Wailuku River mouth (Fig. 6). Concentrations 
of these bacteria significantly increased with increasing Qmax and 
Q/Q7-d ma (Fig. 6). No relationship between Qmax and the likeli-
hood of MRSA being present at the Wailuku River mouth was 
found (p = 0.335, z = 0.964). Significant negative relationships 
were found between the relative change in river discharge for 
descending hydrograph conditions (DQ = Qt/Qt − 1 for DQ £ 
1.0) and Enterococcus spp., and C. perfringens concentrations at 
the Wailuku River mouth, whereas no relationship was observed 
between this parameter and S. aureus (p > 0.05) (Fig. 6).

Significant relationships were found between S. aureus and C. 
perfringens concentrations, as well as Enterococcus spp. and C. per-
fringens concentrations within the Wailoa River and Reed’s Bay 
under all rainfall conditions. This analysis was only conducted using 
data from these stations because of their close proximity to the Hilo 
International Airport rain gauge, the only location with climate 
normal analyses (see the Materials and Methods, Fig. 7). In com-
parison, regardless of rainfall, no significant relationship between S. 
aureus and Enterococcus spp. concentrations (p > 0.05) was observed 
at either the Wailoa River mouth or Reed’s Bay (Fig. 7).

Model selection analyses determined which physiochemical 
parameters were best associated with bacteria concentrations in 

Fig. 4. Percentage of samples with methicillin-resistant 
Staphylococcus aureus (MRSA) present across all stations sampled in 
the Hilo Bay watershed, Hawaii, from March 2016 to March 2017 (n = 
10, except for the water quality buoy, where n = 7).

Table 1. Single sample and median (95% confidence interval) concentrations of bacteria (Staphylococcus aureus, methicillin-resistant S. aureus 
[MRSA], Enterococcus spp., and Clostridium perfringens) found in potential landscape sources near Hilo, HI.

Source S. aureus MRSA Enterococcus spp. C. perfringens
——————  CFU† 100 mL−1 —————— MPN‡ 100 mL−1 CFU 100 mL−1

Road runoff, n = 2
 Site 1 5000 500 12,997 >50
 Site 2 8000 700 >24,196 >50
Sewage, n = 1
 Influent 1600 NC§ 99,315 >50
 Effluent 2900 NC 300 >50

——————  CFU g−1 dry wt. soil —————— MPN g−1 dry wt. soil CFU g−1 dry wt. soil
Forest soil, n = 9
 Ungulate 3.1 (0.2, 10.8) 0.0 (0.0, 0.1) 1.0 (0.2, 1.6) 0.0 (0.0, 0.6)
 Ungulate-free 19.2 (3.2, 95.5) 0.0 (0.0, 0.0) 0.6 (0.2, 1.1) 0.0 (0.0, 4.6)

† CFU, colony-forming units.

‡ MPN, most probably number.

§ NC, not counted.
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the bay waters. The top model for S. aureus included turbidity 
with salinity (AIC = 119.2, null model AIC = 138.0; Fig. 8). 
Turbidity was best model parameter for Enterococcus spp. (AIC 
= 109.9), although the AIC for this model was similar to the 
one without any added parameters (AIC = 111.9). Turbidity 
was also the top model parameter for C. perfringens (AIC = 51.6, 
null model AIC = 99.1) (Fig. 8).

Discussion
Bacteria Concentrations in Estuarine Waters, Rivers, and 
Potential Watershed Sources

Human pathogens in nearshore waters are a public health 
concern, as recreational water users may contract infections 
after water contact (Charoenca and Fujioka, 1995). This study 

Fig. 5. Relationships between cumulative rainfall 24 h prior to sampling measured at the Hilo International Airport, National Weather Service 
(NWS) rain gauge and (A, D, G, J) Staphylococcus aureus, (B, E, H, K) Enterococcus spp., and (C, F, I, L) Clostridium perfringens concentrations at bay 
stations in Hilo Bay, Hawaii. Data were collected from March 2014 to March 2017. Units for bacteria concentrations are colony-forming units (CFU) 
100 mL−1 and most probable number (MPN) 100 mL−1. Results from general linear mixed models are shown in the figure (a = 0.05).
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Fig. 6. Relationships between Wailuku River discharge and bacteria concentrations (Staphylococcus aureus, Enterococcus spp., and Clostridium 
perfringens) at the Wailuku River mouth station, Hilo, HI: (A–C) maximum river discharge 24 h prior to sampling; (D–F( ratio of river discharge and 
the 7-d moving average, where x values £0.301 indicate dry dates preceded by high discharge, x values >0.301 indicate wet days preceded by low 
discharge, and a dashed lines separate conditions; and (G–I) the relative change in descending river discharge. Data were collected from March 
2014 to March 2017. Units for bacteria concentrations are colony-forming units (CFU) 100 mL−1 and most probable number (MPN) 100 mL−1. Results 
from general linear mixed models are shown on the figure (a = 0.05).

Fig. 7. Relationships between bacteria concentrations measured at both the Wailoa River mouth and Reed’s Bay stations in Hilo, HI, under all 
rainfall conditions: (A) Staphylococcus aureus and Enterococcus spp., (B) S. aureus and Clostridium perfringens, and (C) Enterococcus spp. and C. per-
fringens. Data were collected from March 2014 to March 2017. Units for bacteria concentrations are colony-forming units (CFU) 100 mL−1 and most 
probable number (MPN) 100 mL−1. Results from general linear mixed models are shown on the figure (a = 0.05).



 Journal of Environmental Quality 

corroborates prior findings that S. aureus and MRSA are pres-
ent in nearshore waters (Charoenca and Fujioka, 1993; Esiobu 
et al., 2013; Plano et al., 2013), as S. aureus was identified at 
all four Hilo Bay stations, whereas MRSA was found at three. 
Although concentrations of S. aureus and MRSA were highly 
variable in Hilo Bay, they had similar ranges to those reported 
for Florida and Mexico (Curiel-Ayala et al., 2012; Esiobu et al., 
2013), but were an order of magnitude higher than those in 
California (Goodwin et al., 2012). These patterns could be due 
to climatic differences, as the former study sites are more similar 
to Hawaii, with higher annual rainfall and warmer air tempera-
tures. Methicillin-resistant S. aureus was absent from most Hilo 
Bay samples. Fecal indicator bacteria were found at all Hilo Bay 
stations, and concentrations were within the range of previous 
studies (Wiegner et al., 2013, 2017), and regularly exceeded 
Hawaii Department of Health standards (Enterococcus spp. sta-
tistical threshold value of 130 CFU 100 mL−1, C. perfringens rec-
ommended geometric mean of 5 CFU 100 mL−1; Fujioka and 
Byappanahalli, 1996). These patterns demonstrate that S. aureus, 
MRSA, and FIB are present within tropical nearshore waters 
and may pose a risk to recreational water users’ health.

Of the stations sampled in Hilo Bay, the river mouths had 
the highest median S. aureus and FIB concentrations. This find-
ing is consistent with studies from other locations and previous 
ones from Hilo Bay (Fujioka et al., 1998; Wiegner et al., 2017). 
Together, results from our and previous studies suggest that these 
bacteria have watershed sources and are transported from them 
to nearshore waters by surface runoff. This suggestion is sup-
ported by the significant positive relationships between the con-
centrations of these bacteria in Hilo Bay and river discharge (Fig. 

6), further emphasizing the immediate impact of surface runoff 
relative to groundwater discharge. This differs from major para-
digms, as S. aureus was presumed to enter the environment from 
human skin shedding (Charoenca and Fujioka, 1993; Elmir et 
al., 2007), and the main source of C. perfringens is the gastroin-
testinal tract of humans and warm-blooded animals (Vijayavel et 
al., 2009). In our study, S. aureus and C. perfringens had the same 
spatial patterns as Enterococcus spp., implying that they have simi-
lar watershed sources and/or transport mechanisms.

Our findings confirmed that S. aureus, MRSA, and FIB 
were entering Hilo Bay from the rivers and concur with previ-
ous studies that have also detected them in tropical rivers (Roll 
and Fujioka, 1997; Viau et al., 2011; Strauch et al., 2014). 
These bacteria were found in upstream and downstream seg-
ments of the Wailuku and Wailoa Rivers. In the Wailuku River, 
Enterococcus spp. concentrations were low, with low variabil-
ity in the upper watershed, suggesting a stable bacteria supply. 
In contrast, at the mouth, high Enterococcus spp. concentra-
tions were likely from cumulative inputs of different water-
shed sources converging at this lower elevation. In contrast, S. 
aureus and C. perfringens concentrations were similar between 
the Wailuku River upstream and mouth, and similar between 
those stations on the Wailoa River. However, the upstream 
Wailoa River had the highest median S. aureus and C. perfrin-
gens concentrations across all stations, and the greatest variabil-
ity, although this difference was not significant. This station is 
located in an urban area, and previous studies, as well as ours, 
have shown that runoff from these areas often have high bac-
teria concentrations (Mallin et al., 2001; Viau et al., 2011; 
Walters et al., 2011; Strauch et al., 2014).

Fig. 8. Relationships between bacteria concentrations at bay stations, Hilo, HI, with water quality parameters: (A) Staphylococcus aureus with 
turbidity and salinity, and (B) Clostridium perfringens and turbidity. Data were collected from March 2014 to March 2017. Units for bacteria concen-
trations are colony-forming units (CFU) 100 mL−1 and nephelometric turbidity units (NTU), respectively. Significant relationships were determined 
using the Akaike information criterion (AIC), and they are displayed on the figures. Note, AIC for the S. aureus model using salinity and turbidity are 
shown on the bottom of the turbidity pane.
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The detection of these bacteria in Hilo Bay and its rivers, 
particularly with concentrations increasing during storms, sug-
gests that they have watershed sources. This was confirmed by the 
presence of all three bacteria in the potential watershed sources 
examined (runoff, sewage, and soils). In Hilo road runoff, S. 
aureus, MRSA, and FIB were found in similar concentrations to 
those reported in previous studies (Selvakumar and Borst, 2006). 
Probable sources of these bacteria in runoff include human shed-
ding (Otter et al., 2011) and animals (Faires et al., 2009; Davis 
et al., 2012; Roberts et al., 2013), which concentrate on urban 
surfaces and are mobilized during storms (Mallin et al., 2000; 
Noble et al., 2003). Staphylococcus aureus and FIB were also pres-
ent in sewage, and it is likely that onsite sewage disposal systems 
and faulty sewer lines are contaminating groundwater, which 
transports these bacteria during both storms and baseflow con-
ditions. Additionally, S. aureus and FIB, but not MRSA, were 
found within native forest soils, with higher concentrations of S. 
aureus in the ungulate-free area, and similar FIB concentrations 
between the two soil types. Our findings suggest that watershed 
pathogen sources need to be better identified to develop effective 
watershed management strategies to reduce pathogen loads.

Rainfall and River Discharge Effects on Estuarine 
Bacteria Concentrations

During storms, transport of watershed pathogens via surface 
runoff and river discharge leads to rapid nearshore contamina-
tion (Fujioka et al., 1998; Morrison et al., 2003; Muirhead et al., 
2006). Staphylococcus aureus and FIB concentrations increased 
in Hilo Bay with increasing 24-h rainfall and discharge (Qmax), 
particularly when the river discharge on the sampling day was 
higher than the 7-d moving average (Q7-d ma). These trends were 
not observed for MRSA, as it was not as prevalent within the 
watershed as the other bacteria. Patterns between 24-h rainfall 
and S. aureus, and those with FIB, have been observed else-
where (Walters et al., 2011; Curiel-Ayala et al., 2012; Strauch 
et al., 2014). The increased transport of bacteria during high 
river discharge after a drier period is likely due to the first-flush 
effect, where a pulse rain event flushes soil bacteria out into rivers 
(Tryland et al., 2011; Strauch et al., 2014). Therefore, maximum 
river discharge (Qmax) itself is not the best indicator of bacte-
rial loading, as previous high river discharge may have already 
flushed out soil bacteria, depleting their reservoirs for future 
events (Strauch et al., 2014). Additionally, reduced soil moisture 
due to antecedent dry periods can reduce connectivity among 
soil particles, causing soil-attached bacteria to be more vulner-
able to transport during heavy rain (Holz et al., 2015; Strauch 
et al., 2018).

During storms, bacterial export from rivers varies over time 
with the hydrograph (Stumpf et al., 2010; Strauch, 2017). 
Bacterial concentrations are typically higher during ascending 
discharge, compared with descending ones (Stumpf et al., 2010; 
Strauch, 2017). In our study, we were only able to examine bacte-
rial concentrations during descending discharge due to sampling 
limitations. However, we found higher FIB concentrations during 
steeper descending discharge vs. ones with a smaller rate of change. 
This pattern was not observed for S. aureus. Our FIB results suggest 
that when river discharge rapidly changes, even when it is decreas-
ing, substantial pathogen loading to nearshore waters occurs.

Predicting Microbial Water Quality for Public 
Health Warnings

Notification of water quality conditions is not fast enough to 
inform the public of rapid changes during storms due to the 7- 
to 24-h time lag from sample collection to results (Griffith and 
Weisberg, 2011). Our models can overcome these limitations by 
using real-time rainfall and river discharge gauge data. Other pre-
dictive real-time models for these parameters could be developed 
using salinity and turbidity measurements from a water quality 
buoy (USEPA, 2010), as we and other researchers found strong 
relationships between S. aureus and FIB with these parameters 
(Wiegner et al., 2017). These models can inform the public 
in real time about recreating in the ocean, ultimately reducing 
health risks.

Our results also provide insights into how pathogen load-
ing may change with alterations in rainfall, and resulting river 
discharge. Frequency and intensity of storms are predicted to 
increase (IPCC, 2014), and this may have synergistic effects 
with continued land development (Mallin et al., 2001), leading 
to increased pathogen loading and subsequent human exposure 
in nearshore waters. Dry periods are predicted to increase with 
more intense and variable rainfall events in the tropics (IPCC, 
2014), also increasing pathogen loading during storms from dis-
lodging of soil bacteria (Hathaway et al., 2010; Tryland et al., 
2011). Climatic changes including rainfall, ultraviolet radiation, 
and cloud cover together will affect the persistence of bacteria in 
the environment, resulting in ever-changing human health risks 
(Deller et al., 2006; Boxall et al., 2009).

Conclusion
Staphylococcus aureus and FIB were widespread in estuarine 

waters, rivers, and watershed sources, whereas MRSA was less 
prevalent. Transport of S. aureus and FIB from the watershed to 
nearshore waters was influenced by rainfall and river discharge, 
with higher discharge events resulting in higher estuarine bac-
teria concentrations. High river discharge after a relatively dry 
period, or during periods of rapid changes in river discharge, 
also resulted in higher bacteria concentrations. With predicted 
changes in climate for the tropics, these patterns will likely occur 
more often. This is expected to result in greater health risks for 
recreational water users. With this, it is imperative that water-
shed pathogen sources are identified to develop effective water-
shed management strategies to reduce pathogen loads. Lastly, 
models like the ones developed in this study using hydrologic 
and water quality metrics to predict pathogen loading to near-
shore waters may be used in Hawaii, and elsewhere in the wet 
tropics, to warn recreational water users of real-time health risks, 
allowing for informed decision making. Given our results, a 
good rule of thumb for recreational water users is “if the water is 
brown, turn around.”
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