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Introduction

Freshwater resources in island states, including Hawaii and American Samoa, are under threat caused by
shortages, competing demands, and contamination. Global climate change and population growth have
resulted in the diminishing supply of potable water. As the world faces escalating demands for suitable
freshwater, current usage is outstripping the surface and groundwater supplies. This is prevalent in island
ecosystems, which have a low buffering capacity and thus are highly vulnerable to change.

The Hawaii’s Water Resources Research Center (WRRC) has continued to address issues related to water
demand and quality problems critical to Hawaii and the Pacific. When compared to continental areas, such
issues are more critical because of these areas’ geographic isolation and small land areas. In 2013, WRRC was
given the added responsibility as the WRRIP Center for American Samoa. Studies on American Samoa were
aimed at establishing research studies dealing with this Territory’s water demands, water quality, and
land-ocean interactions.
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Research Program Introduction

Studies in this reporting period addressed many important issues, mainly related to water- resources
assessment, protection, and management. For example, in Hawaii, volcanic-rock aquifers supply freshwater to
the growing population on the islands. However, resources are limited and for the most part are susceptible to
impacts from human activity through land-use changes or excessive withdrawals and climate change. The
island of Tutuila, the main island in the Territory of American Samoa, is currently faced with multiple water
resources challenges. Groundwater sources provide the majority of drinking water to the island of about
57,000 residents. However, a number of wells in the island’s most productive aquifers are suspected to harbor
contamination from quickly infiltrating surface pollutants, such as agricultural chemicals, biological
pathogens, and nutrients from poorly constructed human and pig waste disposal systems.

Projects covered a number of issues related to sustainability, including water resources availability and quality
and environmental health in Hawaii and American Samoa. A project dealt with managing multiple ecosystem
services with changing land use. These sustainability studies are intended to assist water resource managers in
determining the optimal management approaches aimed at ensuring the continued sustainability of
groundwater resources. Field data compiled and models developed are expected to be invaluable for future
research. Studies also included parameter and evapotranspiration assessment, which are critical information
needed for sustainability related studies. Promoting water sustainability literacy was also addressed, as an
important factor in conservation efforts.

A number of hydrological related studies were also completed during this reporting period, including those
employing natural tracer and geochemical analysis techniques. Among these, projects dealt with developing
and hydrogeologic application of a local meteoric water line and with delineating of aquifer boundaries and
assessing groundwater quality through geochemical analyses. These studies are beneficial in assessing water
resources and in enhancing our understandings of processes involved.

A microbial related study was concerned with evaluating next-generation sequencing technologies for
environmental monitoring intended for creating a catalogue for the microbial diversity for Oahu’s wastewater
treatment plants. Another study assessed the utility of a portable multi-use automated concentration system for
the analysis of indicator bacteria and microbial source tracking markers. The objective was to enhance
sampling methodology towards accurate microbial analyses. Finally, a study appraised an island’s rainwater
harvesting regarding current practices and health risks.

In addition to including climate factors in a number of studies covered during the reporting period, climate
change was explicitly addressed in evaluating the impact of drought conditions upon a major water system on
the island of Oahu, Hawaii, and in addressing long-term aspects of high-elevation rainfall and climate change.
Such studies are important steps in planning adaptation efforts.

Studies also naturally covered ocean terrestrial-based contamination issues. Controlling or limiting of land
based ocean contamination is a critical issue for securing the health of this value source. Studies included
identifying future hotspots for algal blooms and impacts of potential land-based sources of pollution and
quantifying groundwater discharge from a groundwater aquifer in American Samoa.

Technology transfer related activities included a major conference regarding water resources sustainability on
tropical islands, a WRRC workshop on American Samoa, and a project dealt with capacity building and
science communications for groundwater sustainability work in American Samoa. The WRRC conference
was sponsored by the four water resources research institutes in the Islands Region of the United States
(Guam, Hawaii, Puerto Rico, and The Virgin Islands). The conference was aimed at providing a platform for
discussion between water resources researchers and others on existing and future water resources issues facing
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tropical islands.

The following sections summarize the research efforts for the reporting period grouped into main categories.

Sustainability Studies

Assessing Ground Water Sustainability, Tutuila, American Samoa

Water sustainability efforts on the Island of Tutuila were focused on 1) addressing water quality issues
affecting existing wells, and 2) seeking un-developed pristine high-level water sources. Both studies used field
observations as input to groundwater models aiming at addressing these researchable questions. The water
quality phase of the study addressed nitrogen-source partitioning in the Tafuna-Leone Plain to identify
potential non-point contaminant sources and assess their relative impact on groundwater resources. The
objective was achieved by developing a nitrogen loading and transport model, which was validated with
nutrient and isotopic data. On-site disposal systems were identified as more detrimental to groundwater
resources than other non-point sources, namely agricultural practices and piggeries, and should be prioritized
in future water quality management efforts. The objective of the second phase was to increase understanding
of the potential for high-level water development in Tutuila’s mountains. In this regard, a Malaeimi high-level
water study applied a local scale numerical model, which was calibrated with surface hydrogeological features
to assess development potential. Field data included collecting elevations and locations of high-level
groundwater discharge points and geochemical samples from these locations. The results of this study
indicated that there is a higher probability for sustainable development of high-level water in the western half
of the Malaeimi Valley. Overall, the two phases of this project were intended to assist water resource
managers in determining best management approaches aimed at ensuring the continued sustainability of
groundwater resources on Tutuila.

Assessment of Groundwater Availability in the Volcanic-Rock Aquifers of Hawaii

This study was motivated by the need to update and improve on groundwater models for a number of islands
in Hawaii. With new technologies available, recharge and hydrogeologic information updated, and the desire
to consider effects of climate change, a revised assessment of the current island-wide groundwater availability
is beneficial to characterize future impacts on the resource. The study included developing numerical
modeling analyses of the islands of Kauai, Oahu, and Maui updating knowledge about groundwater
availability in these aquifers, and providing insights into the impacts of human activity and climate change on
groundwater resources. Three island-wide groundwater-flow models were constructed using MODFLOW
2005 coupled with the Seawater-Intrusion Package (SWI2), which simulates the interaction between saltwater
and freshwater in the aquifer as a sharp interface. This approach allowed relatively fast model run times
without ignoring the freshwater-saltwater system at the regional scale. Model construction (FloPy3),
systematic parameter estimation (PEST), and analysis of results were streamlined using Python scripts.
Measured water levels, midpoint of the transition zone between fresh- and saltwater depth data, base flow and
spring-discharge data for recent conditions (average of 2001-2010) were compiled to calibrate the numerical
models. Model simulations included pre-development (1870) and current (average of 2001-2010) scenarios
for each island. Additionally, scenarios for future withdrawals and climate change were simulated for Oahu.
The analysis is part of an ongoing USGS regional volcanic-rock aquifer study.

Assessment of Hydraulic Properties Through Tidal Groundwater-Level Analysis for the State of Hawaii

Detailed estimates of hydraulic properties are important for models that are used to assess groundwater
availability and quality. The attenuation of tidal variations in groundwater levels with distance from the coast
reflects an aquifer’s hydraulic properties. To complement the modeling study, the project presented a regional
compilation of tidal-attenuation information for Hawaii, and estimated hydraulic properties using
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groundwater-level records from more than 250 wells in volcanic rock and more than 200 wells in coastal
sediments. Results were combined in a regional context with respect to the hydrogeologic framework of each
island in Hawaii. The tidal response in groundwater levels can help to distinguish and identify hydrogeologic
units. For example, no tidal signal was mostly observed in dike-intruded volcanic rock, and the
lower-permeability coastal sediments caused a damping effect of the tidal signal. Aquifer-diffusivity and
hydraulic-conductivity estimates in dike-free volcanic rock decrease with increasing island age, consistent
with a reduction in permeability through weathering. The results will be useful for developing island-wide
numerical groundwater models and are implemented in an ongoing USGS regional volcanic-rock aquifer
study.

A Novel Approach for Estimation of Evapotranspiration

Estimating evapotranspiration (also known as latent heat flux) is an essential part of assessing the water
budget. Numerous studies have dealt with estimating turbulent heat fluxes (sensible and latent) by
assimilating sequences of observations of land surface temperature (LST) into a variational data assimilation
(VDA) framework. The VDA approaches are focused on evaluating two key parameters that regulate the
partitioning of available energy between sensible and latent heat fluxes. These two unknown parameters are
neutral bulk heat transfer coefficient (CHN) (that scales the sum of the turbulent heat fluxes) and evaporative
fraction (EF) (that scales partitioning between the turbulent heat fluxes). CHN mainly depends on the
roughness of the surface and varies on the time scale of changing vegetation phenology. The existing VDA
methods assume that the variations in vegetation phenology over the period of one month are negligible and
took CHN as a monthly constant parameter. However, during the growing season, bare soil may turn into a
fully vegetated surface within a few weeks. Thus, assuming a constant CHN value may result in a significant
error in the estimation of surface fluxes, especially in regions with a high temporal variation in vegetation
cover. In this study, the researchers advanced the VDA approach by taking CHN as a function of leaf area
index (LAI), which allowed the team to characterize the dynamic effect of vegetation phenology on CHN. The
performance of the new VDA model was tested at the Brookings site in the US. The results showed that the
new model outperformed a model based on the old approach.

Estimating Evapotranspiration Over Native Wet Montane Cloud Forests in Hawai’i Under Climate
Change

Recently, a number of studies have focused on estimating surface turbulent heat fluxes via assimilation of
sequences of land surface temperature (LST) observations into variational data assimilation (VDA) schemes.
Using the full heat diffusion equation as a constraint, the surface energy balance equation can be solved via
assimilation of sequences of LST within a VDA framework. However, the VDA methods have been tested
only in limited field sites that span only a few climate and land use types. In this study, combined-source (CS)
and dual-source (DS) VDA schemes were tested extensively over six FluxNet sites with different vegetation
covers (grassland, cropland, and forest) and climate conditions. The CS model groups the soil and canopy
together as a single source and does not consider their different contributions to the total turbulent heat fluxes,
while the DS model considers them to be different sources. LST data retrieved from the Geostationary
Operational Environmental Satellites were assimilated into these two VDA schemes. Sensible and latent heat
flux estimates from the CS and DS models were compared against the corresponding measurements from the
flux tower stations. The results indicated that the performance of both models at dry, lightly vegetated sites
was better than that at wet, densely vegetated sites. Additionally, the DS model outperformed the CS model at
all sites, implying that the DS scheme is more reliable and can better characterize the underlying physics of
the problem.

Managing for Multiple Ecosystem Services with Changing Land Use in West Maui
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Coastal water quality is an integral part of the Hawaiian landscape and economy, affecting both coral
ecosystem health and visitor satisfaction. Hawaii’s coastal water supports an abundance of marine life while
drawing visitors from around the world. However, such waters are threatened by changing land use practices
and increased land-based pollutants, such as nutrients and other contaminants. In order to predict the effect of
land use change on water quality, and to estimate the impact that water quality has on the tourism economy,
this project completed two field studies to support efforts to quantify and map water quality-related ecosystem
services in West Maui. Estimates that capture the lost economic value of water quality problems can inform
management and help draw attention to the broader implications of land-based source pollution. The project
identified candidate valuation approaches and demonstrated the methodology in a pilot study on Oahu that
assessed the value to beach-goers of water quality-related impacts.

Temporal and Spatial Effects of Sewage Outfalls on the Ecosystem Health of Coastal Waters Offshore of
Honolulu

The reproductive strategies of marine worms have never been considered as a biological measure of
ecosystem health. This project’s staff investigated the spatial (near the outfalls diffusers or far field at
reference stations) and temporal (along 11 years of data collection) effects of the outfalls on the reproductive
capabilities of syllid polychaetes. Samples from Barbers Points have been collected during Winter and Spring
months and samples from the Sand Island outfall were collected during Summer and Fall months. The study
can have environmental implications by assessing any potential effects of the sewage outfalls on the
population structure of the selected species and their use as good indicators for ecological disturbances. Two
species of syllids were selected because of their abundance and frequency of mature individuals, Pionosyllis
heterocirrata and Sphaerosyllis sp. G. The sampling stations were categorized based on the proximity of the
outfall diffusers. An analysis of similarity (ANOSIM) was performed to test the statistical significance of the
a priori defined groups (i.e., ‘near’ and ‘far’ stations to verify for spatial variability and ‘year’ to account for
temporal variability). The results indicate that there are no significant differences between the reproductive
capabilities of both species from ‘near’ and ‘far’ field stations from the outfalls and throughout the 11-year
period. The sewage outfalls may not have adverse effects on the population structure of these two studied
species and they can be used as good indicators for ecological disturbances.

Bioaccumulation and Biotransformation of Arsenic by Marine Algae in Hawaii

For several decades, arsenical compounds were used in the Hawaiian Islands as pesticides on sugar cane,
which at one time covered most of the arable land in the State. Although the use of these compounds was
largely discontinued in the 1940s, much arsenic remains in the soil of former sugar cane fields and has been
continually transported, mostly bound to soil particles with water, into the coastal waters of the State.
Seaweeds, or limu in Hawaiian, are an important part of traditional Hawaiian cuisine and several species are
highly prized by local cooks. Although some of these are grown commercially, it is still common practice in
Hawaii to gather these algae along the shorelines in certain areas where they wash up. Arsenic is notably toxic
in several of its forms and therefore there are justifiable concerns about the safety of consuming algae from
waters subject to arsenic contamination. This concern is reinforced by the fact that some seaweeds are known
to concentrate arsenic. In addition, research conducted in 2012 on behalf of The Nature Conservancy in the
State revealed that seaweed collected at certain shoreline areas in the islands contains relatively high
concentrations of arsenic. While the initial intent of the study was to do a general survey of arsenic in algae
around the island of Oahu, the difficulties, delays, and expense encountered in the development of analytical
techniques that would yield meaningful results precluded this, and the project’s major contribution was in the
development of such techniques. In addition, and considering that different forms (species) of arsenic are
more or less toxic, therefore it is important to know in which of its various forms it is found in foodstuffs such
as algae. The work done in this project had the identification of different species of arsenic in our algae
sample as the principal goal. The techniques developed were able to account for around 70% of the total
arsenic in the sample leaving 30% as unknown species. The LC-ICPMS method employed was not able to
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fully characterize the arseninc in the samples. However the total concentration of arsenic in the Hawaiian
sample of Gracilaria salicornia was low compared to those found in some commercially available dried algae
intended for human consumption.

Impacts of Climate Change on Food Resources of Natiave Gobiid Fishes and Atyid Shrimp in Hawaiian
Shrimp

This project addressed an environmental issue related to climate change and water diversions that are altering
stream flow throughout Hawaii. Such changes may affect food resource quality and quantity available to
stream macroinvertebrates, including the native and endemic amphidromous atyid shrimp, ‘opae kala‘ole
(Atyoida bisulcata). A rainfall/stream flow gradient along the North Hilo coast on Hawaii Island provided a
model system to examine the potential impacts of altered stream flow on food resource quality and quantity,
and how these impacts can affect the diet and feeding modes of A. bisulcata. The project staff sampled A.
bisulcata and 10 potential food resources in five streams that vary in stream flow across the gradient. Analysis
of stable isotope signatures (delta13C and delta15N) revealed that A. bisulcata, an organism thought to
primarily feed by filtering suspended particles of organic matter out of the water column, were feeding largely
on benthic food resources biofilm and Chironomidae larvae. Biofilm and chironomids provided the
highest-quality food resources to A. bisulcata and contributed to 56-88% of their diets across the gradient,
regardless of flow metric or mean annual rainfall. Secondary contributors (i.e., food resources that contributed
less than 27%) to shrimp diets were filamentous algae, fine and course particulate organic matter (FPOM and
CPOM, respectively), leaf bacteria, and fine benthic organic matter (FBOM). These resources were slightly of
lower quality than biofilm and chironomids across the gradient. Total C:N (averaged across all food sources in
proportion to their biomass) tended to decrease with increasing rainfall, which can be interpreted as increased
overall food quality (in proportion to biomass) with increasing rainfall. This result was driven mainly by
increased biomass of two resources that were not considered to be components of A. bisulcata diets:
low-quality leaf litter in low flow streams and high-quality moss in high flow streams. Abundance of biofilm
and chironomids tended to decline with stream flow/rainfall, which may be driving patterns in decreased
fitness in A. bisulcata also observed in low flow or intermittent streams across this gradient.

Toward an Understanding of Residential Water Conservation Behaviors on Oahu

Understanding of residential water conservation behaviors can provide decision makers and policy-makers
valuable information about water demand management strategies. In this study the researchers investigated
the extent to which household characteristics and attitudes are associated with water conserving actions
among a cross-section of residential households on the island. Using a household survey that we merge with
billing data from the Honolulu Board of Water Supply, the team considered how socio-economic, attitudinal,
behavioral, and climate factors are associated with water consumption patterns. Several research questions
were addressed: (1) Do more informed and water-conscientious households actually use less water? (2) Are
households in more arid environments more concerned about conserving water than households in wetter
climates? (3) Do households that have taken water-conserving actions, like installing low-flow toilets, actually
use less water? What are the likely savings? An online survey was administered to 406 residential households
across Oahu. The survey asked households about water use practices both inside the home and outside the
home, and differentiated these practices by housing type (single-family vs. multi-family units) and tenure type
(ownership vs. rental). The survey asked questions about efforts to conserve water (e.g., installing low-flow
toilets and drought tolerant landscaping), awareness of conservation programs, and attitudes about more
sustainable consumption practices that could be undertaken to encourage households to reduce water
consumption. Results showed that respondents are water conscious and maintain that conserving water is an
important priority. However, how this translates into water reducing behaviors and practices is mixed. There
appears to be a room for growth in increasing conservation both indoors and outdoors.

Promoting Water Sustainability Literacy
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Hawaii faces immediate challenges in meeting demand for safe drinking water and the management of
wastewater. The Islands’ freshwater resources are limited and Hawaii’s ecosystems and environments are
increasingly threatened by the impacts of environmental degradation and climate change. A water
sustainability literacy project was initiated to address complex human-environment interactions associated
with water resource management, as mediated by the diverse cultural, political, and economic conditions in
the State of Hawaii. In particular, the project focused on educating the University of Hawaii at Manoa (UHM)
campus community to raise literacy about water-related issues at the campus, neighborhood, watershed, and
island scales. The project culminated with a campus mural on the theme of water painted by members of the
campus community on Earth Day 2016.

Hydrological, Tracer, and Geochemistry Studies

Development and Hydrogeologic Application of a Local Meteoric Water Line for West Hawaii

This project dealt with assessing hydrological flow and quality conditions by using geochemical and modeling
techniques. The study was based on the fact that local meteoric water lines (LMWL) and corresponding
relationships between delta2H and delta18O values in precipitation and elevation can be useful tools for
assessing groundwater recharge areas and flow paths. The study characterized the LMWL and the relationship
between delta18O values in precipitation and elevation for the West Hawaii region utilizing a network of 8
cumulative precipitation collectors sampled at 6-month intervals over a 2-year period. Additionally, values of
delta2H and delta18O were determined for groundwater samples across the study area. The data was utilized in
developing new conceptual models of groundwater flow and characterized groundwater flow paths in this
complex and poorly understood hydrogeologic setting. The West Hawaii LMWL indicates a primary source
of oceanic moisture from the lee of the island, while the delta18O-elevation relationship resembles that
determined for the trade-wind potion of the Hawaii Volcano region. The study also developed updated
conceptual models incorporating structural controls on groundwater occurrence and flow in the West Hawaii
region, which were utilized in conjunction with delta18O values for groundwater samples to determine that
groundwater flow paths in the West Hawaii region generally originate at high elevations in the island’s
interior. This study demonstrates the utility of water isotopes as tracers of groundwater flow in regions with
limited available groundwater data and has important implications for future development and scientific
investigation of water resources in West Hawaii.

Numerical Simulation of Cold Intermediate Depth Seawater Circulation Through the Keauhou Aquifer in
North Kona, Hawaii

Groundwater in the western portion of the island of Hawaii serves as the region’s primary water supply and
delivery mechanism of dissolved nutrients and inorganic C to the coastal ocean via submarine groundwater
discharge (SGD). Despite the economic and ecological importance of groundwater in this region, the
relationships between natural and anthropogenic terrestrial factors and groundwater nutrient and dissolved
inorganic carbon (DIC) concentrations are poorly understood. Researchers in this study measured PO4

3-,
SiO4

4-, NO3
-, and DIC concentrations as well as delta15N of NO3

- and delta13C of DIC values for groundwater
samples collected throughout the West Hawaii study area. They then used the Spearman’s rank correlation test
to aid in the assessment of the effects of land use/land cover, wastewater effluent discharge, and geothermal
activity along flow paths determined for each groundwater sample on the measured parameters. The study
found that geothermal activity was significantly correlated to elevated groundwater SiO4

4-, NO3
-, and DIC

concentrations and that wastewater effluent discharge along with urban and park land use was significantly
correlated to elevated groundwater NO3

- concentrations. Additionally, land use and land cover types
associated with greater precipitation and soil development were significantly correlated to elevated PO4

3-

concentrations.
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Geochemical Delineation of Aquifer Boundaries and Assessment of Groundwater Quality on Tutuila
Island, American Samoa

This study used geochemical indicators in groundwater (major dissolved ions, trace metals, and delta13C
composition of DIC) to meet two primary goals relevant to American Samoa’s water resource needs: (1)
complement ongoing efforts in water resource planning and groundwater yield determination, which need
better defined aquifer boundaries, and (2) identify the factors controlling groundwater quality on Tutuila
including anthropogenic pollutants. A suite of geochemical parameters was analyzed to identify geological
and anthropogenic chemical signatures that were used in characterizing water geochemistry in different
geological units of the island of Tutuila. The research team performed spatial and multivariate regression
analysis of the various components that spanned across the island of Tutuila and also focused at higher density
at the Tafuna-Leone Plain. The team identified spatial trends of major dissolved ions, heavy metals and other
water quality parameters. This project addresses the most critical water resource problem in American Samoa,
which is the scarcity of clean water resources near densely populated areas.

Microbial Studies

Evaluation of Next-Generation Sequencing Technologies for Environmental Monitoring

This study dealt with creating a catalogue for the microbial diversity for Oahu’s wastewater treatment plants
(Hawaii Kai, Honouliuli, Kailua, and Sand Island) and from the coastal waters extending from the Sand Island
outfall to Waikiki. Sequencing effort of 84 samples yielded 5,813,517 sequences that were assigned to 3,727
operational taxonomic units. Epsilonproteoabacteria, Gammaproteobacteria, and Bacteroidetes were the
dominant groups in wastewater samples, while Cyanobacteria, Gammaproteobacteria, and
Alphaproteobacteria as well as Bacteroidetes were the dominant groups in coastal waters. Wastewater
treatment had significant effects on microbial communities (R2 = 0.675, p less than 0.001). In general,
primary treatment (sedimentation) had little or no effect on microbial communities, while secondary (aeration)
and advanced tertiary treatment (flocculation followed by sand filtration and UV disinfection) impacted
microbial communities. Microbial diversity increased during the secondary treatment, but not during the
primary treatment. There were also significant differences among the wastewater treatment plants (R2 =
0.472, p less than 0.001). The effluent from all four wastewater treatment plants was characterized by distinct
microbial communities. In the coastal environments these microbial community signatures could be used to
detect and track sewage sources back to the wastewater treatment plants. There is a need to the stability of
these microbial signatures. There were also significant differences among microbial communities in offshore
and shoreline samples (R2 = 0.278, p less than 00.1). Samples collected from Keehi Lagoon had lower
microbial diversity (H = 2.31) when compared to the samples collected from Mamala Bay (H =
3.27)—possibly indicating a higher anthropogenic impact in Keehi Lagoon.

Evaluation of Portable Multi-Use Automated Concentration System (PMACS) for the Analysis of Indicator
Bacteria and Microbial Source Tracking Markers in Hawaii

This study addressed the overwhelming evidence that microbial distribution is patchy. Subsequently, the small
sample volumes (usually 100 ml) used in routine microbial water quality monitoring programs do not provide
an adequate representation of the water quality nor are sufficient for the detection of human pathogens, as a
result, an analysis of larger sample volumes is necessary. A study was thus initiated to evaluate a portable
multi-use automated concentration system (PMACS) for the analysis of indicator bacteria and microbial
source tracking markers in Hawaii. The analyses of wastewater, drinking water, and beach water samples
collected at various locations on Oahu by research teams from WRRC, Hawaii Department of Health
(HDOH), City and County of Honolulu (CCH), and University of South Florida confirmed that PMACS is a
practical and economical tool for concentrating wide variety of microorganisms from large sample volumes
(larger than 100 L) and can provide a more comprehensive characterization of microbial water quality. Three
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training workshops were provided for the HDOH and CCH teams. The study has led to a $60,000 grant from
the HDOH and a private sponsor to purchase and apply PMACS to resolve microbial water quality issues in
Hawaii.

Rainwater Harvesting in American Samoa: Current Practices and Health Risks

Rainwater harvesting (RWH) is an alternative source of water that many island communities use for drinking
and other domestic purposes (showers, cleaning, gardening, etc.) when groundwater and/or surface water
sources are contaminated, limited, or not available. RWH has several advantages, including: (1) reducing
pressure on the main water supply and energy demand, (2) reducing stormwater runoff that can often degrade
ecosystem health, (3) providing an alternative water supply during times of water restrictions or disasters, (4)
providing an “on-site” decentralized water supply requiring no large infrastructure, (5) the water is often of
superior quality compared to groundwater and water supplied by centralized systems, and (6) if the property is
individually owned, the owner will more likely take the responsibility for repair and maintenance. In this
study, 15 RWH systems were evaluated in American Samoa for: (1) indicator bacteria (Escherichia coli) as
well as for selected human pathogens (Cryptosporidium spp., Giardia, and pathogenic Leptospira) by
Colilert®-18, and (2) opportunistic human pathogens (Pseudomonas aeruginosa and Mycobacterium
intracellulare) by qPCR. Microbial communities in each sample were also determined by high-throughput
sequencing. Other drinking water resources such as well water, central tap water, village (stream) water, and
vending machine water were also evaluated for microbiological parameters as possible indicators for bacteria
and human pathogens. The study concluded that all rainwater samples collected were positive for total
coliforms. E. coli was detected in 64% of the samples tested. Total coliform concentrations ranged from 43 to
more than 2,429.6 MPN per 100 ml (geometric mean 259 MPN per 100 ml) and E. coli concentrations ranged
from less than 1 to 20 MPN per 100 ml (geometric mean 2 MPN per 100 ml). Cryptosporidium spp., P.
aeruginosa and M. intracellulare were detected in 86, 71, and 21% of RWH systems respectively. No Giardia
spp. nor pathogenic Leptospira (LipL32 gene) were detected in any of the systems studied. Legionella (14%)
and Staphylococcus (7%) were detected in the rainwater samples by high-throughput sequencing. Although E.
coli concentrations in the harvested rainwater and chlorinated tap water samples were similar, the proportion
of samples positive for human pathogens and opportunistic human pathogens indicates that a higher health
risk is associated with the harvested rainwater when compared to chlorinated tap water distributed by the
America Samoa Power Authority. Drinking of untreated village (stream) water presents the highest risk. Each
RWH system appears to contain distinct microbial communities with very limited overlap between the
systems in American Samoa as well as in Hawaii. Finally, the study confirmed that roof-harvested rainwater
in American Samoa is an important drinking water resource. It can be invaluable during the times when the
centralized system is stressed, although better handling procedures are recommended (e.g., installation of a
spigot) and treatment (e.g., boiling, filtration, etc.) is warranted before harvested rainwater is consumed.

Climate Change Studies

Evaluation of the Impact of Drought Conditions Upon the Waiahole Ditch System Development Tunnels

A study during this period covered the Waiahole Ditch System and the Pearl Harbor aquifer on Oahu, Hawaii.
Adverse climate change influences manifest by Waiahole Ditch discharge reductions is expected to impact the
groundwater flow from the high-level dike compartments to the Pearl Harbor basal lens. Climate change
effects on the groundwater flow regime, from dike compartments to basal lens, will escalate many competing
demands. A greater understanding of the relationship among the windward high-level groundwater body and
the Pearl Harbor basal lens would directly address these future concerns. This pilot study provided an initial
assessment of the relationship among the high-level windward dike compartment systems and the
groundwater basal system of the Pearl Harbor aquifer. Through such a link, a proxy of future adverse climate
change impacts can be identified. The scope of work included literature review, data compilation, statistical
analysis, monitoring of gauges, development-tunnel discharge measurements, and the evaluation of currently
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measured Waiahole Ditch discharge rates. A future phase of the study is recommended, in which a univariate
multiple regressions is used to determine appropriate models that best represent the associations among the
various variables. Semi-partial correlations would be assessed to determine its efficacy in isolating unique
contributions of a particular predictor variable to a response variable. Contrast coding and other statistical
methods may also be applied to identify completely independent contributions among predictor variables. The
study would focus on previous episodic drought conditions upon the Waiahole development tunnels
discharges with the perspective of foreseeing sustainability impacts attributable to adverse future climate
change conditions. Identifying the temporal dynamics of the dike compartment and basal lens interaction will
allow sufficient preparation time for policy makers to design specific capital projects that address adverse
climate change consequences.

Long-Term Aspects of High-Elevation Rainfall and Climate Change

Pacific climate variation over the last several hundred to several thousand years can be studied using networks
of biological and biogeochemical proxy records from sedimentary archives. A research team studied
freshwater organic sediments in Hawaiian montane wetlands on the island of Oahu to reconstruct local
environmental change, particularly in the context of hydroclimate and ecology. Multi-proxi data from an eight
thousand year old continuous sedimentation record from Kaau Crater in the southern Koolau Mountains
suggested a dynamic hydroclimate history including a pronounced drier climate period around 6500 years
ago, and an overall modest decrease in mountain temperature. The core from a site in the Waianae Mountains,
which receive less rainfall, showed a hydroclimate history that is different from the Koolau Mountains,
suggesting that comparison of windward and leeward sites likely holds information about climate history and
Pacific atmospheric circulation.

Ocean Terrestrial Contamination Studies

Identifying Future Hotspots for Algal Blooms and Impacts of Potential Land-Based Sources of Pollution
on the Health of American Samoa’s Coasts

Recent hydrological studies have shown that land-use practices, such as agricultural regimes, significantly
impact the State’s coastal biological communities, by means of tainting the submarine groundwater discharge
(SGD), a vector for the delivery of anthropogenic nutrients to tropical reefs. The health of tropical coastal
ecosystems can be dramatically and adversely impacted by such tainted discharge, either from wastewater or
from agricultural fertilizers. In coastal waters at sites where herbivorous fish are numerous, algal blooms are
minimal. However, in regions with few fish, tainted water discharges can result in large-scale blooms that
persist for years. In Kihei, Maui, tainted SGD wastewater is detected in coastal algae and drives nuisance
blooms, which have cost the County of Maui US$20 million annually as a result of clean-up costs and lost
revenue. Over the course of decade-long study of algal blooms in Hawaii, our researchers have developed
techniques enabling identification of coastal sites where tainted groundwater discharges, offering new tools to
identify hot spots -- sites that may be precipitously poised to suffer significant collateral impacts if ecosystem
features change with climate change. On Tutuila, the American Samoa EPA reports approximately 8,300 pigs
housed in 1,005 piggeries, of which only 3% were compliant with 2007 regulations. Piggeries judged to
represent a major threat to human health were defined to be located within 50 feet of streams in highly
populated villages; this spatial arrangement could also taint groundwater. Further, because of the volcanic
origin of the island, the NRCS reports that Tutuila’s groundwater is vulnerable to contamination due to high
formation permeability and does not have a great capacity to filter out waste. Current studies by collaborating
researchers aim to establish the extent of nutrient loading into groundwater on land, in areas that are ~1 mi
from coastal regions. However, the impact of this potential nutrient loading has not been evaluated in terms of
the health of the coastal biota on Tutuila. The research team deployed a multi-dimensional pilot evaluation of
the impacts of SGD on coastal biota of Tutuila. WRRC sponsored research in 2012-2013 allowed the team to
characterize communities of bacteria in coastal receiving waters changes as a function of human impact. The
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team’s access to benthic habitat mapping (NOAA Technical Memorandum NOS NCCOS 8) helped to
categorize these fine-scale sites where blooms could occur if tainted groundwater were to reach the coast. We
further propose to implement two means to characterize bacteria in biofilms and collect water samples for
whole community genomic assessment. We will collect algae, bacterial-laden biofilms, and water samples
from select sites on the southwestern shore of Tutuila, including two sites on either side of the proposed
impacted coastal site. We anticipate that this multi-dimensional study to facilitate identification of hot spots
for discharge of tainted SGD and those microbes that should aide resource managers in future monitoring and
detection of wastewater in coastal communities (WRRC, USGS, NOAA, USFWS as well as EPA scientists).

Quantifying Groundwater Discharge from the Fagaalu Aquifer, American Samoa

Fagaalu Valley on Tutuila Island, American Samoa, has been designated as a priority watershed management
area by NOAA Coral Reef Conservation Program (CRCP). Although Fagaalu’s surface water is on the
ASEPA 303(d) list of impaired waters, there was no information available on groundwater pollution and
discharge in the valley. To address this gap, a research team studied surface water groundwater interactions in
the Fagaalu Watershed, specifically looking at groundwater contribution to the stream and corresponding
nutrient loads as well as groundwater discharge to the bay. The team used geochemical tracers and
hydrological methods to derive groundwater discharge rates and corresponding nutrient fluxes. Estimates of
groundwater discharge to the stream and the coastline provided information on pollutant transport across the
watershed and these were also the first estimates of submarine groundwater discharge available in this
watershed. The study generated great interest and already helped establish collaboration for further
investigations with the American Samoa Power Authority.

Technology Transfer

Second Conference on Water Resource Sustainability Issues on Tropical Islands

Freshwater resources in island states are under threat from both overuse and contamination. On some islands,
climate change and sea level rise are already degrading water resources. However, researchers in these mostly
isolated places do not have the opportunity to share knowledge and experience with one another. Hence, there
is less frequent exchange between researchers on the islands and their colleagues in the major population
centers. Enhanced communication and collaboration between island researchers can provide a vital,
synergistic link, which will strengthen all the researchers programs. A common platform is always needed to
discuss these pressing issues and potential solutions. To meet these needs, the Second Water Resource
Sustainability Issues on Tropical Islands conference was held in Honolulu, Hawaii, December 1–3, 2015. The
conference was sponsored by the four water resources research institutes in the Islands Region of the United
States (Guam, Hawaii, Puerto Rico, and The Virgin Islands). The conference was aimed at providing a
platform for discussion between water resources researchers and others on existing water resources issues
facing tropical islands and those issues that are likely to develop in the future, particularly due to the
anticipated changes in climate.

The conference was a great success and achieved its objectives. All presentations were of high quality and
well received by participants. The Conference Organizing Committee decided to have the next meeting in
2017.

WRRC Workshop in American Samoa

The Water Resources Research Center at the University of Hawaii began administration of the State Water
Resources Research Program for American Samoa in 2013. It was proposed (under this project) to carry out
integrative consultations with the water sector stakeholders in American Samoa through a full day workshop
in Pago Pago and through related field visits. The aim was to strengthen the WRRIP program and its
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implementation in American Samoa, provide an opportunity for WRRC to understand the requirements and
priorities of stakeholders in American Samoa, and to identify local research partners and project opportunities.
The project was conducted in the Spring of 2016 (as the principal investigator was on sabbatical during
2014-2015).

Capacity Building and Science Communications for Groundwater Sustainability Work in American Samoa

To support research efforts on Tutuila, a research group consisting of students and faculty from the University
of Hawaii and the American Samoa Community College has worked on a project dealing with capacity
building and science communications for groundwater sustainability work. Starting in 2013, the group has
strived to understand these issues with field data collection, long-term monitoring of
groundwater-precipitation exchange, and numerical modeling. Water resource issues on Tutuila are complex,
and the group has stretched their limited resources across a number of objectives that explore multiple aspects
of these issues. The project provided invaluable support to these research efforts by 1) providing students with
the opportunity to present their scientific studies at conferences, and 2) by providing computer hardware and
software for ongoing fieldwork and numerical groundwater modeling.
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Abstract 
 

The island of Tutuila, the main island in the Territory of American Samoa, is currently 
faced with multiple water resources challenges. Groundwater sources provide the majority of 
drinking water to the island’s approximately 57,000 residents. However, a number of wells in 
the island’s most productive aquifers are suspected to harbor contamination from quickly 
infiltrating surface pollutants such as agricultural chemicals, biological pathogens, and 
nutrients from poorly constructed human and pig waste disposal systems. In this research, 
water sustainability efforts were focused on (1) addressing water quality issues affecting 
existing wells, and (2) seeking undeveloped pristine high-level water sources. Both of these 
studies use field observations as input data for groundwater models used for assessing potential 
solutions to Tutuila’s water quality issues. The water quality phase of the study addressed 
nitrogen-source partitioning in the Tafuna-Leone Plain to identify potential non-point 
contaminant sources and assess their relative impact on groundwater resources. The objective 
was achieved by developing a nitrogen loading and transport model, which was validated with 
nutrient and isotopic data. On-site disposal systems were identified as more impactful to 
groundwater resources than other non-point sources, specifically agricultural practices and 
piggeries, and should be prioritized in future water quality management efforts. The objective 
of the second study was to increase understanding of the potential for high-level water 
development in Tutuila’s mountains. The Malaeimi high-level water modeling study applied a 
local scale numerical model, which was calibrated with surface hydrogeological features to 
assess development potential. Field data included collecting elevations and locations of high-
level groundwater discharge points and geochemical samples from these locations. The results 
of this study indicated that there is a higher probability for sustainable development of high-
level water in the western half of Malaeimi Valley. Overall, both of these studies are intended 
to assist water resource managers in determining best management practices (BMPs) that will 
ensure the continued sustainability of groundwater resources on Tutuila.  
 
 
Problem and Research Objectives 

 
Groundwater resources in many small tropical volcanic islands are critically important. 

The sustainability of these resources is also often challenged by issues such as drought, salt-
water intrusion, and anthropogenic contamination. On Tutuila, American Samoa, current water 
demand nearly outpaces production and the island’s best aquifers are vulnerable to non-point 
sources of contamination. Groundwater provides about 88% of the drinking water on the 
island. A number of the island’s wells produce water that is under the direct influence of 
surface water, and a boil water notice has been in effect throughout much of the island since 
2009 (Chen 2013). The majority of the island’s water (71%) is produced in the Tafuna-Leone 
Plain (T-L Plain) region (Figure 1), a geologically young and highly permeable formation, 
which also harbors about half of the island’s population. The combination of high rainfall and 
high infiltration capacity in this area creates highly productive and developed aquifers. 
However, such characteristics also limit the soil’s ability to attenuate contaminants, leaving the 
groundwater susceptible to rapid pollutant transport from surface activities (Kennedy et al. 
1987). The American Samoa Environmental Protection Agency (ASEPA) recognizes a high 
groundwater contamination potential from numerous non-point sources including septic tanks 



 

and cesspools, or on-site disposal systems (OSDS), agricultural applications, and small but 
prevalent backyard scale pig rearing operations termed piggeries (ASEPA 2010). Automobile 
leaks are also a potential source, but to a lesser degree of severity. Human development on 
Tutuila has placed many of these contamination sources within close proximity to the 
population’s primary drinking water wells.  

 
Figure 1. Location of the study area. Dashed gray line indicates the numerical model no-flow boundary 
for the T-L Plain N-source partitioning study. Shaded green area indicates the model boundary for the 
Malaeimi high-level water modeling study. 
 

Considering that the island’s water supply system is currently compromised, effective 
sustainability efforts may be focused on two potential major objectives: (1) addressing water 
quality issues that affect existing wells on the T-L Plain, and (2) seeking other pristine high-
level water sources. Addressing water quality issues requires management and regulation of 
activities that negatively impact water quality at existing pumping wells. The most prevalent 
potentially contaminating activities on the island are OSDS, agriculture, and piggeries. The 
first objective was addressed by a T-L Plain nitrogen-source partitioning study. Observations 
of elevated total dissolved groundwater nitrogen (TDN) or (N) levels in developed areas of the 
island are a clear indication that anthropogenic sources are impacting groundwater quality. 
These elevated N levels are likely the result of one or more of the potentially contaminating 
land-use activities, and thus N can be considered a reasonable geochemical tracer to assess the 
contamination risk from these sources (Verstraeten et al. 2005; Mair and El-Kadi 2013). To 
rank the relative impact of each of these three sources, in addition to natural sources, this study 
used the distribution of total dissolved groundwater N in groundwater samples as a tracer for 
other potentially more harmful anthropogenic contaminants. Nutrient and stable isotope data 
from wells and springs was integrated with a groundwater loading and transport model to 
simulate TDN concentrations and N isotopic values in the T-L Plain. The model results along 
with independent validation data were used to determine which N sources are the highest 
priority for management. Successful management of pollution sources is an important first step 
in potentially restoring Tutuila’s existing public water supply to acceptable levels.  

The alternative to continued water development in the contamination prone plain is to 
assess the potential of high-level groundwater resources located up-gradient from 
anthropogenic pollution sources. This objective was addressed by a Malaeimi high-level water 
modeling study. On Tutuila, high-level resources are currently un-tapped and unexplored, 
though other high volcanic islands, such as Oahu, have successfully used high-level water 
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