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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 



 

 

resources for many years. Existing groundwater studies on Tutuila have not yet modeled these 
aquifers as a separate system. There is a critical need for additional hydrological information 
considering the lack of wells in the area. Groundwater exploration is unpredictable and 
resource intensive, thus it is imperative for water managers to be equipped with the best 
possible conceptual and numerical models to guide subsurface investigation. Numerical model 
calibration in this environment is difficult due to the lack of detailed hydrogeological data. 
This study presented a method for numerical groundwater model calibration based on field 
observations of natural hydrologic features and water sample geochemistry.  
 
 
Methodology 
 
T-L Plain N-Source Partitioning Study 

The modeling framework for this study involved integrating a modeled estimate of N 
loading, a simulation of groundwater flow, and a multi-species contaminant transport model to 
simulate the fate and transport of groundwater N (Figure 2). The grid based N-loading model 
was used to incorporate GIS based land-use data and estimates of end-member N 
concentrations. The groundwater flow field was simulated with a MODFLOW model 
(McDonald and Harbaugh 1988) and N transport was computed by integrating these results 
into an MT3DMS multi-species contaminant transport model (Zheng and Wang 1999). The 
models were pre- and postprocessed using the Groundwater Modeling System (GMS) 
(www.aquaveo.com/GMS) and calibrated with water sample data collected in the field. The 
final model output allows the quantification of N from each of the four potential sources, 
effectively tagging the N contributions from each source to any point in the model domain. 
 

 
Figure 2. Schematic of the modeling framework used in this study. Quantification of antropogenic 
impact to groundwater is evaluated by differentiating the contributions of multiple N sources. 



 

Field Data Collection 
The field-based approach included collecting water samples and performing well tests to 

measure aquifer parameters. Island wide groundwater sampling was conducted at wells, 
springs, and coastal seeps throughout a two-year period spanning August 2013 to August 2015. 
Water samples were analyzed for a number of water quality parameters, including nitrate  
(NO3

-), nitrite (NO2
-), ammonium (NH4

+), total nitrogen (TN), and total carbon (TC) 
concentrations at the University of Hawaii SOEST Laboratory for Analytical Biogeochemistry. 
The isotopic value of N in dissolved nitrate (δ15N) was also measured at the University of 
Hawaii Stable Isotope Biogeochemistry Laboratory using the denitrifier method (Sigman et al. 
2001). To obtain physical groundwater model parameters, recovery tests were performed on 
over twenty-five American Samoa Power Authority (ASPA) production wells in Summer 
2014. These tests are useful for estimating water levels and aquifer properties (Kruseman and 
de Ridder 1994). Recovery data were processed with the Cooper-Jacob Straight-Line Method 
(Halford and Kuniansky 2002) in order to estimate average values of transmissivity near each 
well.  
 
Modeling Methods 

The MODFLOW groundwater flow model used in this study is based on a previously 
published numerical model (Izuka et al. 2007), which estimated groundwater heads and areas 
contributing recharge to wells on the T-L Plain. Since new hydrologic monitoring data for 
Tutuila is limited, the three-dimensional numerical model used in this study adopts the 
conceptual foundation, general construction, and many of the parameters used in the Izuka et 
al. (2007) model. To simulate land-use derived nitrogen inputs, a grid based N-recharge 
coverage was developed. For each model cell, the number of individual pigs, OSDS units, and 
the percent of land under agricultural use were determined in order to assign a density of each 
N source to every cell. The model also included a small input of N from natural soil sources, 
which was distributed equally across all model cells. The four N types accounted for in the 
model were: OSDS-N, pig-N, agricultural-N, and natural-N. The model treated each of these N 
types as a separate species so that N from each source could be traced and their fractional 
portion of the total dissolved N load could be calculated. In order to simulate N transport, the 
MT3DMS solute transport package was used to integrate the MODFLOW flow field with the 
N-loading model, while accounting for the effects of advection and dispersion. The recharge 
sources from the N-loading model were set to provide the input of N that was carried through 
the aquifer. The output of the MT3DMS model was also used to calculate a concentration for 
each N source at every point in the model domain. These concentrations were then summed 
and compared to measured values of total N for model calibration and validation.  
 
Malaeimi High-Level Water Modeling Study  
Field Data Collection 

Perennial springs and seeps are generally assumed to reflect the location of the local 
water table and therefore may be used as a proxy for groundwater head elevations. During 
Summer 2014, a number of high-level spring locations in Malaeimi valley were identified 
(Figure 3) and used as known head elevations for the calibration of a steady-state numerical 
groundwater MODFLOW model. Averaged GPS coordinates at each spring were used to 
extract high accuracy elevations from a digital elevation model (DEM). Springs were also 



 

 

sampled for dissolved radon gas to test if it represented true groundwater discharge, as opposed 
to recent rainwater. Radon is generally not present in surface water or precipitation; however, it 
is easily dissolved into groundwater from recoil and diffusion from aquifer material. 
Significant quantities of 222Rn indicates recharge waters have been in aquifer pore spaces long 
enough for the Rn concentration to increase by an order of magnitude or more (Figure 4). 
Groundwater head elevations were inferred from a 1 m resolution DEM based on the 
geographic locations of each spring.  

 

 
 

Figure 3. Boundary conditions, spring locations, and hydrologic units used in the Malaeimi high-level 
groundwater model. Orange and purple boundaries represent specified head boundary conditions. 

 
 

 
Figure 4. Concentrations of dissolved radon in springs used to model calibration were an order of 
magnitude greater than concentrations found in surface waters. 



 

 
Modeling Methods 

A local scale numerical model was created for the area surrounding the Malaeimi 
watershed. This model was intended to synthesize data regarding surface hydrogeological 
features and to better understand the potential for high-level water development in Tutuila’s 
mountains. Spring elevations were used as known head elevations for calibration of the steady-
state MODFLOW model. The three-dimensional numerical flow model utilized the conceptual 
basis and many of the initial parameters of the previously published Izuka et al. (2007) model, 
including coverage recharge, initial hydraulic conductivities (prior to calibration), and stream 
locations and conductance. The primary difference between the two models was that the Izuka 
et al. (2007) model considered the mountainous region in the northern part of the Malaeimi 
region to be a single low-permeability hydrologic unit. The valley runs along the contact 
between dense ponded lava flows and trachyte intrusions of the Pago inner-caldera unit on the 
eastern side of the valley, and a‘a lava and ash beds of the Pago outer-caldera unit on the 
western side (Stearns 1944). In this model, the single old-volcanic unit from the Izuka et al. 
(2007) model was divided into multiple units of different hydraulic conductivity based on 
geological evidence. The hydrologic units defined in the model were the alluvial fill valley 
bottoms, dense trachyte domes, an inner-caldera volcanic unit on the eastern half of the region 
and an outer-caldera volcanic unit on the western half of the study area (Figure 3). Within the 
Malaeimi watershed, flux out to drains was routed back into the model via mountain front 
recharge at the applicable cells. Calibration was performed based on head locations from 
springs and wells in the valley. Once calibrated, the model was used to run hypothetical water 
development scenarios to calculate sustainable yields for each unit. Two hypothetical well cells 
were also placed at -3 to -50 m depth, in the outer caldera unit and the inner caldera unit.  
 
 
Principal Findings and Significance 
 
T-L Plain N-Source Partitioning Study 
Sampling Results 

In general, island-wide sampling showed a trend of higher TN concentrations at 
groundwater sites located in more developed areas. Pristine upland springs had low 
concentrations of TN, ranging between 5 to 10 µmol/L and well fields in developed areas had 
average TN concentrations ranging from 70 to 100 µmol/L. Less impacted well fields had 
average TN concentrations between 42 and 58 µmol/L. Analysis of the isotopic composition of 
N in groundwater NO3

- (δ15N) showed that more pristine samples generally have δ15N values 
that are consistent with an atmospheric or soil nitrogen source (3‰–5‰), whereas most coastal 
springs samples in developed areas had δ15N values exceeding 10‰. Well waters showed 
intermediate δ15N values, which is probably due to the contributions of NO3

- from mixed 
sources. Comparison of the δ15N value with the total N concentration in all samples shows a 
statistically significant correlation (p = 0.003), which suggests that the observed elevated levels 
of groundwater N probably originate from a high δ15N source such as animal or human waste.  
 



 

 

Modeling Results 
The MT3DMS model was used to quantify the fraction of TN from each source. By 

estimating the locations and TN contributions of each of the non-point sources, the model was 
able to explain about 70% of the observed variability in groundwater TN concentrations 
(Figure 5). When the modeled concentrations of all four TN types were summed for a cell, the 
fractional contribution of TN from each source (the percentage of influence) can be calculated. 
Since the model calculates TN concentrations at every point in the model domain, areas of high 
contamination risk can be visualized (Figure 6). Weighted averages of the percentage of 
influence at all observation points clearly shows that the majority (61%) of the modeled TN 
comes from OSDS units. Weighting is based on the relative concentration of total N in each 
cell. Percentages of influence and total-N mass in the aquifer were also calculated by averaging 
across all cells in each hydrological unit to assess differences between regions. Overall, OSDS 
remains the predominant source of N throughout every region in the entire domain, and 
contributes between 26% to 70% of the total N depending on the unit. Piggery-N makes up 
about 15% of the total in developed areas and overall, contributes about 25% of the N that 
OSDS does. Agricultural contributions are about as impactful as natural sources, both 
accounting for 10% to 15% of the total.  

 
 

 
 
Figure 5. Scatterplot of MT3DMS model calibration data based on observed vs. computed total N 
concentrations at 2013–2015 obs. pts. The solid grey line is the 45° line. The symbols are: coefficient of 
determination (r2), mean average error (MAE), mean relative error (MRE), and modified index of 
agreement (d1). 
 
 



 

 
Figure 6. The modeled spatial distribution of total N from all sources at the end of the MT3DMS 
simulation period. 

 
Assessment of how well the MT3DMS model is able to predict the partitioning of impact 

from each source relies on identifying a distinctive and independent tracer of N from each 
source for validation. Isotopes of N in nitrate were a reasonable choice in this regard. Since the 
groundwater N sources in this region theoretically have different and predictable δ15N values, 
an isotope mass balance equation can be used to estimate the unknown fractional contribution 
from each source. This equation computed a predicted δ15N value at each of the observation 
points, which could be compared to the corresponding measured δ15N value for model 
validation (Figure 7). Comparison between the δ15Nmodeled and δ15Nmeasured values yielded a 
statistically significant (p = 0.0004) coefficient of determination (r2) of 0.59. These results 
provide an assessment of the model’s ability to correctly predict the mixing of waters from 
each source and indicates that the model is able to reproduce about 60% of the variability seen 
in the measured δ15N values. 

 
Figure 7. Comparison of the MT3DMS model computed δ15N values to measure δ15N values from 
samples. The solid grey line represents the 45° line. 



 

 

Once the model was calibrated, land-use change scenarios were developed in order to 
estimate the effects of performing various management actions on groundwater quality. Six 
different land-use scenarios were run, two for each of the three N sources. These scenarios 
included an expansion of the current sewer system to serve the villages of Leone and Malaeloa, 
switching all sewer connected households with OSDS units, reductions of piggeries to 50% of 
present levels, 100% removal of all pigs in the study area, and a 50% reduction and a 100% 
increase in agricultural loading. The effects of the land-use or management changes in 
scenarios were assessed by comparing changes in N loading and in the change in the modeled 
total N concentrations at the production wells (Table 1).  
 
Table 1. Results of land-use or management change scenarios on TN loading, storage and 
influence to groundwater.  

Scenario Reduction in  
Pigs by 50% 

50% Decrease  
in Ag. N 

Additional  
sewers in Leone 

Removal of  
ALL sewers Initial State 

Δ TN loading (mg/yr) -2.2 -2.3 -3.7 +11.5 26.8 
(total) 

Average TN at wells 
(µmol/L) 

61.5 62 49 121 66 
(µmol/L) 

 
 
Malaeimi High-Level Water Modeling Study  
Modeling Results 

Results from the local scale model of the Malaeimi watershed indicate a greater potential 
for well development in the western portion of Malaeimi valley than in the eastern part. Spring 
elevations are generally higher on the eastern side of the valley, which suggests the geological 
formation that is controlling the spring head levels is less conductive, and thus is able to 
holding water at a higher elevation (Figure 8). This was represented in the model by 
modulating the ratios of conductivity between the eastern and western sides of the valley until 
a successful model calibration was achieved. Based on model calibration results, the hydraulic 
conductivity of the inner-caldera unit (eastern side) is estimated to be roughly 12 times lower 
than that for the outer-caldera unit (western side). Successful calibration of the model also 
depended on using a horizontal anisotropy factor (KE-W / KN-S) of 10:1, which simulates dike 
orientations that lie parallel to the east-west trending rift zone. The inner-caldera unit shows a 
higher maximum drawdown to pump-rate ratio (Figure 9), which is a result of lower 
hydrologic conductivity. The hypothetical outer-caldera well has a comparable pump rate to 
drawdown ratio (3.2 m2d-1) to an existing outer-caldera well (4.2 m2d-1) located in the same 
geologic unit. Criteria for sustainable yield are based on a maximum reduction of water table 
elevation by 22 m, the largest currently accepted production well drawdown of any ASPA 
well. For context, the largest water user on the island, Starkist Tuna, places a 1 million gallon 
per day (MGD) stress on the ASPA system. Sustainably meeting an additional 1 MGD need 
from this high level groundwater alone would require the installation of a water development 
infrastructure, i.e., horizontal wells or Maui-type shafts covering the equivalent of 54 well cells 
in the outer-caldera unit or 253 cells, in the inner-caldera unit. In addition, modeled well pump 
rate to drawdown ratios are roughly 5 times higher in the denser inner-caldera region. These 



 

results suggest that there is a higher probability of finding a developable high-level 
groundwater source in the outer-caldera unit of the Pago Pago shield, rather than in the inner-
caldera unit.  
 

 
 
Figure 8. Modeled groundwater head elevations in meters above MSL. Model was calibrated with seven 
springs and two observation wells. Also shown are locations of two hypothetical pumping wells. 
 
 
 

 
 
Figure 9. Results of hypothetical pumping scenarios for wells in the two geologic units. Modeled wells 
were pumped at 50 to 300 m3d-1 or until well cells went dry. 
 



 

 

Additional Project Achievements 
Development of Collaborative Network of On-Island Water Resource Stakeholders  

A significant achievement of this project has been the development of partnerships 
between the University of Hawaii Water Resources Research Center (UH-WRRC) and on-
island water stakeholders including ASPA, ASEPA, American Samoa Community College 
(ASCC), and a number of individual village leaders in the community. These relationships 
have involved the sharing of water resource information, climatological and water quality data, 
as well as recommendations for project design and implementation by both sides. This project 
has benefited greatly by the inclusion of faculty and student interns from ASCC.  
 
Training American Samoa Community College Student Interns 

Another goal of this project was to build local capacity and involve members of the 
scientific community in American Samoa. This was achieved by developing a partnership with 
the science department at ASCC, and by incorporating the department chair, Dr. Randel 
DeWees, as a faculty partner on this project. Dr. DeWees served as an advisor and supervisor 
for a total of six student interns that assisted with sample collection, data analysis, and 
fieldwork throughout the duration of the project (Figure 10). These interns received scientific 
training as well as a stipend for their invaluable assistance on this project.  
 

 
 
Figure 10. Dr. Randy DeWees setting up infrastructure for water quality monitoring at wells and in 
precipitation (above). ASCC student intern Hugh Fuimaono collecting samples from high-level springs 
in Tutuila’s mountains (below).
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Problem and Research Objectives 
 

American Samoa’s reefs are considered to be among the most pristine in the nation, and 
the islands’ coastal ecosystems contain some of the most diverse ecological communities on 
earth. These reefs host approximately 950 species of fish, 240 species of algae, 330 species of 
coral, and many other species of invertebrates (Birkeland et al. 2007). These communities have 
been surprisingly resilient to a recent series of natural perturbations such as hurricane damage 
and bleaching events. However, anthropogenic pressures such as land based sources of 
pollution, increased sedimentation, and nutrient loading may further reduce reef’s ability for 
recovery (Craig 2002). In Faga’alu Bay, a small arm of Pago Pago Harbor, anthropogenic 
contaminant sources have been implicated in degraded reef health and the consistent failure of 
stream and coastal waters to meet AS-EPA 303(d) water quality standards for both aquatic life 
and human recreation (AS-EPA 2014). The American Samoa Environmental Protection 
Agency’s (ASEPA) coral reef monitoring program has determined that Faga’alu’s benthic 
ecosystem is one of the most impacted on the island (Houk et al. 2005). 

Because of its high population density and vulnerability to degradation, Faga’alu Valley 
has been designated as a federal priority watershed management area by the United States 
Coral Reef Task Force (CRCP 2013). This designation is primarily based on water quality 
metrics from coastal water as well as surface waters that have been shown to be a transport 
mechanism for terrigenous nutrients and sediments. Long-term studies of coral reef health 
around the island indicate that significant freshwater input on the southern coast of Tutuila, 
possibly due to groundwater, may be a significant explanatory variable in reef health (Houk et 
al. 2013). However, it is only recently that groundwater is starting to be recognized as another 
possible source of pollution in Faga’alu Bay (Whitall and Holst 2015). At present, there have 
been no studies conducted to determine groundwater quality, movement, or flux rates in this 
bay, although groundwater has been shown to be a potentially significant source of nutrients 
and other anthropogenic contaminants in similar environments (Johannes and Hearn 1985, 
Dulaiova et al. 2006, Burnett et al. 2007). A more complete understanding of groundwater 
derived nutrient fluxes are needed to begin assessing the degree of anthropogenic impact and 
nutrient loading to the coastal ecosystem. 

This study’s main objective was to evaluate the potential for groundwater to act as a 
vector of pollution to Faga’alu Bay. The study met these objectives by developing a conceptual 
model of surface water-groundwater interactions within Faga’alu Stream, quantifying 
groundwater-stream water exchange and associated nutrient flux, and quantifying the rate and 
nutrient flux of submarine groundwater discharge (SDG) into Faga’alu Bay. These 
measurements were validated with estimates of groundwater flux and nutrient loading based on 
land-use and watershed modeling results.  
 

 
Methodology 
 

To assess the potential for groundwater derived pollutants to enter the coastal zone, 
watershed scale nitrogen-loading estimates were compared to snapshot measurements of SGD 
rates and nutrient levels in terrestrial and coastal groundwater. During the summer of 2014, 
nutrient samples and direct SGD measurements were taken from the accessible length of 
Faga’alu Stream, from all observable coastal groundwater discharge sites, and throughout  



 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Locations of stream, well, coastal groundwater, and nearshore water sampling sites. All 
stream sites were gauged and those marked with yellow circles were sampled for nutrients as well. The 
study focused on the lower reach of Faga’alu Stream as this reach encompassed the majority of human 
development within the valley. 

 
Faga’alu Bay. Watershed scale nutrient loading was estimated with the use of a SWAT 
watershed model (Arnold et al. 1998) and land use data that was compiled from various local 
agencies.  
 
Water Sampling and Stream Gauging Methods  

All water samples were collected during a 2 week long sampling campaign and 
subsequently analyzed for nutrients, δ15N(NO3-) values, and dissolved 222Rn tracer (Figure 1). 
Faga’alu Stream was sampled and/or gauged at nine locations throughout its lower reaches and 
streamflow was measured using a Price-type Pygmy Current Meter. The velocity-area-method 
(Turnipseed and Sauer 2010) was used to calculate discharge. Stream samples were taken at 
baseflow conditions during a single 24 hrs period. A number of freshwater springs were 
identified and sampled along the coast at Faga’alu Bay, and three coastal groundwater 
discharge locations were selected for installation of 2 m long PVC piezometers, which were 
placed roughly 0.3 m below the water table. Piezometers were outfitted with conductivity, 
temperature, and depth loggers (CTD-Diver, manufactured by Schlumberger) for one week and 
water samples were taken during both high and low tide from one piezometer. A sample was 
also collected from the production well in Faga’alu Valley to be used as a groundwater 
endmember.  

All nutrient samples were filtered through 0.45 µm capsule filters, and temperature, 
salinity, pH and dissolved oxygen were measured in situ with a YSI multiparameter sonde 
(6600V2-4 model). Samples were collected in triple-rinsed acid cleaned 60 ml HDPE bottles 
and were immediately chilled. Grab samples were analyzed the same day for dissolved radon 

 



 

gas concentrations and chilled samples were analyzed at University of Hawaii laboratories for 
inorganic nutrients, total dissolved C, N and P, and δ15N of nitrate (NO3

-).  
  

Land Use Modeling Assessment 
The American Samoa Environmental Protection Agency (AS-EPA) recognizes a high 

groundwater contamination potential from numerous non-point pollution sources including: 
septic tanks and cesspools, herein referred to as on-site disposal systems (OSDS), agricultural 
applications, automobile leaks, and small but prevalent backyard scale pig rearing operations, 
termed piggeries (AS-EPA 2010). Elevated levels of total dissolved groundwater nitrogen (TN) 
are associated with all of Tutuila’s high-impact anthropogenic activities and these activities on 
Tutuila are the most likely sources of excessive groundwater N (Falkland 2002). To model the 
potential excess TN loading into the bay an assessment of the valley’s land use and 
groundwater recharge was performed. Locations of piggeries and pig numbers were obtained 
from an annual census based GIS dataset supplied by AS-EPA and agricultural land-use data 
were obtained from a vegetation mapping survey performed by the American Samoa 
Community College Land Grant (Liu et al. 2011). Locations of OSDS units were indirectly 
determined with a remote sensing approach, since no direct survey data is available on Tutuila. 
This was accomplished by taking the known locations of buildings, and geospatially 
subtracting ones that were within a close enough proximity to be connected to a sewer line. 
Loading rates were based primarily on published loading estimates for these land-use 
activities. The end-member concentration for pig-N was based on an estimated release rate of 
14 kg of N pig-1 · year-1 (AS-EPA 2013) and agriculture loading was based on an estimate of 
synthetic fertilizer application rate of 2.81 kg · ha of arable land-1 · year-1 in Samoa (World 
Bank 2015).  The amount of nitrogen loaded to groundwater per OSDS unit was calculated 
based on a direct measurement of Tutuila wastewater taken from the Utulei Wastewater 
Treatment Plant.     

The Soil and Water Assessment Tool (SWAT) model was used for watershed 
hydrological modeling and to develop a groundwater recharge estimate for the Faga’alu 
Watershed. This modeling was accomplished under a different project (WRRIP, PI: El-Kadi, 
Sustainability of Water Resources on American Samoa under Threats of Climate Change and 
Contamination).  

The model development was based on: 
• A 3×3 m Digital Elevation Model (DEM) obtained from NOAA Ocean and Coastal 

Services Center, 
• 1:24,000 scale soil maps from the Natural Resources Conservation Service—Soil 

Survey Geographic (SSURGO) database, 
• A 2.4×2.4 m 2010 land use map from the Coastal Change Analysis Program (C-CAP). 
Daily rainfall was measured by collaborating researchers from San Diego State 

University (SDSU) at two sites within the watershed for the period 2012 to 2014. Daily wind 
speed, relative humidity, and maximum and minimum temperatures were only available at one 
of these sites. Solar radiation was measured by project partners at the American Samoa 
Community College (ASCC) and additional relative humidity data were obtained from the 
American Samoa observatory of NOAA Earth System Research Laboratory (ESRL) at 
Matatula station For model calibration, daily streamflow measurements for the period 2012 to 
2014 were recorded by SDSU researchers at two sites on lower Faga’alu Stream. Based on 



 

 

available hydro-meteorological and geo-spatial data, the Faga’alu Watershed was divided into 
26 sub-basins and 403 Hydrological Response Units (HRUs). The model was built for the 
period of 2005 to 2014. The first seven years were used for model warming up, the period from 
2012 to 2013 was used for calibration, and the model was validated for the year 2014. 

Groundwater recharge in Faga’alu Valley has three potential fates: (1) removal by 
production well 179, (2) being discharged into the bay, and (3) loss to deeper aquifers below 
and eventual discharge offshore. The latter fate was assumed to be a negligible loss from the 
water budget because an older-volcanic unit that makes up the basement of the alluvial fill 
valley aquifer is thought to be relatively impermeable (Izuka et al. 2007). The volume of water 
pumped annually from well 179 was subtracted from the total groundwater recharge to 
estimate a modeled SGD rate. Finally a watershed-based groundwater N-budget was developed 
in order to derive modeled N-loading rates to the bay, and the modeled recharge rate was used 
to estimate end-member N-concentrations in SGD.    
 
Nearshore Water Survey and Times-Series Measurements  

The noble gas 222Rn is an excellent natural tracer of groundwater influence, as it is 
generally not present in surface water or precipitation, has an unreactive nature, and has a short 
half-life. Radon is easily dissolved into groundwater via recoil and diffusion from aquifer 
material, but quickly evades to the atmosphere once discharged from the aquifer. Significant 
quantities of Rn indicates that recharge waters have been in aquifer pore spaces long enough 
for Rn concentration to increase by an order of magnitude or more. Because of these features, 
Rn has been widely used as a tracer of SGD in coastal areas (Burnett and Dulaiova 2003, 
Moore 2010, Rodellas et al. 2012). 

To assess the distribution and magnitude of groundwater discharge throughout the entire 
inner-bay, a nearshore water survey was conducted via a boat during a low tide cycle. The craft 
was instrumented with a continuously logging YSI multiparameter sonde (6600V2-2 model) 
and a continuously logging dissolved radon gas detector (Rad-Aqua, manufactured by 
Durridge). Depth profiles were conducted with a CTD logger at 5-min intervals and nearshore 
water samples were collected at 10 min intervals during the survey. Nearshore water samples 
were collected and analyzed in the same manner as stream and coastal groundwater samples. 
The temporal variability of SGD measurements was assessed by scaling the spatial information 
measured in the Rn survey by a time-series measurement at a single location over a 48-hrs 
period directly before the survey time. This measurement was intended to quantify the inherent 
tidal variation in SGD rates. During the time-series, a continuous stream of nearshore water 
from a single location was pumped through on-shore instrumentation which included a YSI 
multiparameter sonde (6600V2-2 model) and a continuously logging dissolved radon gas 
detector (Rad-Aqua, manufactured by Durridge). These instruments recorded variations in 
salinity and radon gas concentrations over two complete tidal cycles. Nearshore survey and 
time-series data were analyzed and processed with the methods used in Burnett and Dulaiova 
(2003), Dulaiova et al. (2010) and Schubert et al. (2012). 

The spatial distribution in groundwater flux rates was determined by assessing the 
amount of Rn in each surveyed groundwater plume area. After correcting for evasion, 
diffusion, and other non-SGD sources of Rn, the amount of groundwater flux to the bay (QSGD) 
was calculated by the equation derived by Dulaiova et al. (2010):  

 



 

Where, AC and AGW are the Rn activities in the coastal water and groundwater end 
members, respectively, V is the volume of water in the groundwater plume and τ is the 
residence time of the bay water at the plume location. Residence times of 33 hrs and ½ of a 
tidal cycle (12.2 hrs) were chosen to represent the maximum and the minimum estimated 
residence times based on previous studies of water circulation in the bay (CRCP 2014, A. 
Messina, personal communication).  
 
 
Principal Findings and Significance 
 
Stream-Groundwater Interactions 

Stream gaging measurements, water quality data, and direct observations were used to 
develop a conceptual model of the groundwater-stream interaction (Figure 2). In the stream’s 
upper reaches, springs and small tributaries were observed to be feeding the stream, indicating 
an overall transfer of high-level groundwater to the stream. In this section, low permeability 
features, perhaps dikes or dense lava flows, probably impound water in the shallow subsurface 
and allow it to overflow into the stream bed. As the stream gets to the alluvial valley floor, 
stream gauging measurements indicated a loss of water, except where a tributary added volume 
to the stream. Low radon levels in this section supported this interpretation. Once the stream 
reaches an elevation nearing sea level, an increase in flow and a nearly four-fold increase in 
dissolved radon concentrations suggests a contribution to the stream from the basal 
groundwater lens. The increase in Rn is accompanied by an increase in NO3

- and δ15N levels as 
well, and the streamflow increase cannot be attributed to any surface water tributaries (Figure 
3). The total measured surface water discharge just above the stream mouth was 3,524 m3/day.    

The above information suggests that the stream originates from high-level groundwater, 
and runs down the steep mountains gaining water until it reaches the flatter valley floor where 
it loses some water to the aquifer. The stream runs through the village, picking up surface 
contaminants, such as sediment, and losing water to the ground until it nears its point of 
discharge. Here the stream level intersects the shallow basal aquifer, which begins to 
contribute water and nutrients to the stream. The stream discharge to the bay is thus composed 
of both surface water and groundwater from the aquifer underlying the village.  

A geochemical mass balance calculation using Rn concentrations can be used to 
determine (Fs), the fraction of stream water and (Fg), the fraction of groundwater in the stream 
at its mouth.  The equation used to model this mixing is: 

  

 
Where (Cs) is the concentration of Rn in the upper reaches of the stream, (Cgw) is the 

radon concentration in the groundwater end member from well 179, and (Cmix) is the mixed 
sample radon concentration collected at the lowest stream site.  

The results of this calculation show that at the location just above the stream mouth, 69% 
stream water (2,444 m3/day) is original surface water, and 31% (1,080 m3/day) of the stream 
water is recently discharged groundwater. This estimate compares reasonably well to a second  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Conceptual model of groundwater stream-water interactions in Faga’alu Valley. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Nitrogen and radon dynamics along Faga’alu Stream as it travels through the developed part 
of the watershed. The stream mouth, where the stream discharges into the bay, is located 1,250 m 
downstream from Faga’alu quarry, which marks the upper boundary of the lower reach of Faga’alu 
Stream.  

 

 



 

method of calculation based on directly gauging the stream; as gauging data show a clear 
increase in streamflow between the lowest gauging point and the next point 150 m upstream.  
This physically based method yields fractions of 74% stream water to 24% groundwater. By 
knowing this fraction an estimate of the TN concentration of the groundwater endmember can 
be calculated with the following:  
 

 
Where (Cgw) is the concentration of TN in the groundwater end member, (Cmix) is the TN 

concentration at the lowest stream site, (Fs) is the fraction of stream water at the lowest stream 
site, and (Cs) is the average TN concentration in the upper reaches of the stream.  

This calculation suggests that the groundwater in the near shore aquifer that is feeding the 
lower reaches of the stream should have a TN concentration around 39 µmol/L. This estimate 
compares quite well with the (freshwater fraction) measured TN concentrations of coastal 
springs, which ranged from 17–61 µmol/L, and had average concentration of 41±19 µmol/L. 

The δ15N values of NO3
- in the stream also show an increase as the stream passes through 

the village and nears the coast (Figure 3). This suggests that the N, which is added to the 
stream as it travels through the village is derived from human or animal waste products 
(Kendall and McDonnell 1998). 
 
Land Use, Watershed Modeling and N-Budget Results 

Groundwater recharge estimates were simulated with the SWAT watershed model 
(Figure 4). The temporal evolution of daily streamflow hydrographs were well reproduced by 
SWAT with a Nash-Sutcliffe Efficiency (NSE) of 0.65 to 0.86 for both calibration and  

 

Figure 4. Modeled estimate of groundwater recharge from the SWAT model. 
 



 

 

Table 1. Flux rates of water and nutrients into Faga’alu Bay based on modeling results,  
and measurements of stream and coastal parameters. 

 
Water Flux 

(m3/day) 
Total N Flux          

(kg/yr) 
Total P Flux           

(kg/yr) 

Modeled Values of Groundwater Flux 
(based on watershed model) 3,086 416 to 1248* – 

Measured Values of Groundwater Flux 
(based on Rn) 4,200 897 ± 418** 240±97** 

Stream Flow Calculations                 
(measured)    
 Total 3,524 354.5 137.3 
 Surface fraction 2,444 245.9 95.2 
 GW fraction 1,080 108.6 42.1 

*Range is based on assumed loading rates of 25% and 75% respectively. 
**Standard deviation is based on uncertainty in groundwater end member nutrient concentrations. 

 
validation periods, indicating the ability of the model to simulate daily streamflows well. 
Considering the streamflow simulation uncertainty, 57% to 87% of the observations were 
bracketed at 95% confidence interval. The SWAT model uses a water budget approach to 
simulate groundwater recharge at each cell throughout the study area, and the average annual 
average recharge for the period 2012–2014 was used to estimate the potential SGD rate (Table 
1).   

The modeled N-sources in Faga’alu included 6 piggeries with an estimated 68 pigs, 74 
OSDS units, and about 35 ha of land under cultivation (Figure 5). Based on loading estimates, 
these three sources have the potential to contribute up to 1.7 metric tons (Mg) of N to the 
watershed per year. The modeled SGD end-member N-concentration was computed by 
multiplying the total modeled N-load by an attenuation factor and then dividing into the total 
volume of modeled SGD. The processes of volatilization, adsorption, denitrification, biological 
uptake, and runoff to surface water all act to change the speciation and N concentration of 
recharging waters between their discharge point and the water table, necessitating an 
attenuation factor in this calculation. The range of N attenuation rates from source to 
groundwater has been reported for these N-sources to be between 25–75% (Choudhary et al. 
1996, Siegrist et al. 2000, Bohl et al 2001, Hinkle et. al. 2008, Viers et al. 2012). Since this 
parameter is the most uncertain and poorly constrained, a range of potential end member 
concentrations is reported. Attenuation and runoff losses ranging from 25–75% make the 
modeled loading of N from groundwater to the coastal system fall into the range of 420–1,248 
kg-N/yr. This loading rate divided by the total amount of modeled SGD yields modeled end-
member concentrations of TN ranging from 26–79 µmol/L.  

The validity of these modeled loading rates can be assessed by comparison with 
measured concentrations of total dissolved groundwater N in coastal groundwater samples, 
which are corrected for the effects of dilution by seawater. The average total N concentration 
of coastal groundwater again ranges from 17–61 µmol/L, with an average concentration of 
41±19 µmol/L. Good agreement between observed and modeled TN concentrations suggests 
that the combined effects of the modeled land-use activities are driving the nutrient 
contributions that are observed in coastal groundwater samples.    



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Land-use activities in Faga’alu Valley used in the watershed based N-loading model. These 
activities are assumed to be the primary contributors of anthropogenic nutrients to the lower reach of 
the watershed and the bay.  

 
 
Nearshore Water Quality and Groundwater Influence 

Measurements of coastal radon inventory indicate that a significant amount of 
groundwater is discharging into and influencing the chemistry of surface waters in Faga’alu 
Bay. The coastal water survey revealed three distinct groundwater discharge hot spots, or 
plumes, one each on the north, central and south shores of the bay (Figure 6). Low tide 
groundwater and nutrient flux was calculated separately for each of these plumes, based on 
maximum and minimum estimated water residence times. Because SGD is highly dependent 
on tidal fluctuations, a time-series measurement of Rn concentrations over two full tidal cycles 
was used to calculate the temporally variable SGD flux rate. The relative magnitude of 
discharge from each plume was used to upscale the result to the entire bay. This gave an 
estimate of total groundwater and nutrient flux to the whole bay throughout the 48-hrs period 
(Figure 7).    

In Faga’alu’s coastal waters, levels of inorganic N are higher than those found in offshore 
waters, indicating that local terrestrial nutrient sources are clearly affecting the geochemistry of 
the bay. Within the bay itself, nutrient levels are elevated in the northern part relative to the 
southern part (Figure 6). This is probably due to a couple of factors: 1) a persistent clockwise 
moving current that transports coastal water and suspended load from the south to the north 
(CRCP 2014; A. Messina, personal communication) and 2) heterogeneity in the locations 
where SGD magnitudes are higher. The northern and central plumes show discharge rates that 
are 5 and 10 times higher, respectively, than the southern plume. Additionally the current also 
acts to transport stream water and its associated nutrient load to the north rather than the south. 
Samples of coastal groundwater contain higher levels of nutrients than stream water during 
base flow conditions (Figure 8), though surface water nutrient loads likely vary with  

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Results from coastal radon survey and surface water nutrient sampling. Dissolved radon 
concentrations are higher near the coast, indicating areas of groundwater discharge. Blue lines indicate 
estimated boundaries of groundwater plumes, based on Rn iso-lines of 3.5 dpm/L. Nutrient samples, 
represented by grey symbols, were analyzed for dissolved total nitrogen and total phosphorus.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Total submarine groundwater flux (SGD) rates into Faga’alu Bay during the sampling period.   

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Median values of total nitrogen in stream, coastal groundwater, and nearshore (bay) water 
samples.  
 
 
streamflow. It is difficult to separate out the effects of the stream from those of groundwater, as 
groundwater is a significant component of the stream’s nutrient load. However, the measured 
discharge at the stream mouth, multiplied by observed nutrient concentrations yields an 
estimate that 354 and 137 kg of total N and P, respectively, are delivered from the stream to the 
bay each year during baseflow conditions alone. Because the stream at this location was 
estimated to consist of about 3 parts groundwater to 7 parts stream water, these nutrient loads 
can be partitioned into fractions from original surface water and from recent groundwater 
discharge into the stream (Table 1). In a similar manner, direct SGD delivered nutrient flux to 
the bay was calculated by multiplying the total SGD flux rate by the measured groundwater N 
end member concentration to yield groundwater nutrient flux rates of about 900±400, and 
240±100 kg of total N and P, respectively, per year. This indicates that, at baseflow conditions, 
SGD contributes about twice the nutrient load to the bay that stream water does. This factor 
gets even larger if one considers the associated nutrient flux from groundwater discharging to 
the lower reach of the stream.    

These results indicate that nutrient delivery via groundwater is an important process in 
Faga’alu Bay. While the stream is the primary source of sediment to the bay, the effects of 
groundwater on coastal water geochemistry cannot be ignored, and thus coastal health 
management should consider groundwater as an additional source of potential contamination.  
Ideally, monitoring the quality of coastal groundwater discharge will be incorporated into the 
management plans of agencies interested in assessing baseline water quality, mitigating future 
anthropogenic threats, and maintaining or improving the health of American Samoan reefs.  
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Problem and Research Objectives 
 
The biodiversity of marine invertebrates from American Samoa has been poorly 

characterized. Most of the efforts are concentrated on studying the coral reefs, which 
encompasses one of the most diverse assemblages of corals and fish of the south Pacific. 
The Indo-Pacific polychaete fauna is one of the most diverse worldwide, but only 30 
species are recorded for the Samoan Islands and this is probably a result of few collecting 
efforts. 

There is an extensive literature and interest on Palolo worms from Samoa with the 
first accounts dated from 1847 (Stair 1847). The swarming event of this species is 
celebrated, and a cultural aspect of American Samoa, as the worms are scooped up and 
eaten raw or cooked by the islanders. The interest on these worms has increased along the 
years and several papers describe their morphology (Woodworth 1903) and reproductive 
characteristics (Caspers 1964, 1984; Krämer 1897). More recently, Brown (2009) 
described additional notes on the spawning behavior of this species and Schulze (2006) 
shed some light on the phylogenetic relationships between the Pacific and Caribbean 
Palolo worms.  

Although Palolo worms have been well-studied, other polychaete families that are 
known as bioindicators of ecosystem health are poorly characterized in American Samoa. 
Some previous research about polychaetes from the Pacific Ocean are based on samples 
collected from the American Samoa and describe species endemic to that area. The first 
studies with a taxonomic perspective were done by Treadwell (1921, 1922, 1926). This 
author described 16 species collected from Pago Pago Harbor and among them 4 endemic 
species to that area. Augener (1927) and Hartmann-Schröder (1965) increased this 
number to about 30 species.  

Shallow water polychaete species were characterized qualitatively at several sites 
around the island of Tutuila, American Samoa (Figure 1, Table 1). The intent was to 
determine the polychaete species present in soft sediments, diverse algal assemblages and 
coral rubble to provide a polychaete species list that would be useful for future 
biomonitoring projects. There are few accounts of Samoan polychaetes and only about 30 
species are recorded for those islands. The Indo-Pacific polychaete fauna is one of the 
most diverse worldwide and the low richness of species found in the Samoan Islands is 
probably due to scarce collecting efforts. 
 
 
Methodology 
 
Study Area 

Fine and coarse sediment, coral rubble and several species of algae and one species 
of sponge were hand collected around Tutuila, with the intent of finding a diverse 
polychaete assemblage (Table 1, Figure 2). Twenty sampling stations were selected 
around the island of Tutuila (Figure 1). All samples were collected on shallow waters up 
to 5 m deep. After collection, samples were sieved with seawater and all the polychaetes 
retained were sorted and preserved in 70% or 90% ethylic alcohol. Some individuals 
were observed and photographed while alive. 



 

 

 

 

Figure 1. Map of Tutuila Island showing the sampling stations with insets for Fagasa Bay, Vatia 
Bay, Pala Lagoon and Pago Pago Harbor. 

 
 
 
 
 
 
 
 
 
 
 
 



 

 

Table 1. Sampling stations including coordinates, type of samples, depth, and date of collection in 2014. 

Stations Locality Coordinates Sample Type Depth Date 

Sta. 1 Pago Pago Harbor 14° 16' 23.8" S, 170° 41' 58.1" W Encrusting barnacles Dock 16-Sept 
Sta. 2 Fagasa Bay, West Side 14° 17' 12.8" S, 170° 43' 31.1" W Coarse sand and coral rubble intertidal 17-Sept 
Sta. 3 Fagasa Bay, East Side 14° 17' 1.8" S, 170° 43' 17.0" W Muddy sand intertidal 17-Sept 
Sta. 4 Fagasa Bay, middle, brown algae 14° 17' 10.1" S, 170° 43' 15.8" W Brown algae coating rocks intertidal 17-Sept 
Sta. 5 Vatia Bay 1 14° 15' 1.2" S, 170° 40' 13.3" W Sandy beach, fine grained  intertidal 18-Sept 
Sta. 6 Vatia Bay 2 14° 14' 56.6" S, 170° 40' 9.1" W chaetopterid mounds intertidal 18-Sept 
Sta. 7 Vatia Bay 3 14° 14' 57.6" S, 170° 40' 12.7" W Halimeda mounds shallow subtidal 18-Sept 
Sta. 8 Utulei Beach Park (sadies) 14° 16' 41.1" S, 170° 40' 54.2" W Halimeda mounds shallow subtidal 19-Sept 
Sta. 9 Fagatogo Port 14° 16' 29.5" S, 170° 41' 36.4" W Main dock, barnacles, bryozoans Dock 19-Sept 
Sta. 10 Pala Lagoon 1 boat ramp 14° 19' 25.4" S, 170° 42' 46.9" W Fine sand, muddy, shrimp burrows intertidal 20-Sept 
Sta. 11 Pala Lagoon 2 14° 19' 20.6" S, 170° 42' 44.9" W Fine sand, muddy intertidal 20-Sept 
Sta. 12 Pala Lagoon across correction facility 14° 19' 6.5" S, 170° 42' 57.9" W Mud intertidal 20-Sept 
Sta. 13 Pala Lagoon mangrove 14° 19' 2.8" S, 170° 42' 59.6" W Mud with organic material intertidal 20-Sept 
Sta. 14 Fagatele Bay 14° 21' 33.3" S, 170° 45' 9.3" W Pink calcareous algae shallow subtidal 21-Sept 
Sta. 15 Wastewater treatment plant 1 14° 16' 56.9" S, 170° 40' 43.8" W Halimeda mounds 3 m deep 21-Sept 
Sta. 16 Wastewater treatment plant 2 14° 16' 55.3" S, 170° 40' 45.4" W Halimeda mounds 5 m deep 21-Sept 
Sta. 17 Wastewater treatment plant 3 14° 16' 56.1" S, 170° 40' 42.7" W Sand bottom in between coral reefs 2 m deep 21-Sept 
Sta. 18 Outside Utulei Beach Park 14° 16' 44.5" S, 170° 40' 51.4" W Orange sponge on coral reefs shallow subtidal 22-Sept 
Sta. 19 Utulei Beach Park East 14° 16' 42.1" S, 170° 40' 53.2" W Halimeda mounds shallow subtidal 22-Sept 
Sta. 20 Utulei Beach Park West 14° 16' 40.1" S, 170° 40' 51.7" W Amphiroa? Mounds shallow subtidal 22-Sept 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Hand collected samples and live polychaete specimens found in surrounding waters  
of Tutuila, American Samoa. A) Halimeda sample, B) Amphiroa sample, C) sponge sample, D) 
Nicolea sp. (Terebellidae), E) Platynereis tongatabuensis (Nereididae), F) Branchiomma sp. 1 
(Sabellidae), and G) Polynoidae.  

 

Polychaetes were sorted and identified using dissecting and compound 
microscopes. Species considered to be new to science will be fully described, illustrated, 
and photographed under a Scanning Electron Microscope and published in peer reviewed 
scientific journals. Samples were collected under a scientific research and collecting 
permit from the National Park of American Samoa (NPSA-2014-SCI-0007) and a 
scientific permit from the Department of Marine and Wildlife Resources from the 
American Samoa Government No. 2014/005.  

 



 

 

Principal Findings and Significance 
 
1. The shallow water polychaetes of American Samoa are very diverse with a total of 

546 individuals collected in this study representing 25 families and 80 species (Table 
2).  

2. A new species of Armandia (Opheliidae) is being described and it is endemic to 
American Samoa (collected at Pala Lagoon).  

3. Most of the species collected in this study (74 out of 80 species) represent new 
records for American Samoa and increase our knowledge of the polychaete worms 
present in that region of the southern Pacific Ocean.  

4. The polychaete species from American Samoa appear to be significantly different 
from those of North Pacific including Hawaii and US west coast and are more similar 
to the communities described for New Zealand and Australia.  

5. The species Dipolydora socialis, Salmacina dysteri, and Sabellastarte spectabilis are 
likely to have been transported to American Samoa and could be accidental 
introductions. Impacts of these species have been reported in other regions of the 
Pacific Ocean and need to be evaluated for American Samoa, especially in Pago Pago 
Harbor and Pala Lagoon.  

6. The tube builder species Mesochaetopterus minutus, was collected in high abundance 
in Vatia Bay. This species is a gregarious worm that forms tufts of sand-covered 
tubes and plays an important role in these assemblages by binding the sediments once 
suspended. It represents an ecologically important species for its rapid reproduction 
and propagation in disturbed sandy regions. 

7. This study was the first comprehensive study aimed to taxonomically describe and 
identify the polychaete worms around the island of Tutuila. All specimens will be 
deposited in to the collection at the Bernice Pauahi Bishop Museum, Honolulu, 
Hawaii, and will be available to future researchers working on water quality and the 
effects on the benthic macrofauna in American Samoa.  

 



 

 

Table 2. Taxonomic list of polychaete species from Tutuila, American Samoa. 

  
Found in 

This Study 
Previously 

Known 
New 

Records 
Ampharetidae    
1. ?Ecamphicteis sp. X  X 
Amphinomidae       
2. Linopherus oculifera (Augener 1913) X  X 
Capitellidae       
3. Capitella jonesi (Hartman 1959) X  X 
4. Capitella nr. giardi (Hartman 1959) X  X 
5. Leiocapitellides sp. X  X 
6. Notomastus sp. X  X 
Chaetopteridae       
7. Mesochaetopterus minutus (Potts 1914)  X  X 
8. Phyllochaetopterus verrilli (Treadwell 1943)  X  X 
9. Spiochaetopterus sp. X  X 
Cirratulidae       
10. Caulleriella pacifica (Berkeley 1929) X  X 
11. Ctenodrilus sp. X  X 
12. Raphidrilus hawaiiensis (Magalhães, Bailey-Brock and 
 Davenport 2010) X  X 
Dorvilleidae       
13. Dorvillea nr. australiensis (McIntosh 1885) X  X 
14. Dorvillea cf. similis (Crossland 1924) X  X 
Eunicidae       
15. Eunice sp. X X  
16. Lysidice unicornis (Grube 1840) X  X 
Glyceridae    
17. Glycera brevicirris (Grube 1870) X  X 
Goniadidae       
18. Goniadides falcigera (Hartmann-Schröder 1962) X  X 
Hesionidae       
19. Micropodarke dubia (Hessle 1925) X  X 
20. Ophiodromus pugettensis (Johnson 1901) X  X 
Lumbrineridae       
21. Lumbrineris japonica (Marenzeller 1879) X X  
Maldanidae       
22. Micromaldane nr. pamelae (Rouse 1990)  X  X 
Nephtyidae    
23. Micronephthys stammeri (Augener 1932) X  X 
Nereididae       
24. Micronereis cf. minuta (Knox and Cameron 1970)  X  X 
25. Nereis sp.  X  X 
26. Platynereis bicanaliculata (Baird 1863) X  X 
27. Platynereis polyscalma (Schmarda 1861) X  X 
28. Platynereis tongatabuensis (McIntosh 1885)  X X  
Oenonidae       
29. Arabella dubia (Treadwell 1922) X X  



 

 

Table 2. —Continued. 

  
Found in 

This Study 
Previously 

Known 
New 

Records 
Opheliidae       
30. Armandia sp.  X  X 
31. Polyophthalmus pictus (Dujardin 1839) X  X 
Oweniidae       
32. Unidentified oweniid  X  X 
Phyllodocidae       
33. Eumida sp. X  X 
34. Hesionura australiensis (Hartmann-Schröder and Parker 1990)  X  X 
Pisionidae       
35. Pisione parva (De Wilde and Govaere 1995) X  X 
Polynoidae       
36. Harmothoe villosa (Malmgren 1866) X X  
37. Lepidonotus polychromus (Schmarda 1861) X  X 
Sabellidae       
38. Branchiomma sp. 1  X  X 
39. Branchiomma sp. 2  X  X 
40. Megalomma kaikourense (Knight-Jones 1997) X  X 
41. Sabellastarte spectabilis (Grube 1878) X  X 
Serpulidae    
42. Hydroides sp. X  X 
43. Hydroides longispinosus (Imajima 1976) X  X 
44. Neodexiospira steueri (Sterzinger 1909) X  X 
45. Pileolaria militaris (Claparède 1870) X  X 
46. Serpula sp. X  X 
47. Spirobranchus kraussii (Baird 1865) X  X 
48. Spirobranchus sp. X  X 
Spionidae       
49. Dipolydora socialis (Schmarda 1861) X  X 
50. Microspio granulata (Blake and Kudenov 1978) X  X 
51. Prionospio sp. undescribed X  X 
52. Prionospio nr. tatura (Wilson 1990) X  X 
53. Pseudopolydora paucibranchiata (Okuda 1937) X  X 
54. Spio pacifica (Blake and Kudenov 1978) X  X 
Syllidae       
55. Autolytinae gen. sp. X  X 
56. Branchiosyllis nr. carmenroldanae (San Martín, Hutchings and 
 Aguado 2008) X  X 
57. Branchiosyllis cirropunctata (Michel 1909) X  X 
58. Branchiosyllis exilis (Gravier 1900) X  X 
59. Branchiosyllis sp. 1  X  X 
60. Exogone (Exogone) africana (Hartmann-Schröder 1974) X  X 
61. Exogone (Exogone) naidina (Örsted 1845) X  X 
62. Exogone wilsoni (San Martín 2005) X  X 
63. Haplosyllis djiboutiensis (Gravier 1900) X  X 
64. Parasphaerosyllis sp. X  X 
65. Pionosyllis sp. X  X 
66. Prosphaerosyllis xarifae (Hartmann-Schröder 1960) X  X 



 

 

Table 2. —Continued. 

  
Found in 

This Study 
Previously 

Known 
New 

Records 
67. Salvatoria koorineclavata (San Martín 2005) X  X 
68. Sphaerosyllis densopapillata (Hartmann-Schröder 1979) X  X 
69. Sphaerosyllis hirsuta (Ehlers 1897) X  X 
70. Syllis cornuta (Rathke 1843) X  X 
71. Syllis nr. variegata (Grube 1860) X  X 
72. Syllis lutea (Hartmann-Schröder 1960) X  X 
73. Syllis sp. 1 X  X 
74. Trypanosyllis sp. X  X 
75. Typosyllis sp. X  X 
76. Westheidesyllis heterocirrata (Hartmann-Schröder 1959) X  X 
77. Westheidesyllis sp. X  X 
78. Syllidae gen. sp.  X  X 
Terebellidae       
79. Loimia ingens (Grube 1878)  X X  
80. Nicolea sp. X  X 
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Problem and Research Objectives 
 

Deteriorating water quality and resulting water shortage is an ongoing threat to the 
sustainability of domestic water supplies on Tutuila, the main island in the territory of 
American Samoa. The water quality issue manifests itself in two different ways: contamination 
from human pollutants and groundwater salinization from saltwater intrusion. Since 
groundwater is the source of 99% of the islands drinking water (ASEPA 2006) a clear 
understanding of the potential contamination sources are of utmost importance for long-term 
management of this resource for the island’s ~60,000 residents. Pollution from anthropogenic 
activities such as on-site disposal systems (OSDS), small-scale pig rearing operations 
(piggeries), and residential agricultural plots have long been suspected as the cause of 
increased nitrate concentrations and bacteriological pathogens in groundwater (ASEPA 2010).   
There are other possible indicators of anthropogenic pollution such as trace metals, redox 
sensitive elements, and stable isotopes of nitrogen in nitrate and carbon in dissolved inorganic 
carbon. The analysis of spatial distribution of these geochemical parameters allows us to 
identify potential source areas of anthropogenic pollution. 

Because the current thinking is that the source of increasing chloride concentration in 
groundwater is due to seawater intrusion (Izuka and Perrault 2007), water managers at the 
American Samoa EPA (ASEPA) and the American Samoa Power Authority (ASPA) are 
currently very interested in the potential for development of what are thought to be high level 
aquifers in order to supplement water demand while mitigating sweater intrusion.  
Unfortunately, it is unknown whether the high-level water is vertically continuous and 
represents a large reservoir or is merely comprised of thin lenses of perched water. 
Groundwater models are currently being developed in order to provide water managers with a 
better idea of the sustainable yield for different aquifers in American Samoa, but those models 
need better information on precipitation patterns and the hydrogeologic connectivity among 
aquifers. Geochemical signatures were used to explore their utility to identify differences in 
aquifer properties and their potential continuity.  

Another missing information for water resource management is an estimate of water 
availability that can be assessed by constructing hydrological models. In order to develop water 
balance models that reasonably represent the groundwater recharge system, inputs like rainfall, 
evapotranspiration, runoff, interception, soil moisture, and geospatial data are needed. While 
the geospatial data such as land use, soil types, topography, and hydrogeology are available, 
the existence of spatially distributed various climate variables is a major concern for Tutuila. 
At the same time, the island experiences rainfall variability with topography as a result of 
orographic effect (Izuka et al. 2005). Similarly, potential evapotranspiration (PET), which is 
the main parameter of water budget considerably varies in Tutuila as a result of high rainfall, 
heterogeneous vegetation, and steep topography (Izuka et al. 2005). The obtained historical 
climate data from the U.S. Geological Survey (USGS) and the Western Region Climate Center 
(WRCC) suggest that the gauging stations mainly recorded rainfall, of which some had rainfall 
records only for a few years in 1950 and 1960. Although long-term air temperature data were 
recorded at Pago Pago International Airport, solar radiation, humidity, and wind speed that are 
needed for evapotranspiration estimation were not available. An exception to this is the 
Matatula station, which is located at the eastern tip of Tutuila, where all penman’s input 
variables were measured but this station had data for only 2 years (2201–2002). Considering 
the aforementioned problems, it was necessary to implement a spatially well-distributed 



 

 

weather gauging network that can measure all the required data for PET estimation and 
hydrological modeling over the island. To address this gap, we established a weather station 
network in cooperation with ASPA.  
 
 
Methodology 
 
Sample Analysis 

Nutrient samples on filtered (0.45 µm) groundwater samples were analyzed for dissolved 
PO4

3, Si (OH)4, NO3
-, NO2

-, NH4
+, total dissolved nitrogen (TDN), and total dissolved 

phosphorus (TDP) on a Seal Analytical AA3® following well-established analytical methods 
at the SOEST Laboratory for Analytical Biogeochemistry at the University of Hawaii at 
Manoa. Dissolved organic phosphorus (DOP) and dissolved organic nitrogen (DON) were 
determined as the difference between TDP and TDN and the dissolved inorganic P and N 
pools. 

Groundwater samples were filtered (0.45 µm) and acidified, and select trace element (Cs, 
Cr, Mn, Fe, Mo, Ba, Re, V, Pb, Ni, Cu, Zn, Sr, and U) concentrations were determined by 
high-resolution inductively coupled plasma mass spectrometry (HR-ICP–MS) at the University 
of Southern Mississippi (USM Center for Trace Analysis). 

Select ion (F-, Cl-, NO3
-, NO2

-, Br-, PO4
3-, SO4

2-, IC, Li+, Na+, NH4
+, K+, Mg2+, Ca2+) 

concentrations in groundwater samples were determined using a Dionex ICS-1100s(IC) ion 
chromatography system at the University of Hawaii at Manoa Water Resources Research 
Center (UHM-WRRC) Analytical Laboratory. 

δ13C of dissolved inorganic carbon was measured using mass spectrometry techniques at 
the Skidaway Institute of Oceanography.  
 
Data Analysis 

R studio was used to perform correlation analysis and spatial distribution studies of 
quality controlled geochemical data after methods by Reimann et al. (2008). 
 
Weather Station Installation 

Spectrum WatchDog 2900ET Weather Stations were installed at selected locations on the 
island of Tutuila in August 2015. ASPA personnel were trained to download data and provide 
regular maintenance. Another weather station was installed at the American Samoa 
Community College (ASCC). Data are stored at the ASPA website and are publicly available. 
 
 
Principal Findings and Significance 
 

The primary goals of the project were to collect and perform quality control of the 
available geochemical data, complete analyses where gaps were found, and finally to use the 
data to explore spatial distribution and correlation between the different variables. 

Selected major trends and finding are highlighted next. 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Spatial distribution of radon activities in dpm/L measured in groundwater. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Spatial distribution of lead concentration in groundwater (nM). 
 
Geochemical Distribution 

Radon. Groundwater radon spatial distribution closely mimicked the island geology, 
older volcanics had higher levels, followed by alluvium, and finally the Tafuna lava had the 
lowest levels of radon (Figure 1). All samples collected from within these units returned very  
consistent results, except wells sampled near the boundary of old volcanics and the Tafuna and 
Leone lavas. Here, water transitions very quickly due to the high permeability of the Tafuna 
and Leone volcanics, in fact this transition can be observed in the excess radon levels in the 
plain wells. The radon distribution is driven by the ~20 day in growth time of radon to its 
equilibrium value governed by the U content of the aquifer solids. As a result, rain and 
groundwater passing from one geologic material to another will acquire a new radon signature 

 

 



 

 

relatively quickly (order of days). One interesting aspect of the water flow from old volcanics 
to the Tafuna and Leone volcanics is an observable gradual transition from high to low level 
radon indicating very fast (a few days) water travel over 0.5 km distance. 

Trace Metals as Indicators of Anthropogenic Pollution. The USEPA sets a zero limit 
on lead contamination in drinking water. Concentrations found in Tutuila’s groundwater 
ranged from 0.03 to 10 nM. The spatial distribution of Pb shows a clear enrichment in the 
Tafuna Lava aquifer, clustering (n = 3, average 8.5+/-1.6, rest of wells average 2.6+/-1.3) in 
the north-central sector (Figure 2). The elevated concentrations can be found in 3 neighboring 
wells either suggesting a point source dispersing along groundwater flowpath or a slightly 
dispersed source. This is a densely populated area of the island and the elevated lead, although, 
overall, at very low concentrations, may be anthropogenically sourced. Natural sources of lead 
are erosion of natural deposits but since the rest of that same aquifer shows 3× lower levels 
overall there is no reason to suspect that the Tafuna lavas would be a source of elevated lead.  

No other trace metals peaked at that location but those 3 wells were outliers in an 
otherwise very strong correlation between Pb with copper and chromium (Figure 3a, b).  

 

 

Figure 3. Selected groundwater geochemical properties. A) Correlation of heavy metal 
elements in groundwater (nM). B) Key to symbol geographical locations of samples. 
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Excluding the 3 above-mentioned outliers with elevated Pb, trace metals Pb, Cu, and Cr, as 
well as Cr and Ni show strong positive correlation suggesting natural sources are responsible 
for their presence. All trace metals were several orders of magnitude below USEPA drinking 
water contaminant limits. 

Trace Metals as Indicators of Groundwater Redox Patterns. The trace metals 
vanadium, uranium, rhenium, and molybdenum get mobilized in oxic conditions and are 
particle reactive under reducing conditions. Reducing patterns in the aquifer would be the 
result of the presence of elevated organic matter decomposed by microbial processes that take 
up oxygen. U, Re, and V are negatively correlated with dissolved oxygen concentrations 
(Figure 4) but in addition they have well delineated spatial patterns. All these elements have 
elevated concentrations in the Tafuna-Leone Plain and significantly lower levels in the old 
volcanics and alluvium. Even within the Plain, the southern, downstream portion of the aquifer 
is more enriched in these elements than the rest of the aquifer. Because the aquifer is enriched 
in nitrogen (Figure 5), the source of which is presumed to be on-site sewage disposal systems, 
and therefore also organic matter, the change in redox conditions allows the accumulation and 
downstream mobilization of V, U, and Mo (Figures 6, 7, and 8). 

Another interesting finding is that similarly to a recently published study that suggested 
that elevated nitrate levels in the aquifer led to elevated U concentrations (Nolan and Weber 
2015), this relationship holds true also in Tutuila’s groundwater. Fortunately, U concentrations 
in these aquifers are orders of magnitude below USEPA limits for drinking water 
contaminants. 
 
 
 

 

Figure 3. — Continued. 
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Figure 4. Correlation of redox sensitive trace metals (nM) with dissolved oxygen expressed as 
percent saturation level. 

 



 

 

Figure 5. Spatial distribution of N concentration (nM) in groundwater. 

 

 

Figure 6. Spatial distribution of V concentration (nM) in groundwater. 

 



 

 

 

 

 

Figure 8. Spatial distribution of Mo concentration (nM) in groundwater. 

Figure 7. Spatial distribution of U concentration (nM) in groundwater. 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nutrients and Inorganic Carbon Patterns. Nitrate and phosphate ion concentrations 

reveal that there are 3 characteristic water masses that can be identified as end members 
(Figure 9). The 3 water characteristics are (1) groundwater in old volcanics in the eastern side 
of the island that has high phosphate and intermediate nitrate, (2) all samples collected from 
the Tafuna-Leone Plain have high nitrate and low phosphate, and (3) low phosphate and low 
nitrate can be found in samples from the central old volcanics. Dissolved inorganic carbon and 
δ13C of dissolved inorganic carbon show a similar 3 end member pattern as nitrate and 
phosphate. DIC and δ13C of DIC are strongly correlated. The eastern part of the island has a 
DIC carbon isotope signature of -22‰ (possibly a natural soil signature), samples from the 
Tafuna-Leone Plain are less negative and have a higher DIC due to dissolution of inorganic 
carbonates from the geologic layers or from remineralization of organic matter (possibly a 

 
Figure 9. Correlation of dissolved inorganic carbon (μM), δ13C of dissolved inorganic carbon (‰), 
nitrate (μM), and phosphate (μM) in groundwater. 

 



 

 

combination of both). These two processes would also make the isotopic signature heavier as 
that signature confirms. 

Due to the short duration of the project, the team has not produced a publication yet, but 
is working now to produce one with a tentative title: Geochemical delineation of anthropogenic 
pollution and hydrogeological regions in Tutuila, American Samoa. 
 
Weather Station Network 

On small isolated tropical islands like Tutuila, water resource managers face challenges 
such as drought, climate change and variability, and meeting both residential and industrial 
water demand. Effective water resources management relies on accurate and up to date 
climatological and hydrological information. Up until 2008, the island benefited from a 
cooperative agreement between the American Samoa Government and the USGS to maintain a 
number of climate stations and stream gauges. This network was invaluable in informing water 
resources management, and creating baseline hydrological datasets in supporting the 
development of the island’s first numerical groundwater models. Unfortunately, due to funding 
cuts the monitoring network was abandoned in 2008 and natural resources managers in 
American Samoa currently cite a lack of data as the primary challenge for resource 
management and climate change adaptation efforts.   

This project is meeting that challenge with the development of an infrastructure for the 
collection of hydrological and climactic data to aid in water resource management and research 
on Tutuila. This hydrological monitoring network is intended to serve American Samoan land 
and water management authorities and the public by providing information regarding the 
island’s limited water resources. In addition to serving local needs, this information is 
imperative to scientific efforts that contribute to water related research in the territory. Up to 
date hydrological information is essential for evaluation of current hydrological conditions and 
for understanding trends in surface and groundwater recharge. These data are also imperative 
inputs to watershed and groundwater models, which are valuable water resource management 
tools. Watershed models are useful for estimating surface water discharge, informing flood 
mitigation and urban planning efforts and calculating groundwater recharge and for use in 
groundwater models. Groundwater models can be used to answer a multitude of water 
resources questions involving future well siting, contamination studies, and sustainability of 
water resources in the present and in the face of a changing climate. In addition to supporting 
modeling efforts, stream discharge information is important for many other environmental 
resource investigations, such as aquatic and riparian habitat and coastal health, and sediment 
transport studies. Existing rain gauge monitoring efforts will be greatly complemented by the 
installation of a evapotranspiration and a stream discharge monitoring infrastructure.   

In the summer of 2015 UHM-WRRC worked in a cooperative agreement with ASPA and 
ASCC to deploy 6 climatological monitoring stations with the capabilities of monitoring 
temperature, relative humidity solar radiation, wind speed and direction, and rainfall. These 
stations were distributed across the island in locations to best characterize spatial gradients in 
climatological patterns as well as elevation gradients (Figure 10). Stations are checked and data 
is downloaded on a quarterly basis by ASPA and ASCC staff (Figure 11). UHM-WRRC 
continues to provide technical support and analysis of data as well as incorporating data 
products into watershed and groundwater models.  
 
 



 

Figure 10. Weather station network distribution map since August 2015. 

 

 

Figure 11. Weather station installation in collaboration with ASPA. 
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Problem and Research Objectives 
 

Climate change and population growth have resulted in diminished potable water 
supplies globally (IPCC 2014). The world is facing escalating demands for suitable quality 
fresh water while current usage is outstripping surface and groundwater supplies (Lye 2009). 
Even in areas of the world that appear to have an adequate water supply, there is still a need to 
balance existing water supplies with the ever growing demands and to augment the current 
supplies with the use of more climate-resilient technologies (WHO 2011). 

Island ecosystems have a low buffering capacity, and are therefore, highly vulnerable to 
change. The shifts in rainfall and temperature driven by climate change are altering the 
distribution of environmental pathogens (Coffey et al. 2014). This can compromise drinking 
water resources on Pacific Islands while demands on the potable water supply are escalating 
with population growth. These challenges require a more sustainable approach to using water 
resources.  

Clean drinking water is a limited resource. Although groundwater is the major source of 
potable water in American Samoa (Minshew et al. 2007), it is highly vulnerable to 
contamination because the volcanic strata in American Samoa are extremely permeable and 
have a limited capacity to filter out contaminants (Minshew et al. 2007). Seawater intrusion 
and the decline of groundwater levels further decreases the available water resources in 
American Samoa, especially in areas where the freshwater lens is thin and highly susceptible to 
change (e.g., due to extensive usage and/or drought) (Izuka 2005, Izuka 1999). 

Regional or localized droughts and extreme precipitation events and floods have always 
occurred in American Samoa, but they appear to be increasing in frequency and greater 
extremes of climate should be expected (WHO 2011). Even though safe drinking water 
resources are currently available, they can be compromised in disaster situations and 
alternative sources should be provided. In 2009, an 8.3 magnitude earthquake followed by a 
tsunami, devastated American Samoa. Not only did the tsunami cause structural damage to the 
water lines, but it also contaminated the groundwater supply in many villages (SNS 2009). In 
this situation, one of the two greatest needs identified by the community was clean drinking 
water (Choudhary et al. 2012).  

Although a majority of the population in American Samoa is supplied with chlorinated 
drinking water by the American Samoa Power Authority (ASPA), only 28% of American 
Samoa residents believe that their water is safe to drink (CSREES 2005). This ranking is the 
lowest among the six central Pacific Islands (Northern Mariana Islands, Republic of Marshall 
islands, Guam, Palau, Federated States of Micronesia, and American Samoa) studied. Since 
2010, a notice has been issued for most parts of American Samoa advising the population to 
boil water due to the continual detection of fecal indicator bacteria (i.e., total coliforms and 
Escherichia coli) in the drinking water system (“American Samoa” 2013). It should be noted 
that both groups of fecal indicator bacteria grow in tropical soils (Hardina and Fujioka 1991), 
and hence do not necessarily indicate sewage related contamination. Nevertheless, the presence 
of these groups in the drinking water does indicate poor disinfection and/or a compromised 
distribution system. Total coliforms are more sensitive indicators of poor disinfection or 
ingress than E.coli because its concentration in sewage, as well as in the environment, exceed 
those of E.coli. Total coliform is also more resistant to disinfection and can survive longer 
within the distribution system. 



 

Rainwater harvesting (RWH) is an alternative source of water that many island 
communities can use for drinking and other domestic purposes (showers, cleaning, gardening 
etc.) when groundwater and/or surface water sources are contaminated, limited, or not 
available. A study conducted in the Federated States of Micronesia demonstrated that RWH 
was of higher quality compared to the available groundwater (Miller et al. 1991). Governments 
across the world are beginning to introduce policies to promote the increased utilization of 
rainwater (Lye 2002, Ahmed et al. 2014) and in some areas, such as in many cities in 
Australia, rainwater harvesting systems are mandated in all new buildings to alleviate pressure 
on the main water grid and provide an alternative water source in times of shortage and 
emergency (Mankad and Greenhill 2014). 

 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 restriction or disaster  
4. Providing an “on–site” decentralized water supply requiring no larger infrastructure  
5. Providing water that is often of superior quality compared to groundwater and water 

supplied by centralized systems  
6. Ensuring a greater attitude of responsibility for repair and maintenance because it is 

the property of an individual rather than a community.	  
The most significant issue related to RWH use is the potential health risk associated with 

the presence of pathogenic microorganisms (Ahmed et al. 2011). While well designed and 
maintained RWH systems can produce safe drinking water, improperly designed and/or 
maintained systems can pose health risks (Ahmed et al. 2011, Lye 2009, Dobrowsky et al. 
2014). Importantly, private individual rainwater catchments are not regulated by state or 
federal guidelines in the United States and its territories, and hence individual households rely 
on their own expertise when setting up and utilizing those systems. Currently, to our 
knowledge, there is no review or any information available on RWH practices in American 
Samoa. Contradictory information was obtained from the ASPA, American Samoa 
Environmental Protection Agency (ASEPA), AS Community College, and AS Sea Grant’s 
personnel in American Samoa, with some sources suggesting that no rainwater is harvested for 
drinking purposes in American Samoa, while other sources claimed that the practice is 
relatively common. 

Considering that there is no information available on RWH practices in American Samoa 
and as no microbiological testing of harvested rainwater has been conducted in American 
Samoa to our knowledge, the project set the following objectives: 

1. Conduct an in-depth microbiological evaluation of the harvested rainwater in 
American Samoa 

2. Compare the microbial contaminant levels in the different water resources available 
in American Samoa 

3. Compare RWH systems in American Samoa and Hawaii 
 
 
 



Methodology 
 

The study was initiated with a presentation, which introduced the project to local 
stakeholder groups, at a workshop held on January 11, 2016 in Pago Pago, American Samoa, 
organized by co-Principal Investigator Philip Moravcik. A total of fifteen RWH systems were 
randomly selected across Tutuila and Aunu’u Islands for microbiological analyses (Figure1). 
An undergraduate student from the American Samoa Community College was hired to 
facilitate interviews with the householders and water sampling (Appendix Table A.1). Each 
RWH system studied was photographed. 

 

 
Figure 1. Locations of rainwater harvesting systems investigated in this study. 

 
 
Microbiological Evaluation of RWH in American Samoa 

Fifteen RWH systems were studied. A one liter water sample was collected from each 
RWH system and transported cooled to the laboratory at the American Samoa Community 
College for microbiological analyses. The time from sample collection to analyses did not 
exceed six hours. In the laboratory, the concentrations of total coliforms and E. coli were 
determined in 100 ml sample portions using the Colilert®-18 kit in Quanti-Tray®/2000 format 
(IDEXX Laboratories, Inc.; Westbrook, ME). Two sets of filters were obtained by filtering 
300–500 ml of the collected rainwater sample through sterile hydrophilic polyethersulfone 
membrane filters (Supor®200, 0.2 µm pore size; Pall Corp., Ann Arbor, MI). Both sets of 
filters were transferred to Power Beading tubes from the PowerSoil® DNA Isolation Kit (MO 
BIO Laboratories, Inc.; Carlsbad, CA) submerged in a buffer, and shipped to WRRC’s 
laboratory in Hawaii where DNA was extracted using the PowerSoil® DNA Isolation Kit (MO 
BIO Laboratories, Inc.; Carlsbad, CA) according to the manufacturer’s protocol.  

The DNA extracted from one set of filters was sent to Dr. Warish Ahmed’s laboratory at 
the CSIRO (Australia) for testing for an avian molecular marker, which is indicative of fecal 
contamination by birds and for selected human pathogens (Cryptosporidium spp. and Giardia), 
including opportunistic pathogens (Pseudomonas aeruginosa and Mycobacterium 
intracellulare). Concentrations of Cryptosporidium spp., Giardia, P. aeruginosa, and M. 
intracellulare were determined as shown in Ahmed et al. (2014), while concentrations of avian 
GFD marker were determined as seen in Green et al. (2012) by quantitative PCR (qPCR). 



 

The DNA extracted from the second set of filters was used to determine the 
concentrations of pathogenic Leptospira by qPCR assay (Ferreira et al. 2014). This assay 
targets the lipL32 gene, which is highly conserved among pathogenic Leptospira species 
(Haake et al. 2000). This patch of DNA was also used to determine microbial community 
composition as described in Caporaso et al. (2011). Briefly, the variable V4 region of the 16S 
rRNA gene was amplified using primers 515F and 806R, both containing sequencing platform-
specific adapter sequences. Primer 806R also contained specific 12 base pair sized barcodes to 
facilitate multiplexing of samples in a single sequencing run. Triplicate 25 µl PCR reactions 
for each sample contained 2 µl of DNA template, 0.5 µl of each forward and barcoded reverse 
primer (1 mM final concentration), 10 µl 2.5X Prime HotMasterMix (5 Prime, Hamburg, 
Germany) (1X final concentration), and 12 µl of UltraClean PCR water (MO BIO 
Laboratories, Inc.; Carlsbad, CA). A negative control, containing no DNA template, was tested 
in parallel for each sample. After initial denaturation for two minutes at 94 °C, the reactions 
were cycled for 35 cycles (94 °C for 45 sec, 50 °C for 30 sec, and 65 °C for 90 sec) on CFX 96 
(Bio-Rad Laboratories, Inc., Hercules, CA), followed by the final extension at 65 °C for ten 
min. Triplicate PCR reactions were pooled, cleaned using a UltraClean® PCR cleanup kit (Mo 
Bio Laboratories, Inc., Carlsbad, CA), visually examined on 2% agarose gel and quantified 
using a Qubit® dsDNA HS Assay Kit (Life Technologies, Grand Island, NY) according to the 
manufacturers’ protocols. All samples were pooled at equimolar ratio into a single DNA 
library, purified on 2% agarose gel using Wizard® VS Gel and PCR Clean-Up Kit (Promega, 
Madison, WI). The purified library was sequenced on a Miseq sequencer (Illumina, San Diego, 
CA) using V3 chemistry at the Genetics Core Facility at the Hawaii Institute of Marine 
Biology (University of Hawaii). Demultiplexed sequences were filtered to remove low quality 
reads and clustered using a modified script allowing zero mismatches between the paired reads 
using CD_HIT-OUT (Li et al. 2012). High quality reads were clustered to operational 
taxonomic units (OTUs) at 97% identity, and aligned and compared to the reference database 
SSU Ref NR 119 (http://www.arb-silva.de/projects/ssu-ref-nr/) using the SINA aligner 
(Pruesse et al. 2012). A Python script, developed in-house, was used to generate diversity-
abundance matrices of all identified OTUs for the analyses. OTUs represented by ≤3 sequences 
were removed for alpha diversity analyses (richness in one sample), and in addition, OTUs 
observed in single samples were removed from the beta diversity based analyses (comparing 
sites). Vegan packages in R (http://vegan.r-forge.r-project.org) was used to evaluate alpha 
rarefaction (Appendix Fig.A1), and beta diversity. Vegan package was also used to determine 
richness (the number of distinct OTUs in the sample) as well as to calculate Shannon’s 
diversity index (H)  , where pi is a proportion of sequences belonging to a given 
OTU. 

 
Microbial Contaminant Levels in Different Drinking Water Resources Available in 
American Samoa 

Five ASPA well water samples, four centralized tap water samples, seven village water 
samples (untreated stream water), one spring water, one vending machine, and one wastewater 
sample were collected and analyzed for fecal indicator bacteria, an avian marker, protozoa 
pathogens, and opportunistic pathogens as in the rainwater samples. Microbial communities in 
these samples were also identified as in the RWH samples.  
 



Comparing Harvested Rainwater Samples Between Hawaii and American Samoa 
A limited set of samples (4 RWH systems) were collected from the Big Island of Hawaii, 

cooled and transported to WRRC’s laboratory for microbiological analyses. Two samples, one 
from the storage tank and another at the tap, were collected from each RWH system. Fecal 
indicator bacteria, an avian marker, and opportunistic pathogen concentrations were 
determined as in the rainwater samples from American Samoa. Microbial communities in these 
rainwater samples were also characterized as in the samples above. Barcoded DNA from all 
the samples,either from American Samoa or Hawaii, were included in a single sequencing run 
on a MiSeq sequencer (Illumina, San Diego, CA). 
 

 
Principal Findings and Significance 
 

Several drinking water resources exist in American Samoa, all derived from the ample 
rain falling over the islands. Throughout the most densely populated areas of Tutuila, 
chlorinated groundwater is delivered though the centralized system managed by ASPA. 
Alternatively, many villages rely on so-called village water, which is pumped directly from 
numerous streams and distributed to households without any treatment. Also, over one hundred 
drinking water vending machines exist throughout island of Tutuila. Nevertheless, due to the 
many reasons outlined below, some households rely on RWH as their primary drinking water 
resource.  

We were able to interview 15 households utilizing RWH systems on Tutuila and Aunu’u 
Islands (Figure 1). Thirteen out of fifteen (87%) of those households used harvested drinking 
water as their primary drinking water resource. Washing and cooking were the two other major 
uses of harvested rainwater reported by householders interviewed.  

The typical RWH catchment that was sampled in American Samoa was simple (Figure 
2). In most cases it consisted of a gutter, which directed rainwater from a roof to a 55 gallon 
plastic barrel that holds the collected rainwater. Only three of the tanks examined exceeded a 
100-gallon capacity, and only a single tank was made from metal. Almost all the tanks 
surveyed (12/15 or 80%) were covered with cloth, which was kept in place by a rope or a 
rubber band, while the larger tanks (3/15 or 20%) had mosquito screens at the inlet. None of 
the systems had any first flush diversion devices, nor was the water treated before use by 
filtration, UV light, or chemical disinfection. While the larger tanks had spigots installed, most 
of the households (9/15 or 60%) used a jug or cup to take rainwater directly from the barrel. 
Only 14% of the surveyed households that use rainwater for drinking regularly boiled the water 
before using it, while 78% of the households did not boil rainwater before drinking (data not 
available for 8% of households). None of the surveyed RWH systems has been tested for water 
quality.  



 

 
 

Figure 2. Typical RWH system in American Samoa. 
 

Households that rely on rainwater, strongly prefer it over the chlorinated water available 
from the centralized system. Nine out of fifteen households surveyed preferred rainwater over 
chlorinated tap water. Three households had no distribution system water available and three 
did not provide an answer. The taste of chlorine was the major reason why rainwater was 
preferred over tap water. Only a single household interviewed, who limited RWH use to 
washing only, preferred to drink water from the centralized water system managed by the 
ASPA as it “doesn’t taste bad.” Economic reasons, chlorine content, as well as personal beliefs 
and traditions, are likely the major factors determining which water resources were used for 
drinking. Availability seemed to have a limited role, as all the households that harvested 
rainwater had access to either the centralized system and/or village water, except for a single 
household at a higher elevation that had no access to either one. 

  
Objective I: Microbiological Evaluation of Harvested Rainwater in American Samoa 
 
Indicator Bacteria 

Indicator bacteria are routinely used to evaluate drinking water quality and they serve as 
a proxy for human pathogens. All rainwater samples were positive for total coliforms, and E. 
coli was detected in 64% of the rainwater samples tested. Total coliform concentrations ranged 



from 43 to >2429.6 MPN per 100 ml (geometric mean 259 MPN 100 per ml) and E. coli 
concentrations ranged from <1 to 20 MPN per 100 ml (geometric mean 2 MPN per 100 ml). 
Detection of both groups of indicator organisms does not necessarily indicate the presence of 
human pathogens as both groups are widespread and grow in extra-enteric tropical 
environments such as soils (Hardina and Fujioka 1991), which is a major source of bacteria in 
roof-harvested rainwater (Evans et al. 2007). 
 
Potential Avian Source of Contamination 

Birds frequent rooftops and the subsequent bird droppings can compromise water quality. 
However, no avian markers were detected in any of the RWH systems tested. Strong solar 
irradiation and heavy rains may be hampering the detection of the avian marker. The DNA 
from bacteria deposited by birds degrades rapidly under UV irradiation or may be diluted 
below limits of detection when rainfall is abundant.  
 
Human Pathogens and Opportunistic Human Pathogens 

Human pathogens in drinking water are a health concern. While opportunistic pathogens 
(e.g., P. aeruginosa and M. intracellulare) typically infect immunocompromised individuals, 
the presence in drinking water of pathogenic protozoa (e.g., Cryptosporidium spp. and 
Giardia) as well as pathogenic bacteria (e.g., Leptospira) presents risk to all individuals. 
Cryptosporidium spp., P. aeruginosa, and M. intracellulare were detected in 86%, 71%, and 
21% of the RWH systems, respectively. No Giardia spp. or pathogenic Leptospira (LipL32 
gene) were detected in any of the systems studied.  
 
Microbial Communities 

The number of OTUs identified in the RWH samples collected was 356. OTUs belonging 
to families of Commamonadaceae and Chitinophagaceae, which harbor many common soil 
bacteria, were dominant in the RWH systems. Three potential genera, which can harbor 
pathogens, were detected in the rainwater samples: Pseudomonas (29% of samples), 
Legionella (14% of samples), and Staphylococcus (7% of samples). The taxonomic resolution 
of the current sequencing technologies is not sufficient to identify pathogens as it rarely 
provides resolution below the genus rank. But the data does indicate that some potentially 
pathogenic taxa were detected, while some may have eluded detection or identification.  

Storage tank material, screen type, overhanging vegetation, or frequency of cleaning did 
not appear to be factors determining the distribution of microbial communities in rainwater in 
the systems tested. Microbial communities appear to be extremely different between the RWH 
systems, as only four OTUs out of the 356 identified in the American Samoa rainwater 
samples, were shared by half or more systems. Therefore, the effect of any of these factors 
could not be estimated based on such a limited sample size and distinct communities. 
 
Objective II: Comparison of Microbial Contaminants in Different Drinking Water 
Sources in American Samoa 
 
Indicator Bacteria 

To compare the potential health risk associated with rainwater to other available drinking 
water resources, well water, chlorinated tap water, village (stream) water, water collected from 



 

a vending machine, and a spring sample were evaluated for indicator bacteria. The results are 
summarized in Table 1. 
 

Table 1. Geometric mean of indicator bacteria concentrations and range (in 
parenthesis) in different water samples collected in American Samoa. 

Sample type	   No. of  
samples	  

Total coliform	  
(MPN 100 ml-1)	  

E. coli	  
(MPN 100 ml-1)	  

Tap water (ASPA)	   5	   27 (<1-1300)	   2 (<1-6)	  
Vending machine	   1	   ND (<1)	   ND (<1)	  
Groundwater well	   5	   5 (<1-59)	   2 (<1-8)	  
Rainwater	   14	   259 (43->2420)	   2 (<1-20)	  
Spring	   1	   >2420 (>2420)	   5 (5)	  
Village water	   7	   574 (60->2420)	   57 (1-792)	  

 
Different sample types contained various concentrations of total coliforms. Total 

coliform concentrations in the samples increased in the following order: groundwater well<tap 
water (ASPA)<rainwater<village (stream) water<open spring. No total coliforms were 
detected in the sample collected from the vending machine. It should be noted that total 
coliforms are wide-spread in tropical environments, hence detection of total coliforms does not 
necessarily indicate health risk. Nevertheless detection of total coliforms in the well and 
distribution water system may be indicative of a system compromised by surface water input 
and/or ineffective treatment.  

E. coli was detected in 40% of well and tap water samples, and 60% of rainwater 
samples, but no E. coli was detected in a sample collected from the vending machine. 
Groundwater, chlorinated tap water, as well as harvested rainwater contained similar levels of 
E. coli (Table 1). E. coli levels were somewhat elevated in the single spring sample collected 
on Aunu’u Island. The highest E. coli concentrations were detected in the village (stream) 
water samples. All village (stream) water samples were positive for E. coli.  

E.coli concentrations in the harvested rainwater samples seemed to indicate a lower 
health risk when compared to the village (stream) water in American Samoa. Nevertheless it 
should be noted that various non-fecal sources of E.coli exist in tropical environments and the 
presence as well as concentrations of this organism in drinking water might not always indicate 
a health risk.  
 
Potential Avian Source of Contamination 

While no avian markers were detected in any of the RWH systems, the marker was 
detected in a private spring sample and in a village (stream) water sample. Also, a single 
groundwater sample collected from the ASPA well prior to the treatment, was positive for the 
avian marker. The detection of avian markers in an open spring and stream water may be 
expected, however, the source of the marker in the groundwater well sample is not clear.  
 
Human Pathogens and Opportunistic Human Pathogens 

To help evaluate the potential health risk in the different drinking water resources in 
American Samoa, the distribution of Cryptosporidium spp., Giardia spp., pathogenic 



Leptospira, P. aeruginosa, and M. intracellulare were determined. The results are summarized 
in Table 2.  

Although the human pathogens Giardia spp. and pathogenic Leptospira were not 
detected in any of the samples tested (Table 2), Cryptosporidium spp. was relatively frequently 
detected in the different sample types. The exception was the sample collected from the 
vending machine. The opportunistic human pathogens P. aeruginosa and M. intracellulare 
were also frequently detected in the different water types. Village (stream) water, and then 
rainwater, was most likely to contain human pathogens. Pathogens were less frequently 
detected in chlorinated tap water (ASPA) when compared to rainwater, yet 25% of the tap 
water samples were positive for Cryptosporidium spp, P. aeruginosa, and M. intracellulare. 
The vending machine sample was negative for all the potential human pathogens tested except 
for the opportunistic human pathogen M. intracellulare. 

 
Table 2. Distribution of selected human pathogens (Cryptosporidium spp., Giardia spp., 
pathogenic Leptospira) and opportunistic human pathogens (P. aeruginosa, M. intracellulare) 
in different types of water samples collected in American Samoa. Percent of positive samples 
are indicated.  

	   No. of 
samples	  

Cryptosporidium 
spp.	  

Giardia 
spp.	  

Pathogenic 
Leptospira	  

P.  
aeruginosa	  

M.  
intracellulare	  

Tap water (ASPA)	   4	   25	   0	   0	   25	   25	  
Vending machine	   1	   0	   0	   0	   0	   100	  
Groundwater well	   5	   20	   0	   0	   20	   20	  
Rainwater	   14	   86	   0	   0	   71	   21	  
Spring	   1	   100	   0	   0	   100	   0	  
Village water	   7	   100	   0	   0	   71	   57	  

 
Microbial Communities 

The sequencing of the 42 samples collected yielded 4,484,998 sequences, which were 
assigned to 6,003 OTUs. The highest richness (number of OTUs observed in a sample) 
occurred in the single soil sample (1,258 OTUs), while only 17 OTUs were identified in the 
sample from the vending machine and 43 OTUs from the spring water sample (Figure 3A). In 
the rainwater samples, richness varied from 14 to 93 OTUs, averaging 39 OTUs per sample. A 
comparable richness (39 OTUs) was observed for the ASPA distribution water samples (tap 
water), which were treated groundwater. On an average, 407 OTUs were detected from the 
groundwater samples collected from the ASPA wells prior to treatment. A few of the wells 
appear to be under the influence of surface water based on the indicator bacteria data and 
earlier research (C. Schuler, personal communication). Village (stream) water samples had the 
highest richness of all the water sources studied averaging 751 OTUs per sample, and ranging 
from 466 to 1,152 OTUs. Microbial diversity followed trends similar to the richness 
measurements (Figure 3B).  

There were significant differences between the microbial communities in different water 
types (R2 = 0.754, p < 0.001) (Figures 4 and 5).  

 



 

A.  
 

B.  
 

Figure 3. Analyzed samples of (A) microbial richness, and (B) Shannon’s diversity index. 



 
 

Figure 4. Relative portion of phyla/classes of bacteria in the samples analyzed. 

 
Figure 5. Detrended correspondence analyses of microbial communities showing clustering of the 
microbial communities depending upon the sample type.  
 



 

Objective III: Comparison of Microbial Contaminants in American Samoa and Hawaii 
Rainwater 
 
Indicator Bacteria 

Indicator bacteria concentrations in the harvested rainwater samples analyzed in this 
study were similar in both the American Samoa and Hawaii RWH systems (Table 3). E. coli 
was detected in 64% and 75% of the samples collected from holding tanks in American Samoa 
and Hawaii, respectively. Post-collection treatment before the tap appears to improve the 
rainwater quality. Indicator bacteria concentrations were lower at the tap compared to the 
concentrations in the holding tank, and the percentage of E. coli positive samples dropped to 
50% for tap rainwater when compared to rainwater in tanks (75% positive for E. coli).  
 
  
Table 3. Geometric mean of indicator bacteria concentrations and range (in parentheses) in 
rainwater samples collected in American Samoa and Hawaii 

Sample type	   No.  
of samples	  

Total coliform	  
(MPN 100 ml-1)	  

E. coli	  
(MPN 100 ml-1)	  

American Samoa rainwater	   14	   259 (43–>2420)	   2 (<1–20)	  
Hawaii rainwater	   4	   541 (179–>2420)	   8 (<1–75)	  
Hawaii rainwater at tap	   4	   6 (<1–179)	   1 (<1–1)	  

 
Human Pathogens and Opportunistic Human Pathogens 

While indicator bacteria levels in the harvested rainwater were comparable between 
American Samoa and Hawaii, samples collected in American Samoa were more likely to 
contain pathogens (Table 4). In Hawaii, Cryptosporidium spp. was the only human pathogen 
detected from the rainwater holding tank samples, while no opportunistic pathogens were 
detected in the tank water or rainwater delivered at the tap.  

It should be noted that only a limited number of RWH systems were studied in Hawaii, 
and we have limited information on those systems. The direct collection of rainwater, which 
can include direct hand to water contact, could certainly contribute to the higher frequency of 
detection of human pathogens in the American Samoa samples. Simple spigot installation 
could potentially improve the situation. It is also possible that longer retention times in the 
Hawaii RWH systems facilitates the decay of opportunistic human pathogens, and that better 
maintenance contributes as well.  

 
Table 4. Distribution of selected human pathogens and opportunistic pathogens in the 
rainwater samples collected from Hawaii and American Samoa. Percent of positive samples is 
indicated. 

 	  
No. of 

samples	  
Cryptosporidium 

spp.	  
Giardia  

spp.	  
Pathogenic 
Leptospira	  

P.  
aeruginosa	  

M. 
intracellulare	  

American Samoa rainwater	   14	   86	   0	   0	   71	   21	  
Hawaii rainwater	   4	   50	   0	   0	   0	   0	  
Hawaii rainwater at tap	   4	   0	   0	   0	   0	   0	  

 



Microbial Communities  
The OTUs identified from the rainwater samples were 356 in American Samoa and 487 

in Hawaii. The samples were highly diverse as none of the OTUs were found in all of the 
rainwater samples collected in Hawaii or American Samoa. Comamonadaceae and 
Chitinophagaceae were the most abundant OTUs in both areas, while Sporichtyaceae and 
Verrumicrobiaceae were also abundant in Hawaii. Rainwater samples from American Samoa 
contained an average of 39 OTUs, while samples from Hawaii contained roughly 99 OTUs 
(Figure 1A). This also translated into a higher diversity in Hawaii(Figure 1B). 

Based on detrended correspondence analyses, the Hawaii and American Samoa microbial 
communities in the rainwater samples formed two distinct clusters. The microbial communities 
were significantly different in rainwater harvested in American Samoa and Hawaii (R2 = 0.528,  
p < 0.001) (Figure 3), indicating that regional differences exist 

 
Significance 
 
Study 

To our knowledge this is the first survey and microbiological evaluation of the RWH 
systems in American Samoa. Our study suggests that roof-harvested rainwater in American 
Samoa is an important drinking water resource, which 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) before the harvested rainwater is 
consumed. 
 
Collaboration 

This project evolved as a collaboration between the University of Hawaii at Manoa 
WRRC, American Samoa Community College, CSIRO (Brisbane, Australia), and the 
University of Hawaii at Hilo.  
 
Stakeholder Engagement 

The project was outlined to the stakeholders at the workshop. Microbiological tests (200) 
were provided free of charge to the American Samoa Community College. Training for water 
sample collection for microbiological analyses, indicator bacteria analyses using Colilert®-18, 
and membrane filtration for molecular testing was provided to an American Samoa 
Community College student. The student can now assist in other local and collaborative 
projects.  
 
 
Conclusions 
 
• Variety of drinking water resources exist and are utilized in American Samoa. Roof-

harvested rainwater is one of them. 
• Although E.coli concentrations in harvested rainwater and chlorinated tap water samples 

were similar, the proportion of samples positive for human pathogens and opportunistic 
human pathogens indicated that a higher health risk is associated with rainwater use when 
compared to the chlorinated tap water distributed by the ASPA.  



 

• Based on the indicator bacteria and human pathogen data, drinking of untreated village 
(stream) water presents the highest risk. 

• While indicator bacteria levels in the harvested rainwater are comparable between American 
Samoa and Hawaii, the harvested rainwater in American Samoa is more likely to contain 
human pathogens. Underlying factors remain obscure and warrant further studies that could 
lead to improved RWH practices in American Samoa.  

• Each RWH system appeared to contain distinct microbial communities with very limited 
overlap between the systems in American Samoa as well as in Hawaii. 

• Microbial communities in harvested rainwater from American Samoa and Hawaii are 
significantly different. 
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APPENDIX 

 
Figure A1. Rarefraction curves of for each sample. Curves that plateau indicate that sufficient 
sequencing depth, covering most of the sequence diversity present in the sample, was achieved. 

 
 
 
 
 
 



 

Table A.1. Survey of the RWH systems in American Samoa. 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Sample Village 
Aunu'u Aunu'u Aunu'u Amaluia Amaluia Amanave Fagalii Laulii Avaio Fagaitua Masefau Tula Nuuuli Nuuuli Nuuuli 

Size reservoir (gallons)? ~500 ~500 55 55 55 55 250-300 55 55 55 55 55 50 50 50 

Material? plastic plastic plastic plastic plastic plastic metal plastic plastic plastic plastic plastic plastic plastic plastic 

Roof have gutters? yes yes yes yes no yes yes yes no yes no no yes no NA 

First flush diverted? no no no no no no no no no no no no no no no 

Inlet screen on reservoir 
top? 

yes yes yes yes no yes yes yes yes yes yes yes yes yes yes 

Treated before tap? 
How? 

no no no no no no no no no no no no no no no 

Spigot? yes yes no yes no yes yes no no no no yes no no no 

How many people use 
this water? 

5 NA* NA 7 7 11 5 4 NA 10 3 4 6 12 2 

What do they use the 
water for? 

drinking 
cooking 
shower 

drink drink drink drink drink drink cook drink washing drink wash/cook drink/cook drink drink drink/cook 

Trees over roof (% of 
roof covered) 

1% 0 NA 10 5 0 0 0 0 5 0 0 little 0 0 

Animals ever walk on 
roof (rats, cats) 

birds, 
possible rats. 

NA NA NA yes,  
cats rats 

no no no no cats no no seldom no no 

Number times clean 
tank/month? 

it depend, 
when it rains 

a lot 

NA NA 0.3 when water 
low 

often, 
depending 
on rainfall 

5-6 8 seldom when water 
low 

when water 
low 

2 1 4 10-15 

Is American SamoaPA 
water available to them? 

Yes yes yes no no yes, but don't 
drink 

no yes yes yes yes yes NA NA NA 

Is village water available 
to them? 

village water 
we can't 

drink 

yes yes yes yes, drink no no no no no no in village NA NA NA 

Did anyone ever test 
their rain water? 

I don't know NA NA no no no no no no no no no no no no 

Do they treat the water 
before using? 

yes, but they 
need a lot of 
training on 

mixing 
chlorine, 

most of the 
time they 

over mix it. 

NA NA boil no sometimes no no no boil cooking no no no no 

  
 
 



Table A.1—Continued. 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Sample Village 

Aunu'u Aunu'u Aunu'u Amaluia Amaluia Amanave Fagalii Laulii Avaio Fagaitua Masefau Tula Nuuuli Nuuuli Nuuuli 

Do they ever buy water? yes NA NA yes yes yes yes yes yes yes yes yes NA NA NA 

How do they get water 
out of the tank? 

fossit key NA NA NA NA NA NA cup cup cup cup spigot NA NA NA 

Notes 
 

     They don't 
drink their 

ASPA water 
because of 
boil notice. 
There used 
to be village 
water but not 

now. 

They drink 
rain if there's 

a lot of it. 

Only use 
ASPA water 
for washing. 
Buy water if 
out of rain. 

Only use 
ASPA water 
for washing. 
Buy water if 
out of rain. 

They say the 
ASPA water 
tastes bad. 
Buy water 
when rain 
tank empty 

They drink 
the ASPA 
water and 

say it doesn't 
taste bad. 

Say ASPA 
water tastes 
salty so they 

wash and 
cook with it. 
Buy water 
when rain 

tank empty. 

   

*NA = answers not available. 
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 Problem and Research Objectives 
 

Tropical oceanic islands in the Pacific United States have little arable land to support the 
substantial indigenous populations, all of whom are nearly dependent on coastal farms for plant 
crops and the adjacent reefs for protein (fish). The coastal receiving waters of these agricultural 
areas can be regions with persistent, harmful algal blooms that are driven by submarine 
groundwater discharge (SGD) bringing untold nutrient enrichment from agricultural fields to 
coastal reefs (D'Elia et al. 1981, Amato 2015, Bishop et al. 2015). Tainted SGD dramatically 
and negatively impacts near shore coastal regions via plumes of nutrient-rich discharge from 
10 to 100 times nutrient levels observed in pristine regions (e.g., D'Elia et al. 1981, Hunt 
2007).  

The objective of this research is to examine the features of three emerging indicators of 
ecosystem health: nutrients, SGD, and microbial community structure for targeted sites on 
Tutuila, American Samoa. The volcanic stratum on the island of Tutuila is highly permeable 
and about 75% of the rainfall enters either the ocean or groundwater recharge (Izuka et al. 
2007). High intensity developed land use on Tutuila has increased by 135.8 acres since 2003. 
The links between land use and water quality is perhaps most apparent from a recent American 
Samoa water quality assessment report (USEPA 2012 cited in American Samoa Coastal 
Management Program Draft Report 2015), in which 210 miles of rivers and streams (out of 
230.6 miles assessed) were judged to be impaired and 72.2 miles of coastal shoreline (out of 
124.2 miles) were considered impaired. 72.1% of assessed rivers and streams as well as 52.4% 
of coastal shoreline were judged to be impaired for aquatic life.  

The parameters of a impaired ecosystem are variations in δ15N and % N in plant tissues, 
as well as modified microbial communities as assessed by denaturing gradient gel 
electrophoresis and whole sample genomic assessments. Control or reference sites, will be 
characterized to identify the taxa under less impacted conditions. Study of microbial 
community composition within the biofilm and genomic studies will extend our understanding 
of the health concerns, specifically of Tutuila’s coastline. For example, in the Hawaiian 
Islands, Kihei, Maui, has persistent algal blooms that cost the County of Maui US $20 million 
annually in terms of lost revenue from rentals, lowered tax revenues from reduced property 
values, and direct expenditures from beach clean-up costs (Van Beukering and Cesar 2004). 
This research will lead to new innovative technologies that can be used to detect hot spots for 
algal blooms and bacterial indicator species in coastal regions. 
 
 
Methodology 
 

Four study sites on Tutuila were selected along a gradient of population density (Figure 
1). The sites (1) Oa (an unpopulated valley in the Afono watershed) was deemed unimpacted 
because of the lack of human habitation, (2) Pala and (3) Faga‘alu were considered urban 
because of their developed watersheds, and (4) Vatia was deemed intermediate.  

Modern molecular methods proposed for this study will allow to monitor the algal and 
microbial communities associated with nutrient loading via SGD, on Tutuila. We collected 
resident algae for δ15N tissues analysis across a broad region of the coast, following Dailer et 
al. (2010), and examined microbial communities from select sites that are projected to have  



 

 

 

Figure 1. Tutuila sampling sites along a human-use gradient. 1 = Oa, minimal/pristine; 
2 = Faga‘alu, heavy; 3 = Pala, heavy; and 4 = Vatia, medium impact. 



 

impaired water discharge using Illumina 16S sequencing. These experimental sites were 
bounded by reference sites and to characterize the microbial community.  
 
 
Principal Findings and Significance 
 

Unseen effects of wastewater contaminated SGD create hot spot areas - regions that are  
vulnerable because blooms can occur rapidly if nutrient levels are elevated. Based on this 
principle, we initially characterized our proposed field sites with the help of the data from 
benthic habitat mapping (NOAA 2005) and the Pacific Islands Benthic Habitat Mapping 
Center (www.soest.hawaii.edu/pibhmc/pibhmc_mapping.htm) to guide our fieldwork 
conducted in July 2015.  

We have now been able to establish a gradient from pristine to impacted sites that will 
ultimately support as well as refine the general guidelines from American Samoa 
Environmental Protection Agency and National Oceanic and Atmospheric Administration. 
Additional significance from our findings is the hope that we can enhance and integrate these 
existing guidelines by adding microbial and algal parameters - remarkably sensitive probes for 
water-based sources of pollution in coastal areas.  

While blooms did not appear during our first sampling season, we can use the first cycle 
of our multidisciplinary assessments as a baseline for future blooms when tainted groundwater 
reaches coasts. 

With regards to the influence of SGD on coastal nutrients (Figure 2), we found that the 
coastal waters of our pristine site (Oa) were composted of seawater and a low range of nitrate, 
suggesting no contamination. Vatia, the intermediate site, had a wide range of silica without a 
clear groundwater signature. Therefore, the SGD observed was likely predominantly seawater 
with low contamination. The sites with higher urban influence (Faga‘alu and Pala Lagoon) had 
nitrate contamination that positively correlated with silicate concentration above 150 µM. 
These data are consistent with two findings: SGD flows to these coastal regions and SGD is 
contaminated with wastewater from the urban population.  

The stable isotope composition of algal tissue from each site (Figure 3) indicates that 
Vatia, Faga‘alu, and Pala may experience nitrogen inputs from two sources:  agriculture and / 
or wastewater.  

The results of our 2015 research funded by the Water Resources Research Center, 
University of Hawai‘i at Manoa enabled sampling of four watersheds on the island of 
Tutuila (Figure 1), and collecting: 233 specimens of native algae, 170 samples for nutrient 
analysis, and 50 biofilm samples along a gradient of increasing nutrification along this 
unimpacted to impacted urban gradient in American Samoa’s waters. We anticipate the results 
from the unimpacted sites will show diverse benthic-plant communities and a microbial 
community that is indicative of a healthy watershed and a low δ15N and % N in tissues of 
indicator algae. We also anticipate the impacted urban sites will show (1) declines in species 
numbers for the benthic communities, (2) a shift in microbial communities with detection of 
pathogens, as well as (3) elevated δ15N and % N in tissues of indicator algae. One of our initial 
findings from the July 2015 fieldwork was the lack of a single alga from across all of our 
coastal reef sites. Thus, our on-going analyses are limited to a mix of taxa for tissue 
assessments (isotopic tissue nitrogen δ 15N and % N).  
 



 

 

 

 

Figure 2. Nutrient concentrations from coastal sites. 

 

Figure 3. Stable isotope analysis from coastal sites. 
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Problem and Research Objectives 
 

Pacific climate variation over the last 10,000 years (the Holocene) can be studied using 
networks of biological and biogeochemical proxy records from sedimentary archives 
(Kaufman et al., 2004; Mayewski et al., 2004; Wanner et al., 2008; Marcott et al., 2013). 
Although the spatial and temporal coverage of climate archives has continued to grow in recent 
years, particularly information from the tropical Pacific, there remain large spatial gaps in 
knowledge, including sites potentially sensitive to extratropical circulation. While the 
Hawaiian Islands are geographically within the tropical latitudes, they are strongly influenced 
by north Pacific circulation (Chu 1995; Chu and Chen 2005) including the Walker Circulation 
and the influence of the Pacific Decadal Oscillation (Elison Timm et al. 2011). The aim of this 
project was to develop novel insight of past climate variation, particularly changes in 
hydroclimate, at sites on the island of Oahu. In the central North Pacific, the tall Hawaiian 
Islands are the most significant landmasses, and high-quality hydroclimate proxy records from 
the Islands’ freshwater sediments are of very high scientific value.  

In this project, we compared contrasting sites at windward and leeward locations. It has 
been long shown that modes of variability are associated with differences between leeward and 
windward rainfall stations (Lyons 1982), also evident in more recent studies (Elison Timm et 
al., 2014). Furthermore, it has recently been suggested that mechanisms of modern climate 
change driven by greenhouse gases may enhance the wet-dry contrast in Hawaii (Elison Timm 
et al., 2014). Mountain rain is the crucial input for groundwater recharge in Hawaii 
(Giambelluca 1993) and the ultimate source of much-demanded water resources for the City 
and County of Honolulu. Water resource planning into the future (years and decades) requires 
a long-term understanding of the patterns and drivers of climate variation and change. 

Our study sought to better understand the long-term patterns of rainfall and dry climate 
by reconstructing from organic sediments of Hawaiian mountain bogs the long-term 
ecohydrological changes at high-elevation sites on Oahu. We focused on two study sites, Kaau 
Crater in the southern Koolau mountains of western Oahu and Mount Kaala at the highest 
point of the Waianae mountains of eastern Oahu. Spin-off efforts from this project included 
further sampling on other islands, and short-term micrometeorological monitoring. 
 
 
Methodology 
 

In the field we raised organic sediment cores from a number of locations in Hawaii. A 
core from Kaau Crater (Koolau mountains, Oahu), which experiences windward rainfall 
dominated by trade wind circulation, was collected at 21° 19’ 47.45” N, 157° 46’ 22.14” W. 
Two cores were collected from Kaala mountain (Waianae mountains, Oahu). The first was 
raised from 21° 30’ 23.77” N, 158° 8’ 40.70” W, and the second from 21° 30’ 18.19” N, 158° 
8’ 59.83” W. Coring was conducted with a stainless steel side-cut, Russian-style soft sediment 
auger with a 50-cm barrel. Core drives were wrapped in plastic and aluminum foil and frozen 
within 2 hours of collection. In the lab, cores were kept frozen until processed/analyzed. Cores 
were sliced into 1-cm slices using a band saw with a stainless steel blade.  

Ages of sedimentary sequences were derived by measuring the radiocarbon content of 
samples at the Lawrence Livermore National Laboratory’s Center for Accelerator Mass 



 

 

Spectrometry, and constructing age-depth models using a Bayesian statistical approach and the 
software Bacon (chrono.qub.ac.uk/blaauw/bacon.html).  

Several baseline physico-chemical characteristics of the sediment were measured. Bulk 
density was determined by drying known volume subsamples at 95°C to constant mass. 
Organic matter assays were conducted by ashing ground material (<250 µm fineness) at 550°C 
for 4 hours in an analytical muffle furnace. Elemental concentrations of carbon and nitrogen 
were measured in ground material (<250 µm fineness) on a Costech 4010 Elemental 
Combustion System.  

We also conducted organic geochemical analyses. The stable isotope ratios of carbon of 
sediment samples were measured by EA-IRMS at the Stable Isotope Biogeochemistry 
Laboratory at the University of Hawaii or by EA-CRDS in the Principal Investigator’s 
laboratory at the University of Hawaii. Stable isotope ratios of nitrogen were measured by EA-
IRMS. An exploratory analysis of lignin chemistry of leaf litter and organic sediment was 
made using copper oxide extraction (Ertel and Hedges 1984) and analysis on a Shimadzu 
GCMS-QU2010. During this project, we made an initial push to characterize different kinds of 
lignin in modern plant litter types towards building a library of chemical biomarkers in Hawaii 
wetland plants (Hsu 2013) 

Biological proxies of environmental change consisted of fossil pollen abundances that 
reflect changes in local vegetation over time. We employed standard methods for fossil pollen 
extraction, including a hydrofluoric acid digestion, and the addition of an exotic spike. Slides 
were prepared and counts were made at the University of Hawaii.  

In addition to sediment coring, we also monitored microclimate conditions at Kaau Crater 
and Kaala mountain during this study. We measured photosynthetically active radiation, air 
temperature and humidity, and soil temperature at both sites. At Kaau Crater we also 
monitored water table depth.  

 
 

Principal Findings and Significance 
 
Ages of Sedimentary Sequences 

Nine radiocarbon-dated levels showed that the Kaau Crater core is 8,000 years old at  
350 cm. The sedimentation rate was variable over time, but showed a maximum between 5,500 
and 6,500 years ago. The core from the central lowest point of the Kaala wetland showed that 
the wetland ecosystem is about 10,000 years old. The sedimentation rate at Kaala was also 
variable over time, a maximum between 5,000 and 7,000 years ago, and very low organic 
matter accumulation since 5,000 years ago.    
 
Physico-Chemical Properties  

The 450 cm core from Kaau Crater was of high bulk density (0.05 to 0.6 g cm-3) and 
variable organic matter content (20–99%) consistent with variation in fluvial input of clastic 
materials from the crater’s sedimentary basin as affected by rainfall and hillslope stability, as 
well as organic inputs from vegetation litterfall within the crater wetland itself. Changes in 
carbon and nitrogen content of sediment tracked organic matter inputs in the sediment. The 
elemental ratio of carbon-to-nitrogen was highest at around 50 (lowest nitrogen content) when 
organic matter and bulk density was most variable, suggesting an ecosystem response (changes 
in nutrient cycling and vegetation) following hydroclimate variability. At Kaala, the organic 



 

sediment bulk density was low over the same time period (0.04 to 0.23 g cm-3) with high 
organic matter content (90–99%) reflecting the summit bog position at the top of Kaala. Ratios 
of carbon-to-nitrogen here were as high as 80.  
 
Geochemistry 

At Kaau Crater, stable isotopes of carbon in bulk sediment showed a pattern of more-
depleted (more negative) δ13C values before 7,000 years ago, and then a change towards more-
enriched (more positive) δ13C values from 7,000 to about 1,000 years ago. Enriched δ13C 
values are consistent with decreased stomatal conductance in vascular plants during drier 
conditions. Stable isotope values of nitrogen in bulk sediment were lower (as low as 1‰ vs. 
AIR) before 6,000 years ago, and became more enriched (as high as 6‰) by 2,000 years ago. 
These enriched values are consistent with increased decomposition and microbial processing of 
soil organic matter that may have been in response to lower water tables or warmer conditions.  

At Kaala, copper oxide extractable lignin ranged from 1–4% in a pilot dataset that 
consisted of plant litter and eight levels in the core. The acid-to-aldehyde ratio of vanillin 
monomers, which is affected by the degree of decomposition as aldehyde groups are 
transformed into acid groups with decomposition, showed that the period between 9,000 and 
6,000 years ago had the lowest ratio that was within the range of fresh plant litter (little 
decomposed). Extracted samples from this period also had the highest concentration of 
parahydroxyacetophenone, which is most abundant in lower plants like Dicranopteris ferns 
and Lycopodiella club mosses, suggesting a more wet-loving vegetation at that time. The 
period before 9,000 years ago and since 6,000 showed evidence for greater decomposition at 
Kaala.  
 
Fossil Pollen 

The changes evident in our geochemistry data are supported by our fossil pollen results. 
Pollen and spores of approximately 34 different families of plants was identified in Kaau 
Crater sediments, spanning the last 8,000 years. Woody plants and ferns account for most of 
the plant types identified, and herbs and fern allies were less abundant. Three pollen zones 
were identified using constrained cluster analysis. The period between 8,000 and 6,000 years 
ago had warmer-loving vegetation in the area with highest relative pollen abundances of warm 
plants between 6,000 and 5,000 years ago. A significant gradual change towards more cool-
loving vegetation occurred from 5,000 to 2,000 years ago. The warmest and wettest 
reconstructed vegetation occurred between 6,000 and 5,000 years ago. A period of rather dry-
loving vegetation occurred around 6,500 years ago that suggests that previous long-lasting 
drought conditions have occurred in the past on Oahu. Pollen from the palm family 
(Arecaceae) such as Pritchardia plants became abundant in the sediment beginning around 
6,000 years ago. Pollen-reconstructed temperature anomalies suggest an overall cooling over 
the last 8,000 years, that follows decreasing summer solar irradiance.  
 
Synthesis 

Taken together, these long-term aspects of rainfall and hydro-ecological conditions at 
mountain sites on Oahu shows that wetness has varied considerably in the past, including 
periods of prolonged dry climate. Differences between sites and between island settings 
(windward vs. leeward locations) has motivated a series of new ideas and hypotheses related to 
Pacific atmospheric circulation changes and their expression in complex rainfall patterns in 



 

 

Hawaii. These data and the activities supported by this grant resulted in a collaborative 
proposal submitted in October 2014 (NSF Proposal #1502951) with Dr. David Beilman 
(University of Hawaii) and Dr. Oliver Elison Timm (SUNY at Albany) as Principal 
Investigators to the National Science Foundation’s (NSF) Paleoclimate Perspectives on 
Climate Change (P2C2) Program. This proposal was funded for $359,200 (Hawaii component; 
$599,200 Total) and runs as grant AGS-1502984 from 7/1/15 to 6/30/17.  
 
Project Output 

During this project, graduate student Ms. Olivia Schubert was supported with a short-
term Graduate Research Assistantship as well as research and travel funds as part of this 
funding. Ms. Schubert graduated in 2012 and continues to work in research. Undergraduate 
student Mr. Karl Hsu was supported with analytical supplies and laboratory consumables as 
part of this project. Mr. Hsu graduated in 2014, and has since completed his MS degree at the 
University of Edinburgh in the U.K. Mr. Hsu is currently working as a science consultant and 
is applying to PhD programs in the U.K. The research arising from this grant was presented at 
two international meetings in 2014 and 2015 and manuscripts are in preparation for submission 
to peer-reviewed journals as part of this seed project as well as the ongoing NSF project also 
resulting from this seed project. 
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Research Problem and Objectives 
 

Hawaii faces immediate challenges in meeting demand for safe drinking water and the 
management of wastewater. Despite the islands’ location in the middle of the Pacific Ocean, 
freshwater resources are limited and Hawaii’s ecosystems and environments are increasingly 
threatened by the impacts of environmental degradation and climate change. The purpose of this 
water sustainability literacy project was 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. 
 
 
Methodology  
 

The project provided a platform for building sustainability literacy through campus events 
and internships sponsored by a variety of community and campus partners. Students were 
encouraged to confront water challenges by developing, articulating, and disseminating 
knowledge through collaboration with UHM faculty and fellow students, as well as government 
agencies and non-governmental organizations involved in natural and cultural resource 
management.   

The project utilized campus facilities and grounds, particularly the Water Resources 
Research Center (WRRC) Environmental Center facility and the adjacent Sustainability 
Courtyard, for the purpose of sustainability literacy projects and events. Students learned to 
recognize the need for input from a variety of disciplines and stakeholder groups in solving 
environmental problems and became conversant in water-related fields of study from across the 
academic continuum. Water issues raised challenging questions in the island context, including 
the viability of making the UHM campus a model for water use conservation, adaptation, and 
resiliency. 
 
 
Principal Outcomes 
 

During the project period 2012–2016, each year approximately 10–30 students are taught 
by WRRC faculty member and project Principal Investigator John Cusick (in addition to 
members of the UHM Ecology Club and other student organizations). These students completed 
internships and campus action projects that contributed to improved water sustainability literacy. 
One of the projects, mentored by former WRRC faculty member David Penn, engaged students 
with the hydrologic and institutional reality behind campus water features, including 
consultations with campus planners and architects responsible for sustainable design initiatives, 
regulatory compliance, and operational capacity. The Fall 2012 semester culminated in a 
Sustainability Open House event (Figure 1) that showcased student internships and action 
projects for the campus community. This and other similar annual events engaged student 
participants and project sponsors (Table 1). In addition, students presented conference posters in 
collaboration with WRRC faculty and affiliates at two Annual Hawaii Sustainability in Higher 
Education Summits. 



 

	  

In support of sustainability literacy efforts, UHM students planned and hosted Earth Day 
festivities (Figures 2–5), including interactive forums on water, energy, and food that were 
routinely attended by hundreds of members of the campus community. WRRC faculty member 
David Penn served as a panel discussant at one water forum and addressed water management 
issues related to the campus and its neighbors in the Manoa Stream watershed, including water 
quality, conservation measures, landscaping, and a proposed ban on sales of bottled water.   

One outcome from a sustainability literacy event was the UHM Chancellor’s endorsement 
of a student-driven proposal to construct a “Modified Rain Garden to Increase Sustainability 
Literacy on the University of Hawaii at Manoa Campus.” The student team—included students 
from Environmental Studies, College of Business, School of Architecture, Global Environment 
Science, Marine Option Program, and Hawaiian Studies—obtained commitments for project 
support from private and public sector partners, including Roth Ecological Design International, 
LLC and the U.S. Air Force Civil Engineer Center. On behalf of the student team, WRRC 
submitted this proposal to the U.S. Environmental Protection Agency 10th Annual P3 Awards: A 
National Student Design Competition for Sustainability Focusing on People, Prosperity, and the 
Planet (John Cusick, Principal Investigator, WRRC).   

In Spring 2013, students planned for water-themed campus Earth Day activities and 
assisted WRRC faculty member David Penn with organizing the WRRC Seminar Series. The 
series included seven seminars attended by a total audience of 117 (average of 17 per seminar).  
Seminar topics included protecting groundwater from pesticide leaching; assessing human health 
risks of surface water contact; modeling water quantity and quality of the Tibetan Plateau; and 
evaluating island wastewater treatment and sludge handling infrastructure, processes, and 
management needs.   

A rainfall catchment demonstration project at WRRC’s Krauss Annex facility 
(Environmental Center) was made possible by additional financial support from a successful, 
student-driven proposal to the UHM Student Athletic Fee Committee (Krauss Neighborhood 
Makeover) and volunteer project coordination assistance from a visiting graduate student (Drexel 
University, MA in Global Education). The on-going project site is part of the UHM Adopt-a-
Landscape program that allows students to design and deliver sustainability literacy-related 
projects, including edible, ornamental, and medicinal plant gardens. 
  
 
Significance 
 

The significance of sustainability literacy to UHM was demonstrated by the Strategic Plan 
goal of developing a sustainability ethic on campus and the designation of Spring 2012 as a 
“Semester of Sustainability” by the UHM Chancellor. The Chancellor issued a campus 
Sustainability Policy that included objectives to maximize water conservation, water efficiency, 
and best management practices for stormwater storage, recharge, and reuse. The UH President 
signed an Executive Sustainability Policy in 2015 designed to guide each of the 11 UH campuses 
in the implementation of the Board of Regents Sustainability Statement. 
 



 

	  

Table 1. Partial List of Student Internship Projects 2012–2016. 
 

Project Sponsor Outputs 

Krauss Building Water 
Features WRRC/Environmental Center 

Eco-design seminar, project 
management seminar, 
obtained/analyzed water 
feature blueprints, pond 
clean-up and restoration 

Environmental Center Adopt-
A-Landscape 

UHM Facilities Maintenance 
Office 

Realigned garden beds, 
installed irrigation lines and 
timer, selected and planted 
replacement vegetation 

Watershed Management 
Planning 

Waianae Mountains 
Watershed Partnership 

Assisted with updating the 
Partnership’s watershed 
management plan 

Community Outreach and 
Education Program Malama Maunalua 

Planned events, recruited 
volunteers, networked with 
the business community 

Community Outreach and 
Education Program Hui O Koolaupoko 

Planned and promoted 
watershed protection events, 
recruited volunteers  

Feral Cat Policy Development 
and Management  

State of Hawaii Department 
of Land and Natural 
Resources 

Submitted a policy analysis 
white paper to the Division of 
Forestry and Wildlife 

Bellows Beach Dune 
Restoration 

U.S. Air Force Civil Engineer 
Center 

Reestablished native flora and 
fauna through beach dune 
restoration 

Marine Debris Public 
Education and Community 
Outreach 

NOAA Marine Debris 
Program 

Produced an educational 
video for program use 

Docent training program Manoa Heritage Center 
Inventoried native and 
medicinal plants 

 
 
 
 
 
 
 



 

	  

 

 

 
 
 

Figure 1. 2012 Sustainability Open House flier. 
 
 
 
 
 
 

 
 



 

	  

 
 

Figure 2. UHM Earth Day 2016 mural promotion flier. 

 
 
 
 
 
 
 
 
 
 
 



 

	  

 
 
 

 
 
 

 
 

 
Figure 3. Sample design for UHM mural and examples of other murals by project  
partner 808Urban. 



 

	  

 

 
 

Figure 4. UHM students and friends painting the Earth Day mural. 



 

	  

 

 

 
 

Figure 5. UHM Earth Day 2016 promotional flier. 
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Problem and Research Objectives 
 

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. Consequently, the contaminated soils are continually transported 
(e.g., storm water or surface runoff) into Hawaii’s coastal waters.  

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 famously 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 
(Diaz et al. 2011, Granchinho et al. 2001). 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. Subsequently, the 
project’s major contribution was in the development of such techniques. 

Algae can transform arsenic between a number of states, metabolizing the arsenate and 
arsenite to less toxic methylated forms (Granchinho et al. 2001). This has implications for the 
risk posed by the consumption of algae and its use as a soil amendment. This study examined 
the arsenic content and species in a sample of an edible alga common in Hawaii—Gracilaria 
salicornia. 

 
 

Methodology 
 

Samples of the alga Gracilaria salicornia (Figure 1) were collected from the shore at 
Waikiki beach in Honolulu (21.265253°, -157.822206°) (Figure 2). The collected samples 
were freeze dried the day after collection and sent for analysis to our collaborating laboratory 
at the Illinois Sustainable Technology Center (ISTC) at the University of Illinois at Urbana-
Champaign. The laboratory analysis and speciation of arsenic in plant tissue proved difficult, 
and the initial work done at the ISTC for this project yielded unsatisfactory results. A 
preliminary arsenic extraction experiment performed with trifluoroacetic acid (TFA) as the 
solvent and duckweed, a marine type plant in Illinois, as the sample showed some promise. 
However, extraction by this method on the Hawaiian algae sample was only able to recover 
51% of the total arsenic. A second extraction with methanol-water performed on the raffinate 
from the first extraction was able to remove about 55% of the remaining total arsenic. Arsenic 
speciation of the extracts from these experiments by liquid chromatography-inductively 
coupled plasma mass spectrometry (LC-ICP-MS) indicated that the instrumental methods 
employed were not suitable for the analysis of the forms of arsenic present in the sample. 
Furthermore, the extraction method was shown to cause changes in the forms of arsenic 
present. These preliminary analyses at ISTC were not able to speciate fully the total arsenic 



found in the sample. Subsequent work by John W Scott, ISTC Senior Analytical Chemist, and 
his team resulted in a fuller accounting of the different species that made up the total arsenic 
found in the sample. 

Therefore the following description and discussion is split into the two separate rounds of 
analysis: Summer 2012 and Spring 2013. 

 

 

 

 
Figure 1. Gracilaria salicornia  Figure 2. Sample collection site 

 
 
Summer 2012  
Sample Preparation—Initial Analysis 

The sample was homogenized with the aid of a gyromill and was milled to a fine powder 
(Figure 3). 
 
 

 

 

Figure 3. Milled G. salicornia 
 
Total Arsenic Digestion 

To prepare the algae samples for total arsenic analysis by inductively coupled plasma 
mass spectrometry (ICP-MS), a microwave digestion procedure was employed. A quarter gram 
of homogenized sample was digested in a CEM microwave digestion system for 40 minutes 
with the aid of 10 ml nitric acid and 1 ml hydrogen peroxide. After cooling, the sample was 
transferred to a centrifuge tube and diluted to a final volume of 50 ml. In addition, a reagent 
blank, an arsenic standard matrix spike, and a certified dogfish muscle tissue sample were 



 

processed in parallel to the sample to verify sample preparations. A matrix effect was observed 
for these samples; therefore a second microwave procedure was performed (see Total Arsenic 
Analysis Section). The second microwave digestion employed was identical to the first with 
the exception that one tenth of a gram homogenized sample was processed. In addition, the 
TFA extracted solids (0.078 g) for one algae sample was digested in this batch as well.  

 
Extraction Methods 

To prepare the algae sample for arsenic speciation analysis by liquid chromatography 
inductively coupled plasma mass spectrometry (LC-ICP-MS), solid-liquid extractions were 
performed. A quarter gram of homogenized sample was treated with 5.0 ml trifluoroacetic acid 
(TFA) at 65°C for two hours. Afterwards, the sample was shaken on a laboratory mixer for 15 
minutes. The TFA was collected and the procedure was repeated two more times while the 
TFA phases were pooled. The pooled fraction was then centrifuged for 20 minutes at 2000 
RPM and the final TFA fraction was decanted into a drying tube. The TFA was then removed 
under a gentle stream of nitrogen and the residue was re-constituted in 10 ml 0.2% 
hydrochloric acid. A reagent blank, an inorganic arsenic matrix spike, and a certified dogfish 
muscle sample were processed in parallel to verify sample extraction. 
Total arsenic analysis of the TFA extracts indicated that the extraction of arsenic was 
incomplete; therefore a second extraction of one of the TFA extracted solids was performed 
(See Total Arsenic Analysis Section). The second extraction was identical to that of the first 
with the exception that a methanol-water (3:1) extraction fluid was utilized and the extraction 
was performed at 55°C. A reagent blank, an inorganic arsenic matrix spike, and a certified 
dogfish muscle sample were processed in parallel to verify sample extraction.  
 
Total Arsenic Analysis  

Total arsenic analysis was performed with a VG Elemental PQ Excel ICP-MS. Yttrium 
was utilized as an internal standard and the instrument was calibrated daily with reference 
materials procured from SPEX Certiprep. Verification of instrument calibration was achieved 
with preparations and analysis of two independent reference materials from the same vendor, 
but with different lot numbers. These check standards were analyzed post calibration and post 
sample analysis. Each ICP-MS measurement was conducted in triplicate and a sample 
duplicate and an analytical sample spike was performed during each assay.  

 
Arsenic Speciation Analysis  

Arsenic speciation was achieved with a liquid chromatography system interfaced to the 
ICP-MS instrument operated in a transient acquisition mode. Separation of the arsenic 
compounds was achieved with a Phenomenex Luna C18 100A column (250 × 4.40, 5µ) with a 
isocratic mobile phase of 2.5 mM oxalic acid, 10 mM 1-heptanesulfonic acid (ion-pairing 
agent) and 0.1% methanol adjusted to a pH of 4 with ammonium hydroxide. The mobile phase 
flow rate was set at 1.0 ml/min and an injection volume of 30 µl was used. Yttrium prepared at 
a concentration of 150 ng/ml in mobile phase was employed as an internal standard. Injection 
of 10 µl of the internal standard was performed post-column and is necessary since mobile 
phase and sample salts dampen the signal intensity over the course of the assay. Calibration of 
the instrument was conducted with reference materials obtained from SPEX Certiprep, Sigma, 
and Chem Service. Verification of instrument calibration was achieved with preparations of 



reference materials by another chemist other than the one who prepared the calibration 
standards. Check standards were analyzed post calibration and post sample analysis. 

 
Total Arsenic Results  

Table 1 presents the final results for total arsenic in digested samples and extraction 
samples. A significant matrix effect was observed during measurements of total arsenic in 
digestion batch one. This was indicated by low recoveries of the digestion matrix spike, 
digestion standard reference material (SRM), and the analytical spike. Therefore, a method of 
standard addition was performed on one sample, the matrix spike, and the SRM. Digestion 
quality controls were much improved under these conditions and confidence in the final 
arsenic result was obtained. When a smaller digestion mass was utilized in digestion batch 2, 
the matrix effect was not observed and method of standard addition was not necessary.  
 

Table 1. Total arsenic results for digested and extracted algae samples: initial analysis. 
 

Arsenic 
(mg/g) 

Digestion / Extraction 
Duplicates 

(%RSD/%RPD) 

Matrix Spike / 
Reagent Blank Spike 

(%Recovery) 

Dogfish Muscle  
(DORM-2) SRM 

(%Recovery) 

Digestion Batch 1 13* 5.3% 60%* / NA 90% 
Digestion Batch 2 10.2 17% 83% / 87% 88% 
Extraction 1 (TFA) 5.9 8.0% NA / 83% 92% 
Digestion Batch 2  
(TFA Solids) 

4.7 NA NA NA 

Extraction 2  
(MeOH-Water) 

2.6 NA NA / 59% 87% 

Note: NA = parameter not available. 
*Determined by Method of Standard Addition 
 

Total arsenic analysis of the TFA extract indicated that 51% of the total arsenic is 
extracted under these conditions. This was further verified by digestion and analysis of the 
extraction raffinate to account for 41% of the missing arsenic. Analysis of the second 
extraction (Methanol-Water 3:1), accounted for 22% of the unextracted arsenic from the first 
extraction. By summing the percent arsenic extracted by method one and method two, a total 
arsenic extraction of 73% is achieved. 

 
Arsenic Speciation Results  

Table 2 presents the final results for arsenic speciation of the algae extracts. The TFA 
extraction blank showed significant arsenate signal with regards to arsenate signals observed 
for samples. Most likely this was due to a argon-chloride interference (Ar40Cl35 at As75). 
This was also the most likely culprit for the high SRM recoveries for this species as well. 
Please refer to the discussion section of this report for more details. The methanol-water 
extraction reagent blank spike recovered low for arsenite, however this was also seen in a low 
recovery for total arsenic in this sample as well. The most likely cause for this low recovery 
was that the sample was inappropriately spiked with arsenite. Known arsenic species measured 
in this experiment were very low and do not account for the majority of arsenic species present 
in the algae sample. 
 



 

Table 2. Arsenic speciation results for alage extracts: initial analysis . 
 Arsenate (As+5) 

as Arsenic 
Arsenite (As+3) 

as Arsenic 
Monomethylarsinic acid 

(MMA) as Arsenic 
Dimethylarsinic acid 
(DMA) as Arsenic 

Arsenobetaine as 
Arsenic 

TFA Extraction  
Blank 

0.21 < 0.1 < 0.1 < 0.1 < 0.1 

TFA Algae  
Extract 1 

0.46 0.56 < 0.1 0.11 < 0.1 

TFA Algae  
Extract 2 

0.32 0.49 < 0.1 < 0.1 < 0.1 

TFA Reagent  
Blank Spike 

105% Recovery 84% Recovery NA NA NA 

TFA DROM-2  
SRM Extract 

323% Recovery < 0.1 < 0.1 79% Recovery 2% Recovery 

MeOH-Water 
Extraction Blank 

< 0.1 < 0.1 < 0.1 < 0.1 < 0.1 

MeOH-Water  
Algae Extract 1 

< 0.1 < 0.1 < 0.1 < 0.1 < 0.1 

MeOH-Water  
Algae Extract 2 

< 0.1 < 0.1 < 0.1 < 0.1 < 0.1 

MeOH-Water  
Reagent Blank  
Spike 

117% Recovery 12% Recovery NA NA NA 

MeOH-Water  
DROM-2 SRM  
Extract 

198% Recovery < 0.1 < 0.1 85% Recovery 97% Recovery 

Note: Concentration units µg/g unless otherwise noted. 
 
 
Spring 2013 
Sample Preparation and Total Arsenic Digestion  

The sample preparation used in this follow up experiment was similar to that described 
for the initial analysis above. The processed sample was stored at –20°C when not in use. Total 
arsenic result used for calculating recoveries was based on the initial findings in 2012.  

 
Extraction Methods  

To prepare the algae sample for arsenic speciation analysis by LC-ICP-MS, solid-liquid 
extractions were performed. A quarter gram of homogenized sample was treated with 5.0 ml 
methanol-water (3:1) at 55°C for one hour. The extraction solvent was collected and the 
procedure was repeated two more times and the extraction fluids were pooled. Eight milliliters 
from the pooled extract was removed and the methanol was evaporated under a gentle stream 
of nitrogen at 50°C. Following methanol removal, the sample was diluted to 8.0 ml with 0.2% 
hydrochloric acid. The final sample was then filtered through a 0.2 µm syringe filter to remove 
any solids. A reagent blank, an inorganic arsenic matrix spike, a certified dogfish muscle 
sample, and a commercially available kelp sample purchased locally were processed in parallel 
to verify sample extraction.  

 



Total Arsenic Analysis  
Total arsenic analysis was performed as in the earlier 2012 analyses. 
 

Arsenic Speciation Analysis  
Arsenic speciation was achieved with a liquid chromatography system interfaced to the 

ICP-MS instrument operated in a transient acquisition mode. The LC operating parameters 
were obtained from a reference method designed for marine biota, Smith et al. (2008). 
Separation of the arsenic compounds was achieved with a Thermo AS7 column (4 mm × 250 
mm) with a nitric acid gradient mobile phase containing 0.05 mM mM benzene-1,2-disulfonic 
acid dipotassium salt (ion-pairing agent) and 0.5% methanol. The mobile phase flow rate was 
set at 1.0 ml/min and an injection volume of 30 µl was used. Yttrium prepared at a 
concentration of 100 ng/ml in mobile phase A was employed as an internal standard. Injection 
of 10 µl of the internal standard was performed post-column and is necessary since mobile 
phase and sample salts dampen the signal intensity over the course of the assay. Calibration of 
the instrument was conducted with reference materials obtained from SPEX Certiprep, Sigma, 
and Chem Service. Check standards were analyzed post calibration and post sample analysis. 

 
Total Arsenic in Algae Extract Results  

Total arsenic analysis of the methanol-water (3:1) extracts was achieved by ICP-MS. The 
average total arsenic result obtained for duplicate extract of the Hawaiian algae is 11 µg/g. The 
average total arsenic result obtained for duplicate extract of the kelp is 65 µg/g.  
 
Arsenic Speciation Results  

Figure 4 presents the LC-ICP-MS chromatogram of the algae sample spiked with five 
arsenic species at a five-fold dilution. Recoveries for the five arsenic species spiked in an algae 
extract ranged from 84% to 106%. In addition, two unknown arsenic species were observed at 
retention times 6.7 minutes and 7.1 minutes. These unknown peaks were not observed in 
reagent blanks or calibration standards. 

Figure 5 presents the LC-ICP-MS chromatogram of an alga extract with no species spike.  
 



 

 

Figure 4. LC-ICP-MS chromatogram of the algae sample spiked with five arsenic species at a five-fold 
dilution. Recoveries for the five arsenic species spiked in an algae extract recovered from 84% to 
106%. In addition, two unknown arsenic species were observed at retention times 6.7 minutes and 7.1 
minutes. These unknown peaks were not observed in reagent blanks or calibration. 
 
 
 

 
Figure 5. LC-ICP-MS chromatogram of an alga extract with no species spike. 

 



The only known arsenic species observed in the extract were arsenic as 
monomethylarsinic acid (MMA) and arsenic as arsenate. In addition, two unknown forms of 
arsenic were observed in the extracts. One of the unknowns was found at the greatest 
concentration. Table 3 presents the final results for arsenic speciation of the algae extracts. 
Final results are reported as arsenic in concentration unit µg/g. 
 

Table 3. Final arsenic species results for algae extracts. 
 Total 

Arsenic* 
(µg/g) 

Arsenite 
(µg/g) 

MMA 
(µg/g) 

Unknown 
Species #1 

(µg/g) 

DMA 
(µg/g) 

Arsenate 
(µg/g) 

Unknown 
Species #2 

(µg/g) 

Unknown 
Species #3 

(µg/g) 

Arsenobetaine 
 (µg/g) 

Species 
Sum 

(µg/g) 

Gracilaria salicornia 
(from Hawaii) 

11 < 0.3 1.2 < 0.3 < 0.3 0.33 5.5 0.75 < 0.3 7.7 

Kombu—Family 
Laminariaceae 
(purchased locally) 

65 < 0.3 27 20 9.9 6.4 6.5 < 0.3 < 0.3 69 

*Total arsenic in extract measured by ICP-MS. 
 
 
Principal Findings and Significance  
 
Summer 2012 

Data obtained in 2012 were inconclusive regarding the matter of whether TFA is the best 
solvent for extraction of arsenic species in algae. This solvent extracted only 51% of the total 
arsenic contained in the algae sample. In addition, recoveries of arsenobetaine in the SRM 
were extremely low and reagent blanks for arsenate in this solvent were significant with 
regards to sample. Smith et al. (2008) reported success with TFA extraction of rice plants, 
however there is no mention of extraction blanks, no mention of extracted SRMs, and the 
research was only concerned with arsenate, arsenite, MMA and dimethylarsinic acid (DMA) 
(Smith et al. 2008). The use of a chloride interference correction may remedy the issue (see 
below discussion on interference corrections), however this solution has not yet been 
demonstrated. Kohlmeyer et al. (2002) have reported that marine algae lack arsenobetaine and 
contain mostly arsenosugars (Edmonds et al. 1987). Given that, the effect of TFA may be moot 
point, there is still concern that TFA will affect arsenosugars and it is uncertain what is 
happening to the arsenobetaine. Increasing the current arsenic speciation data acquisition time 
and re-analyzing the TFA extracts to look for later eluting arsenic compounds may be an 
experiment worth conducting. In addition, setting up the current LC-ICP-MS system to run 
arsenosugars would also be a direction worth heading. However, obtaining arsenosugar 
reference materials may prove difficult (see below discussion on reference materials).  

Methanol-water (3:1) extracted arsenic species that were un-extractable with TFA. The 
reagent blank indicated that the reagents used to prepare the extraction fluids produced less 
interference. This result was further demonstrated by a lower recovery of arsenate in the SRM 
extracted by methanol-water, than that obtained for TFA (198% versus 323%). Arsenobetaine 
recoveries via the methanol-water extraction procedure were superior to the TFA extracted 
counterpart and the DMA extraction recovery was greater as well. Increasing the current 
arsenic speciation data acquisition, and re-analyzing the methanol-water extracts to look for 
later eluting arsenic compounds may be an experiment worth conducting as well. Also, setting 
up the current LC-ICP-MS system to run arsenosugars would be a direction worth heading. An 



 

initial extraction of the algae material with methanol-water (3:1) is planned and results from 
this experiment are eagerly anticipated.  

Observation of the argon chloride interference warrants concern. Many times this can be 
corrected by subtraction of the reagent blank, however since chloride is anticipated to be 
variable in samples, this method is unacceptable. Another approach to this issue is to utilize an 
interference correction equation. Arsenic is monoisotopic, with an atomic mass of 75 Daltons. 
Chloride has two isotopes, 35 Daltons and 37 Daltons, with relative abundances 75.53 and 
24.47, respectively. If one monitors the signal at mass 77 Daltons (Ar40Cl37), then an 
interference equation of can be employed to correct for the interference. However, one must 
still beware because selenium also has an isotope at 77 Daltons with a relative abundance of 
7.58. Therefore, monitoring selenium at mass 82 would allow one to correct for selenium 
interference at the Ar40Cl37 mass. Still yet we are not out of the woods, krypton has an 
isotope at mass 82 as well, with a relative abundance of 11.56. Krypton is typically found 
alongside argon and because it is heavier than argon, it becomes more prevalent as the liquid 
argon tank for the ICP-MS depletes. Therefore, another correction can be made if we measure 
krypton at mass 83. Putting all the interference equations together results in an expression as 
follows: 

 
Mass 75 signal – (3.1 × mass 77 signal – (0.82 × mass 82 signal – (1.0 × mass 83 signal))) 
 

The signal coefficients are generated from the ratio of the relative abundances of the 
elements. Use of interference equations are a commonplace in routine ICP-MS analysis, 
however to date no speciation assays known to the researchers utilize them. Analysis of 
extracted blanks and extracted SRM’s under these conditions would provide a measure of 
success or failure of this approach. 

Without the appropriate arsenic reference materials, identification of other arsenic 
compounds by the current speciation method is not possible. One option would be to obtain 
arsenosugars known to be in the possession of other researchers. Another option would be to 
locate synthesis methods for several of the most probable arsenic sugars present as reported by 
Kohlmeyer et al. (2002) and prepare them in-house. A third option could be to contact a 
chemical manufacturer and request to have the most probable arsenic sugar compounds custom 
made, however chances are that this option would be costly. A fourth option, would be to set-
up an arsenic speciation method identical to the methods used by McSheehy and Szpunar 
(2000) and identify unknown arsenic compounds relative to the known arsenic compound. 

 
 

Spring 2013 
Total arsenic analysis of the methanol-water (3:1) algae extract indicated that all of the 

arsenic present in the algae sample was extracted. The sum of the arsenic species accounted for 
70% of the arsenic present in the extract. Two known forms of arsenic were present in the 
algae extract. Two unknown forms of arsenic were detected in the extract. One of the unknown 
forms, was the most abundant form of arsenic in this sample. The remaining 30% of the arsenic 
present in the extract was not detectable by the LC-ICP-MS method employed.  

Analysis of total arsenic in the edible kelp sample produced a total arsenic result of  
65 µg/g. This result is almost six times greater than the Hawaiian algae sample. The sum of the 
arsenic species indicates that all the arsenic present in the edible kelp was accounted for by the 



LC-ICP-MS method. Two unknown forms of arsenic were detected in the edible kelp sample. 
One of the unknown forms was identical to one observed in the Hawaiian algae sample. The 
concentration of this form in the edible kelp was similar to the concentration of this unknown 
form in the Hawaiian algae sample.  

Identification of the unknown arsenic species present is impossible by these methods. In 
order to isolate and identify these unknown forms, separate methods would have to be 
developed. Edmonds, et. al. (1987)were able to isolate and identify unknown forms of arsenic 
in the edible seaweed Hizikia fusiforme, however the methods used were extremely labor 
intensive (Edmonds et al. 1987). 

 
 

Conclusions 
 

The concentration of total arsenic found in the single sample analyzed to date was  
10 µg/g. This is in general agreement with concentrations reported by an earlier analysis done 
for The Nature Conservancy in Hawaii, and is relatively low. Other researchers have reported 
significantly higher concentrations in commercially available edible dried seaweed (e.g., 
García-Salgado et al. 2011). An edible kelp was analyzed for the sake of comparison and this 
was found to have a total arsenic concentration of 65 µg/g. The analysis was conducted on the 
species from Hawaii (Gracilaria salicornia).  

Perhaps the most significant contribution of the project was the development of analytical 
techniques by the project chemist, John W. Scott, at the ISTC, which made possible improved 
speciation of total arsenic into its various forms. A preliminary attempt using trifluoroacetic 
acid and methanol to extract the arsenic from the algae sample followed by liquid 
chromatography inductively coupled plasma mass spectrometry (LC-ICP-MS) yielded 
unsatisfactory results (the extraction method caused changes in the forms of arsenic present). 
Furthermore speciation of the extracts from these experiments by LC-ICP-MS indicated that 
the forms of arsenic present were not amenable to the methods used. Subsequently the 
extraction protocol was modified and the total arsenic analysis was conducted using 
inductively coupled plasma mass spectrometry ICP-MS. Arsenic speciation was achieved with 
a liquid chromatography system interfaced to an ICP-MS instrument operated in a transient 
acquisition mode. The various species of arsenic detected using this system accounted for 70% 
of the arsenic in the algae. In addition to arsenite, MMA and DMA, two unknown forms of 
arsenic were observed in both the algae from Hawaii and the kelp, however identification of 
these was not possible using the above methods. 

 
 

Publications Cited in Synopsis 
 
Diaz, Oscar, Yasna Tapia, Ociel Muñoz, Rosa Montoro, Dinoraz Velez, Concepción Almela 

(2011) Total and inorganic arsenic concentrations in different species of economically 
important algae harvested from coastal zones of Chile Food Chem Toxicol. 2011 Nov 25. 
[Epub ahead of print] 

Edmonds, E., M. Morita, Y. Shibata, 1987, Isolation and Identification of Arsenic containing 
Ribofuranosides and Inorganic Arsenic from Japanese Edible Seaweed Hizikia fusiforme. 
J. Chem. Soc. Perkin. Trans.1. 1987: 577-580 



 

García-Salgado S, MA Quijano, MM Bonilla. 2011, Arsenic speciation in edible alga samples 
by microwave-assisted extraction and high performance liquid chromatography coupled 
to atomic fluorescence spectrometry. Anal Chim Acta. 2012 Feb 10;714:38-46. doi: 
10.1016/j.aca.2011.12.001. Epub 2011 Dec 8. 

Granchinho, S. C. R., Polishchuk, E., Cullen, W. R. and Reimer, K. J., 2001, Biomethylation 
and bioaccumulation of arsenic(V) by marine alga Fucus gardneri. Applied 
Organometallic Chemistry, 15: 553–560. 

Kohlmeyer, U., J. Kuballa, E. Jantzen, 2002, Simultaneous separation of 17 inorganic and 
organic arsenic compounds in marine biota by means of high performance liquid 
chromatography/inductively coupled plasma mass spectrometery. Rapid Commun. Mass 
Spectrom. 2002; 16: 965-974  

Madsen, A.D., W. Goessler, S.N. Pedersen, K.A. Francesconi, 2000, Characterization of an 
algal extract by HPLC-ICP-MS and LC-electrospray MS for use in arsenosugar 
speciation studies. J. Anal. Atom. Spectrom. 2000; 15: 657 

McSheehy, M., J. Szpunar, J., 2000, Speciation of arsenic in edible algae by bi-dimensional 
size-exclusion anion exchange HPLC with dual ICP-MS and electrospray MS/MS 
detection. J. Anal. Atom. Spectrom. 2000; 15: 79 

Smith, E., A.L. Juhasz, R. Naidu, 2008, Arsenic uptake and speciation in rice plants grown 
under greenhouse conditions with arsenic contaminated irrigation water. Sci. Tot. 
Environ. 2008: 277-283 



Evaluation of the Impact of Drought Conditions Upon the
Waiahole Ditch System Development Tunnels: Ground
Water Sustainability Implications Under Adverse Climate
Change Conditions

Basic Information

Title:
Evaluation of the Impact of Drought Conditions Upon the Waiahole Ditch System
Development Tunnels: Ground Water Sustainability Implications Under Adverse
Climate Change Conditions

Project Number: 2013HI415B
Start Date: 3/1/2013
End Date: 2/28/2016

Funding Source: 104B
Congressional

District: First

Research
Category: Climate and Hydrologic Processes

Focus Category: Drought, Climatological Processes, Hydrology
Descriptors: None

Principal
Investigators: Aly I El-Kadi

Publications

There are no publications.1. 
There are no publications for 2015.2. 

Evaluation of the Impact of Drought Conditions Upon the Waiahole Ditch System Development Tunnels: Ground Water Sustainability Implications Under Adverse Climate Change Conditions

Evaluation of the Impact of Drought Conditions Upon the Waiahole Ditch System Development Tunnels: Ground Water Sustainability Implications Under Adverse Climate Change Conditions1



 
 

FINAL REPORT 
 
 

 

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

Water Sustainability Implications Under Adverse Climate 
Change Conditions  

 
 

May 2016 
 
 
 
 

Aly I. El-Kadi 
 
 

WRRC-2016-05 
 
 
 
 
 
 

Project Number: 2013HI415B 
 

Water Resources Research Center 
University of Hawaii at Manoa 

Honolulu, Hawaii 



Abstract 
 

Global climate change includes both natural as well as anthropogenic impacts on our 
climate and hence the hydrologic cycle. Though there will be long-term dynamic linkages 
between groundwater use, recharge, discharge and the climate, the most direct impact of climate 
on groundwater is through recharge. The research area encompasses the Waiahole Ditch System 
and the Pearl Harbor aquifer on Oahu, Hawaii. Adverse climate change influences manifest by 
Waiahole Ditch discharge reductions will have its associated impacts upon 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 provides an initial assessment of the relationship among the high-level 
windward dike compartment systems and the groundwater basal system of the Pearl Harbor 
aquifer. A proxy of future adverse climate change impacts can be identified. If fully 
implemented, the results of the study will be valuable in assisting policy makers in their 
preparations for climate change adaptive strategies. Identifying the temporal dynamics of the 
dike compartment and basal lens interaction may allow sufficient preparation time for policy 
makers to design specific capital projects that address adverse climate change consequences. The 
scope of work included literature review, data compilation, statistical analysis, monitoring of 
gauges, development-tunnel discharge measurements, and the evaluation of currently 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. 
 
 
Problem and Research Objectives 
 

Global climate change includes both natural as well as anthropogenic impacts on our 
climate and hence the hydrologic cycle. Greenhouse gases, followed by the global temperature 
rises are known to bring about significant temporal and spatial changes in the precipitation and 
temperature regimes. Freshwater resources, both surface water and groundwater, are vulnerable 
to these changes and pose potentially far reaching consequences for the society and the 
environment. Though there will be long-term dynamic linkages between groundwater use, 
recharge, discharge and the climate, the most direct impact of climate on groundwater is through 
recharge. Reductions in recharge will cause excessive depletion of valuable groundwater storage.  

The research area encompasses the Waiahole Ditch System (Figure 1) and the Pearl Harbor 
aquifer (Figure 2). In their evaluation of these dike systems, Takasaki and Mink (1985) provide a 
historical framework of investigations into this phenomenon, with their estimate at the time, of  



Figure 1. Waiahole Ditch System. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Pearl Harbor monitor wells. 
 
 



560 billion gallons of storage occurring within the primary recharge area of the Koolau 
Mountains—with no recharge estimate provided at the abutment to Pearl Harbor. It is estimated 
that reductions in recharge due to adverse climate change will affect the predominant base flow 
contributions from the Waiahole Ditch System development tunnels, re-kindling competition for 
this valuable resource among leeward and windward interests. Adverse climate change 
influences manifest by Waiahole Ditch discharge reductions will also have its associated impacts 
upon the groundwater flow from the high-level dike compartments to the Pearl Harbor basal 
lens. Demands upon the Pearl Harbor aquifer will continue to increase with pumpage from the 
renovated Honolulu Board of Water Supply Ewa Shaft, and future development requirements for 
the Hoopili, Koa Ridge, and Waiawa residential projects, along with the increased home basing 
of military troops. The latter will require the extended utilization of groundwater resources from 
among present Department of Defense sources—Waiawa Shaft, Red Hill Shaft, and the Halawa 
Shaft. 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 provides an initial assessment of the relationship among the high-level 
windward dike compartment systems and the groundwater basal system of the Pearl Harbor 
aquifer. The hydrologic mechanisms of the movement of high-level groundwater to the basal 
lens are governed by two theoretical principles—laminar flow Darcy theory within the high-level 
dike compartments and the Ghyben-Herzberg theory within the Pearl Harbor basal lens. Shallow 
index monitor wells in the basal lens (Figure 2) would indicate the earliest temporal responses to 
groundwater movement—specifically direct recharge, originating from dike compartments. 

Through assessment of the relationship between the high-level groundwater dike 
compartments under prior drought conditions, and its attendant impact upon the Pearl Harbor 
basal lens, a proxy of future adverse climate change impacts can be identified. If fully 
implemented, the results of the study will be valuable in assisting policy makers in their 
preparations for climate change adaptive strategies. Identifying the temporal dynamics of the 
dike compartment and basal lens interaction may allow sufficient preparation time for policy 
makers to design specific capital projects that address adverse climate change consequences. 

The study is specifically aimed at initial evaluation of the relationship among rainfall 
distribution, tunnel discharges. Data compiled and analyses can assess potential adverse 
influences upon Pearl Harbor groundwater head levels because of climate change. In the 
approach, the impacts upon recharge is not quantified, but is proxied by the response of the Pearl 
Harbor index monitor wellhead-levels to the dynamic adjustments resultant from drought 
conditions. The scope of work included literature review, data compilation, statistical analysis, 
monitoring of gauges, development-tunnel discharge measurements, and the evaluation of 
currently measured Waiahole Ditch discharge rates. 
 
 
Methodology 
 

A review of the literature and the compilation of the period of record data from the 
inception of the Waiahole Ditch System to the present were conducted. The data included 
precipitation records, Waiahole Ditch System discharge and instrument stage records, HBWS 
pumpage, deep monitor index well head level records, USGS Pearl Harbor spring discharges, 



and pumpage data from the Department of Defense and other sources. The study comprised data 
compilation, and Waiahole Ditch System discharge measurements. A future follow up study 
should apply statistical methods to assess the research variables. Climate data would be used to 
assess the effects of previous episodic drought conditions upon the discharges of the Waiahole 
development tunnels, with the perspective of foreseeing sustainability impacts to the Pearl 
Harbor aquifer that may be attributable to adverse future climate-change conditions. 

Pressure and barometric data loggers at Kahana Tunnel bulkheads A and B, Waihee 
Tunnel, and Kahaluu Tunnel (Figure 3) were retrieved. The data logger with the rain gauge 
installed at the helipad of the Kahana Tunnel was also recovered. Data from the pressure 
transducers were downloaded.  

 
 

Principal Findings and Significance 
 

It was observed during the data logger retrieval trips up the mountain that the Kahana and 
Waihee tunnels were actively producing water, but the Kahaluu tunnel was not. The Kahana 
bulkhead appeared to be under pressure with the dial gauge showing about 17 psi, while that at 
the Waihee Tunnel bulkhead showed about 30 psi. The tipping bucket rain gauge near the 
Kahana Tunnel, which was placed at the edge of a helipad, was found to be clogged with leaves 
and non-operational. The raw data downloaded from the sensors are shown in Figure 4.  The 
water in Kahana and Waihee tunnels are under pressure. The Kahana tunnel A registered an 
average pressure of 15.5 psi, just above the atmospheric pressure near that location at 14.3 psi. 
The bulkhead B at Kahana was slightly at a higher pressure, averaging 18.8 psi. The Waihee 
tunnel appeared to be under higher pressure, and more productive with an average pressure 
shown at 30.2 psi during the logged durations of 4–6 months. The data retrieved from the 
Kahaluu pressure transducer logger showed sub-atmospheric pressure and even during the 
retrieval of the logger the tunnel appeared to be unproductive. The tipping bucket rain gauge was 
found to be clogged with leaves and non-operational. This data recorder had also malfunctioned 
and no rain data could be retrieved.  

There appeared to be a very weak positive correlation between the pressure heads observed 
at Kahana A and Kahana B bulkheads, showing a correlation coefficient of 0.1795 only. The 
correlation plot is shown in Figure 5. Similarly, there did not appear to be any coherent 
correlations between the Kahana bulkhead pressure heads and the Waihee pressure heads.  

The data compiled can be useful in assessing the impact of the relationship between the 
high-level groundwater dike compartments upon the Pearl Harbor basal lens, a proxy of future 
adverse climate change impacts can be identified. 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. 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Data collection locations.



 
 

Figure 4. Pressure readings from field deployed pressure sensors located in the bulk heads in 4 
locations and a barometric readings at Kahana. 
 
 
 

 
 

Figure 5. Scatter plot exploring correlation between pressure heads at  
Kahana A and Kahana B bulk heads (coefficient of correlation = 0.1795).  
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Problem and Research Objectives 
 

Microbes are the most abundant and diverse group of organisms on Earth and major drivers 
of biogeochemical cycles in all environments. Microbial communities are sensitive to 
environmental stimuli and are among the quickest to respond to changes in their environment 
(Sun et al. 2012). Viral and bacterial communities can respond very differently to environmental 
variables that can range from chronic sewage contamination to climate related ocean 
acidification. Because environmental degradation is usually negatively related to public health 
and ecosystem services, there is a need as well as an opportunity to include microbial community 
based measurements in the current water quality monitoring programs (Kisand et al. 2012).  

Coastal environments are highly complex and diverse. This diversity is maintained by 
niche availability and disturbances (Berga et al. 2012) such as periodic terrestrial inputs (e.g., 
wastewater spills, farm runoff) and re-suspension during storm events. These short-term 
fluctuations, which are highly dependent on coastal land use and infrastructure, may mask long-
term changes caused by the climate (e.g., directional change) or persistent contamination events 
(e.g., decreased diversity). Both short-term and long-term changes have important implications 
for the public health as well as the environment. An understanding of the structure of the coastal 
microbial communities and their plasticity may provide evidence of short term or long term 
changes and may help predict consequences. Furthermore, microbial community structure can be 
used to infer the origin and source of allochthonous material (e.g., microbial contaminants), 
which is helpful in the management of coastal resources (Fisher et al. 2015, Cloutier et al. 2015, 
Halliday et al. 2014). It would be beneficial to include both environmental and human health 
perspectives for the sustainable management of our coasts. 

Currently, research about (1) the effect of environmental change on microbial communities 
to evaluate environmental impact, and (2) the effect of microbial contaminant on human health 
appear as two distinct topics. However, there is evidence that the environment and public health 
issues are closely related. A more holistic approach is needed to fully understand the impact of 
coastal development and environmental change on both environmental and public health (e.g., 
relating to climate change and/or contamination events). Microbial community signatures will 
not only help to understand the long-term effects of a given change on coastal environments, but 
may also address other issues such as contamination sources. This research is a first step to 
achieving this goal by describing the microbial communities present in sewage, how sewage 
communities change as they are subjected to wastewater treatment, and finally, the communities 
found in and around the outfall. In addition, this project provides a microbial community 
baseline in our wastewater and selected coastal environments to which further studies can be 
compared. 

Molecular methods have been the key tool to study microbial communities because much 
of the microbial flora is challenging to cultivate. Simple cloning, denaturing gradient gel 
electrophoresis (DGGE), terminal-restriction fragment length polymorphism (TRFLP), pulsed-
field gel electrophoresis (PFGE), and other related techniques have enhanced our understanding 
of microbial diversity. However, these methods provide only limited information about the 
microbial community structure and its function because only a limited number of individuals can 
be identified. Novel next-generation sequencing technologies (NGS), such as pyrosequencing 
and sequencing-by-synthesis, allow exploration of the microbial community structure in 
unprecedented detail as millions of sequencing reads are generated for each sample. This 
exceeds, by roughly 100,000-fold, what was possible in earlier studies when, at best, a few 



 

	  

hundred sequences were analyzed for their taxonomic affiliation. Furthermore, the relative 
proportions of different taxonomic groups can be established more reliably by the newer 
sequencing methods. Extremely detailed taxonomic and genetic profiles can be identified for 
each sample because the whole metagenome (i.e., genetic material present in the sample) can be 
analyzed. The next-generation sequencing techniques have become a major tool to study the 
structural and functional changes of microbial communities in detail (Kisand et al. 2012). In 
Hawaii, however, wastewater and coastal microbial communities have not been studied using 
this approach, hence we have a limited understanding of the microbial communities in our State. 

To maintain a sustainable economy and healthy environment, decisions guiding 
environmental management need to be based on a broad and comprehensive understanding of the 
biodiversity and functional capability within the ecosystem (Kisand et al. 2012). Current water 
quality monitoring programs target a few microbial indicators (such as enterococci) and are 
focused primarily on evaluating the health risks associated with the recreational use of the water. 
Microbial community analyses, on the other hand, can provide additional information that might 
not be apparent with the present monitoring programs. The microbial community level analyses 
can provide very valuable additional information regarding the health risk (e.g. detection of 
potential pathogens, identification of contamination source(s), etc.). Furthermore, monitoring 
programs that evaluate human impact on the environment can benefit from the analyses of 
microbial communities as it can provide a more sensitive approach. 

The major goal of this project is to establish a research program to bridge environmental 
and public health sciences by leveraging novel community analyses tools to target environmental 
and human health concerns collectively, and thereby provide a more holistic view of the coastal 
ecosystem and promote sustainable development. 

 
Research Objectives 
1. Provide a microbial community analysis for four wastewater treatment plants (WWTP) on 

Oahu using novel sequencing tools. 
2. Identify how different wastewater treatments affect microbial communities in the 

wastewater. 
3. Identify whether each major Oahu WWTP ocean discharge has a unique microbial 

fingerprint. 
4. Provide a microbial community analysis of selected sites along the coastal transect of Oahu 

and around Sand Island WWTP outfall using novel sequencing tools. 
5. Establish a data analysis pipeline for next-generation sequencing data at the University of 

Hawaii at Manoa Water Resources Research Center (WRRC). 
 
 

Methodology 
 
Sample Collection 

A total of 84 samples were collected and analyzed in this study (Table 1). Samples were 
collected from the following four WWTPs on Oahu: Honouliuli (09/2013), Kailua (10/2013), 
Sand Island (05/2013), and Hawaii Kai (10/2013) (Figure 1). The samples were collected three 
times within a single week from raw influent, after primary treatment, after secondary treatment 
(when available), and from the effluent at each WWTP. Samples were collected from the Kailua 



 

	  

WWTP as well as effluent from both the Kailua WWTP and the Marine Corps Base (i.e., 
secondary and UV treated effluent). When available, 24 hour composite samples were collected 
in parallel with a grab a sample. Coastline samples were collected along the Sand Island and 
Waikiki transect at sites (S) routinely monitored by the City and County of Honolulu (CCH). 
Around the Sand Island outfall, six offshore sites were also studied (C1A, C2A, C3A, C4, C5A, 
and R3). Offshore samples were collected from three different depths (surface, middle, and 
bottom) at sampling sites C with the assistance of the CCH (Figure 2).  

 
Table 1. Wastewater and coastal water samples collected and analyzed in this study. 

Sample type Location Treatment 

Amount of 
sewage 

discharged 
(mgd) 

Number  
of sites 

Number  
of sampling 

events 

Number  
of replicate 

samples 

Total 
number  
of filters 
analyzed 

Wastewater Hawaii Kai 
WWTP 

Primary, 
Secondary, 
Chlorination 

3.8 4 3 3b 35 

 Honouliuli 
WWTP 

Primary, 
Secondary, 
Advanced 
Tertiary (R1) 

25.5 5 3 3c 48 

 Kailua  
WWTP 

Primary, 
Secondary 

11.7 4 3 3 36 

 Sand Island 
WWTP 

Primary, 
UV disinfection 

61.9 3 3 3 27 

Coastal water Shoreline NA NA 6 1 3d 16 
 Keehi  

Lagoon 

(offshore) a 

NA NA 1 1 3 9 

 Mamala Bay 
(offshore) a 

NA NA 5  1 3e 47 

Note: NA = not applicable, WWTP = wastewater treatment plant, mgd = million gallons per day. 
a

 Offshore samples were collected at three different depths: surface, middle, bottom.  
b

 A single sample had two replicates. 
c A single sample had four replicates, a single sample had five replicates.  
d A single sample had three replicates.  
e

 Two samples had four replicates. 
 
After collection, the samples were cooled on ice, transported to the laboratory, filtered 

through Supor 200 filters (0.2 µm pore diameter) within 2 hours of collection, and stored at  
-40 °C. Triplicate filters were prepared from each sample. A total of 218 filters were stored at  
-40 °C for community analyses (Table 1). 



 

	  

 
Figure 1. Wastewater treatment plants on Oahu, Hawaii, that were sampled in this study. 

 

 
NOTE: Samples collected from the shoreline are indicated in red. Sampling sites C = offshore, R = Keehi Lagoon, 
and S = shoreline. 

Figure 2. Sampling sites surrounding the Sand Island ocean outfall. Offshore and coastline samples 
were collected along transects C and S. Sites C and R were studied at 3 different depths.  



 

	  

  
Concentration of Cultivable Bacteria  

Cultivable bacteria were enumerated from samples collected at the Sand Island WWTP, 
around the Sand Island outfall, and at selected coastline sites. The samples were placed on 
marine agar as well as on R2A media made with freshwater or marine water (1826-17-1, Difco 
Lab., Detroit, MI). Over 1,000 colonies were isolated from the plates and stored at -20 °C.  

Enterococci concentrations were determined in all the samples collected using a standard 
membrane filtration technique on mEI media (Method 1600; USEPA 2002).  

At each site pH, conductivity and turbidity were measured using Orion pH meter 420A 
(Thermo Scientific; Waltham, MA), Accumet® Basic AB30 conductivity meter (Thermo 
Scientific; Waltham, MA), and 2100q portable turbidity meter (Hach Company; Loveland, CO), 
respectively.  

 
DNA Isolation  

DNA was extracted using the PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc., 
Carlsbad, CA) according to the manufacturer’s protocol. Briefly, a frozen filter with the 
microbiological sample was placed into the Power Bead Tube spiked with 60 µL of solution C1 
and vortexed gently. The material was homogenized at maximum speed for 2 minutes on a Mini-
Beatbeater-8 (Biospec, Bartlesville, OK) followed by centrifuging at 10,000 × g for 30 seconds 
at room temperature, to remove cell debris. The DNA containing supernatant (~500 µL) was 
transferred into a new collection tube and 250 µL of solution C2 was added. The mixture was 
vortexed for 5 seconds, and incubated at 4 °C for 5 minutes. After centrifugation for 1 minute at 
10,000 × g, the supernatant (600 µL) was transferred into a new 2 mL collection tube and a 
solution C3 (200 µL) was added. The tubes were incubated at 4 °C for 5 minutes, and 
centrifuged for 1 minute at 10,000 × g. Clean supernatant (750 µL) was transferred into a new 
collection tube and 1,200 µL of solution C4 was added. Approximately 675 µL of material was 
loaded onto the Spin Filter and centrifuged at 10,000 × g for 1 minute. This was repeated three 
times to load the entire DNA onto the filter. Filters containing the DNA were washed with 
solution C5 (500 µL) and centrifuged for 30 seconds at 10,000 × g. After solution C5 was 
removed, tubes were centrifuged at 10,000 × g for another minute to dry the column and remove 
the remnants of solution C5, which could interfere with the next step (library preparation and 
next-generation sequencing). Columns containing the spin filter were carefully placed into new  
2 mL centrifuge tubes and the DNA was eluted using solution C6 (100 µL) for 30 seconds at 
10,000 × g. The extracted DNA from all the samples was stored at 4 °C until a library was 
prepared.  
 
Sequencing Library Preparation, Sequencing, and Analyses  

Microbial community structure was determined in all the samples collected using 
methodology as described in Caporaso et al. (2011). Briefly, the variable V4 region of the 16S 
rRNA gene was amplified using primers 515F and 806R, both containing sequencing platform- 
specific adapter sequences. Primer 806R also contains specific 12 basepairs sized barcodes to 
facilitate multiplexing of samples in a single sequencing run. The triplicate 25 µl PCR reactions 
for each sample contained 2 µl of DNA template, 0.5 µl of each forward and barcoded reverse 
primer (1 mM final concentration), 10 µl 2.5X Prime HotMasterMix (5 Prime, Hamburg, 
Germany) (1X final concentration), and 12 µl of UltraClean PCR water (MO BIO Laboratories, 



 

	  

Inc.; Carlsbad, CA). A negative control, containing no DNA template, was tested in parallel with 
each sample. After initial denaturation for two minutes at 94 °C, the reactions were cycled for 35 
cycles (94 °C for 45 sec, 50 °C for 30 sec, and 65 °C for 90 sec) on a CFX 96 (Bio-Rad 
Laboratories, Inc., Hercules, CA), and then by the final extension at 65 °C for ten min. Triplicate 
PCR reactions were pooled, cleaned using a UltraClean® PCR cleanup kit (Mo Bio 
Laboratories, Inc., Carlsbad, CA), visually examined on 2% agarose gel and quantified using a 
Qubit® dsDNA HS Assay Kit (Life Technologies, Grand Island, NY) according to the 
manufacturers’ protocols. All the samples were pooled at the equimolar ratio into a single DNA 
library and purified on 2% agarose gel using Wizard® VS Gel and PCR Clean-Up Kit (Promega, 
Madison, WI). The purified library was sequenced on an Miseq sequencer (Illumina, San Diego, 
CA) using V3 chemistry at the Genetics Core Facility at the Hawaii Institute of Marine Biology 
(University of Hawaii). Demultiplexed sequences were filtered to remove low quality reads and 
clustered using a modified script allowing zero mismatches between the paired reads using 
CD_HIT-OUT (Li et al. 2012). High quality reads were clustered to operational taxonomic units 
(OTUs) at 97% identity, and aligned and compared to the reference database SSU Ref NR 119 
(http://www.arb-silva.de/projects/ssu-ref-nr/) using the SINA aligner (Pruesse er al. 2012). A 
Python script, developed in-house, was used to generate diversity-abundance matrices of all the 
identified OTUs for analyses. OTUs represented by ≤3 sequences were removed from the alpha 
diversity analyses (richness in one sample), and in addition, OTUs observed in single samples 
were removed from the beta diversity based analyses (comparing sites). Vegan package in R 
(http://vegan.r-forge.r-project.org/) was used to evaluate alpha rarefaction (Appendix Figure A1), 
and beta diversity. Vegan package was also used to calculate Shannon’s diversity index (H) 

, where pi is the proportion of sequences belonging to a given OTU. 
 
 
Principal Findings and Significance 
 
Sequencing 

To achieve a better taxonomic resolution, we explored the option of sequencing longer 
DNA fragments by using a novel forward primer (341F), known to be highly specific to a wide 
range of eubacteria (Klindworth et al. 2013). Unfortunately, the library that was constructed 
using this novel primer set could not be sequenced due to the primer incompatibility with the 
sequencing hardware (Dr. C. Castaldi, Yale School of Medicine, personal communication; 
Illumina Sequencing support, personal communications). Our sequencing effort of 84 samples 
(218 filter DNA extracts) using primer sets as specified in Caporaso et al. (2011) yielded 
5,813,517 sequences, which were assigned to 3,727 operational taxonomic units (OTUs). 
 
Wastewater vs. Marine Water 

Wastewater and marine water samples were significantly different (R2 = 0.891, p < 0.001) 
(Figure 3). Epsilonproteobacteria, Gammaproteobacteria, and Bacteroidetes were the dominant 
groups in the wastewater samples (Figure 4), while marine water samples were dominated by 
Cyanobacteria, Gammaproteobacteria, and Alphaproteobacteria as well as Bacteroidetes in the 
order of the number of sequences detected in each group (Figure 4). The marine samples 
exhibited higher diversity (average Shannon’s diversity index [Haverage] 3.27 in Mamala Bay, 
2.31 Keehi Lagoon, and 2.37 shoreline samples) when compared to raw or primary treated 



 

	  

wastewater samples (Haverage = 1.87), and similar diversity compared to secondary and tertiary 
treated wastewater samples (Haverage = 3.13).  

 
Figure 3. Detrended correspondence analyses of all the samples collected showing distinct clustering of 
coastal (marine) and wastewater samples. 

 
 



 

	  

 
 

Figure 4. Relative abundance of dominant bacterial phyla and selected classes in the wastewater 
(WWTP) and marine (MARINE) samples.  

 
 

Effect of Wastewater Treatment on Microbial Communities 
Some wastewater treatment has a significant effect on the microbial communities (R2 = 

0.675, p < 0.001). In general, primary treatment (sedimentation) has little or no effect on 
microbial communities, while the secondary (aeration) and advanced tertiary treatment 
(flocculation, sand filtration, and UV disinfection) did impact microbial communities (Figure 5).  

There were also significant differences among the wastewater treatment plants (R2 = 0.472, 
p < 0.001). Untreated wastewater or influent appeared to contain relatively similar microbial 
communities, except the influent from Honouliuli WWTP. Distinct, treatment plant specific 
microbial communities emerged after secondary and/or advanced tertiary treatment (Figure 5). In 
all the WWTPs utilizing secondary treatment, these communities were distinct from the 
communities present in raw and primary treated sewage, while microbial communities in the 
Sand Island WWTP, which utilizes primary treatment and UV disinfection, exhibited little 
change over the treatment train (Figure 5).  

The process to achieve R1 water at the Honouliuli WWTP consisted of secondary 
treatment, chemical flocculation, sand filtration, and UV treatment. At the Hawaii Kai WWTP 
only chlorination was used. In this regard it should be noted that the molecular techniques 
utilized in this study can recover a molecular signal from a non-viable microbial population. This 
might explain why chlorination has little effect on the microbial communities at the Hawaii Kai 
WWTP after secondary treatment (Figure 5). 
 



 

	  

 
Figure 5. Detrended correspondence analyses of microbial communities in four wastewater treatment 
plants evaluated through the treatment process. R1 water at the Honouliuli WWTP was derived through 
advanced tertiary treatment, which included chemical flocculation, sand filtration, and UV disinfection. 
Mixed effluent at the Kailua WWTP contained the combined effluent from the Kailua WWTP and from the 
WWTP at the Marine Corps Base (UV disinfected secondary treated effluent). 

 
In general, untreated wastewater samples were characterized by low diversity (Haverage = 

1.87). The primary treatment (sedimentation) had little effect on microbial diversity (Haverage = 
1.89). In contrast, secondary treatment (aeration) had a significant effect on the microbial 
communities as manifested by the increase of diversity (Haverage = 3.09). Tertiary treated sewage 
at the Hawaii Kai WWTP had a similar diversity (Haverage = 3.08) when compared to secondary 
treated sewage, but diversity declined in R1 water at the Honouliuli WWTP (Haverage = 2.04), 
probably due to the removal of microbial flora during treatment by flocculation and sand 
filtration.  

 
 



 

	  

 

 
 

Figure 6. Diversity in the wastewater treatment plants throughout the treatment process. 
 
In summary, the effluent of all four wastewater treatment plant was characterized by 

distinct microbial communities (fingerprints). Whether these fingerprints remain consistent over 
time needs to be explored. 

 
Microbial Communities in Coastal Samples Collected Around Sand Island WWTP 
Outfall 

While each of the WWTPs discharges treated effluent buy the ocean outfalls to our coastal 
environments, the coastal water samples were collected only in the vicinity of the Sand Island 
WWTP. The Sand Island WWTP discharges the highest amount of treated sewage on Oahu  
(61.9 million gallons per day), and the treatment process is limited to primary treatment and UV 
disinfection. The microbial communities in the Sand Island WWTP effluent were very similar to 
the communities present in untreated sewage (Figure 5). Hence, among all the WWTPS studied, 
the Sand Island WWTP is most likely to impact coastal water quality.  

There were significant differences among microbial communities in offshore and shoreline 
samples (R2 = 0.278, p < 0.01) (Figure 7). Shoreline samples were dominated by Bacteroidetes, 
while offshore samples contained high concentrations of Cyanobacteria. Alpha- and 
Gammaproteobacteria were abundant in both environments (Figure 8). Sampling depth, 
measured as upper, middle, or lower water column section, was also significant in determining 
microbial composition (R2 = 0.296, p < 0.001). 



 

	  

 
 Figure 7. Detrended correspondence analyses of microbial communities in marine water. 

 
 
 

 

Figure 8. Relative abundance of dominant bacterial phyla and selected classes in the offshore 
(OFFSHORE) and shoreline (SHORELINE) samples. 



 

	  

Healthy ecosystems are characterized by diverse thriving microbial communities. The 
microbial communities were significantly different between Keehi lagoon and Mamala Bay (R2 = 
0.249, p < 0.001). Microbial diversity (H) in the Keehi Lagoon, known to be heavily impacted by 
leaking sewer mains as well as by land-runoff from non-point sources (Hawaii Department of 
Health [HDOH], personal communication; Kirs unpublished data), averaged 2.31, while samples 
collected from Mamala Bay, averaged 3.27, likely indicating impairment in the former system 
(Figure 8). More detailed analyses are needed to identify contributing sources. Except site SS7 
(Haverage = 3.31), the shoreline samples exhibited a lower diversity (Haverage = 2.14) than the 
offshore samples (Haverage = 3.07), perhaps indicating a more stressed environment in the former.  

 

 
 

Figure 9. Microbial diversity (H) in marine samples. 
  
 

Additional Data—Cultivable Bacteria (not part of this project) and Further Work 
Concentrations of cultivable bacteria identified from the samples collected at the Sand 

Island WWTP, from the area surrounding the outfall, and the coastal areas are summarized in 
Appendix Table A.1. There was good agreement between the enterococci concentration 
estimates identified by the CCH and WRRC scientists. A high concentration of enterococci was 
identified in the samples collected from the shoreline site S8 and from the offshore site C5. 
Enterococci levels in all the offshore samples, except a sample collected at site C5 (surface layer 
–C5S), remained below the State’s water quality standard (130 CFU 100 ml-1) utilized for beach 
notification purposes by HDOH (Appendix Table A.1). 



 

	  

The analyses for cultivable bacteria were not included in the proposal. Currently over 1,000 
isolates from those samples are stored at -80 °C and will be sequenced to support molecular data 
when funds are available. 

 
Significance 

This is the first in-depth analyses of the microbial communities in Oahu’s WWTPs, which 
demonstrated that: 

1. Each WWTP discharge contains distinct microbial communities (fingerprints), 
2. While primary treatment has little effect, secondary treatment has a significant impact 

on the microbial communities,  
3. Unique, WWTP specific microbial communities appear to originate in each treatment 

plant after secondary treatment, although advanced tertiary treatment procedures (e.g. 
flocculation and filtration) can also have an important role, 

4. Comparison of microbial communities between Keehi Lagoon and Mamala Bay 
indicates possible environmental impairment in the former. 

We have established a full post-sequencing analyses pipeline at the WRRC environmental 
microbiology laboratory. We are routinely building barcoded sample libraries for sequencing in 
our laboratory and are able to compile diversity matrixes within two to three days, after 
sequencing is completed. 

We have established partnership with Tartu University (Dr. Kisand’s laboratory) and have 
extended this to include four other projects: (1) exploring the effect of emerging chemicals on 
microbial communities in slow sand filters, (2) exploring the effect of different soil amendments 
on microbial diversity and plant growth in soils, (3) investigating microbial contaminant source 
in the Manoa Stream, and (4) characterizing microbial communities in the American Samoa’s 
and Hawaii drinking water resources. 

This project has provided training for two post-doctoral students. Each semester the Marine 
Microbiology students at the University of Hawaii have the opportunity to enroll in MICR401, a 
marine microbiology course where they learn about this project and the results. The results of 
this project will be published in a single research paper co-authored by the Principal 
Investigators and co-Principal Investigators. A secondary paper is currently also prepared (in 
review by the co-authors) that utilizes some of the sequence data derived in this study to identify 
microbial contamination sources in the Manoa watershed. 
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Figure A.1. Rarefraction curves of for each sample ((A) all samples, (B) wastewater samples, and (C) coastal samples). Curves that do 
plateau indicate that sufficient sequencing depth, covering most of the sequence diversity present in the sample, was achieved.  

 
 



 

	  

Table A.1. Bacterial concentrations in the samples collected at the Sand Island WWTP and surrounding the outfall (offshore, Keehi 
Lagoon, and shoreline). Enterococci concentrations were determined by the City and County of Honolulu (CCH) and WRRC 
simultaneously. 

R2A (Freshwater) R2A (Marine) Marine Agar Sand  
Island 

WWTP 

Salinity  
(ppt) 

Enterococci 
CCH (mEI) 

(CFU/100 ml) 

Enterococci 
WRRC (mEI) 
(CFU/100 ml) 

Day 1 
(CFU/100 µl) 

Day 2 
(CFU/100 µl) 

Day 3 
(CFU/100 µl) 

Day 1 
(CFU/100 µl) 

Day 2 
(CFU/100 µl) 

Day 3 
(CFU/100 µl) 

Day 1 
(CFU/100 µl) 

Day 2 
(CFU/100 µl) 

Day 3 
(CFU/100 µl) 

Influent 5.8	   NT	   230,000	   220,000	   280,000	   1,440,000	   20,000	   120,000	   140,000	   60,000	   490,000	   600,000	  

preUV 5.8	   NT	   17,000	   90,000	   450,000	   780,000	   0	   50,000	   80,000	   20,000	   110,000	   110,000	  

Effluent 6.1	   NT	   1,100	   0	   150,000	   190,000	   10,000	   30,000	   30,000	   0	   60,000	   270,000	  

C1S	   33.6	   0.9	   1	   0	   0	   0	   8	   72	   73	   3	   9	   53	  

C1M	   33.5	   <0.9	   <1	   0	   0	   0	   4	   141	   129	   2	   43	   110	  

C1B	   33.6	   <0.9	   <1	   0	   1	   3	   16	   187	   165	   2	   5	   44	  

C2S	   33.6	   <0.9	   NT	   0	   1	   2	   5	   12	   24	   1	   31	   63	  

C2M	   33.5	   <0.9	   <1	   0	   0	   6	   4	   142	   264	   7	   18	   35	  

C2B	   33.7	   <0.9	   1	   0	   0	   1	   5	   151	   154	   2	   5	   14	  

C3S	   33.7	   <0.9	   <1	   1	   1	   0	   5	   90	   144	   1	   3	   139	  

C3M	   33.8	   <0.9	   <1	   1	   1	   6	   6	   78	   108	   2	   3	   168	  

C3B	   33.8	   <0.9	   <1	   1	   1	   0	   4	   135	   206	   16	   16	   125	  

C4S	   33.7	   <0.9	   <1	   0	   0	   47	   0	   146	   166	   4	   8	   210	  

C4M	   33.8	   <0.9	   <1	   0	   0	   9	   4	   66	   93	   1	   7	   112	  

C4B	   33.8	   <0.9	   <1	   0	   0	   11	   3	   45	   70	   3	   14	   95	  

C5S	   33.6	   100	   154	   11	   27	   0	   3	   3	   8	   29	   42	   112	  

C5M	   33.7	   5	   10	   1	   5	   9	   1	   72	   98	   4	   5	   14	  

C5B	   33.7	   36	   36	   3	   9	   4	   5	   36	   35	   9	   18	   26	  

R3S	   33.6	   2	   4	   0	   0	   144	   2	   15	   35	   9	   13	   19	  

R3M	   33.7	   7	   3	   0	   2	   78	   5	   20	   31	   18	   20	   32	  

R3B	   33.7	   2	   7	   0	   2	   19	   1	   11	   29	   18	   21	   31	  

S1	   33.3	   3	   13	   1	   8	   12	   30	   66	   60	   24	   34	   26	  

S2	   33.2	   0.9	   <1	   0	   4	   6	   33	   55	   52	   13	   40	   15	  

S5	   33.5	   3	   28	   1	   6	   18	   59	   120	   120	   94	   147	   50	  

S7	   33.5	   9	   4	   0	   0	   0	   9	   46	   63	   34	   54	   54	  

S8	   33.4	   100	   107	   8	   60	   61	   98	   268	   440	   168	   172	   80	  

Note: C = offshore, R = Keehi Lagoon, and S = shoreline; NT = not tested; the gray background indicates samples biased by overgrowth (yeasts and others). 
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Problem and Research Objectives 
 

This proposal addressed the priority issue of Waste Disposal, specifically quantifying the 
presence of the parasitic disease toxoplasmosis, caused by the parasitic protozoan Toxoplasma 
gondii in streams in Hawaii. T. gondii is shed from the body via oocysts in cat feces and is 
often consumed by other animal species living on land and in the water. In Hawaii, the parasite 
has been found post mortem in terrestrial and marine animals, including endangered species 
(e.g., Hawaiian Crow and Red-footed Boobies, Monk Seal). Similarly, off California, 
toxoplasmosis has been associated with mortality in sea otters (Miller et al. 2008). In humans it 
can cause serious effects on the unborn, pregnant women, and immunocompromised 
individuals. Furthermore, toxoplasmosis causes subtle changes in behavior and has been linked 
to schizophrenia. 

Cats, including house cats (Felis catus), are the definitive host, meaning that the disease 
only occurs when cats are present. Transmission of the parasite has traditionally been 
associated with eating uncooked meat or soil, but it can also be acquired by inhalation from 
dust, soil, or cat litter, and from water contaminated by cat feces. This project will provide 
needed information on the public health and environmental risks associated with this waste 
product in Hawaiian freshwater systems. Quantifying the presence of the parasite in aquatic 
systems is of great interest to state and federal agencies, including Hawaii’s Department of 
Land and Natural Resources, Hawaii’s Department of Health, the U.S. Fish and Wildlife 
Service, and the National Oceanic and Atmospheric Administration, due to both the human and 
animal health problems associated with the parasite. 

The primary piece of information that will be gained from this research is whether the T. 
gondii oocysts are present in freshwater systems of Oahu, Hawaii. Because marine mammals 
in the Hawaiian Islands have been found to have toxoplasmosis, it is assumed to be coming via 
freshwater inputs to the ocean. Determining the presence of oocysts in freshwater systems 
would provide a pathway linking terrestrial to marine systems for the disease. The information 
will help form the basis for a larger and more detailed proposal to be submitted for extramural 
funding. Our findings will help improve monitoring approaches for the disease, provide a 
baseline set of data about its presence on Oahu, and will be used to develop a more detailed 
proposal for further defining risk for this disease. Furthermore, our findings have relevance for 
any Pacific Island or coastal area where cats are present due to the potential presence of the 
disease and risk to human and animal health.  

Because Hawaii has a large number of free roaming cats, there is a large potential for 
fecal matter to enter the water system both via overland flow and through the sewage system, 
as occurs in California. Given the human and environmental health concerns associated with 
the disease, our objective is to determine the presence and relative abundance of oocysts in 
freshwater streams of Oahu. 
 
 
Methodology 
 

Within in the lifecycle of T. gondii, we will be targeting the oocyst stage, which is the 
reproductive component shed into the environment. We will test for the presence of oocysts in 
one to two streams around Oahu by collecting samples both in low flow situations and during 



 

 

and following any major rainfall event that could lead to increased overland flow or accidental 
sewage discharge.  

We were able to develop a basic pump design for sampling and assembled a partial 
pump. However, we were unable to complete the project because of the lack of funds to 
construct the last stage of the pump assembly. Plans to continue building the pump and to 
sample for oocysts in a subsequent project is being pursued at present. Upon completion, we 
will field test the pump and inspect the filtrate for oocysts. If oocysts are detected, we will then 
use PCR to confirm their presence. 
 
 
Principal Findings and Significance 
 

Work is still ongoing.   
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Problem and Research Objectives 
 

This project is designed to accomplish the following objectives: (1) provide a food web 
analysis based on two critical native faunal species in Hawaiian streams along a naturally 
occurring precipitation gradient, (2) quantify effects of flow rates on food resource availability 
for both species, (3) determine if resource limitation is leading to interspecific competition, and 
(4) provide data on the effects of altered flow rates due to climate change, invasive species, and 
water diversions, that will help assist in conservation and restoration efforts. Climate change 
and water diversions are altering stream flow throughout Hawai‘i, which may affect food 
resource quality and quantity available to stream macroinvertebrates, including the native and 
endemic amphidromous atyid shrimp, ‘opae kala‘ole (Atyoida bisulcata).   
 
 
Methodology 
 

To meet these four objectives, the field work and the sampling of invertebrates and the 
food resources was completed by August 2013. A rainfall/stream flow gradient along the North 
Hilo coast on Hawai‘i 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. A. bisulcata and 10 potential food resources were 
sampled in five streams that vary in stream flow across the gradient. The native gobiid fish 
were excluded due to permitting constraints, and non-native caddisflies were substituted as a 
proxy for the food web. All samples were analyzed by a mass spectrometer for stable carbon 
and nitrogen isotope signatures. 

 
 

Principal Findings and Significance 
 

Analysis of stable isotope signatures (δ13C and δ15N) 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 < 27%) to shrimp 
diets were filamentous algae, fine particulate organic matter (FPOM), course particulate 
organic matter (CPOM), leaf bacteria, and fine benthic organic matter (FBOM). These 
resources were slightly 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. 



 

 

This study highlighted the need to develop management strategies to maintain stream 
flow levels to support healthy communities of native stream fauna. Additional research is 
needed to identify instream flow values that are based on the impacts to ecological function 
(i.e., diet, reproduction, and growth). An ongoing isotope enrichment experiment may slightly 
change the results—a final report will be written once the data are analyzed.  
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Problem and Research Objectives 
 

The Hawaii aquifers supply water to 1.36 million residents, diverse industries, and a large 
component of the U.S. military in the Pacific. With the increase of resident population on the 
islands, drinking water resources remain limited and are therefore susceptible to impacts from 
human activity and climate change (Izuka 2013). Decisions related to future infrastructure 
development and alternate sources of freshwater, including desalinization, depend on the long-
term sustainability of the groundwater resources in the Hawaii aquifers. Models that are used to 
manage groundwater availability and quality require a good understanding of the hydrogeologic 
framework of the aquifers, accurate estimates of hydraulic properties to simulate groundwater 
flow, and evaluate saltwater intrusion. 

The ocean-tide signal attenuates through coastal aquifers based on the aquifer’s regional 
hydraulic diffusivity (Jacob 1950; Ferris 1951). Thus, analyzing tidal amplitude decay with 
distance from the coastline allows estimating regional-scale hydraulic properties and identifying 
the importance of different hydrologic units (Rotzoll et al. 2013). A few localized studies of 
tidally influenced groundwater levels in Hawaii exist (e.g., Dale 1974; Gingerich 1995; Oki 
1997; Rotzoll et al. 2008), but a statewide compilation and comparison is lacking. 

Numerical groundwater models are becoming standard tools for sustainable development 
and optimal resource management (e.g., Oki 2005; Gingerich 2008). Identifying relevant 
components in the hydrogeologic framework and quantifying hydraulic properties for volcanic 
rock aquifers helps to constrain input parameters for models used in ongoing U.S. Geological 
Survey (USGS) groundwater-availability and groundwater-resources studies in Hawaii (Izuka 
2013). Additionally, evaluating hydraulic properties for coastal sediment aquifers can be 
beneficial for studies assessing the effects of sea-level rise (e.g., the concept of groundwater 
inundation), which includes groundwater height in coastal inundation scenarios (Rotzoll and 
Fletcher 2013). 

Aquifer properties were examined in a regional context with respect to the hydrogeologic 
framework of each island. Hydrologic data exist for some areas in Hawaii, but there has been no 
effort to synthesize the existing separate hydrogeologic frameworks into a comprehensive 
framework for the entire Hawaiian Islands region. The results help to better understand the 
groundwater flow processes in Hawaii aquifers and facilitate the development of regional 
numerical groundwater flow and transport models. Water managers and hydrologists benefit 
from a more detailed characterization of the regional groundwater-flow properties for various 
purposes, including water resources monitoring, management, and research. 

The scope of work examines the large-scale estimation of hydraulic properties of volcanic-
rock and coastal-sediment aquifers from tidal attenuation by compiling available data for the 
state of Hawaii. 
 
 
Methodology 
 

Tidal attenuation was analyzed by comparing amplitudes of groundwater level fluctuations 
occurring on tidal frequencies against ocean tide amplitudes. Existing continuous water-level 
records were analyzed in addition to incorporating published tidal-attenuation data from Pearl 
Harbor, Oahu (Dale 1974), the North Shore of Oahu (Oki 1997), Honolulu, Oahu (Rotzoll and 
Fletcher 2013), east Maui (Gingerich 1995), and central Maui (Rotzoll et al. 2008). These 



 

continuous ocean water levels were recorded at several tide gages in Hawaii (NOAA 2013). 
Groundwater level records were collected by the USGS and other entities in various wells across 
the state. Furthermore, unpublished hydrographs from USGS well folders were digitized and 
compared to historic tides. Although generally short in nature, tidally influenced constant-rate 
aquifer test data were digitized from state well-permit applications and compared to ocean tide 
amplitudes.  

Filtering methods to separate water-level fluctuations caused by ocean tides and other 
environmental stresses, such as barometric pressure and long-period ocean level variations, were 
explored. For short-term records, several approaches to identify tidal components were 
examined. Tidal efficiency (tidal amplitude in the well over tidal amplitude in the ocean) 
decreases exponentially with increasing distance from the coast. The slope of the linear relation 
between logarithmic tidal efficiency and distance from the coastal boundary is inversely related 
to aquifer diffusivity (Jacob 1950; Ferris 1951). Aquifer thickness (b) is defined from the water 
table to a quasi-impermeable bottom boundary. Assuming typical values of specific yield (S) and 
b allows estimating hydraulic conductivity (K). The results of tidal influence were separated by 
island, volcanic rock, and coastal sediment aquifers. The aim is to include areas that were 
previously not comprehensively assessed (e.g., Kauai, Molokai, and the Island of Hawaii). 
Moreover, groundwater records with little or no tidal influence in coastal areas allowed 
identifying areas that have limited hydrological connection to the ocean. Tidally derived aquifer 
parameters were compared statewide. 
 
 
Principal Findings and Significance 
 

Hawaii aquifers are enormously heterogeneous. However, they can be simplified to three 
hydrogeologic units: (1) dike-intruded volcanic rock, (2) dike-free volcanic rock, and (3) 
sediments and rejuvenated Volcanics. The tidal response in groundwater levels can help identify 
these hydrogeologic units and aid in estimating regional hydraulic properties. For example, no 
tidal signal was observed in the hydrogeologic unit of dike-intruded volcanic rock. Furthermore, 
the lower-permeability caprock unit causes a damping effect of the tidal signal at the boundary.  

Hydraulic-conductivity estimates for caprock aquifers on Oahu range from 400 to  
10,000 ft/d (Figure 1). Hydraulic-conductivity estimates for dike-free volcanic rock aquifers on 
Kauai range from 20 to 400 ft/d (Figure 2). Estimates for Oahu’s dike-free volcanic rock aquifers 
range between 200 to 2,700 ft/d (Figure 3). The tidal attenuation in windward aquifers on Oahu 
is inconclusive and thus omitted. Molokai’s dike-free volcanic rock yields a hydraulic-
conductivity estimate of 900 ft/d (Figure 4). Hydraulic-conductivity estimates for dike-free 
volcanic rock aquifers on Maui range from 700 to 5,600 ft/d (Figure 5), and on the Island of 
Hawaii from 4,000 to 8,000 ft/d (Figure 6). Regional estimates of hydraulic conductivity from 
tidal analysis for caprock and dike-free volcanic rock fall in the ranges of previously estimated 
values using aquifer tests. 

 



 

 
Figure 1. Measured tidal efficiency and estimated hydraulic conductivity for Oahu caprock aquifers. 

 
 
 

 
 
Figure 2. Measured tidal efficiency and estimated hydraulic conductivity for Kauai volcanic rock aquifers. 

 
 
 



 

 
Figure 3. Measured tidal efficiency and estimated hydraulic conductivity for Oahu volcanic rock aquifers. 

 
 
 

 
Figure 4. Measured tidal efficiency and estimated hydraulic conductivity for Molokai  
volcanic rock aquifers. 

 
 
 



 

 
Figure 5. Measured tidal efficiency and estimated hydraulic conductivity for Maui volcanic rock aquifers. 

 
 
 

 
Figure 6. Measured tidal efficiency and estimated hydraulic conductivity for Hawaii volcanic rock aquifers. 
 
 
 
 
 
 
 
 
 



 

Combining volcanic-rock hydraulic conductivity of different regions on each island and 
relating it to the general age of the island indicates that hydraulic-conductivity estimates mostly 
decrease with island age (Figure 7), mainly because weathering reduces open pore space and 
flow paths. The results will be used in regional island-wide numerical models through the USGS 
Groundwater Resources Program.	   
 

 
Figure 7. Relationship between time of volcanic activity and regional hydraulic-conductivity estimates 
for the state of Hawaii. 
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Problem and Research Objectives 
 
Problem I: Distribution of microorganisms in beach water and sand is patchy.  

It is well established that distribution of microbes in the environment is heterogenous 
(Whitman and Nevers 2004), and that the detection of a sewage contamination event may be 
missed when using current water quality monitoring programs that utilize samples of  
100 mL. A single 100 mL sample of water or sand may not be representative of the actual 
water quality and of the associated human health risk at a given site (Whitman and Nevers 
2004). Sample volumes larger than 100 mL should be analyzed, which would require a 
concentration technique. 
 
Problem II: Fecal indicator bacteria can originate from multiple sources, and source 
specific markers may elude detection by conventional methods because marker 
concentrations are often low. 

Reliable information on a contamination source is needed to make meaningful 
management decisions and to better protect public health in Hawaii. Fecal indicator bacteria 
can originate from animals as well as humans and have been isolated from the environment 
(Byappanahalli et al. 2012a, Byappanahalli et al. 2012b, Hardina and Fujioka 1991, Harwood 
et al. 2014). Several source specific bacteria and viruses have been identified in the last decade 
and have been validated by our laboratory for use in water quality monitoring (Harwood et al. 
2013, Harwood et al. 2014, Boehm et al. 2013, McQuaig and Noble 2011). The markers have 
been tested for sensitivity, specificity, and survival in water samples from coastal and inland 
sites of Oahu. The detection and quantification of source specific markers can be limited 
because of the relatively low levels of source specific microorganisms as compared to indicator 
bacteria. Therefore, the ability to concentrate source specific markers from large sample 
volumes is needed.   
 
Problem III: Monitoring for fecal indicator bacteria may not be sufficient to adequately 
protect public and environmental health. Monitoring for human pathogens themselves, 
however, is difficult using conventional methods because their concentrations in  
100 mL samples are often below the detection limit. 

Direct targeting of human pathogens is important today because the changing 
environment (climate change and related ocean acidification, storm events) will alter the 
dynamics of microbial communities, including those consisting of environmental and sewage-
borne pathogens. The direct surveillance of pathogens is currently not possible for several 
reasons, one of which is that human pathogens are usually in low amounts in the 
environment. The ability to concentrate large volumes of samples is needed. 

 
Solution 

The Portable Multi-use Automated Concentration System (PMACS) is a hollow fiber 
based dead-end ultrafiltration device developed and validated at Dr. Daniel Lim’s laboratory at 
the University of Southern Florida (USF). This system allows analyses of sample volumes 
1,000 times larger (100 L) than sample volumes analyzed by traditional filtration techniques 
(100 mL). The PMACS offers two major advantages: 1) enabling detection of low level 
microbial targets such as source specific markers and human pathogens, and 2) reducing the 



 

 

sample variability in long-term monitoring programs because the analysis of a large 
volume sample is more representative of the site than analysis of a single sample of 100 mL.  

This filtration system has been used by the USF group for a variety of microorganisms 
but needs further evaluation under conditions specific for Hawaii. 

 
Project Goal 

This project will evaluate the ability of PMACS to concentrate microbial indicator 
bacteria and source specific microorganisms as well as human pathogens from large volumes 
of water samples collected on Oahu. 
 
 
Research Objectives  
 

Conduct laboratory experiments to recover heterotrophic plate count bacteria (HPC), total 
coliform (TC), E. coli (ECOLI), enterococci (ENT), Clostridium perfringens (CPERF), and the 
molecular markers for human Bacteroides (HBAC) and human polyomaviruses (HPyV) using 
PMACS by spiking sewage into a large volume of drinking water. The PMACS results will be 
compared to those obtained by conventional filtration methods using 100 mL grab samples.  

Compare ultrafiltration (100 L samples) and standard filtration techniques (100 mL grab 
samples) on field samples collected from the drinking water systems and coastal beaches of 
Oahu. 
 
 
Methodology 
 
Operation of the Ultrafiltration Unit, PMACS 

Sample water is passed through the unit at a flow rate of 3.0–3.8 L/min. The water passes 
through cartridges with a pore size of 30 kDa that traps the microbiological material. If the unit 
is used “in the field,” after the total sample has passed through the unit, the cartridges are 
removed, stored in the cold, and transported to the laboratory. The cartridges are eluted with a 
phosphate buffer (0.1 M sodium phosphate with 0.01% sodium polyphosphate) using the 
instrument’s default recovery protocol. Roughly 350 to 375 mL of retentate is recovered from 
the cartridges and can then be assayed for particular bacteria, viruses, or markers. 

  
Spiking Experiment 

The 104 L of drinking water collected from the laboratory sink faucet was mixed with 
100 mL of raw sewage from the Honouliuli Wastewater Treatment Plant (WWTP). A 100 L of 
the mixture was passed through the PMACS and the remainder used as a grab sample.  

 
Environmental Samples 

From February 2–5, 2014, 100 L of water was collected and concentrated from two 
drinking water sources and four beach sites, during the first round of sampling. A single one 
liter grab sample was also taken at the same time. The cartridges from the unit and the grab 
samples were stored in the cold and transported to the laboratory to be processed. 



 

• Drinking Water Sources:  
Board of Water Supply building (630 S. Beretania St., Honolulu), Palolo tunnel pump 
station (before chlorination and distribution). 

• Beach Sites for Round 1:  
Ala Moana Beach (Diamond Head side), Ala Moana Beach middle, mouth of Ala 
Wai Canal (next to Magic Island), San Souci Beach. 

To explore the variability associated with the size of a conventional grab sample, the 
second round of collections (March 24–28, 2014) sampled 100 L of concentrated water from 
the three beach sites, and an additional three one liter grab samples from each site (for a total 
of nine grab samples). The cartridges from the PMACS and the grab samples were stored in 
the cold and transported to the laboratory to be processed. 

• Beach Sites for Round 2: 
Ala Moana Beach (Diamond Head side), Ala Moana Beach middle, mouth of Ala 
Wai Canal (next to Magic Island). 

All retentate and grab samples were serially diluted as appropriate in Phosphate Buffered 
Dilution Water (USEPA 2002) and analyzed for heterotrophic plate count (HPC), total 
coliforms (TC), E. coli (ECOLI), enterococci (ENT), C. perfringens (CPERF), F+ specific 
coliphage (PHAGE), human Bacteroidales (HBAC), and human polyomaviruses (HPyV). HPC 
was determined using 100 µl sample portions with the Simplate binary detection technology by 
BioControl Systems (Bellevue, WA). TC, ECOLI, and ENT concentrations were determined 
using Colilert-18 and Enterolert tests by IDEXX Laboratories, Inc. (Westbrook, ME). PHAGE 
concentrations were determined using 5 mL sample portions and a single agar layer procedure 
modified from Method 1602 (USEPA 2001). 

For the molecular tests HBAC and HPyV the pH of the water samples (both grab samples 
and retentates recovered from PMACS) was adjusted to 3.5 using 6N HCl and 300 mL of the 
grab samples or 75 mL of the ultrafiltration retentate were filtered through a 0.45 µm 
membrane filter (GN-6 Metricel, Pall Life Sciences, Ann Arbor, MI). DNA was extracted from 
the filters using the PowerSoil® DNA extraction kit (MO BIO Laboratories, Inc., Carlsbad, 
CA) according to the manufacturer’s protocol, except that bead beating was performed for two 
minutes on the Mini-BeadBeater-8 (BioSpec Products, Bartlesville, OK). The final elution 
volume for the DNA extraction kit was 100 µl. HBAC and HPyV concentrations were 
determined by qPCR using primers and probes specified in Haugland et al. (2010) and 
McQuaig et al. (2009) on a CFX96 real-time System (Bio-Rad Laboratories, Inc., Hercules, 
CA) using SsoAdvanced (Bio-Rad Laboratories, Inc., Hercules, CA) chemistry with 500 nM 
primer and 80 nM probe concentrations. Trace quantities of salmon sperm DNA were seeded 
into the PCR reactions to identify samples containing inhibitors as in Haugland et al. (2005). 
Samples that were delayed by more than three PCR cycles were considered inhibited and 
further diluted to 1:10. Linearized plasmids containing primer and probe specific DNA regions 
were quantified using Qubit 2.0 fluorometer (Life Technologies, Inc., Grand Island, NY) and 
used as a quantification standard for qPCR reactions.  

 
 



 

 

Principal Findings and Significance 
 
Sewage Spiking Experiments 

The first set of tests were performed by spiking 104 L of tap water with 100 mL of raw 
sewage from the Honouliuli WWTP. Results obtained with the ultrafiltration unit were positive 
for all microbiological tests performed, but the standard membrane filtration technique using 
100 mL did not detect ENT, PHAGE, and HPyV. Concentrations of the microorganisms 
determined by both sampling techniques were comparable. These tests provided preliminary 
evidence that the ultrafiltration method is a sensitive method to detect and quantify a variety of 
microorganisms. 
 
Recreational Water Samples 

Based on the eight microbiological tests conducted on seven samples collected at four 
beach sites, the ultrafiltration system was more effective in recovering different groups of 
microorganism than grab samples (Table 1). The microbiological tests conducted on samples 
collected by the ultrafiltration device were 73.2% positive (41 positive test out of 56 tests) and 
58.9% of the tests on the grab samples were positive (33 positive tests out of 56 tests). While 
HPC, TC, and CPERF were consistently recovered by both methods, PHAGE and HPyV were 
only recovered using the ultrafiltration device. 

 
Table 1. Recovery of microorganisms from beach water samples  
during Rounds 1 and 2. Number of positive samples over total  
number of samples taken as indicated.  

Group Ultrafiltration Sample  
(No. positive/Total) 

Grab Sample 
(No. positive/Total) 

HPC 7/7 7/7 
TC 7/7 7/7 
ECOLI 7/7 6/7 
ENT 7/7 4/7 
CPERF 7/7 7/7 
PHAGE 1/7 0/7 
HBAC 3/7 2/7 
HPyV 2/7 0/7 

 
The Hawaii state water quality standard (single sample standard threshold value of  

130 CFU of enterococci per 100 mL water sample [HAR 2014]) was exceeded in a single 
sample collected at the mouth of the Ala Wai Canal, which is listed as one of the State’s 
impaired water bodies by the EPA. This site should not be used for swimming by the public, 
and has been clearly posted with a warning by the Hawaii Department of Health (HDOH). It 
should be noted that human polyomaviruses were detected in a single water sample that 
complied with water quality standards. This indicates that human pathogens, such as human 
polymaviruses can be detected in water samples that comply with the standards. It should also 
be noted though, that this detection was based on a molecular assay and does not necessarily 
indicate the presence of infective viral particles. Despite the detection of human 
polyomaviruses in a single sample by molecular assay, collectively our results indicate good 
microbial water quality for Hawaii beaches.  



 

There was a significant positive correlation between the measurements obtained from 
grab samples and measurements obtained using the ultrafiltration device when those were 
calculated for a 100 mL sample volume (Figure 1) indicating a good agreement between the 
concentration estimates obtained by the two methods.  

Concentration measurements obtained by using the ultrafiltration device tended to be 
lower than measurements obtained by direct analyses of grab samples (Figure 2) because the 
elution of materials from the hollow fiber filters is never 100% efficient. While this needs to be 
considered when interpreting quantitative data, the ultrafiltration device recovered targets that 
were not detected when grab samples from the same site were analyzed. Errors associated with 
multiple grab samples were often several orders of magnitude different, indicating the uneven 
distribution of microorganisms in small volumes (Figure 2). Major measurement error was 
associated with the HPC counts. This could probably be attributed to the small sample portion 
(0.1 or 1 ml) analyzed by the Simplate method, further confirming the patchy distribution of 
microorganisms that are difficult to target by grab samples. 

Samples concentrated using the ultrafiltration method can contain elements that interfere 
with microbiological tests. For example, highly turbid material can cause problems with 
backgrounds or clogging when a membrane filtration method is used or PCR inhibitors can 
interfere with molecular tests. Membrane filtration issues can sometimes be overcome by  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The correlation between the microbiological results obtained from the 1 L (Round 1) grab 
samples and those obtained using the ultrafiltration device (PMACS). Triangles indicate samples 
that were not used for analyses because concentration measurements were not available by both 
methods. 
 

using alternative MPN based techniques, while the material used for molecular tests can be 
purified using commercial kits. We did encounter issues with the PCR inhibitors when the 
retentate eluted from the hollow fiber filters was adjusted to pH 3.5 and further concentrated 
using the conventional membrane filtration technique. A 1:10 dilution of the DNA material 
extracted from the filter alleviated the effect of inhibitory compounds. Samples analyzed in 
parallel from the same concentrate without pH adjustment were not compromised by PCR 
inhibitors. Because Leskinen et al. (2010) did not detect inhibitors after pH adjustment using a  
 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Recovery of microorganisms at three beach sites: A. Ala Moana Beach (Diamond Head side), 
B. Ala Moana Beach (middle), and C. Ala Wai Canal at Magic Island’s boat ramp using triplicate grab 
samples and an ultrafiltration method (Round 2 samples). Asterisks indicate samples that exceeded the 
maximum detection limit of the assay based on the dilution series used. HPC, TC, ECOLI, and ENT 
were measured as most probable number (MPN), CPERF as colony forming units (CFU), PHAGE as 
placque forming units (PFU), and HBAC and HPYV as gene copies (GC) per 100 mL.  
 
 
 
 
 
 

 



 

urea-lysine buffer, the inhibition was likely related to the sodium phosphate based elution 
buffer used in this study which required generous amounts of HCl for adjustment. 

Sample volumes tested within this study did not exceed 100 L, but large volumes of 
ground and coastal waters could potentially be concentrated if needed using this device. During 
this study the flow rate through the unit varied between 3.0–3.8 L /min, and did not change 
substantially during the filtration processes. This indicates that larger volumes of ground and 
coastal waters could have been concentrated. In this regard, ~500 L of groundwater samples 
have been concentrated using this ultrafiltration device without compromising the filter 
cartridges in an earlier study conducted in Florida (Dr. E. Kearns, personal communication). 
 
Source Water Samples 

Source water samples collected at two sites contained no cultivable cells of E. coli. 
From the 100 L sample volume analyzed using the ultrafiltration device, we were able to 
estimate that E. coli concentrations were < 0.001 MPN per 100 mL. Heterotrophic bacteria 
were detected in all groundwater samples up to concentrations of 9,000 MPN per 100 mL. 
Total coliform concentrations varied from <1 to 5 MPN per 100 mL. All other microbiological 
tests were negative using both collection methods. Our findings indicated excellent microbial 
water quality at both City source water sites.  
 
Training and Workshop 

In collaboration with Dr. Daniel Lim laboratory at the University of South Florida three 
training workshops were conducted. 

The project was kick-started with a five day workshop (January 30 to February 3, 2014). 
Dr. Kirs as well as members of the HDOH team and the City and County of Honolulu 
Laboratory Services were trained to use PMACS for sample collection. PMACS was also 
introduced to a wider audience during the WRRC seminar series. The workshop and seminar 
generated strong interest in this methodology, and therefore, we have received additional 
funding for related research activities using PMACS from the HDOH and a private sponsor.  

The second workshop, held June 1–5, 2015, focused on technical maintenance of the 
instrument (filter preparation, clean up procedures, troubleshooting, etc.) and field application. 
Training was provided to the HDOH’s sample collection team as well as two undergraduate 
students at the University of Hawaii. The ability of the instrument to concentrate bacteria from 
beach sand seawater slurry was also evaluated. 

The third workshop was held on February 17, 2016. This workshop tested the instrument 
purchased by WRRC as well as a new filter preparation technique using a modified drill head.  
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Problem and Research Objectives 
 

Sensible and latent heat fluxes are the key variables in energy and water vapor exchange 
between the land surface and the atmosphere. Latent heat flux is the coupling link between the 
surface water, energy, and carbon exchanges with the atmosphere. Several techniques (e.g., 
lysimeters, eddy covariance systems, Bowen ratio methods, and large-aperture scintillometers) 
have been used to measure surface heat fluxes (Liu et al., 2011, 2013). However, in situ 
measurements of heat fluxes are costly and are therefore distributed sparsely, and cover only 
limited time periods. Consequently, a number of models have been developed to estimate surface 
heat fluxes from remotely sensed land surface temperature (LST) observations. 

LST lies at the heart of the surface energy balance (SEB) equation. All components of the 
SEB equation (i.e., sensible, latent, and ground heat fluxes as well as net radiation) are related to 
LST. Recently, Bateni and Entekhabi (2012a) showed that LST observations contain implicit 
information on the partitioning of available energy among the SEB components. LST 
observations have been utilized in three main groups of studies to estimate surface heat fluxes. 
The first group of studies is diagnostic. These studies use LST to solve the SEB equation and 
retrieve surface energy fluxes (Norman et al., 1995; Anderson et al., 1997; Bastiaanssen et al., 
1998a, 1998b; Su, 2002; Liu et al., 2007; Jia et al., 2009; Ma et al., 2012). The ground heat flux 
is usually taken as an empirical fraction of the net radiation. Additionally, surface heat fluxes can 
be retrieved only for instances in which remotely sensed LSTs are available. The second group is 
known as triangle approaches. These studies attempt to estimate the surface evaporation using 
empirical relationships between LST and vegetation indices such as the normalized difference 
vegetation index and leaf area index (LAI) (Jiang and Islam, 2001, 2003; Nishida et al., 2003; 
Wang et al., 2006; Tang et al., 2010; Sun et al., 2013). These methods need to define the dry and 
wet edges of the triangle space, which is site specific. 

The third group of studies estimates the surface heat fluxes by assimilating sequences of 
LST measurements within a variational data assimilation (VDA) framework using the 
parsimonious force-restore equation as a constraint (Castelli et al., 1999; Boni et al., 2001; 
Caparrini et al., 2003, 2004a, 2004b; Crow and Kustas, 2005; Qin et al., 2007; Sini et al., 2008). 
In contrast to the diagnostic and triangle approaches, this group of methods does not require any 
empirical or site-specific relationships and can provide temporally continuous surface heat flux 
estimates from discrete spaceborne LST observations. 

The VDA utilizes combined-source (CS) and dual-source (DS) schemes to simulate 
interaction between the land surface and the overlying air and to retrieve surface heat fluxes. The 
CS scheme does not distinguish the difference between soil and canopy temperatures and treats 
LST as the effective temperature of a mixed soil-vegetation medium. In contrast, the DS scheme 
accounts for the difference between soil and canopy temperatures and considers the interactions 
of the soil and canopy with the overlying atmosphere separately. 

Bateni and Liang (2012) and Bateni et al. (2013a, 2013b) significantly advanced the CS 
and DS VDA approaches by using the full heat diffusion equation as a physical constraint 
instead of the simple force-restore equation. However, the CS and DS VDA approaches by 
Bateni and Liang (2012) and Bateni et al. (2013a, 2013b) have been tested so far at only two 
humid sites with grassland vegetation cover (i.e., the First International Experiment and the 
Southern Great Plains sites). In this study, the performance of the recently augmented CS and DS 
VDA frameworks is assessed in detail using surface heat fluxes collected at six FluxNet sites 
with different vegetation covers (grassland, cropland, and forest) and climate conditions. These 



 
 

sites are chosen because they sample different climatic and vegetative conditions in an effort to 
evaluate the robustness of the VDA schemes in various hydrological environments. 

Sequences of daytime LST observations have various diurnal amplitudes depending on the 
available energy and the relative efficiency of SEB components (Bateni and Entekhabi, 2012a). 
Hence, an accurate characterization of the LST diurnal cycle is of vital importance for the 
reliable performance of the VDA methods. In this study, LST data from Geostationary 
Operational Environmental Satellites (GOES) are assimilated in the CS and DS VDA schemes to 
estimate surface heat fluxes. GOES can accurately characterize the LST diurnal cycle by 
providing LST data every 30 min and thus can significantly advance the robustness of the VDA 
framework. GOES LST can be accurately retrieved (Sun et al., 2004) and proved to be a 
significant data set for improving turbulent flux estimates of the land surface model (Xu et al., 
2011). 
 
 
Methodology 
 
Heat Diffusion Equation 

The soil temperature at depth z and time t, T(z,t), is given by the heat diffusion equation, 
which is given by 
 
𝐶 !"(!,!)

!"
= 𝑃 !"!(!,!)

!!!
  (1) 

 
where C and P are, respectively, the soil volumetric heat capacity (J m-3 K-1) and thermal 
conductivity (Wm-1K-1). For simplicity, T(z = 0,t) is indicated by T(t). 

The boundary conditions at the top and bottom of the soil column are required to solve the 
heat diffusion equation. The boundary condition at the top of the soil column, T(z = 0,t), is 
retrieved from the surface boundary forcing equation P dT(z = 0,t)/dz = G(t) (where G(t) is the 
ground heat flux at time t) (Bateni et al., 2013a). At the bottom boundary, a Neumann boundary 
condition is implemented as 
 
!"(!,!)
!"

= 0  (2) 
 
where l is the depth of the bottom boundary condition, which is set to 0.5 m (Hu and Islam, 
1995; Bateni and Liang, 2012; Bateni et al., 2013a). The heat diffusion equation is solved using 
an implicit finite difference scheme. The detailed information on discretization of the heat 
diffusion equation and its numerical implementation can be found in Bateni et al. (2012). 
 
Surface Energy Balance (SEB) 

The CS SEB scheme considers the soil and vegetation as a single source and follows 
Bateni et al. (2013a). For the CS approach, the land surface energy balance equation can be 
written as 
 
𝐺 =  𝑅! −  𝐻 −  𝐿𝐸  (3) 
 



 
 

where G is the ground heat flux (Wm-2), H and LE are the sensible and latent heat fluxes (Wm-2), 
and 𝑅! is the net radiation (Wm-2) that is obtained according to Bateni et al. (2013a). 

The sensible heat flux can be obtained with the LST (T) generated by the heat diffusion 
equation as follows: 
 
𝐻 =  𝜌 𝑐!𝐶!  U(𝑇 − 𝑇!)  (4) 
 
where ρ is the air density (kg m-3), 𝑐! is the heat capacity of air (1012 J kg-1 K-1), U and 𝑇! are, 
respectively, the wind speed (m s-1) and air temperature (K) at a reference height, and 𝐶! is the 
bulk heat transfer coefficient (-). The bulk heat transfer coefficient (𝐶!) can be written as the 
product of the neutral bulk heat transfer coefficient (𝐶!") and a correction function for 
atmospheric stability, f(Ri) (i.e., 𝐶! = 𝐶!" f(Ri), where Ri is the Richardson number). 𝐶!" can be 
related to roughness length scales for heat and momentum (Liu et al., 2007; Zhang et al., 2010), 
which is mainly a function of vegetation phenology and is assumed to vary on a monthly 
temporal scale (McNaughton and Van den Hurk, 1995; Jensen and Hummelshøj, 1995; Qualls 
and Brutsaert, 1996; Crow and Kustas, 2005; Bateni et al., 2013b). It scales the sum of turbulent 
heat fluxes (H + LE) and constitutes the first unknown parameter of the CS scheme. Following 
Crow and Kustas (2005), Sini et al. (2008), Bateni and Liang (2012), and Bateni and Entekhabi 
(2012b), the atmospheric correction function (f) proposed by Caparrini et al. (2003) is used 
herein. 

The second unknown of the CS scheme is evaporative fraction (EF), which scales 
partitioning between the turbulent heat fluxes and is given by 
 
𝐸𝐹 = !"

!!!"
  (5) 

 
The DS SEB scheme developed by Bateni and Liang (2012) is used in this study. The DS 

can model interaction within the soil-canopy-atmosphere system (Kustas et al., 1996; Bateni and 
Liang, 2012). In the DS SEB model, the net radiation absorbed by the canopy (RNC) is partitioned 
between the sensible (HC) and latent (LEC) heat fluxes for the canopy (RNC = HC + LEC, the 
subscript “C” refers to the vegetation canopy). The ground heat flux (G) can be calculated as the 
residual of the surface energy balance for soil (Bateni and Liang, 2012). 

The sensible heat fluxes for the canopy (HC) and soil (HS) can be estimated via (Bateni and 
Liang, 2012) 
 
𝐻! =  𝜌 𝑐!𝐶!"  𝑈!(𝑇! − 𝑇!)  (6a) 
 
 𝐻! =  𝜌 𝑐!𝐶!" U!(𝑇! − 𝑇!)  (6b) 
 
where 𝑈! and 𝑇! are, respectively, the wind speed and air temperature at a reference height 
within the canopy, 𝑇!  and 𝑇! are the canopy and soil temperatures, and 𝐶!"  and 𝐶!" are the bulk 
heat transfer coefficients from leaves and soil to air within the canopy (-). 𝑇! is estimated with 
the heat diffusion equation (equation (1)). Equations for the estimation of 𝑇!  and 𝑇! can be 
found in Bateni and Liang (2012). 𝐶!"  and 𝐶!" are related to 𝐶!" to decrease the number of 
unknown parameters of the DS scheme. For detailed information, the reader is referred to Bateni 
and Liang (2012) and Bateni et al. (2013b). 



 
 

The total sensible heat flux (H) can be estimated via 
 
𝐻 =  ρ 𝑐!𝐶!  𝑈 (𝑇! − 𝑇!) (7) 

 
Similar to the CS SEB scheme, 𝐶! is related to 𝐶!" via 𝐶! = 𝐶!" f(Ri). The total sensible heat 
flux (H) is also given by the weighted average of sensible heat flux from the canopy and soil: 
 
𝐻 =  𝑓!𝐻! + (1− 𝑓!) 𝐻!  (8) 
 
where 𝑓! is the vegetation cover fraction. The evaporative fractions for the soil and canopy (EFS 
and EFC) are the other unknown parameters of the DS scheme and are given by 
 
𝐸𝐹! =

!"!
!!!!"!

  (9a) 
 
𝐸𝐹! =

!"!
!!!!"!

  (9b) 
 
𝐶!", EFS and EFC are the three unknown parameters of the DS SEB scheme that are estimated 
via a VDA framework. 

In the DS SEB scheme, the effective LST is calculated through a composite of the soil and 
canopy temperatures are follows: 
 
𝑇 = [𝑓!𝑇!! + 1− 𝑓! 𝑇!!]!.!"  (10) 
 
Adjoint State Formulation 

As mentioned in the previous section, CHN and EF constitute the unknown parameters of 
the CS SEB scheme that should be estimated by the VDA approach. In the DS SEB model, three 
unknown parameters (i.e., CHN, EFC and EFS) must be estimated. CHN varies on a monthly time 
scale (i.e., the scale of vegetation phenology) and thus one CHN value is retrieved in each 
monthly modeling period (Caparrini et al., 2003, 2004a, b; Crow and Kustas, 2005; Bateni and 
Liang, 2012; Bateni and Entekhabi, 2012b; Bateni et al., 2013a, b). EF is self-preserved during 
daytime hours (i.e., 09:00–16:00 LT), but it can vary from day to day (Gentine et al., 2007). 

A cost function (J) is defined to retrieve the unknown parameters of the CS scheme (i.e., 
CHN and EF) by minimizing the difference between the LST observations (from GOES) and 
estimates (from the heat diffusion equation). The cost function for the CS model can be written 
as 
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The first term on the right-hand side of Eq. (11) measures the difference between the 

GOES-measured LST (TOBS) and the predicted LST (T). CHN is transformed to R via CHN = 
exp(R) to make it strictly positive and meaningful. The second and third terms measure the 
difference between the parameter estimates (R and EF) and their prior values (R’ and EF’). As 
previously mentioned, CHN is hypothesized to be constant over the entire monthly assimilation 
period (N = 30 days), and EF is postulated to be invariant over each day during the assimilation 
window (i.e., from t0 = 9:00 to t1 = 16:00 LT). The last term is the heat diffusion equation, which 
is adjoined to the model (as a physical constraint) via the Lagrange multiplier, λ. D = P/C is the 
heat diffusion coefficient. 1

TK
− , 1

RK
− , and 1

EFK −

 are numerical constant parameters that weigh each 
term in the objective function and control its rate of convergence. Following Bateni et al. 
(2013a), 1

TK
− , 1

RK
− , and 1

EFK − are set to 0.01 K-2, 1000, and 1000, respectively.  
The optimal values for CHN and EF are found by minimizing the cost function. To 

minimize the cost function, its first variation should be set to zero (ΔJ = 0) (Bennett, 1992). 
Setting ΔJ to zero leads to a number of Euler-Lagrange equations that should be solved 
simultaneously through an iterative loop to obtain optimal values of CHN and EF. The Euler-
Lagrange equations for the CS VDA scheme can be found in Bateni et al. (2013a). 

Similarly, CHN, EFS and EFC are estimated by minimizing the difference between the 
GOES LST and the effective LST estimates (Eq. 10). The cost function for the DS model is 
defined as, 
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where the third and fourth terms on the right-hand side of Eq. (12) measures the difference 
between the soil and canopy evaporative fraction estimates and their prior values, respectively. 

1
TK
− , 1

RK
− , 1

SEFK
− , and 1

CEF
K −  are respectively set to 0.01 K-2, 1000, 1000, and 1000 based on Bateni 

and Liang (2012).  
In the DS VDA scheme, the optimal values for CHN, EFS and EFC are found by minimizing 

the cost function (Eq. 12). Setting ΔJ to zero yields a number of Euler-Lagrange equations as 
follows:  
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where
34 (1 ) ( )exp( 0.5 )S A C P HN HAA T EF c C f Ri a LAI Uε σ ρ= − + −  

4[(1 ) 3 ](1 ) ( )exp( 0.5 )C S L S A C P HN H WBB R R T EF c C f Ri a LAI UTα ε σ ρ↓ ↓= − + + − + − , εS is the soil 
emissivity (-), σ is the Stefan–Boltzmann constant (5.67 × 10−8 W m−2 K−4), and SR

↓  and LR
↓  are 

the downward shortwave and longwave radiation (W m−2). 
The adjoint model (Eq. [13a]) has to be integrated backward in time using the terminal and 

boundary conditions (Eqs. [13b], [13c], and [13d]). The unknown parameters of the DS scheme 
(i.e., R, EFS, and EFC) can be estimated via Eqs. (14a), (14b) and (14c). The DS VDA scheme 
improves estimates of the three unknown parameters iteratively starting from the initial guesses 
(R’, EFS’, and EFC’). 
 
 
Principal Findings and Significance  
 
Neutral Heat Transfer Coefficient and Evaporative Fraction 

As mentioned in the previous section, CHN and EF are the two key unknown parameters in 
the CS model, and CHN, EFS and EFC constitute the three unknown parameters in the DS model. 
CHN and EF are estimated on monthly and daily timescales, respectively. In the VDA framework, 



 
 

the accuracy of turbulent heat flux estimates mainly depends on the robust retrieval of these 
unknown parameters. 

The estimated CHN values from the CS and DS schemes for the six experimental sites are 
shown in Table 1. CHN estimates from the CS and DS models have generally the same order of 
magnitude and are comparable with each other over different assimilation periods. However, in 
most cases, the DS CHN values are slightly larger than those of the CS model. The discrepancy 
between CHN estimates from the CS and DS schemes is due to the difference in the structure of 
the CS and DS schemes. To understand this distinction better, the CHN estimates from the CS, 
(CHN)CS, and DS, (CHN)DS, schemes are related using Eqs. (4) and (8a):  
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The land surface temperature (T) is usually larger than the air temperature within the canopy 
(TW) during the assimilation window (i.e., T>TW). Subtracting TA from both sides of the 
inequality leads to (T-TA)>(TW-TA). Thus, the CHN estimates from the DS scheme should typically 
be higher than those from the CS scheme (see Table 1).  
 

Table 1. Summary of the Characteristics Over Six Study Sites 

 
	

LAI values over different periods are listed in Table 2 to explore the relationship between 
CHN estimates and vegetation phenology. The CHN estimates generally increase with LAI values 
at each site. Remarkably, the CHN estimates from both schemes are higher at sites with larger 
LAI values (i.e., Chestnut and Missouri) (Table 1), implying that the VDA system can robustly 
retrieve CHN from sequences of LST observations. This is particularly interesting because no 
information on vegetation phenology is used in the CS model. Yet, its CHN estimates are larger at 
sites with denser canopies. 
	

Table 2. Neutral Bulk Heat Transfer Coefficient Estimates from the CS and  
DS Models 

 



 
 

 
Figure 1 shows the time series of the evaporative fraction (EF) values estimated from the 

CS and DS schemes. For comparison, EF observations are also shown on the same figure. The 
estimated EF values from the CS and DS models agree well with the observations in terms of 
both magnitude and day-to-day dynamics. Additionally, the DS model yields EF values closer to 
observations than the CS model. Oscillations in the estimated EF values are consistent with land 
surface wetting and drying events. EF values increase sharply when precipitation happens and 
reduce in drydown periods even though no soil moisture or precipitation data are used in the 
model. For example, during the drydown period at the Brookings (Julian day 171 to 191), 
Goodwin (Julian day 191 to 211) and Missouri (Julian day 191 to 221) sites, EF estimates 
decrease significantly.  
 

  

Figure 1. Time series of evaporative fraction (EF) estimates from the CS and DS models. 
 

Sensible and Latent Heat Fluxes 
Figure 2 compares the half-hourly turbulent heat flux estimates from the CS and DS 

models with the corresponding measurements at the Brookings, Goodwin, Bondville, Mead, 
Chestnut, and Missouri sites. This figure allows us to evaluate the performance of the CS and DS 
models in different hydrological and vegetative conditions. As shown, the sensible and latent 
heat fluxes retrieved from both models are in good agreement with the observations and mainly 
fall around the 1:1 line. Additionally, the DS scheme performs better than the CS scheme. This is 
because the DS model can represent the physics of the problems more robustly. The misfits 
between the model estimates and observations are mainly due to the physical assumptions 
(constant soil thermal conductivity (P) and heat capacity (C), constant daily EF, EFC, EFS, 
constant monthly CHN) in the CS and DS models. Over the Goodwin and Chestnut sites, both the 
CS and DS schemes tend to overestimate latent heat flux when it is larger than 200 W m-2. This 
may be due to the undermeasurement of sensible and latent heat fluxes by the Eddy Covariance 



 
 

(EC) technique, i.e., the so-called “energy imbalance” problem. The energy balance ratio (EBR = 
(H+LE)/(RN-G)) is 0.78 and 0.75 at the Goodwin and Chestnut sites, respectively, implying that 
the EC method underestimates the latent heat flux. This leads to a bias greater than 60 W m-2 in 
the LE estimates at these two sites. 

The bias and root-mean-square error (RMSE) of the turbulent heat flux estimates at the six 
experimental sites are shown in Figure 2 as well. For sensible heat flux, the six-site-averaged 
bias and RMSE (shown in parenthesis) from the CS and DS schemes are 7.5 (59.7) and 1.7 
(52.5) Wm-2, respectively. For latent heat flux, the six-site-averaged bias (RMSE) is 19.0 (111.1) 
Wm-2 for the CS scheme and 12.7 (96.4) Wm-2 for the DS scheme. The low bias and RMSE 
values imply that the CS and DS schemes can retrieve turbulent heat fluxes accurately.  

By treating the soil and the canopy as different sources and accounting for their interaction 
with the overlying atmosphere in the DS model, the bias (RMSE) of retrieved sensible and latent 
heat fluxes over the six experimental sites is on average 77% and 33% (12% and 13%) less than 
that of the CS model. Overall, the statistical metrics in Figure 2 indicate that decomposing the 
land surface into canopy and soil sources via the DS model improves the estimate of turbulent 
heat fluxes.  

The discrepancies between the results of the CS and DS models are mainly due to the 
different model structures. The DS model treats the soil and vegetation canopy as dual sources, 
while the CS model treats them as combined sources. The DS model can characterize the 
heterogeneity of the land surface and weighs the soil and canopy fluxes via the vegetation cover 
fraction (fC) (see Eq. 8b), while the less elaborate CS scheme cannot. The fC values for the six 
sites are listed in Table 1. As shown in Figure 2, the largest discrepancy between the CS and DS 
turbulent heat flux estimates occurs when fC is approximately 0.5–0.6 (at the Goodwin and Mead 
sites). When fC is about 0.5, the land surface heterogeneity is at its peak, and thus the CS model 
cannot capture the physics of the underlying problem as robustly as the DS model. As a result, 
the maximum difference is observed between the CS and DS scheme H and LE estimates (see 
Table 3). As fC increases to 0.7 (at the Bondville site), land surface patchiness decreases, and 
therefore the misfit between the CS and DS model retrievals decreases (Table 3). At an fC of 
about 0.9 (at the Chestnut and Missouri sites), land surface patchiness reaches its minimum 
because the land surface is mainly composed of canopy. Consequently, the CS model can 
retrieve turbulent heat fluxes almost as accurately as the DS model. Turbulent heat fluxes are 
mainly controlled by atmospheric factors rather than land surface properties at the Brookings site 
since it is a wet site. Therefore, even with an fC value of 0.55 at this site (i.e., high land surface 
heterogeneity), a small discrepancy is found between the CS and DS model estimates (Table 3). 
At the Bondville site, fC illustrates a pronounced seasonal variation and increases from 0.53 (for 
Julian days 151–180) to 0.86 (for Julian days 181–210). As a result, the discrepancy between 
turbulent flux estimates from the CS and DS model is higher for Julian days 151–180 compared 
to Julian days 181–210 (see Table 3). 



 
 

 
Figure 2. Scatterplots between modeled (CS and DS) and measured (EC data) sensible and latent heat 
fluxes (H and LE) in the six sites for Julian days 151–240 in 2006. 

 



 
 

Table 3. The Percentage Relative Difference of Turbulent Heat Flux Estimates from the  
CS and DS Schemes 

 
 

Figure 3 shows the time series of daytime-averaged (0900–600 LT) estimated sensible and 
latent heat fluxes from the CS and DS models at the six experimental sites. Results from control 
experiments (i.e., without assimilation of GOES LST) and EC observations are indicated in 
Figure 3. The CS and DS model estimates are consistent with the observations in terms of both 
magnitude and day-to-day dynamics, implying that assimilating LST data from GOES can 
reliably partition the available energy among sensible and latent heat fluxes. However, the 
turbulent heat flux estimates degrade in wet periods (e.g., Julian days 151–180 at the Brookings 
site and Julian days 201–215 at the Mead site). At the Brookings and Mead sites (data for Mead 
shown in parenthesis), the daytime-averaged latent heat flux measurements increase to 
approximately 700 Wm-2 (600 Wm-2) in the corresponding aforementioned wet periods, while the 
model estimates cannot reach those high values. This happens because the upper bound of EF 
(i.e., EFS and EFC) in the CS (DS) model is set to 0.97 to avoid numerical instabilities, while the 
corresponding EF observations are sometimes larger than 1.0 due to negative sensible heat flux 
measurements (according to Eq. [5], negative sensible heat flux measurements lead to EF values 
larger than 1.0).  

As indicated in Figure 3, the estimated H and LE values from the VDA models are closer to 
the observations than those of the control experiments. The good agreement between the 
estimated and observed turbulent heat fluxes illustrates that the VDA model can effectively use 
implicit information in the LST observations to constrain the unknowns of the CS and DS 
schemes. In contrast, the control experiments perform poorly since there is no constraint by the 
LST observations. 
 



 
 

 
Figure 3. Time series of daytime-averaged sensible and latent heat flux (H and LE) estimates in the six 
experimental sites from the CS scheme with (blue dashed lines) and without (grey dashed lines) 
assimilation of GOES LST. Corresponding estimates from the DS scheme with (red solid lines) and 
without (black solid lines) assimilation of GOES LST. Observations are shown by open circles. 

 
Figure 4 shows the mean diurnal cycle of observed and estimated turbulent heat fluxes 

from the CS and DS models at the six experimental sites. As indicated, the diurnal variations of 
retrieved turbulent heat fluxes from both models agree well with those of observations in terms 
of magnitude and phase. A large discrepancy between the CS and DS model diurnal cycles is 
found at the Goodwin (fC = 0.59) and Mead (fC = 0.59) sites, which have high land surface 



 
 

heterogeneity. In contrast, at sites in which the land surface tends to be more homogeneous (e.g., 
Bondville, Chestnut, and Missouri, with fC of 0.74, 0.93, and 0.93, respectively), the diurnal 
cycle retrievals from the CS and DS scheme are close. At the Chestnut site, the CS and DS 
models overestimate both the sensible and latent heat fluxes. This is mainly because turbulent 
heat flux measurements from the EC system at the Chestnut site may contain errors and suffer 
from the “energy imbalance” problem. Overall, the misfit between the observed and estimated 
diurnal cycles is due to a number of reasons, including the assumptions of constant daily 
evaporative fraction and constant monthly neutral bulk heat transfer coefficient and the use of 
constant soil thermal properties over the modeling period. 
 

  
Figure 4. Mean diurnal cycle of turbulent heat flux estimates from the CS and DS models along with the 
observations in the six experimental sites (H and LE mean sensible and latent heat fluxes). 

 
Figure 5 shows the relationship between RMSE of turbulent heat flux estimates and its soil 

moisture and vegetation cover fraction, at each of the six explored sites. Each circle corresponds 
to a site and its size represents the RMSE of flux estimates at the site (larger circles illustrate 
higher RMSE values). As indicated, the CS and DS models perform better at dry and/or sparsely 
vegetated sites than at wet and/or densely vegetated sites. Similarly, the results in Figure 2 
indicate that the CS and DS schemes yield larger biases and RMSE values (less accurate 
turbulent heat fluxes) over densely vegetated/wet sites than over lightly vegetated/dry sites. For 
example, the bias and RMSE of turbulent heat flux estimates at the Chestnut and Missouri sites 
with denser vegetation cover (i.e., higher LAI value) are larger than those at the Goodwin, 
Bondville, and Mead sites with lower canopy cover. Additionally, at the Brookings site, which 



 
 

has higher soil moisture, the turbulent heat flux retrievals degrade compared to the drier 
Goodwin, Bondville, and Mead sites.  
 

 
Figure 5. The relationship between the RMSE of turbulent heat flux estimates 
at each site and its soil moisture (SM) and vegetation cover fraction (fC). 
Circle size is determined by the RMSE of flux estimates at each site (larger 
circles indicate higher RMSE values). 

 
In another study, Crow and Kustas (2005) tested only the CS VDA system with the force-

restore equation as an adjoint (VDA-FR) over a range of vegetative and hydrological conditions 
in the southern U.S. They found that performance of the CS VDA-FR framework degraded over 
densely vegetated and/or wet sites, and suggested additional land surface information (e.g., leaf 
area index, LAI) is required to accurately predict surface heat fluxes in densely vegetated and 
wet sites. In comparison to the Crow and Kustas (2005) study, this project tested both the CS and 
DS VDA systems with the full heat diffusion equation (instead of the parsimonious force-restore 
equation) over six sites across the USA. Since even the DS scheme (that uses LAI) cannot 
perform robustly in densely vegetated/wet sites, it is suggested to assimilate soil moisture or 
rainfall observations within the VDA scheme in future studies. 
 
Impact of Climate Change on Surface Heat Fluxes 

In addition to LST, which lies at the heart of the surface energy balance equation and has 
information on the partitioning of available energy among the surface energy balance 
components (Bateni and Entekhabi, 2012a, 2012b), LAI variations (used only in the DS model) 
control this partitioning (Segal et al., 1988; Alfieri et al., 2009; Bateni et al., 2013b). In this 
section, a number of sensitivity tests are performed to understand the impact of changes in LST 
and LAI on the surface turbulent flux estimates. The main goal of sensitivity tests is to provide 
insights into the effect of variations in LST and LAI (due to climate change) on the heat fluxes. 



 
 

The Bondville site is selected for this purpose in this study. In the first set of tests, LST 
observations are varied by ±2, ±4, ±6, ±8, and ±10 K from their nominal values and are used in 
the CS and DS schemes to estimate turbulent heat fluxes. Figure 6 shows the sensitivity of H and 
LE estimates from the CS and DS schemes to uncertainties in LST. For the CS approach, 
increasing LST by 2, 4, 6, 8, and 10 K leads to a 13.0%, 18.3%, 23.0%, 33%, and 37.8% 
reductions in H and a 10.9%, 22.8%, 32.1%, 39.9%, and 46.9% increase in LE. On the other 
hand, decreases in LST by 2, 4, 6, 8, and 10 K causes H to be decreased by 12.4%, 27.5%, 
40.1%, 48.8%, and 55.1%, and causes LE to be increased by 9.9%, 17.9%, 22.9%, 26.1%, and 
28.3%.  
 

 
Figure 6. The percentage relative error of estimated sensible heat flux by 
different sensitivity tests accounting for variations in LST. The original run 
sensible heat flux estimates are obtained by the CS and DS models with 
nominal LST observations at the Bondville site. 

 
As indicated in Figure 6, the estimated turbulent heat fluxes from the DS scheme are less 

sensitive to uncertainties in LST (i.e., the DS model performs better than the CS model when 
biased LST data are assimilated). For example, H and LE estimates vary 13.6% and 27.8% as 
LST becomes 6 K larger than its nominal value.  

To assess the effect of variations in LAI on the sensible and latent heat flux estimates, the 
nominal LAI values are varied by ±20%, ±50%, and ±100% and are used in the DS model. Since 
the CS model does not use LAI, the sensitivity tests herein are performed with the DS approach 
only. The sensitivity of estimated sensible and latent heat flux to variations in LAI is indicated in 
Figure 7. Decreasing LAI by 20%, 50%, and 100% yields a 4.2%, 8.1%, and 13.1% increase in 
sensible heat flux and a 3.8%, 8.0%, and 18.1% reduction in latent heat flux. Also, the DS model 
tends to yield larger errors when fed with underestimated leaf area index values. Overall, all of 



 
 

these results clearly demonstrate that the correct specification of LST and LAI play an important 
role in the accurate retrieval of turbulent heat fluxes. These findings also allow us to 
quantitatively characterize the effect of uncertainties in LST and LAI on the turbulent heat flux 
estimates.  
 

 
Figure 7. (a) The percentage relative error of estimated sensible heat flux by 
different sensitivity tests accounting for changes in leaf area index (LAI). The 
original run sensible heat flux estimates are obtained by the CS and DS 
models with the nominal LAI observations, (b) The same as in Figure 7a but 
for latent heat flux. 

 
The DS model was also used to partition total evapotranspiration into soil evaporation 

(LEs) and canopy transpiration (LEc). The DS model was applied to the Daman site where in 
situ measurements of LEs and LEc are available. The results showed that the model can 
accurately estimate LEs and LEc. 
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Problem and Research Objectives 
 

The Sand Island and the Honouliuli Wastewater Treatment Plants are primary treatment 
systems that treat effluents to be discharged several kilometers offshore of Honolulu. The 
assessment of the biological integrity of Hawaii’s coastal waters near to sewage outfalls is a 
component of water quality regulation and protection. Many types of marine organisms have 
been used as indicators of biological integrity, but the macrobenthic soft-bottom communities 
have been chosen to provide a reliable measure of coastal water health near the sewage outfalls 
(e.g., Ambrose et al. 2009, 2011).  

The use of abundance and diversity of macrobenthic species in a multivariate context is 
an indicator of biological integrity, but a measure of ecosystem function has only been 
accessed when the polychaete species are classified into feeding categories (Fauchald and 
Jumars 1979). Energy resources gained by these different feeding methods go into 
reproduction and may guarantee the survival and structure of populations. Despite the value of 
reproduction in maintaining the equilibrium of populations, it has never been investigated as a 
biological measure of ecosystem health. For this reason, there is a need to understand the long-
term effects of the sewage discharge on the marine ecosystem function by evaluating the 
reproductive capabilities of selected marine worms.  

The intent of this proposal is to investigate 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 by using the data recorded in the 
University of Hawaii at Manoa Water Resources Reasearch Center’s Project Reports. This 
research aims to test the hypothesis that there will be spatial and temporal differences in the 
reproductive capabilities of syllid polychaetes in both outfall locations. 
 
 
Methodology 
 

The reproductive data of the polychaetes were used from the reports of the Sand Island 
and Barbers Point ocean biomonitoring projects (for the period of 11 years). Samples were 
collected from the Sand Island and Barbers Point outfall during the Summer and Fall months, 
and Winter and Spring months, respectively. Two species of syllids were selected because of 
their abundance and frequency of mature individuals (Pionosyllis heterocirrata and 
Sphaerosyllis sp. G). The sampling stations will be categorized based on the proximity of the 
outfall diffusers. For instance, the sampling stations C2, C3, D2, D3, E2, and E3 of the Sand 
Island outfall and the sampling stations HB2, HB3, and HB4 of the Barbers Point outfall were 
a priori classified as ‘near’ the diffusers while all the other stations were classified as ‘far’ 
from the diffusers. Eleven years of data for the two species were retrieved and tabulated for the 
number of immature individuals and the number of individuals presenting gametes, eggs or 
attached embryos.  

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). ANOSIM was performed using the Bray-Curtis 
similarity coefficient with non-standardized and untransformed data in the PRIMER 6.0 
software.    

 



 

 

 
Principal Findings and Significance 
 

In the Barbers Point outfall, the species Pionosyllis heterocirrata had an average of 13% 
(ranging from 0.8–39%) of the population comprised of mature individuals throughout the 11-
year period, while Sphaerosyllis sp. G had an average of 15% (ranging from 0–57%) of mature 
individuals in the population. In the Sand Island outfall, the species Pionosyllis heterocirrata 
had an average of 9% (ranging from 0–42%) of the population comprised of mature individuals 
throughout the 11-year period, while Sphaerosyllis sp. G had an average of 24.4% (ranging 
from 5–71%) of mature individuals in the population. Gherardi et al. (2005) reported a 
maximum percentage of mature specimens of the syllid Exogone naidina for 37% of the 
population in the Mediterranean. 

Figure 1 shows the variation of number of individuals showing maturity throughout the 
years for Pionosyllis heterocirrata, while Figure 2 shows the variation of number of 
individuals showing maturity throughout the years for Sphaerosyllis sp. G.. Both species show 
reproductive capabilities year round with peaks during the months of March/April and 
August/September when most samples were collected. Two peaks of reproduction in a year are 
common for many tropical marine invertebrates but a year long study needs to be done to 
verify for non-reproductive periods. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Percentage of mature individuals of Pionosyllis heterocirrata throughout the years  
at stations near and far field from the outfall diffuser for Barbers Point and Sand Island outfalls. 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 2. Percentage of mature individuals of Sphaerosyllis sp. G throughout the years at  
stations near and far field from the outfall diffuser for Barbers Point and Sand Island outfalls. 

 
 

ANOSIM showed that there were 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 (Table 1). Although the Global R values were low and the p values were not 
statistically significant, there were more accentuated temporal than spatial differences.   

 

Table 1. ANOSIM results showing Global R and p values. 

Spatial  
(proximity to diffuser) 

Temporal 
 (2002/2003-2013) Outfall	   Species 

Global R	   p value	   Global R	   p value	  
P. heterocirrata	   -0.156	   0.1	   0.076	   0.08	  Barbers Point	   Sphaerosyllis sp. G	   -0.059	   0.845	   -0.034	   0.819	  

P. heterocirrata	   -0.011	   0.62	   0.025	   0.09	  Sand Island	   Sphaerosyllis sp. G	   -0.027	   0.828	   0.015	   0.8	  

  

 



 

 

This report shows that the two analyzed species reproduce year round and can be good 
indicators for ecological disturbances. There were no significant differences on the 
reproductive capabilities of these two species in samples collected near and far field from the 
outfall diffusers and throughout the 11-year period. In some years, both species had more 
mature individuals on stations situated near the outfall diffusers but in subsequent years the 
opposite situation occurred and most of the mature individuals were present on reference 
stations, far field from the outfall’s diffusers. Therefore, the sewage outfalls may not be having 
adverse effects on the population structure of these two studied species. Temporal differences 
seem to be more accentuated than spatial differences as seen in Figures 1 and 2 and should be 
investigated monthly to understand the population biology and recruitment periods of these 
species.  
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Introduction 
 

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, it is threatened 
by changing land use practices and increased land-based pollutants such as nutrients and other 
contaminants. In particular, the land use of West Maui Watershed is in transition from 
agricultural to suburban. Many hectares of former sugarcane and pineapple land are currently 
fallow, and previous management practices for irrigation and erosion control have been 
abandoned. An additional 7,000 homes scheduled to be built in the watershed within the next 15 
years, will further burden scarce freshwater supplies and impact the environment.  

Managers in West Maui recognize the need to balance development and conservation 
goals. Past and future development tax scarce water resources and threaten the freshwater 
quality, affecting important ecological functions that in turn benefit local communities. To 
preserve biodiversity, and water-related ecosystem services such as groundwater recharge, the 
West Maui Mountain Watershed Alliance preserves and manages the upper forests. To mitigate 
the loss of fisheries, recreation, coastal protection, and biodiversity (i.e., ecosystem goods and 
services from coastal systems), NOAA prioritized the coral ecosystem at the base of the 
Wahikuli and Honokowai Watersheds and is funding an initiative that actively seeks ridge-to-
reef solutions to control land-based sources of pollution affecting the reef. The objective is to 
study the significant hydrological links between the reef and land-based activities—namely 
groundwater recharge, surface water flow, sediment loads, and nutrient loads. 

Despite ongoing management actions, there is a critical need to evaluate the potential trade-
offs posed by alternative resource management strategies across a broad suite of ecosystem 
threats, resource uses, and stakeholder groups. Because of their critical importance in this 
watershed, and because they are the links between land management and reef health, our initial 
focus is estimating land-based source pollutants (i.e., sediments and nutrients) and including 
these results in a decision support tool. This decision-support tool needs to be designed to reveal 
biophysical impacts (i.e., erosion, runoff, and infiltration) that result from specific land 
management actions (e.g., land use, adoption of best management practices, and restoration).  

In addition, the economic data that links the hydrologic models to the economic value of 
the service is unavailable for many of the hydrologic ecosystem services in Hawaii, including 
water quality. Nearly eight million visitors stayed in Hawaii in 2012, for a combined 74 million 
visitor-days (which is the total number of days visitors spent in the state) (HTA 2012). Out-of-
state Americans spend on average $167 a day, and Japanese on average $310 a day (State of 
Hawaii 2011). Across the state, an astounding 302 closures occurred in 2009 (EPA 2010). If 
visitors decided not to visit Hawaii as a result of frequent coastal water contamination events, the 
economic impact would be negative for the state economy where tourism comprised 29% ($15 
billion) of the economic output in 2012 (State of Hawaii 2011). A 2011 study found that more 
than 80% of American visitors participate in beach-related recreational activities, more than 25% 
surf, over 50% snorkel and dive, and 5% jet-ski and/or windsurf (HTA 2011), yet did not 
indicate the effect of water quality on participation in these activities. 

 
 



 

   

Problem and Research Objectives 
 

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, we conducted two field studies to support efforts 
to quantify and map water quality-related ecosystem services in West Maui. 

Common hydrological models used to predict sediment export and water quality at the 
coast are difficult to adapt because of Hawaii’s small watersheds and resulting flashy streams. It 
remains unclear which erosion process (sheet erosion, channel erosion, or gully erosion) 
contributes the most to the overall sediment budget. Previous work (Hill 1996, Stock et al. 2010) 
estimated contributions from different sediment processes in Hanalei, Kauai and Kawela, 
Molokai using comprehensive field studies and modeling efforts. West Maui, however, is data 
poor, and lacks rain gauges, flow measurements, and total suspended solids data to calibrate and 
validate daily, event-driven models like the Soil and Water Assessment Tool (SWAT) and the 
Gridded Surface Subsurface Hydrologic Analysis (GSSHA). A simple model based on the 
Universal Soil Loss Equation (USLE) and Borselli’s sediment delivery ratio model (InVEST 
Sediment Delivery Ratio) was used to model sediment export from hillslopes. There have been 
no field studies that assess the geomorphological characteristics of the five priority watersheds. 
One objective of this research was to conduct initial rapid geomorphological surveys, and to 
estimate contributions from channel erosion.  The field surveys were also used to spatially 
calibrate the output of the hillsope erosion model. 

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. 
Various valuation methods could be used to explore the economic losses (or gains) from the 
environmental attributes of the nearshore system. In environmental economics, non-market 
valuation is used to estimate values for environmental goods and services that are not readily 
apparent in the market. Stated or revealed preference models are commonly applied to elicit 
willingness to pay. This 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.  

 
 

Methodology 
 
Improving Sediment and Nutrient Models with Field Validation 

During the summer of 2014, we traveled to West Maui with U.S. Geological Survey 
(USGS) geomorphologist Johnathan Stock and Sustainable Resources Group International, Inc. 
(SRGII) hydrologist Andrew Hood. The purpose of the field visit was to identify sources of 
sediment and to better understand the hydrologic connectivity between sediment sources and the 
intermittent stream system. About four miles of the two stream systems (Wahikuli and 
Honokowai Streams) were surveyed, in addition to neighboring fields, urban drainage systems, 
reservoirs, and outfalls. We identified features on the landscape to correspond to the remote 
imagery and sediment export modeling efforts.  

In August 2014, four sites in the Wahikuli Stream were chosen to install erosion pins to 
measure the erosion rates of the stream channel walls. At each site, ten 8-cm pins were gently 
hammered into the sidewall. The sites were chosen to represent reaches of the stream where the 
bank was exposed. The sites were chosen to be located in historically agricultural land. In 



 

   

addition, since the removal of Wahikuli Reservoir, Honokahau ditch water is currently being 
released into the lower part of Wahikuli Stream. The erosion pins represent sites that are both 
directly above and below where the ditch water enters the streambed. In this case the pins used 
were four stainless steel nails, and the results were measured on both the upstream and 
downstream sides of the pin with calibers of 0.1 mm precision. The pins were measured in April 
2015 and again in July 2015.  
 

 

Figure 1. Installation of erosion pins at Site 3 on Wahikuli Stream, Maui. 
 
Sediment Export Modeling Efforts 

We collaborated with Natural Capital Project programmers and scientists to beta test new 
sediment delivery algorithms for the InVEST sediment delivery model. In the summer of 2014 
we set out to determine the appropriate models for other types of erosion processes not included 
in InVEST’s sediment retention module, and to compare what method might be most appropriate 
for Hawaii to model sediment transport processes. We collected data from collaborators and 
public datasets (USGS, Natural Resources Conservation Service [NRCS]) to evaluate previous 
studies in Hawaii that can estimate the importance of those processes. We conducted an 
extensive literature review of sediment retention, Soil Conservation Service (SCS) Curve 
Numbers, C-factor, and K-factor variables in Hawaii and other tropical mountainous locations, 
and incorporated those new parameterizations in the sediment delivery model.  

In order to run the InVEST model, significant effort was made to improve input data to 
capture important processes that affect sediment and nutrients. The input data for the InVEST 
model included soil data from the Soil Survey Geographic Database (SSURGO), and the Costal 
Change Analysis Program (C-CAP) high resolution (2.4 m) 2005 land use data. We improved the 
input data for the InVEST model, rainfall factor information from the U.S. Department of 
Agriculture (USDA), and a digital elevation model (10 m) from the USGS. We compared sub-
watershed designations to estimate an appropriate stream accumulation area. We added new land 



 

   

use classes to separate sugarcane, pineapple, grazing, and fallow agriculture based on the expert 
opinion of W. Nohara (Maui Land and Pineapple, personal communication, 2014). We also 
modified the land use designation in C-CAP for golf courses derived from LandFire. 

We compared the static InVEST model to daily time-step models that are also based on the 
USLE input data, including SWAT, Nonpoint-Source Pollution and Erosion Comparison Tool 
(N-SPECT), and GSSHA. The input data was the same for each model, and calibrated first using 
Kawela, Molokai data available from the USGS. The model was run for the Honokowai 
Watershed. We collected rainfall data from a diverse array of partners, including community 
members, private landowners, and USGS monitoring sites.  
 
Valuation Study 

First, we evaluated alternative possible valuation methods via a thorough literature review. 
We considered choice modeling, contingent valuation, and travel cost method—all stated choice 
methods that are commonly used to value (coastal) water quality and recreation elsewhere 
(Arrow et al. 1993, Moncur 1975, Ofiara and Brown 1999, Krosnick et al. 1996). Choice 
modeling was determined to be the most suitable method. It allows several environmental 
attributes to be valued at the same time using believable scenarios realistic to the participants 
(Bishop et al. 2011, Loomis and Santiago 2013). This study closely follows Loomis and Santiago 
(2013), who conducted both choice modeling and contingent valuation to estimate the non-
market value of beaches in Puerto Rico. 

Next, having chosen the appropriate method, we identified the beneficiary group (coastal 
recreationalists) whose consumer surplus or loss (economic jargon for benefit or cost) we wanted 
to estimate. We designed a choice experiment. The experiment reflects environmental attributes 
of concern to recreationalists and associated levels, which we set via literature and discussions 
with experts. Specifically, the attributes considered were (1) water quality, (2) water clarity, (3) 
coral reef cover, and (4) fish diversity set at levels: high, medium, and low (quantitative metrics 
for these qualitative levels were specified, based on ecological and water quality experts’ 
advice). We also included numerous additional questions to capture respondent demographics, 
beach/coastal uses, as well as attitudes and perceptions. We received approval from the 
International Review Board (IRB). In fielding the survey, we used lifeguard statistics (EPA 
2007, 2010, 2011, 2012a, 2012b, 2013a, 2013b; HTA 2011, 2012) to estimate beach attendance 
and divided surveys proportionately across Oahu beaches. A total of 263 successful in-person 
interviews were conducted between June and November 2014.  

The majority of the interviews were conducted in Waikiki (47% of the total), followed by 
the remaining south shore beaches (23%), Oahu’s north shore (13%), Waianae coast (11%), and 
Windward Oahu (6%). The refusal rate was 11%. 

The results were analyzed by logistical regression using the statistical package STATA.  
 
 

Principal Findings and Significance 
 
Field Observations and Interpretations in West Maui 

The former sugarcane fields in West Maui did not show evidence of being connected into 
the stream. A well-developed grass and haole koa stream buffer would likely prevent any 
connectivity during a rain event. Shallow landslides in Honolua watersheds may have been 
contributors to overall sediment export to Honolua Bay. Gullying along the makai ridges, past 



 

   

former agricultural land, may have been initiated due to excessive trail erosion or when the road 
was created many years ago. Field 52 did not show evidence of connectivity to Honolua Stream, 
but legacy deposits from push piles may still exist on the hillslope. 

Bank erosion was visible and common throughout the streambed. Roughly, more than 25% 
of the banks had areas that exposed silt to stream water. Marks on the trees, leaf litter deposition, 
and the red coatings on the rocks shows where the water level has reached in the last decades. 
The water level seems to rise approximately 2–3 ft (at its highest). Grass root exposure and 
emergent seedlings visible in April indicate that the events might take place on a sub-year time 
scale in the Wahikuli Stream. 

Pig activity was clearly evident in many of the upper watersheds in forested areas (i.e., 
Napili, Honokowai, and Wahikuli Gulch). Pigs specifically were observed rutting in dry stream 
beds, which often were under large fruit-bearing trees, suggesting that pigs are able to remove 
the natural armoring of the stream and expose the sediments below.  

Feral pigs are likely to dig rather deep as they eat roots and fruits from the wild lilikoi, 
mango, coffee, and avocado trees. The red marks on the rocks, especially surrounding the pools, 
may indicate that pigs are responsible for significant disturbance that accelerates how fast the 
stream is cutting into the soil layer.   

There were very few, if at all, places where the bedrock was visible in this stream. We 
observed that the trails and roads directly connect to the stream. Usually the connection to the 
stream was limited to intersecting trails; however, in some watersheds to the north on the former 
pineapple land, the roads were so close to the stream that the kickouts drain directly into the 
stream. The roads that were adjacent to the streams have water bars that may contribute to the 
sediment loads. In contrast, the roads that were disconnected and/or run parallel further away 
from the streams are relatively distant sources. 

We viewed examples of two different types of streams that accessed fine sediments. At one 
end of the spectrum, the main branch of the Honokowai Stream and Wahikuli Stream showed 
evidence of bank erosion into silty deposits, but was dominated by larger boulders and cobbles 
that likely originated from rockfall in the upstream reaches. Exposed bedrock was common and 
evidence of a stage height of more than a meter was seen. The second type of stream was 
observed in the lower reaches of the southern branch of the Honokowai and Mahinahina 
Streams. The low gradient stream cut through the fine sediment deposited throughout the valley 
floor. Multiple pathways for stream flow were seen. These deposits were located just before the 
reservoirs. 

The above facts suggest that the West Maui Watershed is not source limited for sediments, 
but instead transport limited. In this case, sediment transport is the limiting factor for sediment 
export. 

Using a field infiltrometer, we were able to assess the hydraulic conductivity data found in 
the SSURGO database. Six points were measured in the Wahikuli Watershed on former corn 
fields. Estimates of the hydraulic conductivity on these fallow agriculture fields were 
approximately 10 to 30 mm/hr, similar to the value of the 30 found for these fields in SSURGO. 
An analysis of rainfall events recorded in the seaward, lower parts of the Wahikuli Watershed, 
indicate that storm events that mobilize surface runoff for these fields are few (one per decade), 
which indicates the fields are not consistent new sources of deposits into the channels.  

Initial bank erosion estimates showed significant lateral wall erosion (Figure 2). 
Subsequent readings will help determine an annual rate of erosion of the bank walls, and future 
studies will be able to more accurately assess the percentage of the reaches that are exposed. 



 

   

 
Figure 2. Average lateral streambank erosion at three locations in Wahikuli Stream near the  
Honokohau ditch.  

 
The implications for modelling are (1) channel erosion models that are developed using 

flow estimates are needed for accurate assessments of total sediment load to the coast, and (2) 
parameterizing the forest as having a higher export than traditionally estimated for non-disturbed 
forests in non-tropical conditions is appropriate given the presence of pigs and trails. Pig activity, 
in particular, can severely change the erodibility of a soil profile. This follows the work of Cheng 
(2007) in Hanalei.  
 
Sediment Export Modeling 

Figure 3 shows the output of the model calibrated with the new parameterizations, 
including increased sediment export due to forest and grassland disturbance. Sediment export at 
the coast ranged from 27 tons to 4,470 tons. Notably, the Kaopala Watershed export was 
significantly higher than the surrounding subwatersheds. This result was identified by field 
observations in the USGS Open-File Report (Stock 2015).  

Initial results suggest that InVEST and N-SPECT have comparable results, but that 
GSSHA, which estimates sediment delivery per rain event, predict values that are several orders 
of magnitude greater than the previous two models.  
 



 

   

 

Figure 3. InVEST Sediment Delivery Model results for West Maui. 
 
Valuation Field Study 

The results of the multi-nominal logit (MNL) regression revealed recreationalist are willing 
to pay for improved environmental conditions across all attributes in the study (Figure 4). We 
found that water clarity was the most important factor, followed by water quality. In particular, 
respondents were especially interested in the “high” levels of water clarity and quality. The 
diverse responses demonstrated a significant preference for water clarity and high levels of coral 
reef cover. In a latent class analysis, the respondent population was largely uniform, with greater 
than 75% belonging to the same class. Results from this study were submitted to a peer reviewed 
journal in January 2016. 
 



 

   

 

Figure 4. Willingness to pay for varying qualities of environmental conditions of the Oahu coastline (on a 
per person per trip basis). 
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Problem and Research Objectives 
 

The western, leeward portion of Hawaii, the youngest and largest island of the Hawaiian 
Archipelago, is largely devoid of surface water due to the permeability of its young, relatively 
unweathered volcanic terrain. As a result, groundwater constitutes the rapidly developing 
region’s only reliable water supply while also serving as a vital nutrient delivery vector to 
coastal ecosystems via submarine groundwater discharge (SGD). Despite the economic and 
ecological importance of groundwater in West Hawaii, the hydrogeology of the region remains 
poorly understood, largely due to the lack of data on groundwater occurrence in its sparsely 
populated interior areas 

A local meteoric water line (LMWL) comprises a subset of the global meteoric water line 
(GMWL) (Craig, 1961) and describes the relationship between δ2H and δ18O values in 
precipitation in a particular region. This relationship is controlled by both kinetic and 
equilibrium fractionation during evaporation and subsequent condensation of a water to form 
precipitation (Dansgaard, 1964). The progressive depletion of 2H and 18O in precipitation as a 
water vapor mass moves upslope is known as the altitude effect. In regions with steep relief, 
such as West Hawaii, this effect results large but consistent variations in δ2H and δ18O values 
in precipitation over small spatial scales, making these values especially useful as tracers of 
groundwater recharge and flow given the conservative nature of these tracers in the subsurface. 

Variations in δ2H and δ18O values in precipitation due to differences in elevation have 
been used previously in the Kilauea Volcano region of Hawaii (Scholl et al., 1996), East Maui 
(Scholl et al., 2002), and West Hawaii (Tillman et al., 2014; Kelly and Glenn, 2015) in 
conjunction with groundwater δ2H and δ18O values to constrain groundwater recharge areas, 
indicate mixing, and delineate different groundwater systems. The insight gained by the 
previous studies focused on West Hawaii was limited, however, by a narrow spatial focus 
(Tillman et al., 2014) and a lack of locally obtained δ2H and δ18O values in precipitation (Kelly 
and Glenn, 2015). We build upon these works by (1) characterizing δ2H and δ18O values in 
precipitation and groundwater on a regional scale, and (2) utilizing these values in conjunction 
with insight gained by previous investigations to develop new conceptual models of 
groundwater occurrence and flow throughout the study area and determine plausible 
groundwater flow paths based on these conceptual models. 
 
 
Methodology 
 

Precipitation collectors were placed at eight sites across the study area (Figure 1) 
covering a wide range of elevation and climate conditions. The design was based on that of 
Scholl et al. (1996) and consisted of a 5 gallon high density polyethylene (HDPE) tank with a 
76 or 110 mm diameter funnel affixed to the lid mounted on a wooden base with metal legs. 
Prior to deployment, a 1 cm layer of mineral oil was added to the collector to prevent 
evaporation of collected precipitation and the apparatus was wrapped in a black trash bag to 
prevent sun exposure. The collectors were sampled at roughly six-month intervals over a 
roughly two-year deployment period from October 2012 to December 2014. At each sampling 
event, the sample volume was measured and subsamples were collected in crimp-sealed 20 mL 
glass vials with butyl rubber septa for water isotope analysis. Volume weighted average 



 

 

(VWA) δ2H and δ18O values were computed for each station to account for variations in 
precipitation over the deployment period.  

 
Figure 1. Location and sample map of the West Hawaii study area. Contour intervals are 200 m. 

 
A total of 83 groundwater samples were collected from 42 separate locations (Figure 2) 

between March 2011 and October 2012. Sample locations included 29 production wells, 10 
monitor wells, 2 lava tubes, and 1 coastal spring, and were divided into 11 groups by 
geographic position. Wells were purged at least 3 borehole volumes before sample collection. 
Production wells were sampled using installed pump and sampling apparatus. Monitor wells 
and lava tubes were sampled using portable centrifugal pumps lowered to less than 3 m below 
the water table surface. The coastal spring sample was collected via piezometer using a 
peristaltic pump. Samples were collected in crimp sealed 20 mL glass vials with butyl rubber 
septa. Salinity measurements were taken at the time of collection using a YSI multi-parameter 
sonde. 
 



 

 
Figure 2. Groundwater sample locations with names and group designations.  
Contour intervals are 200 m. 

 
Precipitation and groundwater samples were analyzed for δ18O and δ2H values of water at 

the University of Hawaii Stable Isotope Biogeochemistry Lab using a Picarro cavity ring down 
mass spectrometer All results are expressed in permil (‰) notation relative to Vienna standard 
mean ocean water (VSMOW) on a normalized scale in which the δ2H and δ18O values of 
standard light Arctic precipitation (SLAP) are -428 and -55.5‰, respectively. Samples were 
calibrated using internal lab standards. Analytical precision (1σ) was less than 0.1 and 0.7‰ 
for δ18O and δ2H values, respectively. 

Salinity was used to correct the δ18O and δ2H values of groundwater samples for seawater 
content by mass balance. We assumed groundwater samples were a mixture of fresh meteoric 
water (salinity = 0) and ocean water. Ocean water end-member salinity and δ18O values were 
measured for four samples collected in October 2012 from seawater intake pipes at the Natural 
Energy Laboratory of Hawaii Authority (NELHA), located at Keahole Point on the 
westernmost tip of Hawaii (Table 1). The mean salinity, δ18O, and δ2H values from the shallow 
seawater intake pipes (35.07, 0.22‰, and 2.58‰ , respectively) were used to correct samples 
collected north of Hualalai’s rift zone, while the mean salinity, δ18O, and δ2H values from both 
shallow and deep seawater intake pipes (34.54, -0.05‰, and 0.54‰, respectively) were used to 
correct samples collected south of the rift zone to account for the circulation of cold 
intermediate seawater through the aquifer in this region (Bowles, 2007; Hunt, 2014; Tillman  
et al., 2014). 



 

 

 
Table 1. Seawater endmember sample data. 

Sample Location Salinity δ18O (‰) δ2H (‰) 

NELHA 24m Suction 35.07 0.24 2.62 
NELHA 14m Suction 35.06 0.19 2.53 
NELHA 900m Suction 33.93 -0.34 -1.77 
NELHA 674m Suction 34.10 -0.29 -1.22 

Shallow Seawater Average 35.07 0.22 2.58 
Deep Seawater Average 34.02 -0.32 -1.50 
Combined Average 34.54 -0.05 0.54 

 
Groundwater flow paths were determined for each groundwater sample group using a 

method modified after Scholl et al. (1996). We assumed no net fractionation of precipitation in 
the infiltration process and used δ18O values instead of δ2H values due to their having a better 
correlation to elevation. The δ18O-elevation relationship determined below was assumed to 
apply to precipitation in the portion of the study area below 2,000 m, while the Hawaii 
Volcano high elevation δ18O-elevation relationship (Scholl et al., 1996) was assumed to apply 
to precipitation in the portion of the study area above 2,000 m. These relationships were 
applied to a digital elevation model (DEM )of the study area to produce a spatial coverage of 
δ18O values. A recharge coverage was produced for the study area by subtracting the 
evapotranspiration (Giambelluca et al., 2014) from the rainfall (Gimabelluca et al., 2013). 
Runoff was not considered due to the lack of perennial streams in the region. Viable flow path 
trajectories for each sample group were established by preliminary analysis of potential 
trajectories combined with development of conceptual models for groundwater flow in 
different portions of the study. To derive flow paths from the flow path trajectories, we used 
the following equation: 
 

  (1) 

 
where δ18O(n) is the isotopic value of precipitation for the interval n and R(n) is the recharge 
volume for the interval n. We used intervals of 250 m to correspond to the pixel sizes of the 
δ18O value and recharge coverages used for the calculation and started the calculation at the 
sample group location proceeding up the flow path trajectory until δ18O values were matched. 
Flow path determinations for some portions of the study area required additional actions such 
as the addition of an indirect recharge component or the shielding of a portion of the flow path; 
these are discussed in greater detail below.  
 
 
Principal Findings and Significance 
 

The West Hawaii LMWL (Figure 3) was determined by calculating the linear regression 
through the VWA δ18O and δ2H values from each precipitation collector. This relationship 
(δ2H = 7.65, δ18O + 15.25, r2 = 0.98) is more similar to LMWLs determined for the Hawaii 



 

Volcano region (Scholl et al., 1996) and East Maui (Scholl et al., 2002) than the overall 
GMWL (Craig, 1961), reflecting the climatic similarities of these proximal locations. The data 
collected in this study are consistent with the precipitation δ18O and δ2H values collected at 
five locations south of the Hualalai rift zone betwenn September 2012 and March 2014 by 
Tillman et al. (2014). The increase in the δ2H value of the y-intercept (Deuterium excess) of 
the West Hawaii LMWL relative to the Hawaii Volcano LMWL, East Maui LMWL, and 
GMWL is indicative of greater kinetic fractionation during the evaporation of the water vapor 
that subsequently contributes to precipitation in this region. This observation is suggestive of 
water vapor originating from the ocean in the lee of the island, where lower atmospheric 
humidity would result in a higher humidity gradient across the air-sea interface, and, 
consequently, greater kinetic fractionation of the evaporated water mass leading to a larger 
Deuterium excess. 

Despite the leeward location of the West Hawaii study area, the δ18O-elevation 
relationship determined for the region (δ18O = -0.0012 [elevation in meters] -3.27, r2 = 0.93) is 
more similar to the δ18O-elevation relationship for the windward (trade wind) portion of the 
Hawaii Volcano region (Scholl et al., 1996) than the leeward (rain shadow) portion of the 
Hawaii Volcano region (Scholl et al., 1996) (Figure 3). This finding is also consistent with 
precipitation in the West Hawaii region originating primarily as water vapor evaporating from 
the ocean to the lee of the island as opposed to water vapor entrained in the predominant trade 
wind flow, which would tend produce lower δ18O values in precipitation due to rainout during 
transit over the windward portion of the island. The interaction of the diurnal sea breezes 
common to the West Hawaii region with its steep topography (Giambelluca et al., 2014) 
provides a plausible mechanism for the inland transport, condensation, and precipitation of 
water vapor originally evaporated to the lee of the island.  

 
 

 
Figure 3. West Hawaii LMWL (left) and δ18O-elevation relationship (right). Relationships 
for Hawaii Volcano (Scholl et al., 1996) and East Maui (Scholl et al., 2002) are shown 
for reference. 

 
 



 

 

A conceptual model of groundwater occurrence and flow is a necessary prerequisite to 
the development of groundwater flow paths by the integrated analysis of δ18O values in 
recharge. Previous studies utilizing water isotopes for flow path determination in the Hawaiian 
Islands have used flow path trajectories generated from a pre-existing numerical groundwater 
model (Bishop et al., 2015) or flow paths trajectories perpendicular to elevation contours 
(Scholl et al., 1996; Scholl et al., 2002; Kelly and Glenn, 2015). Since insufficient calibration 
data exists to create a meaningful numerical model of groundwater flow in the West Hawaii 
study area, we adopted the overall approach of assuming that groundwater flow is generally 
perpendicular to elevation contours. However, in order to best account for the presence of three 
prominent peaks in the study area (Hualalai, Mauna Loa, and Mauna Kea) complicating 
potential flow path trajectories, high and spatially variable average recharge elevations, and 
observed hydrogeological phenomena including extensive bodies of confined and perched 
groundwater (Thomas et al., 2015), we carefully considered each portion of the study area 
separately to generate appropriate conceptual models for generation of flow path trajectories 
(Table 2, Figure 4). 
 
Table 2. Summary of flow path trajectories, shielding of flow paths, and indirect recharge 
contributions utilized in integrated recharge analysis of sample groups. 

Sample Group Flow Path Trajectory Shielding Indirect Recharge Contribution 

Kiholo Coastal Mauna Loa / Mauna Kea  
via Humuula Saddle 

No Humuula Saddle (-10.6 ‰) 

Kiholo Upland Mauna Loa / Mauna Kea  
via Humuula Saddle 

No Humuula Saddle (-10.6 ‰) 

Kaupulehu Coastal Mauna Loa No None 
Kaupulehu Middle Mauna Loa No None 
Kaupulehu Upland Mauna Loa No None 
Kohanaiki North Hualalai No Keauhou North High Level (-6.97 ‰) 
Kohanaiki South Hualalai No Keauhou North High Level (-6.97 ‰) 
Kaloko-Honokohau Hualalai No Keauhou North High Level (-6.97 ‰) 
Keauhou North High Level Mauna Loa Yes None 
Keauhou South High Level Mauna Loa No None 
Keauhou South Basal Mauna Loa No None 

 



 

 
Figure 4. Conceptual hydrologic cross sections of Kiholo, Kaupulehu, Keauhou North, and Keauhou 
South transects. Solid black lines define land surface, water table, and freshwater (FW)-seawater (SW) 
interface. Dashed gray lines are approximations of subsurface structure, while solid gray lines indicate 
dikes. Freshwater extent is light gray while seawater extent is dark gray. Straight arrows indicate 
groundwater flow direction in the saturated zone while curved arrows indicate recharge.  



 

 

Groundwater flow paths for each sample group (Figure 5) were determined by applying 
integrated recharge analysis to the flow path trajectories and special conditions (shielding and 
indirect recharge), where applicable, was generated via preliminary analysis and conceptual 
modeling. Due to the many unknowns regarding the subsurface geology and hydrogeology of 
much of the study area, these flow paths are best understood as plausible reconciliations of the 
observed δ18O values in precipitation and groundwater rather than precise vectors of 
groundwater travel.  

 
Figure 5. Sample group flow paths as defined by integrated recharge analysis of flow path trajectories. 
Flow path origins and endpoints are indicated by circles and diamonds, respectively. Direct recharge 
flow paths are in black while flow paths containing indirect recharge contributions are in gray and 
labeled with indirect recharge fraction. The shielded portion of the Keauhou North High Level flow path 
is indicated with a dashed line.  

 
We utilized a network of cumulative precipitation collectors to characterize the LMWL 

and δ18O-elevation relationship of the West Hawaii study area and then compared these results 
to groundwater δ18O values measured throughout the study area to develop new conceptual 
models and groundwater flow paths consistent with observed hydrogeological phenomena. We 
determined that (1) the West Hawaii LMWL is consistent with a primary oceanic moisture 
source to the lee of Hawaii Island, while the West Hawaii δ18O-elevation relationship closely 
resembles that determined for the Hawaii Volcano Trade Wind region by Scholl et al. (1996), 
(2) structural heterogeneity resulting in perched and confined groundwater in different portions 
of the study area necessitated the development of new conceptual models to reconcile δ18O 
values observed in precipitation and groundwater, and (3) groundwater flow paths in West 
Hawaii tend to originate in the upper elevations of the Mauna Kea and Mauna Loa volcanos as 
opposed to the much smaller Hualalai Volcano, with long travel distances implying 
correspondingly long travel times. These findings illustrate the utility of water isotope values 



 

as tracers of groundwater flow in high-relief regions as well as the importance of considering 
observed structural controls on groundwater flow when determining flow paths using the well-
established integrated recharge method. Additionally, these findings may serve to guide future 
efforts at better understanding and sustainably utilizing groundwater resources in this region. 
Further investigations into groundwater occurrence and flow in West Hawaii, integrating 
geophysical, geochemical, borehole drilling, and numerical modeling disciplines would be 
especially useful in evaluating the findings of this paper and working toward a more complete 
understanding of this complex system.  
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Problem and Research Objectives 
 

The volcanic-rock aquifers of Hawaii supply most of the freshwater to the population and 
commerce, industry, and U.S. military. The resident population on the islands has been 
increasing. However, freshwater resources are limited. The aquifers are small, surrounded by 
saltwater, and have a restricted capacity to store groundwater. Therefore, they are particularly 
susceptible to impacts from human activity through land-use changes or excessive withdrawals 
and climate change (Izuka 2013). The desire to avoid adverse effects, such as lowering water 
tables, saltwater intrusion, and depletion of streamflow and submarine groundwater discharge, 
can translate to limits on the availability of fresh groundwater. Thus, quantifying these effects is 
critical for successful groundwater management. 

New modeling studies are motivated by the need to the emergence of new information and 
of new technologies. The last regional assessment of the water resources in the volcanic-rock 
aquifers was conducted for Oahu during the 1990s (Hunt 1996, Nichols et al. 1996), while 
statewide assessments date further back (Meinzer 1923, Davis 1963, Takasaki 1978). Lately, 
new technologies (computer power, modeling software) and new analysis techniques have been 
developed, recharge and hydrogeologic information have been updated, and the need to consider 
effects of climate change has increased.  

Numerical groundwater models have been developed to delineate source capture zones for 
the state of Hawaii (Whittier et al. 2010). However, island-wide numerical models used as tools 
to assess groundwater availability are lacking. A revised assessment of the current groundwater 
resources in the heavily stressed aquifers on the islands of Kauai, Oahu, and Maui is necessary to 
evaluate how the resource has been impacted by natural and anthropogenic factors, and how 
these factors may affect the resource in the future. 

The scope of work is a numerical modeling analysis of newly available recharge and 
hydrogeologic information for the islands of	  Kauai, Oahu, and Maui to (1) improve 
understanding of the most developed regional groundwater-flow systems in the main islands of 
Hawaii, (2) update knowledge of the availability of groundwater resources, and (3) provide 
insight into the impacts of human activity and climate change on groundwater resources. 
 
 
Methodology 
 

For the assessment of Hawaii’s groundwater resources stored in volcanic rock, island-
wide numerical models that simulate groundwater flow and a sharp interface between fresh- and 
saltwater were developed. The groundwater-flow models were constructed using MODFLOW 
2005 coupled with the Seawater-Intrusion Package (SWI2), which simulates the transition 
between saltwater and freshwater in the aquifer as a sharp interface (Bakker et al. 2013). This 
approach allowed relatively fast model run times without ignoring the freshwater-saltwater 
system at the regional scale. 

Recent studies of the USGS have generated new recharge estimates for conditions prior 
to the beginning of groundwater development, recent conditions from 2001 to 2010 (e.g., 
Johnson et al. 2014, Engott et al. 2015), and future climate conditions based on climate models, 
IPCC scenarios, and stakeholder input.  

Although Hawaii aquifers are vastly heterogeneous, the hydrogeologic framework can be 
described with simplified hydrogeologic units, which are zones of similar hydraulic properties 



 

	  

and water conditions. Available geologic and hydrogeologic data have been updated. The 
altitude of the contact between hydrogeologic units has recently been digitized to 6,000 ft below 
sea level for the entire islands of Kauai, Oahu, and Maui. The structural contours facilitate the 
model grid generation of the hydrogeologic units. Aquifer-property estimates are available from 
previously published model projects (Oki 1998, Oki et al.1998, Izuka and Oki 2002, Oki 2005, 
Rotzoll and El-Kadi 2007, Gingerich 2008, Whittier et al. 2010, Gingerich and Engott 2012), a 
comprehensive summary of estimated values (Hunt 1996), and a recent state-wide analysis of 
groundwater level fluctuations caused by ocean tides (Rotzoll et al. 2014). 

The three numerical models of the islands simulate two scenarios: pre-development 
conditions and average current conditions from 2001 to 2010. Additionally for Oahu, a future 
recharge scenario will be simulated. Model calibration was performed with available measured 
water levels and salinity profiles, base flow from gaged streams, irrigation ditch-system 
discharge, and spring-discharge data. The systematic parameter-estimation routine PEST 
(Doherty 2005) was used for model calibration. Model sensitivity will be implemented to address 
how uncertainties in the model parameters limit the results. Part of the work focused on 
developing Python scripts using FloPy3 (Bakker et al. 2016) to create model input files, run the 
models, and analyze the model output (Bakker 2014). This streamlined approach ensured 
consistency in model creation and analysis of results. 

The calibrated numerical models will be used to evaluate historical anthropogenic effects 
(changes in land use and withdrawals) and future effects of climate change (changes in recharge 
and sea level). The historical anthropogenic effects reflect the difference between the simulated 
pre-development conditions and current conditions. The effects will be quantified by changes in 
water levels, changes in the freshwater/saltwater interface position, differences in groundwater 
fluxes across hydrologic boundaries, and differences in spring and submarine groundwater 
discharge. Comparison of the results of these scenarios will be the basis for assessing the human 
impact on groundwater resources of Hawaii’s volcanic-rock aquifers.  

Climate change affects groundwater resources in Hawaii by causing changes in recharge 
and sea level. Changes in recharge alter the groundwater budget causing changes in groundwater 
storage and availability. Sea-level rise causes a rise of the freshwater/saltwater interface by 
displacing the freshwater lens upward and coastal inundation (Rotzoll and Fletcher 2013). The 
numerical models will be used to simulate these impacts expressed in the difference between the 
simulated current conditions and future conditions. 
 
 
Principal Findings and Significance 
 

Efforts to develop island-wide models for the islands of Kauai, Oahu, and Maui are 
progressing towards achieving the study objectives. The islands’ geology is complex and 
aquifers are vastly heterogeneous. To simply the development, the geology has been reduced to 
three hydrogeologic units: (1) dike-intruded volcanic rock, (2) dike-free volcanic rock, and (3) 
sediments and rejuvenated Volcanics. The altitude of the contact between overlying sediments 
and volcanic rock has been digitized for the entire island to 6,000 ft below sea level, which 
facilitated the model grid generation of the hydrogeologic units.  

The MODFLOW 2005/SWI2 model code was successfully applied to cross sections to test 
the suitability to simulate density-dependent groundwater flow in freshwater-lens aquifer 
systems. Island-wide models simulating dike-intruded and dike-free volcanic rock with a 



 

	  

uniform grid-cell size of 500 ft were developed. Model calibration using PEST, currently in 
progress, is utilizing measured water levels, midpoint of the transition zone between fresh- and 
saltwater depth data, base flow, and spring-discharge data. 

Although this document is a final report for this project, the work is still in progress. 
Towards that objective, the project has been merged with Project 2012HI412S: Determination of 
groundwater fluxes and evaluation of the effectiveness of low-permeability valley-fills in the 
Pearl Harbor Aquifer area, Oahu, and Project 2013HI439S: Assessment of groundwater 
availability in the volcanic-rock aquifers of Oahu, Hawaii. 
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Abstract  
 
Estimation of turbulent heat fluxes by assimilating sequences of land surface temperature (LST) 
observations into a variational data assimilation (VDA) framework has been the subject of 
numerous studies. The VDA approaches are focused on the estimation of 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 assumed 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 amount of error in the estimation of surface fluxes, especially in regions with a high 
temporal variation in vegetation cover. In this study, we advance the VDA approach by taking 
CHN as a function of leaf area index (LAI), which allows us to characterize the dynamic effect of 
vegetation phenology on CHN. The performance of the new VDA model is tested over the 
Brookings site in the US. The results show that the new model outperforms the previous one. 
 
Key words: Variational Data Assimilation, Turbulent Heat Fluxes, Leaf Area Index, Neutral 
Bulk Heat Transfer Coefficient. 
 
 
Introduction 
 

Accurate estimation of turbulent heat fluxes (i.e., sensible (H) and latent (LE) heat fluxes) 
is of significant importance in numerous atmospheric, hydrologic, meteorological, climatological 
and environmental processes (Alfieri et al. 2009; Stephens et al. 2012). The turbulent fluxes 
impact weather and climate by modifying the spatio-temporal variability of rainfall (Andrews et 
al. 2009) and influencing the development of boundary layer clouds (Lewellen and Lewellen 
2002).  

In situ measurements of heat and moisture fluxes are costly (Baldocchi et al. 2001) and 
therefore are available only over a limited number of field experiment sites. Among numerous 
techniques developed to make quantitative estimates of surface fluxes (e.g., Anderson et al. 
1997; Bastiaanssen et al. 1998; Allen et al. 2011), the variational data assimilation (VDA) 
approaches (Peters-Lidard et al. 2011; Bateni and Entekhabi 2012; Sini et al. 2008; Reichle et al. 
2001b) have recently gained a substantial amount of attention. The VDA approaches are also 
advantageous over the diagnostic methods (e.g., Bastiaanssen et al. 1998; Su 2002) because:  1) 
they do not need any calibration and empirical fitting (Caparrini et al. 2003), 2) they estimate 
heat fluxes even for instances in which LST observations are not available or there are data gaps 
(Lewis et al. 2012), and 3) they retrieve ground heat flux without applying the empirical 
formulations that parameterize ground heat flux as a fraction of net radiation (Campo et al. 
2009). 

The two main unknown parameters of the VDA approaches for estimating turbulent fluxes 
are neutral bulk heat transfer coefficient (CHN) and evaporative fraction (EF). The existing VDA 
methods (e.g., Caparrini et al. 2004a, 2003; Bateni et al. 2013b; Sini et al. 2008; Xu et al. 2014) 



	
	

assume that changes in vegetation dynamics over a period of one month are negligible, and thus 
take CHN as a monthly constant parameter. However, bare soil may turn into a fully vegetated 
surface in only a few weeks during growing season, undermining the assumption of constant 
monthly CHN. In this study, we advance the VDA approach for land surface flux estimation by 
taking CHN as a function of vegetation phenology (i.e., Leaf Area Index [LAI]).  

This study augments the Bateni et al. (2013b) VDA model (hereafter called VDAold) by 
taking CHN as a function of LAI rather than assuming it to be a constant monthly parameter. The 
CHN-LAI relationship introduced by Farhadi et al. (2014) is used in this study to characterize 
variations in CHN. The applicability and performance of the new VDA approach (hereafter called 
VDAnew) is tested at point scale using field site information at the Brookings site.  

This paper is organized as follows. Section 2.1 shows different components of the surface 
energy balance (SEB) equation and its key unknown parameters (i.e., CHN and EF). Section 2.2 
describes the heat diffusion equation as the physical constraint of model. Section 2.3 introduces 
the variational data assimilation (VDA) framework for estimation of the key unknown 
parameters. Results of this study and conclusions are given in sections 3 and 4, respectively. 
 
 
Methodology 
 
Surface Energy Balance (SEB) Scheme 

The core of the model is based on the combined source surface energy balance (SEB) 
model, which is given by,  

 
 (1) 

	
where H, LE, and G are respectively the sensible, latent, and ground heat fluxes, and Rn is the net 
radiation. Sensible heat flux can be represented in terms of the gradient of temperature between 
the land surface temperature (T) and air above it (Ta),  
 
𝐻 =  𝜌 𝑐!𝐶!" 𝑓 𝑅𝑖 𝑈 (𝑇 − 𝑇!) (2) 
 
where U is the wind speed, cp is the specific heat of air, ρ is the air density, CHN is the bulk heat 
transfer coefficient under neutral atmospheric condition, and f is the atmospheric stability 
correction function, which itself is a function of Richardson number (Ri). The stability correction 
function	proposed by Caparrini et al. (2004b), which has performed satisfactorily in previous 
studies (e.g., Crow and Kustas 2005; Farhadi et al. 2014; Bateni et al. 2013b), is used in this 
study. 

Recently, Farhadi et al. (2014) parameterized the influence of LAI on CHN via,  
 

 (3) 
	

The parameterization is limited to the first-order seasonality effects with constant 
parameters a and b but seasonally varying LAI. This relationship is used herein to characterize 
the effect of LAI on CHN. The coefficients a and b are the constant unknown parameters of the 
SEB and will be obtained via the VDAnew approach.  

GLEHRn ++=

LAIa b
HNC e +=



	
	

Evaporative fraction (EF) is the third unknown parameter of SEB scheme, and is defined as 
the ratio of latent heat flux to the sum of turbulent heat fluxes: 

 

 (4) 

 
EF is almost constant for near-peak radiation hours on days without precipitation (Crago 

and Brutsaert 1996; Gentine et al. 2007). Using (6), LE can be estimated as a function of EF and 
H. 
 
Heat Diffusion Equation  

The heat diffusion equation describes variation of temperature in the column of soil at time 
t and depth z, and is given by, 

 

 (5) 

 
where c is the soil volumetric heat capacity and p is the soil thermal conductivity (Campbell 
1985a).  
 
Variational Data Assimilation (VDA) System  

The key unknown parameters of the VDAnew system (i.e., EF, a, and b) are obtained by 
assimilating LST observations (Tobs) inside the assimilation window (t1 = 9 am, t2 = 4 pm) into 
the VDA framework. The VDA approach is based on the minimization of the cost function (J) 
which represents the aggregated error over the entire assimilation period:  

 

 (6) 

 
The first term in the cost function accounts for the misfit between the LST estimates from 

the heat diffusion equation [T (0,t)] and observations [Tobs (0,t)] over the assimilation period (N 
days). The second, third and fourth terms are the squared error of the unknown parameters EF, a, 
and b with respect to their last best estimates (represented by primed variables), respectively. The 
last term in the cost function is the physical constraint (i.e., the heat diffusion equation), which is 
adjoined to the model via the Lagrange multiplier, λ. Ca, Cb, and CEF are constant coefficients 
which weigh the terms in the cost function and control the rate of convergence (Reichle et al. 
2001a).  

EF = LE
LE +H

2

2

( , ) ( , )T z t T z tc p
t z

∂ ∂
=

∂ ∂

2

1

2

1

1 2 1 ' 2 1 2 1 2
,

1 1
2

20
1

( , , , ) [ (0, ) (0, )] ( ) ( ') ( ')

( , ) ( , )2 ( , )(c )

N Nt

T i obs i EF i i a bt
i i

N t h i i
it

i

J T EF a b C T t T t dt C EF EF C a a C b b

T z t T z tz t p dzdt
t z

λ

− − − −

= =

=

= − + − + − + −

∂ ∂
+ −

∂ ∂

∑ ∑∫

∑∫ ∫



	
	

The optimal values of the unknown parameters (i.e., EF, a, and b) are found by minimizing 
the cost function, J. The minimum value of J is obtained by setting its first variation equal to 
zero (δJ = 0). Setting δJ to zero leads to a set of the so-called Euler-Lagrange equations, which 
should be solved simultaneously. CT , Ca, Cb, and CEF are taken equal to 100 K2, 0.001,0.001, and 
0.001 based on several sensitivity analysis tests and previous relevant studies (Bateni et al. 
2013b; Xu et al. 2014).  
 
 
Results 
 
Neutral Bulk Heat Transfer Coefficient and Evaporative Fraction 

As mentioned above, CHN is one of the key unknown parameters of the SEB equation. In 
the VDAnew approach, CHN is treated as a function of LAI and thus varies on a daily basis, while 
the VDAold approach assumes CHN is constant over the period of one month. The estimated CHN 
values by the VDAold and VDAnew approaches for the investigated site are shown in Table 1. 
Unlike the VDAold that provides only an average CHN value during the assimilation period, this 
study (VDAnew approach) accounts for the evolution of CHN within the assimilation period. As 
indicated in Table 1, CHN estimates from VDAold fall within the range of variability of CHN 
retrievals from VDAnew. This implies that VDAnew robustly captures variations in CHN as LAI 
changes via reliable estimation of the unknown parameters of CHN (i.e., a and b).  

 
 

Table 1a. Estimated CHN values from the VDAold and VDAnew 
approaches for the growing season. 

Approach 
Brookings 

Julian day 176-209 

This study (VDAnew) 0.0019-0.0050 
Bateni et al. 2013b (VDAold) 0.0028 

 
 

Table 1b. Estimated CHN values from the VDAold and VDAnew 
approaches for the senescence season. 

Approach 
Brookings 

Julian day 210-238 

This study (VDAnew) 0.0027-0.0078 
Bateni et al. 2013b (VDAold) 0.0056 

	
	

The other unknown parameter of the SEB equation is EF. Figure 1 shows time series of EF 
estimates from the VDAnew model at the Brookings site. For comparison, retrieved EF values 
from the VDAold model and observations are also shown in Figure 1. The retrieved EF values 
from VDAnew are in agreement with observations in terms of both magnitude and day-to-day 
dynamics. The VDAnew model also yields more accurate EF estimates compared to VDAold. This 



	
	

is due to the fact that CHN (which is simultaneously retrieved with EF) is estimated more 
accurately by the VDAnew method since its variation with vegetation phenology is captured. This 
in turn results in more accurate estimation of the second unknown parameter of the energy 
balance equation (i.e., EF).  
 

 
 

Figure 1. Time series of daily EF estimates from the VDAnew (solid lines) and 
VDAold (dashed lines) models at the Brookings site. Corresponding 
observations are shown by circles. In VDAold, CHN is assumed constant 
during the interval between two vertical dot lines. 

	
	

The root-mean-square-error (RMSE) and bias of EF estimates from the VDAnew model are 
compared to those of the VDAold model in Table 2. As shown, RMSE and bias of EF estimates 
from the VDAnew are significantly less than those of the VDAold. Reduction in misfit between the 
measured and estimated daily EF is interpreted as an improvement in the model performance.  
	

Table 2. Comparing the performance of VDAold and VDAnew at the 
four study sites. RMSE and bias from VDAold are shown in 
parenthesis. 

 
Brookings 

RMSE Bias 

EF (-) 0.10(0.14) 0.00(-0.01) 
H (Wm-2) 39.6(53.7) 11.2 (18.1) 
LE (Wm-2) 69.7(82.7) 24.8(30.1) 

	
	
Sensible and Latent Heat Fluxes 

Time series of daytime-averaged estimated sensible and latent fluxes from the VDAold and 
VDAnew models as well as corresponding measurements are shown in Figures 2 and 3, 
respectively. The VDAnew model considers daily variation of surface roughness by taking CHN as 
a function of LAI, while the VDAold model assumes vegetation phenology is constant over the 



	
	

period of one month. Hence, VDAnew is expected to outperform VDAold in estimation of sensible 
and consequently latent heat fluxes. 

 

 
 

Figure 2. Time series of estimated daytime-averaged sensible heat flux (H) 
from the VDAnew (solid lines) and VDAold (dashed lines) models at the 
Brookings site. In VDAold, CHN is assumed constant during the interval 
between two vertical dotted lines. 

 
 

 
Figure 3. Time series of estimated daytime-averaged latent heat flux (LE) 
from the VDAnew (solid lines) and VDAold (dashed lines) models at Brookings 
site. In VDAold, CHN is assumed constant during the interval between two 
vertical dotted lines. 

 
 
Conclusion  
 

Land surface temperature (LST) observations are assimilated into a new variational data 
assimilation (VDA) framework to estimate the key unknown parameters of heat and moisture 
fluxes (i.e., EF and CHN). Unlike the previous VDA models (e.g., Caparrini et al. 2004b; Sini et 
al. 2008; Bateni et al. 2013a), which consider CHN as a constant parameter during the 
assimilation period, our proposed VDA model takes CHN as a function of vegetation phenology 
(i.e., leaf area index, LAI) to improve turbulent heat flux estimates. For this purpose, the 



	
	

functional relationship developed by Farhadi et al. (2014) is used to characterize the effect of 
LAI on CHN.  

EF estimates from the VDAnew model are in agreement with the observations in terms of 
magnitude and day-to-day dynamics even though no rainfall or soil moisture data are used in the 
model. Taking CHN as a function of vegetation phenology (i.e., LAI) improves EF estimates.  

CHN in the VDAnew model captures the daily variation of surface roughness that influences 
the exchange of turbulent fluxes between the surface and the atmosphere. Thus, sensible heat 
flux and consequently latent heat flux estimates from the VDAnew model are more accurate than 
those of VDAold.  
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Problem and Research Objectives 
 
Freshwater resources are essential not only for human consumption but also for the health 

of ecosystems and economies worldwide. In Hawaii and other Pacific Islands in the region 
where resources are constrained by geography and an uncertain future climate, maintaining an 
adequate supply of freshwater is critical (Keener et al. 2012). To ensure Hawaii communities 
maintain sufficient reserves into the future, it is necessary to understand water demand and the 
role that conservation programs might play in managing future resources.  

As an archipelago of islands, Hawaii relies primarily on groundwater in the form of a 
freshwater lens as its primary source of drinking water. While variations in climate and 
associated hydrological processes are expected to affect future groundwater, future supplies are 
particularly vulnerable to over-pumping. Since present day decisions will affect water use 
patterns far into the future, efficient water management warrants a better understanding of 
water use and conservation behaviors. Water demand management is increasingly important 
for water authorities around the world with residential water demand of principle concern 
among policy-makers (Worthington and Hoffman 2008).  

Oahu is the most populated island of the Hawaiian archipelago and includes the 
metropolitan region of Honolulu. Honolulu comprises of a diversity of housing and 
development types from high-density residential towers in the central core to more scattered 
single-family homes on the outskirts. Between 1980–2010, populations increased from 
764,600 to 955,775. Future population projections are moderate, however, with an estimated 
population of just over 1,086,000 by 2040. Since the decline of sugar cane as a major water 
user, estimates of per-capita consumption show a decrease in water use although these 
estimates vary by urban area (Usawaga 2014, personal communication). Although current 
water demand does not appear to outstrip supplies, future water supply for Honolulu remains 
unclear given the uncertainties and complex interactions between climate and water use 
patterns.   

Accurate forecasts of future water demand is critical for long-term planning, of which 
conservation and consumption behaviors may be a critical factor (Polebitski et al. 2011, 
Worthington and Hoffman 2008, Boland 1997). There is growing evidence that changes in 
population, land use, weather, and pricing policies will have a significant influence on the 
demand for water with patterns varying across a region and over time (House-Peters and 
Chang 2011). Less known is the role of conservation and evolving water use behaviors. For 
instance, alternative conservation measures that supplement different pricing may ameliorate 
increased water consumption attributable to climate change (Boland 1997). A better 
understanding of conservation behaviors can support robust approaches to estimate active and 
passive conservation in water demand studies. It can also provide decision makers and policy-
makers valuable information about water demand management strategies. 

In 2009, the Honolulu Board of Water Supply (HBWS) commissioned the OmniTrack 
Group to conduct a telephone survey of 601 Oahu residents of single-family detached homes. 
The purpose of the survey was to quantify the extent to which indoor water-saving fixtures and 
devices are being used by HBWS customers. This research follows up on the use of water-
saving technologies but adds considerably more by examining indoor and outside water use 
practices and attitudes toward water conservation. 
 
 



 

Water Use in Hawaii and Oahu 
 

In the United States, we currently withdraw 98 gallons per capita per day (gpcd) for 
domestic uses, considerably more water than citizens of most other countries and in excess of 
the roughly 13.2 gallons actually needed to meet daily basic human needs by a factor of 7.4.  

Water conservation in Hawaii has supported the reduction in water demand during last 15 
years. But there are questions around future climate change impacts on supplies and needs for 
diversions. Average water use per person in Hawaii has gone down from 175.7 gpcd to 156.8 
gpcd (1980–2010) in Hawaii—Just on target—Average American uses roughly 155 gal/day 
(USGS 2010). Despite this reduction, among all US states, Hawaii remains on the higher end 
of self-reported domestic water use (Figure 1). Among urban users, residents of Honolulu 
consume water comparable to residents in Riverside, CA and Phoenix, AZ (Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Per-capita water use data by state (USGS 2010). 
 

 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Per-capita water use data by major metropolitan areas (USGS 2010). 

 
 
The goals of this study were to:  
1) Examine water use practices inside and outside the home: Survey household 
 water use practices both inside the home and outside the home. Differentiate these 
 practices by housing type (single-family vs. multi-family units) and tenure type 
 (ownership vs. rental). 
2) Explore attitudes of water use and conservation: We explore environmental 
 attitudes and beliefs broadly around conservation and around water specifically.  
3) Assess awareness of water conservation programs: Survey households on their 
 awareness of HBWS programs. 
4) Link household water billing data to household demographics, water use 
 practices, and conservation attitudes: Assess how socio-economic, attitudinal, 
 behavioral, and climate factors are associated with water consumption patterns among 
 residents on Oahu. 
This report presents summary findings that address the first three goals of this study.  

Due to the length that it took to acquire household water billing data, we are currently 
processing and analyzing the information to accomplish the fourth goal of the study. This 
research is also part of an on-going climate and water demand research program lead by the 
same co-Principal Investigators on this study and funded by University of Hawaii at Manoa 
Sea Grant College Program.   
 
 

 



 

Methodology 
 

We investigated potential factors that influence residential water use and conservation 
behaviors through a survey instrument. Ward Research, a Hawaii based social survey and 
market research firm was contracted to administer a web based survey using their online 
membership of Hawaii residents that participate in a Hawaii Panel 
(http://www.hawaiipanel.com/). An advantage of using the online web-based survey is the 
rapid turn around time for administering the survey and providing survey results. A more 
traditional telephone survey would take a minimum of several months to administer and 
complete for a representative sample of urban households. Survey questions were quantitative 
in nature and include questions that were answered using a Likert scale for attitudinal and 
motivational measurement. All survey questions were piloted first with volunteers among the 
University of Hawaii community. The full survey was administered and completed by 
respondents between July to August 2015. Because it is a web-based survey, the sample 
population was skewed to people who have access to and use web-based services on a regular 
basis. Therefore, in the sampling procedure, efforts were made to control the demographics as 
close as possible by weighting the sample panel to reflect US Census data on Oahu. 

Three years of historical billing data (2013–2016) was obtained from the HBWS for 
those survey respondents that authorized the use of their data for research purposes. On the 
survey a question was included asking permission to link the survey responses to participants’ 
billing data. We assured respondents that their data would be kept confidential and would be 
aggregated so no personal information would be reported. We linked survey responses using 
addresses and identifying parcel identifiers. All identifying information was stripped. Once the 
links are made, we replace the address information with a unique identifier. A total of 295 
participants gave us permission to access their water use data. 
 

 
Principal Findings and Significance 
 
Survey Respondents 

A total number of 406 respondents participated in the online survey. We received a 
slightly higher response rate from females (55%) than males (45%). Table 1 summarizes socio-
demographics of survey participants. On average, respondents are older. Sixty-seven percent of 
the sample is over the age of 45 and nearly 28% over the age of 60. Compared to the 2010 
census, there is almost 12% more people in the 45–54 age group and nearly 18% more in the 
60+ age bracket. Household incomes are middle ($50K–$99K) to high-middle incomes 
(>$100K). In 2010, the median household income for Honolulu was $73,500 (US Census 
Bureau 2010). Most individuals (41% of the sample) live in a 3–4 household and in a single-
family dwelling type. Roughly 22% live in an apartment style high-rise, a condominium or 
townhome. Table 1 shows detail summary demographics of survey respondents. Respondents 
in single-family homes are geographically distributed across the island of Oahu. The majority 
of respondents living in apartment and multi-family dwellings are concentrated in urban 
Honolulu (Figure 3). 
 



Table 1. Summary demographics of survey respondents. 

Total No. of Respondents (n = 406) % 

Gender  

Female 55.2 
Male 44.8 

Education  

< High school <1 
High school degree 8.9 
Some college or associate degree 28.3 
Bachelor’s degree 34.5 
Graduate or professional degree 27.6 

Household Size  

1 Individual 11.3 
2 Individuals 29.6 
3–4 Individuals 41.1 
5–9 Individuals 16.3 
10+ Individuals 1.7 

Age  

18–24 yr/old 1.7 
25–34 yr/old 10.8 
35–44 yr/old 19.2 
45–54 yr/old 26.1 
55–59 yr/old 14.5 
60+ yr /old 27.6 

Income  

Below $25k 7.1 
Between $25k and $50k 14.3 
Between $50k and $99.99k 40.6 
Between $100k and $149.99k 24.1 
Above $150k 13.8 

Land Tenure  

Rent 24 
Own 76 

Household Type  

Single Family (1-4) 63 
Single Family (5+) 11.5 
Apartment 17.2 
Townhouse 5 
Two-Family house 3 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Location of survey participants on Oahu, color-coded by housing type. Inset shows number of 
respondents by housing type. 

 
Water Use Devices and Purchase Motivations 

We asked a series of questions regarding water use devices and features both inside the 
home and outside that aimed to identify properties, water use habits and motivations for either 
purchases or landscape choices. 365 respondents (90%) use a clothes washer in their home. By 
contrast, only 160 respondents (40%) use a dishwasher. Fifty-eight percent (236) of households 
reported they use a low-flow toilet and 240 (60%) use an air-conditioner. Over 75% report they 
have some sort of outdoor landscaping, 25% use an irrigation system and just under 10% have 
a pool (Figure 4). 

Among the 368 (90%) who own one or both appliances, 254 (or nearly 70%) of these 
responded they purchased their appliance in the last 10 years. Of these, 228 (or 90%) 
purchased a water efficient alternative (with Energy Star or WaterSense certified designation). 
All together, among respondents who own a dishwasher or clothes washer or both, nearly 75% 
responded they own an appliance with Energy Star or WaterSense certified designation.  

We asked questions surrounding motivation for appliance purchase or landscaping 
choices and asked participants to rate each feature on level importance using a Likert scale 
from 1 (Not at all important) to 5 (Extremely important). On average, participants rated price  

 

 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

Figure 5. Importance of washer/dishwasher features when purchasing model 

 

Figure 4. Indoor water use appliances and outdoor water use features. 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Importance of appliance features among respondents who do not own a dishwasher  
or clothes washer. 

 
the highest followed by water efficiency. Rebate offered was rated lowest, although on average 
it ranked as still somewhat important (Figure 5). 

For those respondents that do not currently own a dishwasher/clothes washer, price was 
still the most important feature motivating their choice in model/brand (Figure 6). Rebates 
were found to be more important among this group. 

 
Outdoor Property Characteristics 

Over 75% of respondents (306) have an outdoor area with a lawn, a garden or both 
(Figure 7). Among those with a yard, over half (52%) say their area comprises of only a lawn. 
By contrast, very few (less than 10% of respondents with some sort of yard) only have a 
garden. And nearly 40% of respondents with an outdoor yard have a lawn and a garden.  
  
Water Use Practices 
Indoor Water Use 

We asked survey respondents who either owned a clothes washer or dishwasher, how 
many loads of laundry or dishes do they do during a week (Figure 8). Among respondents who 
own a clothes washer (90% of all respondents), 46% wash 1 to 3 loads of laundry per week and 
nearly 40% wash 4 to 6 loads per week. Nearly 14% responded they do over 6 loads of laundry 
per week. 

Among respondents who own a dishwasher (40%), nearly 25% do zero loads of dishes in 
the dishwasher, 52% do between 1 to 3 loads, 16% do between 4 to 6 loads, and 7.5% do over 
6 loads of dishes in a week. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7. Percent of respondents with a particular type of residential landscape. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Average loads per week reported by respondents with a clothes washer or a dishwasher.

 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9. Average number of times per week dishes are hand-washed. 

 
 
Nearly 60% of respondents wash their dishes by hand. We asked all respondents how 

many times a week dishes are hand-washed (Figure 9). Nearly 35% of all respondents hand-
wash their dishes more than 14 times per week.  
 
Outdoor Water Use, Landscape Choices, and Motivations 

We asked how residents prefer to water their lawn or gardens. Nearly 40% answered they 
prefer watering with a garden hose, 36% answered they prefer relying on rainfall, and 23% 
prefer using timed irrigation. For those that prefer to irrigate manually or with a timed system 
(i.e., do not rely on rain), we asked how often they water. Nearly 35% answered they water 
every other day and 27% water everyday. Over 60% of respondents water their outdoor 
garden/landscape at least every other day (Figure 10). For those with a timed irrigation system, 
75% replied they turn off their system during the rainy season. Over 85% of respondents water 
their gardens either in the morning or during the evenings (Figure 10). Very few respondents 
(11%) use either a rain barrel or water catchment system.  

We also asked respondents to rank from 1 to 5 the importance of factors such as 
aesthetics and maintenance influencing their choice in an outdoor garden or landscaping 
(Figure 11). On average, respondents ranked both conserving water and reducing the water bill 
as the most important. One quarter of all respondents identified the water bill and water 
conservation as extremely important influencing their outdoor landscape choices. By contrast, 
only 4% identified outdoor entertainment as extremely important. Roughly 10% of the 
respondents identified food supplement as extremely important, where as 20% responded food 
supplement as not at all important in their landscaping choices. Aesthetics and maintenance 
were ranked similarly; roughly 11% and 14%, respectively. We also asked respondents 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Respondents’ irrigation practices: (a) preferences (b) frequency, (c) time of day,  
and (d) use of a rainwater catchment system. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Factors ranked by importance that influence choices in outdoor landscape. 

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Respondents’ personal efforts toward water conservation. 

 
questions regarding personal efforts toward water conservation. We asked them how often they 
engage in certain efforts such as turning off water while running the water and using plants 
with low water needs. The largest percentage of respondents (60%) answered they always turn 
off the tap when brushing teeth, indicating a high conservation effort (Figure 12). By contrast, 
only 11% of respondents always have plants with low water needs. Roughly 40% of 
respondents said they minimize running the tap for cool water and 30% never use a hosepipe to 
wash their car. 

We asked participants about their motivations for limiting their water use (Figures 13 and 
14). Nearly 70% of respondents cited their water bill and keeping it low and 60% cited 
conserving water. Respondents also cited their sewer and electric bills. Less than 10% of 
respondents answered that they do not limit their water use at all. Other written reasons 
included being afraid of having a drought and personal experiences with water rationing (Table 
2). Respondents were also asked how concerned they are about the future supply of Hawaii’s 
water (Figure 14). Over 70% of respondents answered they are moderately or extremely 
concerned. 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 13. Reasons identified by respondents for limiting water consumption. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Respondents’ concern about Hawaii’s future water supply. 

 
 
 

 

 



 

Table 2. Other written reasons residents try to limit their water use. 

– “Afraid of having a water drought like California.” 
–  “I grew up in the Bay Area with water rationing.” 
–  “Just try to conserve water for conservation overall.” 
–  “We’re centrally metered for the condo, but I try to observe water conservation practices.” 
–  “Demonstrate that it is the commercial and tourism use of water that causes waste-not residential.” 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Percent of respondents who have participated in the HBWS. 
 
 
Participation in Honolulu Board of Water Supply (HBWS) Conservation Programs 

Only 30% of respondents participated in one of the formal HBWS conservation 
programs. Less than 5% of respondents reported participating in the City’s rain barrel program 
(Figure 15).  In addition to these known formal programs, participants could write in 
responses. Two reported they engage in aquaponics for gardening purposes and another 
participated in the Olelo Youth Xchange video contest hosted by the HBWS. Another resident 
reported they use their own rain barrels for gardening but did not participate in the City’s 
program. 
 
 

 



Discussion  
 

We found nearly 75% respondents reported using a water efficient clothes washer or 
dishwasher. This is up from a previous survey of HBWS customers, which documented in 
2009 less than 50% reported using a water efficient appliance (OmniTrak Group Inc. 2009). 
Without concerted effort on the part of homeowners, switching out old appliances to new 
efficient appliances can amount to a significant reduction in indoor water use. We also found 
just under 60% of respondents have a low-flush toilet. This is surprisingly low as the HBWS 
had an active low-flow toilet rebate program from 1998–2010. Interestingly, while we report 
an increase in the percentage use of water efficient washers or dishwashers compared to the 
earlier OmniTrack Group Inc. (2009) survey of Oahu residents, we find a 8% decrease among 
respondents in the use of low-flow toilets. 

Most survey respondents use washing machines to wash clothes in their homes. Among 
the sample, 85% reported they own a washing machine and do at least 1 to 3 loads per week, 
which accounts to a minimum of 100 gallons per month and possibly up to 540 gallons on the 
high end. Nearly one third of all respondents use an old washing machine. The Alliance for 
Water Efficiency reports that an old appliance can use up to 45 gallons per load compared to 
25 gallons per load for a newer machine (Alliance for Water Efficiency 2016).  

The price of appliances and water devices is reported to be a leading factor in model 
choices. The availability of rebates also seems to be an important factor, particularly for 
respondents that report having older appliances. For those that have an older clothes washer or 
dishwasher, providing rebates may be a good strategy to encourage more indoor water 
conservation. 

Among survey participants, over 60% reported they do not use a dishwasher.  Instead, 
hand-washing dishes is a common practice. Depending upon how dishes are manually washed, 
this can be a large source of indoor water consumption. In a European experimental study that 
examined the amount of water used for manual dishwashing, researchers found, based on 12 
place settings, the activity consumed up to 27 gallons of water. This result was based on users 
running the water continually while doing the dishes (Stamminger et al. 2007). Anecdotal 
evidence suggests that typical American households run the tap while doing their dishes 
(Hargis 2012). In our study, we did not directly ask whether residents run the water while 
doing their dishes. However, when asked about running the tap while brushing teeth, nearly 
80% responded they always or almost always turn off the water.  

Three-quarter of all respondents reported they have some type of landscape area.  
Outdoor landscapes consumes over a third of all household water use. On Oahu, watering 
lawns or gardens is a frequent activity with over half respondents reporting they water at least 
every other day.  Interestingly, while many said they prefer to rely on the rain to water their 
gardens, most (nearly 90%) reported they do not use either a rain-barrel or catchment system. 
This is a much lower than reported by a previous survey of Honolulu residents 28% of which 
reported using rainwater barrels.  

Respondents repeatedly identified reducing their water bill and conserving water as major 
motivational factors for consuming less water. Furthermore, over 70% of respondents are at 
least moderately or extremely concerned about the future of Hawaii’s water supply. Among the 
sample of survey respondents, they appear to be overall water conscious. However, despite 
self-identifying as water conscious, few apply this in their outdoor planting choices by 
selecting plants that require less water. In addition, few are aware or have participated in the 



 

HBWS conservation programs, including the Halawa Xeriscape demonstration garden (Figure 
15). This indicates there is room for HBWS to reach customers by actively engaging them with 
more effective messaging and water conservation activities. 
 
 
Conclusion 
 

There appears to be potential for growth in the use of water efficient devices, 
technologies and conservation practices among Oahu residents, both indoor and outside. While 
respondents report conservation to be an important priority, it may not translate into the full 
potential for water reduction. Re-instating low-flow toilet rebates and expanding them to 
include water efficient washing machines may further decrease indoor water use. Externally, 
actively expanding the rainwater barrel program may help reach more customers, either 
through more social marketing and/or by providing them at a reduced price. Finally, there 
seems much opportunity to raise awareness in planting water efficient plants and shifting 
cultural preferences away from the lawn.  

More research is needed to better understand water use behaviors among the diversity of 
Oahu residents at the household level. Through flow monitoring studies a better estimate of 
indoor and outdoor water use could be developed by combining water billing, flow trace data, 
climate data and high-resolution aerial photography. 

There are several limitations to this study. Because this survey was administered to 
participants who have access to the internet and who regularly participate in on-line surveys, 
the results should be interpreted with caution. Nearly three quarters of the participants are over 
the age of 45 (compared with the county average of 40%). This is a common limitation of 
household water use studies as datasets tend to be biased toward better educated and more 
water conscious socio-economic groups (Parker and Wilby 2013). Further, self-reporting 
typically over-estimates actual behavior. The next step in this research is to link water 
conservation behaviors to actual household water consumption billing data. 
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Problem and Research Objectives 
 

Understanding the relationship between both natural and anthropogenic factors and 
groundwater nutrient and dissolved inorganic carbon (DIC) concentrations is important for 
determining sound water and land use policies in regions where groundwater is utilized as a 
resource as well as regions where groundwater discharges into rivers, lakes, or the ocean. 
Excessive concentrations of NO3

- in drinking water pose a health risk (Ward et al., 2005), 
while high SiO2 concentrations may cause scaling and damage to water filtration and delivery 
infrastructure (Ning, 2002). The loading of PO4

3-, SiO4
4-, and NO3

- to rivers, lakes, and the 
ocean via groundwater base flow or submarine groundwater discharge (SGD) is frequently 
implicated as a cause of harmful algae blooms, eutrophication, and resultant environmental 
degradation (e.g., Lapointe and Clark, 1992; McCook, 1999; Hwang et al., 2005; Lee et al., 
2009). SGD containing high concentrations of DIC may affect the carbonate chemistry of coral 
reefs (Cyronak et al., 2013, 2014). 

The process of linking terrestrial factors with groundwater nutrient and DIC 
concentrations can be challenging due to the difficulty of constraining groundwater flow paths 
and recharge areas, lack of information regarding subsurface geology, and the complex and 
often non-conservative behavior of dissolved nutrients and DIC during infiltration and down-
gradient transit. Commonly implicated sources of PO4

3- and NO3
- in groundwater include 

fertilized agriculture (e.g., Dubrovsky et al., 2010; Bishop et al., 2015) and wastewater effluent 
(e.g., Lapointe et al., 1990; Richardson et al., 2015). δ15N values of NO3

- may be useful in 
differentiating different NO3

- sources as well as identifying non-conservative behavior (e.g., 
Kendall, 1998). SiO4

4- in groundwater is derived primarily from silicate rock weathering (e.g 
Schopka and Derry, 2012), and high SiO4

4- concentrations are commonly associated with 
elevated geothermal heat flow (Swanberg and Morgan., 1978). DIC in groundwater can 
originate from a variety of sources, including equilibration with CO2 derived from decaying 
organic matter in the soil zone, respiration of organic C within the aquifer, and rock weathering 
(Clark and Fritz, 1997). As with SiO4

4-, high DIC concentrations can also be associated with 
geothermal activity (e.g., Clark et al., 1982). δ13C values of DIC may be useful in 
differentiating different DIC sources (Clark and Fritz, 1997). 

In the western portion of Hawaiʻi, the youngest and largest island in the Hawaiian chain, 
groundwater serves as the primary source of water for agricultural, industrial, and domestic use 
as well as the primary vector of nutrient delivery to the coastal waters via SGD (e.g., Johnson 
et al, 2008). However, the mechanisms controlling the highly variable groundwater nutrient 
and DIC concentrations in this region are poorly understood, and studies assessing the controls 
on nutrient and DIC variation in groundwater on similar high volcanic islands are relatively 
few (e.g., Knee et al., 2010; Bishop et al., 2015). The purpose of this study is to systematically 
assess potential natural and anthropogenic controls on variation in groundwater nutrient and 
DIC concentrations in the West Hawaiʻi region. We utilize Spearman’s rank correlation to 
assess the effects of land use/land cover, wastewater effluent discharge, and geothermal 
activity along previously determined groundwater flow paths (Fackrell et al., 2016) on 
groundwater nutrient and DIC concentrations as well as δ15N values of NO3

- and δ13C values of 
DIC. 
 
 
 



 

Methodology 

A total of 83 groundwater samples were collected from 42 separate locations in March 
2011, October 2011, March 2012, and October 2012 (Figure 1). Sample locations included 29 
production wells, 10 monitor wells, 2 lava tubes, and 1 coastal spring, and were divided into 4 
regions and 11 sub-regions by geographic location for ease of referencing. Wells were purged 
at least 3 borehole volumes before sample collection. Production wells were sampled using 
installed pump and sampling apparatus. Monitor wells and lava tubes were sampled using 
portable centrifugal pumps lowered to less than 3 m below the water table surface. The coastal 
spring sample was collected via piezometer using a peristaltic pump. Samples for nutrients, 
DIC, and δ15N of NO3

- were collected in 500 mL high density polyethylene (HDPE) bottles 
and chilled immediately. Nutrient and DIC samples were later subsampled and filtered through 
0.45 µm cellulose acetate filters into 60 mL HDPE bottles and stored refrigerated (nutrients) or 
frozen (DIC) prior to analysis. δ15N of NO3

- samples were subsampled unfiltered into 60 mL 
HDPE bottles and frozen prior to analysis. δ13C of DIC samples were collected in crimp sealed 
20 mL glass vials with butyl rubber septa and immediately poisoned with 0.5 mL of saturated 
HgCl2 solution. These samples were stored at room temperature prior to analysis. Salinity 
measurements were taken at the time of collection using a YSI multi-parameter sonde. 

 
Figure 1. Groundwater sample locations with region and sub-region designations. 

 
PO4

3-, SiO4
4-, and NO3

- samples collected in March 2011, October 2011, and March 2012 
were shipped chilled to the University of Washington School of Oceanography Technical 
Services for analysis. PO4

3-, SiO2, and NO3
- concentrations were measured using colorimetric 

procedures established by UNESCO (1994). PO4
3-, SiO4

4-, and NO3
- samples collected in 

October 2012 were transported chilled to the SOEST Laboratory for Analytical 



 

 

Biogeochemistry (SLAB) at the University of Hawaiʻi at Manoa. PO4
3-, NO3

-, and SiO4
4- were 

measured at SLAB using the colorimetric methods of Murphy and Riley (1962), Armstrong et 
al. (1967), and Grasshoff et al. (1983). All DIC samples were analyzed at the Water Resources 
Research Center Analytical Chemistry Laboratory at University of Hawaiʻi at Manoa using a 
Shimadzu TOC-V analyzer. All nutrient and DIC concentrations are expressed in micromoles 
per liter (µM). δ15N of NO3

- samples were analyzed at the Stable Isotope Biogeochemistry Lab 
and University of Hawaiʻi at Manoa using the denitrifier method (Sigman et al., 2001) coupled 
with the sulfamic acid method of NO2

- removal during sample preparation (Granger et al., 
2006). Samples were analyzed on Thermo Finnigan MAT 252 and 253 mass spectrometers 
using a continuous flow GC-interface. All results are expressed in per mil (‰) notation relative 
to AIR. δ15N of NO3

- values were calibrated using the IAEA-N3 NO3
- standard assigned δ15N 

of 4.7‰ VAIR (Bohlke and Coplen, 1995) as well as an internal lab standard. δ13C of DIC 
samples were analyzed at the University of Hawaiʻi Stable Isotope Biogeochemistry laboratory 
with a ThermoFinnigan DeltaPlusV mass spectrometer coupled to a GasBench II peripheral 
using the method of Salata et al. (2000). Results are reported in units of ‰ relative to PDB and 
normalized to the standards NBS-18 and NBS-19 using the accepted values of -5.04‰ VPDB 
and 1.95‰VPDB, respectively. Analytical uncertainty was quantified using the average 
standard deviation of sample/blind duplicate pairs. Average standard deviations for PO4

3-, 
SiO4

4-, and NO3
- were 0.37, 32, and 2.6 µM, respectively (n = 17). Average standard deviation 

for DIC was 28 µM (n = 10), while average standard deviation for δ15N of NO3
- was 1.3‰ (n = 

26) and average standard deviation for δ13C of DIC was 0.1‰ (n = 11). 
Salinity was used to correct the nutrient, DIC, and stable isotope parameters of 

groundwater samples for seawater content by mass balance. We assumed groundwater samples 
were a mixture of fresh recharge (salinity = 0) and ocean water. Ocean water end-member 
salinity, nutrient, DIC, and stable isotope parameters were measured for four samples collected 
in October 2012 from seawater intake pipes at the Natural Energy Laboratory of Hawaiʻi 
Authority (NELHA), located at Keāhole Point on the westernmost tip of Hawaiʻi (Table 1). 
The mean salinity, nutrient, and stable isotope parameters measured for the shallow seawater 
intake pipes were used to correct samples collected north of Hualālai’s rift zone, while the 
mean salinity, nutrient, and stable isotope parameters measured for both shallow and deep 
seawater intake pipes were used to correct samples collected south of Hualālai’s rift zone to 
account for the circulation of cold intermediate seawater through the aquifer in this region 
(Bowles, 2007; Hunt, 2014; Tillman et al., 2014). 
 
Table 1. Seawater endmember parameters used in salinity unmixing of groundwater samples. 

Sample Name Salinity PO4
3-  

(µM) 
SiO4

4- 
(µM) 

NO3
-  

(µM) 
DIC  
(µM) 

δ15N of 
NO3

- (‰) 
δ13C of 

DIC (‰) 

NELHA 24m Suction 35.07 0.27 10 0.3 2,172 0.00 0.99 
NELHA 14m Suction 35.06 0.24 10 0.2 2,191 0.00 1.32 
NELHA 900m Suction 33.93 3.08 97 42.2 1,978 5.44 0.21 
NELHA 674m Suction 34.10 3.02 88 36.6 1,962 7.13 0.18 

Shallow Seawater Average 35.07 0.26 10 0.3 2,181 0.00 1.16 
Deep Seawater Average 34.02 3.05 93 39.4 1,970 6.29 0.20 
Combined Average 34.54 1.65 51 19.8 2,075 3.14 0.68 



 

 
Groundwater flow paths (Figure 2) for each groundwater sampling location were 

determined using the integrated recharge method, conceptual models, and salinity unmixed 
δ18O values of Fackrell et al. (2016). Several of the flow paths of samples in the Kīholo and 
Keauhou Coastal regions required a fraction of indirect recharge from deep groundwater 
bodies in addition to direct recharge via precipitation to match integrated recharge δ18O values 
with observed groundwater δ18O values (Table 2). We chose to correct the nutrient, DIC, and 
stable isotope parameters of applicable groundwater samples for indirect recharge contribution 
by mass balance in order to best assess the effects of land use/land cover, wastewater 
discharge, and geothermal activity on these parameters. Sample 4650-01, the furthest up-
gradient of the Kīholo samples, was selected to represent the Huumula Saddle deep 
groundwater end-member contributing indirect recharge to samples in this region. The mean of 
the Keauhou North High Level groundwater samples (4158-02, 4258-03, and 4358-01) were 
selected to represent the end-member contributing indirect recharge to the Keauhou Coastal 
samples.  

 

A 

 
 

Figure 2. Groundwater flow paths relative to (A) land use/land cover, and (B) wastewater discharge and 
rift zone proximity. Flow path origins and endpoints are indicated by diamond symbols. Direct recharge 
flow paths are in black while flow paths containing indirect recharge contributions are in gray and 
labeled with indirect recharge fraction. The shielded portion of flow paths are indicated with dashed 
lines.  
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Figure 2—Continued. 

 
 
Table 2. Indirect recharge fractions and unmixing endmembers for applicable groundwater 
sampling locations 

Sample Name Indirect Recharge 
Fraction Endmember 

Hind Well 0.18 
Kīholo Lava Tube 0.17 
5352-01 0.27 
4950-01 0.22 
4850-01 0.09 
4650-01 0.16 

Humuʻula Saddle deep groundwater (Represented by 4650-01)  

4161-04 0.84 
4161-05 0.82 
4161-06 0.69 
4161-07 0.65 
4161-08 0.54 
4162-06 0.64 
4162-07 0.59 
4162-04 0.44 
4161-11 0.41 
4161-12 0.42 
4161-01 0.13 
4061-01 0.25 

Keauhou North High Level groundwater  
(Mean of 4158-02, 4258-03, and 4358-01)  



 

  
We chose to consider land use/land cover along a flow path, wastewater effluent flow 

along a flow path, and sample location proximity to Hualālai’s northwest rift zone as potential 
controls on nutrient and DIC concentrations in groundwater in the West Hawaiʻi study area. 
Land use/land cover categories for the West Hawaiʻi study were based on a 2005 NOAA land 
cover map (NOAA, 2012) for Hawaiʻi containing 25 different land use categories. We 
reclassified these 25 categories into 8 (Undeveloped Bare, Undeveloped Grassland, 
Undeveloped Scrubland, Undeveloped Forest, Pasture, Cultivated, Park, and Urban) to best 
reflect dominant land use/land cover in the West Hawaiʻi study area and simplify statistical 
analyses. Wastewater effluent flow data for on-site sewage disposal systems (OSDS), injection 
wells, and Kaʻūpūlehu Wastewater Treatment Plant (WWTP) were derived from Whittier and 
El-Kadi (2014), while effluent flow data for the Kealakehe WWTP was taken from Hunt 
(2014). Hualālai’s northwest rift zone was delineated by a spatial coverage of potential 
geothermal resources (State of Hawaiʻi Office of Planning, 2008).  

Parametric methods of statistical analysis are based on the assumption of normal data 
distribution. Normal distribution is not common in regional geochemical data (Reiman and 
Filzmoser, 1999) and our data set is no exception, as only one measured variable (SiO4

4-) and 
one potential control variable (Undeveloped Scrubland) passed the Shapiro-Wilk normality test 
at 95% confidence (P > 0.05). Consequently, we utilized the non-parametric Spearman rank 
correlation test, which does not rely on the assumption of normal data distribution, to evaluate 
correlation both between and among measured parameters and potential control variables. We 
report Spearman’s rank correlation coefficient (ρ) for all relationships significant at 95% 
confidence (P < 0.05). The test was performed first on the entire data set, and subsequently on 
smaller subsets (see discussion below) in order to examine the correlation among and between 
the measured parameters and potential control variables in different portions of the study area.  
 
 
Principal Findings and Significance 
 

Groundwater samples from the Kaʻūpūlehu region had the highest median concentrations 
of PO4

3-, SiO4
4-, NO3

- and DIC. These findings corroborate those of Swain (1973), who 
observed elevated NO3

- and DIC concentrations in groundwater in this region, as well as those 
of Knee et al. (2010), who inferred high concentrations of PO4

3-, SiO4
4-, and NO3

- in 
groundwater in this region through salinity unmixing of coastal water samples. The elevated 
values of these parameters in the Kaʻūpūlehu region appear to be driving the significant 
correlations observed between SiO4

4-, NO3
- and DIC across the study area. The best candidate 

among the potential controls for explaining the elevated values of these parameters in the 
Kaʻūpūlehu region is rift distance, which showed significant negative correlations with SiO4

4-, 
NO3

- and DIC across the study area. The tendency of these parameters to increase with 
decreasing distance from Hualālai’s recently active northwest rift zone (Figure 3) suggests that 
geothermal activity may be responsible. The lack of the anomalously high temperatures in 
groundwater in this region (Swain, 1973; Thomas, 1986) may be attributed to some 
combination of mixing with non-thermally affected groundwater and cooling during transit 
following alteration.  

Thermally affected groundwater is typically enriched in SiO4
4- and DIC worldwide (e.g., 

Henley and Ellis, 1983) as well as specifically in Hawaiʻi (e.g., Thomas, 1986) due to high-



 

 

temperature water-rock interactions (SiO4
4-) and dissolution of magmatic CO2 (DIC). The 

median δ13C of DIC value for the Kaʻūpūlehu region groundwater samples (-1.82‰) is similar 
to the δ13C values calculated for CO2 in magma at the nearby Kilauea volcano (-3.4‰ – -3.6‰) 
by Gerlach and Thomas (1986). This finding supports the interpretation of a magmatic origin 
for the elevated levels of DIC found in groundwater in the region. 

While the effects of geothermal alteration on groundwater SiO4
4- and DIC concentrations 

are well documented, the effects of geothermal alteration on groundwater PO4
3- and especially 

NO3
- concentrations are less characterized. Pringle and Triska (1991) observed that 

geothermally altered groundwater in Costa Rica was elevated in PO4
3- but not NO3

- relative to 
unaltered groundwater. Hoellein et al. (2012) observed significantly higher levels of PO4

3- and 
NH4

+ (but not NO3
-) in geothermally impacted streams versus non-impacted streams in New 

Zealand. Similarly, Holloway et al. (2011) measured high levels of NH4
+ but low levels of 

NO3
- in several hot springs in the Yellowstone thermal system and undertook stable isotope 

measurements to characterize NH4
+ source and fractionation processes.  

Elevated PO4
3- in geothermally altered groundwater results from high-temperature water-

rock interactions. While the elevated PO4
3- levels found in the Kaʻūpūlehu region groundwater 

may arise from geothermal alteration of P-bearing volcanic rock and interbedded paleosols, the 
similarity of PO4

3- concentrations between this region and the Keauhou Coastal and Upland 
regions to the south as well as the lack of significant correlation between PO4

3- concentration 
and rift distance across the study area complicate this assessment.  

Elevated levels of N (typically observed as NH4
+) in geothermally altered groundwater 

may arise from mantle-derived, sedimentary, or atmospheric sources (Sano et al., 2001). West 
Hawaiʻi groundwater is typically highly oxidizing and as a result dissolved inorganic N occurs 
predominantly as NO3

- rather than NH4
+ (e.g., Knee et al., 2010). We interpret the elevated 

levels of NO3
- in groundwater in the Kaʻūpūlehu region as the result of oxidation of 

geothermally derived NH4
+ occurring as geothermally altered groundwater mixes with the 

oxidizing surrounding groundwater and fresh recharge. The range of δ15N of NO3
- values in 

Kaʻūpūlehu groundwater samples (2.34‰ – 7.13‰) is generally consistent with a soil source 
(Kendall, 1998). This indicates that the elevated levels of NO3

- in groundwater in this region 
originate from the oxidation of NH4

+ derived from geothermal alteration of N-bearing 
paleosols in the subsurface. The higher δ15N of NO3

- values observed may result from localized 
preferential volatilization and evasion of NH3 containing N-14, leaving the remaining pool of 
NH4

+ (and thus ultimately NO3
-) relatively enriched in N-15 (Holloway et al., 2011). Knee  

et al. (2010) presented evidence that elevated levels of NO3
- in SGD in this region may be due 

to fertilizer leaching from golf courses based on spatial correlation with land use at the 5-km 
radius scale. While golf courses may contribute slightly to elevated NO3

- in groundwater in the 
coastal portion of region, it appears that the primary cause of this phenomenon is geothermal 
alteration, as discussed above. This is because (1) high levels of NO3

- in groundwater were 
observed in this region prior to golf course construction (Swain, 1973), (2) high levels of NO3

- 
are observed in groundwater in this region up-gradient of any golf course development, and (3) 
no significant correlation was found between NO3

- concentration and the Park land use type, 
which includes golf courses. 
 



 

 
Figure 3. Relationship between groundwater sample SiO4

4-, NO3
- and DIC concentrations with rift 

distance by region. 
 

Groundwater samples from the Keauhou Coastal region had the highest median δ15N of 
NO3

- value, lowest median δ13C of DIC value of all the regions of the study area as well as the 
second highest median NO3

- and PO4
3- concentrations. These findings are generally consistent 

with those of Brock (2010), Hunt (2008; 2014), Knee et al. (2010), and Prouty et al. (2015) for 
groundwater samples collected in this region once seawater and indirect recharge unmixing 
calculations are taken into account. Keauhou Coastal groundwater samples also had the widest 
range of values in every measured parameter except for DIC concentration. With Kaʻūpūlehu 
region samples omitted, the only significant correlations among measured parameters were 
between δ15N of NO3

- and SiO4
4- (ρ = -0.51) and δ13C of DIC and PO4

3- (ρ = -0.48). The 
elevated NO3

- concentrations and δ15N of NO3
- values in the Keauhou Coastal region 

groundwater samples together with the high effluent-recharge ratios (Figure 4) and fractions of 
urban and park land use along groundwater flow paths in this region appear to be driving the 
significant positive correlations between these parameters and potential controls. Of these three 
potential controls, which are closely correlated with each other due to the tendency of park 



 

 

lands and effluent disposal sites to be co-located with urban development, we assess  effluent-
recharge ratio as the potential control most likely to exert a the greatest causal effect on both 
groundwater NO3

- concentrations and δ15N of NO3
- values. Urban and park land use is also 

associated with the use of fertilizer, which may also contribute to the elevated NO3
- 

concentrations of some of the groundwater samples observed in the Keauhou Coastal region. 
 

 
Figure 4. Relationship between groundwater sample NO3

- concentrations and δ15N of NO3
- values with 

Effluent-Recharge ratio by region with the Kaʻūpūlehu region samples omitted. Expansion Well 2 data 
([NO3

-] = 453.8 µM, δ15N of NO3
-= 38.5‰, effluent-recharge ratio = 1.34) is omitted for clarity. 

 
Wastewater effluent from OSDS and wastewater treatment plants has widely variable but 

typically elevated dissolved inorganic N concentrations relative to most natural groundwater 
(e.g., Whittier and El-Kadi, 2009). In oxidizing groundwater conditions, most dissolved 
inorganic N will occur as NO3

-. Wastewater effluent has frequently been implicated as a source 
of NO3

- to receiving groundwater worldwide (e.g., Wakida and Lerner, 2004) and in Hawaiʻi 
(Hunt and Rosa, 2009; Glenn et al., 2012, 2013; Bishop et al., 2015; Richardson et al., 2015). 
δ15N values of wastewater NO3

- sources (~10‰ – 20‰) are generally elevated with respect to 
δ15N values of fertilizer NO3

- sources (~-4‰ – 4‰) and can be used to distinguish between 
them (Kendall, 1998). The elevated levels of organic C typically found in wastewater effluent 
can foster heterotrophic respiration, which may lower dissolved oxygen levels to sub or anoxic 
conditions favorable for denitrification, which results in the preferential conversion of NO3

- 
containing N-14 to N2 gas and thus increasing the δ15N value of the remaining NO3

- (e.g., 
Aravena and Robertson, 1998). Wastewater effluent is also generally characterized by elevated 



 

levels of PO4
3- relative to natural groundwaters and is often cited as a source of PO4

3- to 
groundwater (e.g., Lapointe et al., 1990; Glenn et al,. 2012). PO4

3- is less mobile in the 
subsurface than NO3

- due to its tendency to sorb to Fe and Al complexes under oxidizing 
conditions (Kehew, 2000). This lack of mobility may explain the lack of significant correlation 
observed between the PO4

3- concentration and the effluent-recharge ratio. 
Due to limited sewer infrastructure in the West Hawaiʻi study area, much of the 

wastewater generated is disposed of via OSDS or small-scale wastewater injection facilities 
(Whittier and El-Kadi, 2009). The majority of OSDS units in the study are located in the 
vicinity of the Kailua-Kona urban center, with many along the flow paths of groundwater 
samples in the Keauhou Coastal region, contributing to the high effluent-recharge ratios that 
are significantly correlated to the elevated NO3

- concentrations and δ15N of NO3
- values found 

in these samples relative to those in other regions of the study area. Additionally, the 
Kealakehe WWTP effluent disposal pit contributes 5,700 m3/day of treated effluent to the 
Expansion Well 2 flow path, resulting in an effluent-recharge ratio of 1.34, nearly an order of 
magnitude greater than the next highest ratio. Unsurprisingly, Expansion Well 2 had the 
second highest concentration of NO3

- (453.8 µM) and highest concentration of PO4
3- (127.19 

µM) observed in the study area. The elevated δ15N of NO3
- value (38.5‰) for Expansion Well 

2 is indicative of denitrification of the Kealakehe WWTP effluent endmember, which was 
found to have a δ15N of NO3

- value of 12‰ by Hunt (2014). 
Leachate from fertilized lands has typically elevated NO3

- concentrations relative to most 
natural groundwater (e.g., Kendall, 1998). Fertilizer application is primarily associated with 
agricultural land use, but is also prevalent in urban and park land use settings for landscaping 
and golf course maintenance. Contribution of fertilizer leachate associated with the higher 
fractions of urban and park land use transecting groundwater flow paths in the Keauhou 
Coastal region relative to the other regions of the study area may be contributing to the 
significant correlations observed between these land use types and NO3

- concentration. As 
discussed above, the differing ranges of δ15N of NO3

- values between fertilizer and wastewater 
effluent can aid in NO3

- source identification. Well 4162-04, located at a plant nursery on a 
golf course under development at the time of the study, had the highest NO3

- concentration 
observed in the study area (463.6 µM) and a δ15N of NO3

- value (3.54‰) consistent with a 
fertilizer rather than a wastewater effluent source. Brock (2010) and Hunt (2014) found 
intermittently elevated NO3

- concentrations in groundwater at this location and attributed them 
to leaching of fertilizer applied during the golf course turf grow-in period. 

Plotting δ15N of NO3
- value vs. 1/NO3

- concentration is useful for assessing NO3
- source 

contributions because mixing relationships are indicated by straight lines (Kendall, 1998). A 
plot of this type for the Kīholo, Keauhou Coastal, and Keauhou Upland region samples  
(Figure 5) indicates that both denitrified wastewater effluent (e.g., Expansion Well 2) and 
fertilizer leachate (e.g., 4162-04) contribute to the elevated NO3

- concentrations observed in 
the groundwater in the Keauhou Coastal region relative to the Kīholo and Keauhou Upland 
regions. These findings add to the growing body of literature positively associating wastewater 
effluent (Richardson et al., 2015) and fertilizer leachate (Soicher and Peterson, 1997; Frans et 
al., 2012; Bishop et al., 2015) with elevated NO3

- concentrations in Hawaiʻian groundwater on 
regional scales. 
 



 

 

 
Figure 5. Plot of δ15N of NO3

- values vs. 1/NO3
- concentration for Kīholo, Keauhou Coastal, and 

Keauhou Upland region samples. The Kīholo and Keauhou Upland region sample flow paths have low 
effluent-recharge ratios and fractions of urban and park land use and thus these samples are assumed 
to reflect a range of background values relatively unaffected by these potential controls. Solid arrows 
indicate dilution of hypothetical denitrified wastewater and fertilizer NO3

- sources. The dotted arrow 
indicates the generalized effect of denitrification on a high NO3

- concentration wastewater endmember 
with the caveat that a denitrification relationship would not be indicated by a straight line on this plot. 
Typical δ15N of NO3

- values for wastewater (light gray) and fertilizer (dark gray) NO3
- sources (after 

Kendall, 1998) are shown for reference. 
 

The Kīholo and Keauhou Upland region groundwater sample flow paths transect 
primarily undeveloped land and show little correlation or no correlations between the measured 
parameters with rift distance and effluent-recharge ratio. As a result, consideration of the 
differences between these regions is useful for understanding the effects of the remaining 
potential controls on the measured parameters. Groundwater samples from the Kīholo and 
Keauhou Upland regions were characterized by less variability in measured parameters than 
groundwater samples from the Kaʻūpūlehu and Keauhou Coastal regions. The primary 
contrasts between measured parameters among the Kīholo and Keauhou Upland regions were 
in PO4

3- concentrations (medians of 2.32 µM vs. 3.89 µM, respectively), δ13C of DIC values 
(medians of -1.36 ‰ vs. -8.31 ‰, respectively), and δ15N of NO3

- values (medians of 4.96 ‰ 
vs. 3.84 ‰, respectively). The only significant correlation among the measured parameters for 
these regions was between PO4

3- concentrations and δ13C of DIC value (ρ = -0.72). Potentially 
causal relationships between measured parameters and individual potential controls are less 
apparent for the Kīholo and Keauhou Upland region groundwater samples alone than with the 
other regions included. Rather, the correlations most likely to be causal occur between groups 
of land use types associated with the higher rainfall portions of the study area (undeveloped 
forest, cultivated, and pasture) and groups of land use types associated with arid portions of the 
study area (undeveloped grassland and undeveloped bare) with PO4

3- concentrations, δ13C of 
DIC values, and δ15N of NO3

- values (Figure 6). We assess that the high fractions of land 
use/land cover types associated with high rainfall portions of the study area and 
correspondingly low fractions of land use/land cover types associated with arid portions of the 
study area transected by groundwater flow paths in the Keauhou Upland region are the cause 
of the higher median PO4

3- concentrations and lower median δ13C of DIC and δ15N of NO3
- 

values observed here relative to the Kīholo region. 



 

 

 
Figure 6. Relationship between Kīholo and Keauhou Upland groundwater sample PO4

3- concentrations, 
δ13C of DIC values, and δ15N of NO3

- values with Undeveloped Forest, Pasture, and Cultivated land 
fractions.  
 

Rainfall exerts a strong control on soil development across the geologically young study 
area. The undeveloped bare land and grassland that dominate groundwater flow paths in the 
arid Kīholo region occur primarily on unweathered basalt, with little to no soil development, 
while the undeveloped forest, pasture, and cultivated lands that dominate groundwater flow 
paths the wetter middle elevations of the Keauhou Upland region occur primarily on more 
weathered, organic-rich Histosols and Andisols (Deenik and McClellan, 2007). Leaching of 
PO4

3- from rock weathering is the dominant from of P loss from young (<10 ky) soils in 



 

 

Hawaiʻi (Vitousek, 2004). The increased precipitation-driven weathering along Keauhou 
Upland region flow paths relative to Kīholo region flow paths may be increasing leaching of 
PO4

3-, resulting in higher PO4
3- concentrations in groundwater in this region. Additionally, a 

study on pre-contact agricultural practices in the Kailua-Kona area (Lincoln et al., 2014) 
showed lower levels of extractable P in soils receiving over 1,300 mm/yr of precipitation, 
suggesting that these soils may be leaching more PO4

3- to underlying groundwater than those in 
drier areas. 

The contrasts in precipitation, land cover, and soil development between the Kīholo and 
Keauhou Upland regions is also likely responsible for the differences in δ13C of DIC and δ15N 
of NO3

- values between them. DIC derived from oxidation of organic matter is typically 
characterized by lower δ13C of DIC values (~-30 – -10‰) than DIC derived from other 
potential sources in the region such as atmospheric (~-7‰) or magmatic sources (~-3.5‰, 
discussed in section 4.2 above) (Clark and Fritz, 1997). The δ13C of DIC values of Kīholo 
region samples are closest to those of a magmatic source, potentially related to contribution 
from the recently discovered geothermal resource in deep groundwater in the Humuʻula Saddle 
(Thomas et al., 2015), while the δ13C of DIC values of Keauhou Upland region samples are 
consistent with a mixture of DIC derived from the oxidation of organic matter and a 
background magmatic source. This finding is consistent with the existence of better developed 
soils along groundwater flow paths in the Keauhou Upland region. Soils in arid climates are 
more likely to lose NH4

+ through volatilization than those in wetter climates due to differences 
in temperature and humidity (Kendall, 1998). Volatilization of NH4

+ results in the preferential 
loss of NH4

+ containing N-14, leaving the remaining NH4
+ enriched in N-15. Subsequent 

oxidation and leaching of this N-15 enriched NH4
+ will result in elevated δ15N of NO3

- values 
in groundwater. This phenomenon may explain the higher δ15N of NO3

- values found in 
groundwater in the Kīholo region relative to the Keauhou Upland region.  

We utilized the Spearmans rank correlation test to assess the effects of land use/land 
cover, geothermal activity, and wastewater effluent discharge along previously determined 
groundwater flow paths (Fackrell et al., 2016) on groundwater nutrient concentrations, DIC 
concentrations, δ15N of NO3

- values, and δ13C of DIC values. We found that (1) geothermal 
activity related to Hualālai’s recently active northwest rift zone is responsible for the elevated 
SiO4

4-, NO3
-, and DIC concentrations in groundwater in the Kaʻūpūlehu region, (2) both 

wastewater effluent and fertilizer associated with urban and park land use contribute to 
elevated NO3

- concentrations in groundwater in the Keauhou Coastal region, and (3) 
differences in land use/land cover associated with precipitation and soil development control 
differences in PO4

3- concentration, δ13C of DIC values, and δ15N of NO3
- values observed 

between the Kīholo and Keauhou Upland regions. These findings further illustrate the 
advantages considering terrestrial controls along groundwater flow paths (e.g., Bishop et al., 
2015) rather than within arbitrary buffer zones (e.g., Knee et al., 2010) when evaluating their 
effects on groundwater geochemical parameters on a regional scale in a complex 
hydrogeological environment. Additionally, these findings may aid policy makers in better 
understanding the potential effects of land use decisions on the sustainability of groundwater 
resources and the coastal environments they affect via SGD in West Hawaiʻi and elsewhere. 
Further investigations into better constraining the mechanisms by which various natural and 
anthropogenic terrestrial factors influence groundwater geochemical parameters in this region 
and elsewhere would be beneficial in both evaluating the findings of this work and furthering 



 

scientific understanding of the complex relationships between terrestrial environments and 
underlying groundwater. 
 
 
Publications Cited in Synopsis 
 
Aravena, R., and Robertson, W. D., 1998, Use of multiple isotope tracers to evaluate 

denitrification in ground water: study of nitrate from a large-flux septic system plume. 
Ground Water, v. 36, no. 6, p. 975-982. 

Armstrong, F., Stearns, C., and Strickland, J., 1967, The measurement of upwelling and 
subsequent biological process by means of the Technicon Autoanalyzer and associated 
equipment. Deep-Sea Res., 14(3), 381-389.  

Bishop, J.M., Glenn, C.R., Amato, D.W., Dulai, H., 2015, Effect of land use and groundwater 
flow path on submarine groundwater discharge nutrient flux. J. Hydrol.: Reg. Stud., 
http://dx.doi.org/10.1016/j.ejrh.2015.10.008 

Böhlke, J.K., and Coplen, T.B., 1995, Interlaboratory comparison of reference materials for 
nitrogen-isotope-ratio measurements, in Reference and intercomparison materials for 
stable isotopes of light elements. Vienna, International Atomic Energy Agency, IAEA-
TECDOC-825, 51-66. 

Bowles, S.P., 2007, Evidence and implications of saline cold ground-water, Honokohau, 
Hawaiʻi. Report by Waimea Water Service Inc., appendix G-2 in Kona Kai Ola 
environmental impact statement, 7 p. 

Clark, I.D., and Fritz, P., 1997, Environmental isotopes in hydrology. New York, CRC Press, 
328 p. 

Clark, I.D., Fritz, P., Michael, F.A., and Souther, J.G., 1982, Isotope hydrogeology and 
geothermometry of the Mount Meager geothermal area. Canadian Journal of Earth 
Sciences, 19(7), 1454-1473 

Cyronak, T., Santos, I.R., Erler, D.V., Maher, T., and Eyre, B.D., 2014, Drivers of pCO2 
variability in two contrasting coral reef lagoons: The influence of submarine groundwater 
discharge, Global Biogeochem. Cycles, 28, doi:10.1002/2013GB004598. 

Cyronak, T., Santos, I.R., Erler, D.V., and Eyre, B.D., 2013, Groundwater and porewater as 
major sources of alkalinity to a fringing coral reef lagoon (Muri Lagoon, Cook Islands). 
Biogeosciences, 10, 2467-2480. 

Deenik, J., and McClellan, A.T., 2007, Soils of Hawaiʻi. University of Hawaiʻi at Manoa, 
College of Tropical Agriculture and Human Resources Publication SCM-20, 12 p. 
http://www.ctahr.Hawaiʻi.edu/oc/freepubs/pdf/SCM-20.pdf 

Dubrovsky, N.M., Burrow, K.R., Clark, G.M., Gronberg, J.M., Hamilton, P.A., Hitt, K.J., 
Mueller, D.K., Munn, M.D., Nolan, B.T., Puckett, L.J., Rupert, M.G., Short, T.M.,  

Spahr, N.E., Sprague, L.A., and Wilber, W.G., 2010, The quality of our nation’s water – 
nutrients in the nation’s streams and groundwater, 1992-2004. U.S. Geological Survey 
Circular 1350, 174 p. 



 

 

Fackrell, J.K., Glenn, C.R., Thomas, D.M., Whittier, R., and Popp, B.N., 2016, Development 
and hydrogeologic application of a local meteoric water line for West Hawaii, USA. (in 
preparation) 

Frans, L.M., Rupert, M.G., Hunt, C.D., and Skinner, K.D., 2012, Groundwater quality in the 
Columbia plateau, Snake River plain, and Oahu basaltic rock and basin fill aquifers in the 
northwestern United States and Hawaiʻi, 1992-2010. U.S. Geological Survey Scientific 
Investigations Report 2012-51523, 84p. 

Gerlach, T.M., and Thomas, D.M., 1986, Carbon and sulphur isotopic composition of Kilauea 
parental magma. Nature, 319, 480-483. 

Glenn, C.R., Whittier, R.B., Dailer, M.L., Dulaiova, H., El-Kadi, A.I., Fackrell, J., Kelly, J.L., 
and Waters, C.A., 2012, Lahaina Groundwater Tracer Study – Lahaina, Maui, Hawaiʻi. 
Final Interim Report prepared for the State of Hawaiʻi Department of Health, the U.S. 
Environmental Protection Agency, and the U.S. Army Engineer Research and 
Development Center. http://www.epa.gov/region9/water/groundwater/uic-
pdfs/lahaina02/lahaina-final-interim-report.pdf 

Glenn, C.R., Whittier, R.B., Dailer, M.L., Dulaiova, H., El-Kadi, A.I., Fackrell, J., Kelly, J.L., 
Waters, C.A., and Sevadjian, J., 2013. Lahaina Groundwater Tracer Study – Lahaina, 
Maui, Hawaiʻi. Final Report prepared for the State of Hawaiʻi Department of Health, the 
U.S. Environmental Protection Agency, and the U.S. Army Engineer Research and 
Development Center. https://www3.epa.gov/region9/water/groundwater/uic-
pdfs/lahaina02/lahaina-gw-tracer-study-final-report-june-2013.pdf 

Granger, J., Sigman, D. M., Prokopenko, M., Lehmann, M. F., and Tortell, P. D., 2006, A 
method for nitrite removal in nitrate N and O isotope analysis. Limnology and 
Oceanography: Methods, 4, 205-212. 

Grasshoff K., Ehrhardt M., and Kremling K., 1983, Methods of Seawater Analysis, second 
revised and extended edition, Weinheim, Verlag Chemie GmbH, 447 p. 

Henley, R.W., and Ellis, A.J., 1983, Geothermal systems ancient and modern: a geochemical 
review. Earth Science Reviews, 19, 1-50. 

Hoellein, T.J., Bruesewitz, D.A., and Hamilton, D.P., 2012, Are geothermal streams important 
sites of nutrient uptake in an agricultural and urbanising landscape (Rotorua, New 
Zealand)? Freshwater Biology, 57, 116-128. doi:10.1111/j.1365-2427.2011.02702.x 

Holloway, J.A., Nordstrom, D.K., Böhlke, J.K., McCleskey, R.B., and Ball., J.W., 2011, 
Ammonium in thermal waters of Yellowstone National Park: processes affecting 
speciation and isotope fractioination. Geochimica et Cosmochimica Acta, 75, 4611-4636. 
doi:10.1016/j.gca.2011.05.036 

Hunt, C.D., Jr., 2014, Baseline water-quality sampling to infer nutrient and contaminant 
sources and Kaloko-Honokōhau National Historical Park, island of Hawaiʻi, 2009. U.S. 
Geological Survey Scientific Investigations Report 2014-5158, 52 p. 

Hunt, C.D., Jr., and Rosa, S.N., 2009, A Multitracer approach to detecting wastewater plumes 
from municipal injection wells in near shore marine waters at Kihei and Lahaina, Maui, 
Hawaiʻi. U.S. Geological Survey Scientific Investigations Report 2009-5253, 166 p. 

Hwang, D.W., Kim, G., Lee, Y.W., Yang, H.S., 2005, Estimating submarine inputs of 
groundwater and nutrients to a coastal bay using radium isotopes. Marine Chemistry, 



 

96(1), 61-71.  
Johnson, A. G., Glenn, C. R., Burnett, W. C., Peterson, R. N., and Lucey, P. G., 2008, Aerial 

infrared imaging reveals large nutrient-rich groundwater inputs to the ocean: Geophysical 
Research Letters, 35. DOI: 10.1029/2008GL034574. 

Kehew, A.E., 2000, Applied chemical hydrogeology. Upper Saddle River, New Jersey, 
Prentice Hall, 368 p. 

Kendall, C., 1998, Tracing nitrogen sources and cycling in catchments. In: Kendall, C., and 
McDonnell, J.J. (Eds.), Catchment Hydrology. Amsterdam, Elsevier Science, p. 519-576. 

Knee, K.L., Street, J.H., Grossman, E.E., Boehm, A.B., and Paytan, A., 2010, Nutrient inputs 
to the coastal ocean from submarine groundwater discharge in a groundwater-dominated 
system: Relation to land use (Kona coast, Hawaiʻi, U.S.A.), Limnology and 
Ocenaography, 55(3), 1105-1122, doi: 10.4319/lo.2010.55.3.1105. 

LaPointe, B.E., Clark, M.W., 1992, Nutrient inputs from the watershed and coastal 
eutrophication in the Florida Keys. Estuaries, 15(4), 465-476. 

Lapointe, B.E., O’Connell, J.D., and Garrett, G.S., 1990, Nutrient couplings between on-site 
sewage disposal systems, groundwaters, and nearshore surface waters of the Florida 
Keys. Biogeochemisry, 10, 289-307. 

Lee, Y., Hwang, D., Kim, G., Lee, W., and Oh., H, 2009, Nutrient inputs from submarine 
groundwater discharge (SGD) in Masan Bay, an embayment surrounded by heavily 
industrialized cities, Korea. Science of the Total Environment, 407, 3181-3188. 

Lincoln, N., Chadwick, O., and Vitousek, P., 2014, Indicators of soil fertility and opportunities 
for precontact agriculture in Kona, Hawaiʻi. Ecosphere, 5(4), 42. 
http://dx.doi.org/10.1890/ES13-00328.1 

McCook, L., 1999, Macroalgae, nutrients and phase shifts on coral reefs: scientific issues and 
management consequences for the Great Barrier Reef. Coral Reefs, 18(4), 357-367.  

Murphy, J., and Riley, J., 1962, A modified single solution method for the determination of 
phosphate in natural waters. Analytica Chimica Acta, 27, 31-36.  

Ning, R. Y., 2002, Discussion of Silica Speciation, Fouling, Control and Maximum Reduction. 
Desalination,151, 67. 

National Oceanic and Atmospheric Administration (NOAA), 2012, Coastal Change Analysis 
Program Regional Land Cover (C-CAP) Hawai‘i 2005 Land Cover. NOAA Ocean 
Service, Office for Coastal Management. 
http://coast.noaa.gov/digitalcoast/data/ccapregional. 

Pringle, C.M., and Triska, F.J., 1991, Effects of geothermal groundwater on nutrient dynamics 
of a lowland Costa Rican stream. Ecology, 72(3), 951-965. 

Prouty, N.G., Swarzenski, P.W., Fackrell, J.K., Johannesson, K., and Palmore, C.D., 2015, 
Groundwater-derived nutrient and trace element transport to a nearshore Kona coral 
ecosystem: experimental mixing model results. J. Hydrol.: Reg. Stud., 
http://dx.doi.org/10.1016/j.ejrh.2015.12.058 

Richardson, C.M., Dulai, H., and Whittier, R.B., 2015, Sources and spatial variability of 
groundwater derived nutrients in Maunalua Bay, Oahu, Hawaiʻi. J. Hydrol.: Reg. Stud., 
http://dx.doi.org/10.1016/j.ejrh.2015.11.006 



 

 

Riemann, C., and Filzmoser, P.,1999, Normal and lognormal data distribution in geochemistry: 
death of a myth. Consequences for the statistical treatment of geochemical and 
environmental data. Environmental Geology, 39(9), 1001-1014. 

Sano, Y., Takahata, N., Nishio, Y., Fischer, T.P., and Williams, S.N., 2001, Volcanic flux of 
nitrogen from the earth. Chemical Geology, 171, 263-271. 

Schopka, H.H., and Derry, L.A., 2012, Chemical weathering fluxes from volcanic islands and 
the importance of groundwater: the Hawaiʻian example. Earth and Planetary Science 
Letters, 339-340, 67-78. http://dx.doi.org/10.1016/j.epsl.2012.05.028 

Salata, G.G., Roelke, L.A., and Cifuentes, L.A., 2000, A rapid and precise method for 
measuring stable carbon isotope ratios of dissolved inorganic carbon. Marine Chemistry, 
v. 69, p. 153-161.  

Sigman, D. M., Casciotti, K. L., Andreani, M., Barford, C., Galanter, M., and Bohlke, J. K., 
2001, A bacterial method for the nitrogen isotopic analysis of nitrate in seawater and 
freshwater: Analytical Chemistry, 73(17), 4145-4153. 

Soicher, A.J., and Peterson, F.L., 1997, Terrestrial nutrient and sediment fluxes to the coastal 
waters of West Maui, Hawaiʻi. Pacific Science, 51, 221-232. 

State of Hawaiʻi Office of Planning, 2008, Geothermal resource coverage for the state of 
Hawaiʻi. http://planning.Hawaiʻi.gov/gis/download-gis-data/ (last accessed April 13, 
2016). 

Street, J.H., Knee, K. L., Grossman, E.E., and Paytan, A., 2008, Submarine groundwater 
discharge and nutrient addition to the coastal zone and coral reefs of leeward Hawai'i: 
Marine Chemistry, 109(3-4), 355-378, doi: 10.1016/j.marchem.2007.08.009. 

Swain, L. A., 1973, Chemical quality of ground water in Hawaiʻi: U.S. Geological Survey 
Report R48, 54 p. 

Swanberg, C.A., and Morgan, P., 1978, Silica content of groundwater and regional heat flow. 
Pageoph, 117, 227-241. 

Thomas, D. M., 1986, Geothermal resources assessment in Hawaiʻi. Geothermics, 15(4), 435-
514. 

Thomas, D., Haskins, H., Wallin, E., and Pierce, H., 2015. New insights into the influence of 
structural controls affecting groundwater flow and storage within an ocean island 
volcano, Mauna Kea, Hawaiʻi. December 14-18, 2015 AGU Fall Meeting, San Francisco, 
CA. https://agu.confex.com/agu/fm15/meetingapp.cgi/Paper/84879 

Tillman, F.D., Oki, D.S., Johnson, A.G., Barber, L.B., and Beisner, K.R., 2014. Investigation 
of geochemical indicators to evaluate the connection between inland and coastal 
groundwater systems near Kaloko-Honokōhau National Historical Park, Hawai‘i. Appl. 
Geochem. 51, 278–292. http://dx.doi.org/10.1016/j.apgeochem.2014.10.003. 

United Nations Educational, Scientific and Cultural Organization (UNESCO), 1994, Protocols 
for the Joint Ocean Global Flux Study (JGOFS) core measurements. IOC Manual and 
Guides, 29. 

Vitousek, P, 2004, Nutrient cycling and limitation: Hawaiʻi as a model system. Oxford and 
Princeton, Princeton University Press, 223 p. 



 

Wakida, F.T., and Lerner, D.N., 2004, Non-agricultural souces of groundwater nitrate: a 
review and case study. Water Research , 39, 3-16. doi:10.1016/j.watres.2004.07.026 

Ward, M.H., deKok, T.M., Levallois, P., Brender, J., Gulis, G., Nolan, B.T., and VanDerslice, 
J., 2005, Workgroup report: drinking-water nitrate and health-recent findings and 
research needs. Environmental Health Perspectives, 113, 1607-1614. 
doi:10.1289/ehp.8043 

Whittier, R.B., and El-Kadi, A.I., 2009, Human and Environmental Risk Ranking of Onsite 
Sewage Disposal Systems. Final report submitted to State of Hawaiʻi Department of 
Health, Safe Drinking Water Branch, Honolulu, Hawaiʻi, 72 p. 

Whittier, R., and El-Kadi, A.I., 2014, Human and Environmental Risk Ranking of Onsite 
Sewage Disposal Systems: Molokai, Maui, and Hawaiʻi. Final Report submitted to State 
of Hawai‘i Department of Health, Safe Drinking Water Branch, Honolulu, Hawaiʻi,  
258 p. 

 



Second Conference on Water Resource Sustainability
Issues on Tropical Islands

Basic Information

Title: Second Conference on Water Resource Sustainability Issues on Tropical Islands
Project Number: 2015HI450B

Start Date: 3/1/2015
End Date: 2/28/2016

Funding Source: 104B
Congressional District: HI-1

Research Category: Not Applicable
Focus Category: None, None, None

Descriptors: None
Principal Investigators: Aly I El-Kadi

Publication

There are no publications for 2015.1. 

Second Conference on Water Resource Sustainability Issues on Tropical Islands

Second Conference on Water Resource Sustainability Issues on Tropical Islands 1



 

	  

	  
 

FINAL REPORT 
 
 
 

 

Second Conference on Water Resource  
Sustainability Issues on Tropical Islands 

 
 

May 2016 
 
 
 
 

Aly I. El-Kadi 

 
 
 

WRRC-2016-21 
 
 
 
 
 
 

Project Number: 2015HI450B 
 

Water Resources Research Center 
University of Hawaii at Manoa 

Honolulu, Hawaii 
 



 

	  

Abstract  
 

Fresh water 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), which are part of the Geological Survey’s 
National Institutes for Water Resources Program. 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 next meeting is planned for 2017.  
 

Problem and Research Objectives 
 

Island states are faced with a unique set of environmental and cultural issues pertinent to 
the management of water resources. Fresh water resources are under threat on many islands from 
both overuse and contamination. Ocean waters in these tropical regions are ecologically sensitive 
and valuable, and similarly threatened by pollution. On some islands, sea level rise is degrading 
groundwater resources. Specific problems are related to the following.  

• Island states are heavily dependent on importing essentials, such as food, fuel, and 
manufactured goods to satisfy their resource needs. On most of these islands, population 
growth is placing increasing pressure on water resources. It is imperative that these 
threats to the welfare of island communities be addressed by sound scientific research 
before they reach crisis proportions. Sustainable management and protection of island 
water supplies is even more critical than it is on the continents, as island communities 
have no resources to import in the event of failure of their water supplies. Officials 
dealing with resource protection and management need access to scientifically sound 
research that is specific to island environments.  

• The projected growth in population on tropical islands will add further stress to these 
islands in regard to water supply, wastewater disposal, management of solid wastes, and 
meeting energy needs. Reliable supplies of high quality water are essential to sustain 
development and quality of life in any community, but tropical islands face unique 
challenges to maintaining sustainable water resources. Another concern is that land 
clearance and obsolete land use practices continue to induce erosion in watersheds, 
which impacts coral reefs in near shore environments.  



 

	  

• Drought associated with El Niño creates significant stresses on all islands in the western 
Pacific, particularly “low” atoll islands. During drought conditions, there is little 
recharge to the groundwater, so the thin freshwater lens can become contaminated with 
saltwater. Atolls are also vulnerable to wash over events, especially during times of 
heightened sea levels and storm passages. Flooding of the island by seawater can 
displace many or all of the residents and ruin crops and infrastructure, but may also 
leave the shallow aquifers contaminated with salt water even after residents could 
otherwise return and resume normal activity.  

The above issues are universal to island states yet researchers in these far flung and isolated 
places seldom have the opportunity to share knowledge and experience with one another. They 
work largely in isolation. The great distances that separate most island states from larger centers 
of academia and government means that 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. It is a truism that the greatest scientific advances usually 
result from the collaboration of groups of researchers working together. A common platform is 
always needed to discuss these pressing issues and potential solutions. There is a need to present 
the state of research and its applications concerning water resources of tropical islands and to 
provide a platform to address water sustainability challenges therein.  

 
 

Methodology 
 

To meet the above mentioned 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), which are part of the Geological 
Survey’s National Institutes for Water Resources Program. The Hawaii Water Resources 
Research Center is also representing American Samoa. The conference, a follow-up to a 
conference held by the institutes in November 2011, 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 organized and sponsored by: 
• Water Resources Research Center, University of Hawaii at Manoa, Honolulu, Hawaii 
• Water and Environmental Research, Institute of the Western Pacific, University of Guam 
• Puerto Rico Water Resources and Environmental Research Institute, University of Puerto Rico 
• Virgin Islands Water Resources, Research Institute, University of the Virgin Islands 

Co-sponsors are: 
• American Samoa Power Authority 
• Department of Geology and Geophysics, University of Hawaii at Manoa 
• Sea Grant College Program, University of Hawaii at Manoa 
• USGS Pacific Islands Water Science Center, Honolulu, Hawaii 
• United States Geological Survey 
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The conference program covered the following subjects: 
• Sustainability groundwater and watershed studies  
• Sustainability integrated programs  
• Climate change and variability and impacts on 
 water resources 
• Protection strategies for island watersheds and 
 aquifers  
• Managing demands and supplies, including water 
 conservation and reuse 	  

• Water resources exploration 
• Water quality: Application of technology  
 and adaptive management  
• Water quality: Groundwater  
• Water quality: Surface water  
• Water quality: Outreach and education 
• Coastal groundwater 
 



 

	  

 

 

Figure 1. Conference at a glance 



 

	  

Principal Findings and Significance 
 
Wrap up of conference can be found at the link: 
http://www.wrrc.hawaii.edu/2015conference/2015conferencewrapup/2015conferencewrapup.shtml 

The listed information includes: 
• Video message from U.S. Senator Mazie Hirono 
• Conference abstract volume 
• Copies of slides from the opening session  
• Copies of other oral presentation slides  
• Copies of posters 

 
It should be noted that copies of slides or posters are posted with the author’s consent. 

Authors of these presentations or others not listed should be contacted for more information. 
The conference was a great success and achieved its objectives. All presentations were of 

high quality and well received by participants. The next meeting is planned for 2017. 
Unfortunately, we are not able to publish a conference proceedings volume as was planned. 

We tried a few options including submitting the papers for potential publication in the Journal of 
Contemporary Water Research and Education. After selecting the top 15 presentations by the 
Conference Organizing Committee and Technical Advisors, a large majority of authors opted not 
to submit. Many have indicated their desire to submit elsewhere, due to the lack of the JCWRE 
impact factor, or expressed difficulty in meeting the deadline. This has motivated our decision to 
change the process by requesting the manuscript before the meeting. 
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Abstract 
 

The volcanic-rock aquifers of Hawaii supply freshwater to the growing population on the 
islands, but resources are limited and particularly susceptible to impacts from human activity 
through land-use changes or excessive withdrawals and climate change. 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. A numerical modeling analysis of the 
islands of Kauai, Oahu, and Maui updates knowledge about groundwater availability in these 
aquifers, and provides insight 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 
transition between freshwater and saltwater as a sharp interface. This approach allowed relatively 
fast model run-times without ignoring the freshwater-saltwater system interaction at the regional 
scale. Model construction (FloPy3), systematic parameter estimation (PEST), and visualization 
and analysis of results were streamlined using Python scripts. The numerical models were 
calibrated by using measured water levels, freshwater-saltwater interface depth data, base flow 
and spring-discharge data for recent conditions (average of 2001 to 2010). Model simulations 
included pre-development (1870) and current (average of 2001 to 2010) scenarios for each 
island. Additionally, scenarios for future withdrawals and recharge were simulated for Oahu. The 
analysis is part of an ongoing U.S. Geological Survey (USGS) regional volcanic-rock aquifer 
study. 
 
 
Problem and Research Objectives 
 

The volcanic-rock aquifers of Hawaii supply most of the freshwater to the population, 
including domestic, commerce, industry, and U.S. military uses. The resident population on the 
islands has been increasing. However, freshwater resources are limited. The aquifers are small 
and surrounded by saltwater with a restricted capacity to store groundwater. They are therefore 
particularly susceptible to impacts from human activity through land-use changes or excessive 
withdrawals and climate change (Izuka 2013). Limiting the availability of fresh groundwater can 
be necessary to avoid adverse effects, such as the excessive lowering of the water table, saltwater 
intrusion, and depletion of streamflow and submarine groundwater discharge. Thus, quantifying 
these effects is critical for a successful groundwater management. 

The last regional assessment of the water resources in the volcanic-rock aquifers was 
conducted for Oahu during the 1990s (Hunt 1996, Nichols et al. 1996), while statewide 
assessments date farther back (Meinzer 1923, Davis 1963, Takasaki 1978). Lately, new 
technologies (computer power, modeling software) and new analysis techniques have been 
developed, recharge estimates and hydrogeologic information have been updated, and the need to 
consider effects of climate change has increased.  

Numerical groundwater models have been developed to delineate source capture zones for 
the state of Hawaii (Whittier et al. 2010). However, island-wide numerical models used as tools 
to assess groundwater availability are lacking. A revised assessment of the current groundwater 
resources in the aquifers on the islands of Kauai, Oahu, and Maui (Figure 1) is necessary to  
 



 

	  

 
 

Figure 1. Main islands of Hawaii. 
 
 
evaluate how the resource has been impacted by natural and anthropogenic factors, and how 
these factors may affect the resource in the future. 

The scope of work covers numerical modeling analyses of newly available recharge and 
hydrogeologic information for the islands of Kauai, Oahu, and Maui to (1) improve 
understanding of the most developed regional groundwater-flow systems in the main islands of 
Hawaii, (2) update knowledge of the availability of groundwater resources, and (3) provide 
insight into the impacts of human activity and climate change on groundwater resources. 

This project uses results and findings of two previous projects: (1) 2012HI412S: 
“Determination of groundwater fluxes and evaluation of the effectiveness of low-permeability 
valley-fills in the Pearl Harbor Aquifer area, Oahu” and (2) 2014HI439S: “Assessment of 
groundwater availability in the volcanic-rock aquifers of Oahu, Hawaii.” An extension to this 
project is currently proposed to complete tasks for this project and to reduce data gaps by 
collecting low-flow streamflow data on Kauai and Maui to facilitate model calibration, and 
describing construction and calibration of the numerical models in a USGS Scientific 
Investigations Report. The revised end date of this project has moved to September 30, 2017. 
Thus, only preliminary results can be reported here. 

 
 

Methodology 
 

For the assessment of Hawaii’s groundwater resources stored in volcanic rock, island-wide 
numerical models that simulate groundwater flow and a sharp interface between freshwater and 
saltwater were developed. The groundwater-flow models were constructed using MODFLOW-
2005, coupled with the Seawater-Intrusion Package (SWI2), which simulates the transition 
between saltwater and freshwater in the aquifer as a sharp interface (Bakker et al. 2013). This 
approach allowed relatively fast model run times without ignoring the freshwater-saltwater 
system at the regional scale. 



 

	  

Recent studies of the USGS have generated new recharge estimates for conditions prior to 
the beginning of groundwater development, recent conditions from 2001 to 2010 (e.g., Johnson 
et al. 2014, Engott et al. 2015), as well as future conditions. The latter recharge conditions were 
based on climate-model scenarios and future land-use projections. 

Although Hawaii aquifers are vastly heterogeneous, the hydrogeologic framework can be 
described with simplified units, which are zones of similar hydraulic properties and water level 
ranges. The altitude of the contact between hydrogeologic units has recently been digitized to 
6,000 ft below sea level for the entire islands of Kauai, Oahu, and Maui (Izuka et al. 2016). The 
structural contours facilitate the model grid generation of the hydrogeologic units. Aquifer-
property estimates are available from previously published model projects (Oki 1998, Oki et al.  
1998, Izuka and Oki 2002, Oki 2005, Rotzoll and El-Kadi 2007, Gingerich 2008, Whittier et al. 
2010, Gingerich and Engott 2012), a comprehensive summary of estimated values (Hunt 1996), 
and a recent state-wide analysis of groundwater-level fluctuations caused by ocean tides (Rotzoll 
et al. 2014). 

The three numerical models simulate two scenarios: pre-development conditions and 
average current conditions from 2001 to 2010. Additionally for Oahu, a future scenario using 
future recharge and future withdrawals will be simulated in the new phase. Model calibration 
was performed with available measured water levels and salinity profiles, base flow from gaged 
streams, irrigation ditch-system discharge, and spring-discharge data. The parameter-estimation 
routine PEST (Doherty 2005) was used for model calibration. Model sensitivity will be 
implemented in the new extension to address how uncertainties in the model parameters limit the 
results. Part of the work focused on developing Python scripts using FloPy3 (Bakker et al. 2016) 
to create model input files, run the models, and analyze the model output (Bakker 2014). This 
streamlined approach ensured consistency in model creation and analysis of results. 

The calibrated numerical models will be used in the new extension to evaluate historical 
anthropogenic effects (changes in land use and withdrawals) and future effects (changes in 
recharge and withdrawals). The historical anthropogenic effects are the difference between the 
simulated pre-development conditions and current conditions. The effects will be quantified by 
changes in water levels, changes in the freshwater-saltwater interface position, differences in 
groundwater fluxes across hydrologic boundaries, and differences in spring and submarine 
groundwater discharge. Comparison of the results of these scenarios in the new extension will be 
the basis for assessing the human impact on groundwater resources of Hawaii’s volcanic-rock 
aquifers.  
 
 
Principal Findings and Significance 
 

Efforts to develop island-wide models for the islands of Kauai, Oahu, and Maui have 
progressed towards achieving the study objectives. The islands’ geology is complex and aquifers 
are vastly heterogeneous. To simplfy the development, the geology has been reduced to three 
hydrogeologic units: (1) dike-intruded volcanic rock, (2) dike-free volcanic rock, and (3) 
sediments and rejuvenated Volcanics. The altitude of the contact between overlying sediments 
and volcanic rock has been digitized for the entire island to 6,000 ft below sea level (Izuka et al. 
2016), which facilitated the model grid generation of the hydrogeologic units.  

The MODFLOW 2005/SWI2 model code was successfully applied to cross sections to test 
the suitability to simulate density-dependent groundwater flow in freshwater-lens aquifer 



 

	  

systems. Island-wide models simulating dike-intruded and dike-free volcanic rock with a 
uniform grid-cell size of 500 ft were developed. Model calibration using PEST is utilizing 
measured water levels, freshwater-saltwater interface depth data, base flow, and spring-discharge 
data (Rotzoll et al. 2015).  

While Oahu has abundant measured water levels, freshwater-saltwater interface depth data, 
and stream discharge data, observations for model calibration are only sparse for Kauai and 
Maui. Localized studies of base flow (groundwater discharge to streams) exist for streams on 
Kauai (Cheng and Wolff 2012) and Maui (Cheng 2014). However, comprehensive island-wide 
base flow measurements are lacking. Because streamflow depletion is a limiting factor to 
groundwater availability in certain areas of the islands (Izuka et al. 2016), it is important to 
collect more stream discharge data under base flow conditions on Kauai and Maui. This will 
facilitate the model calibration and increase the confidence in the model performance as a 
predictive tool for these consequences. 

Results of the project are important to the management of Hawaii’s groundwater resources, 
because groundwater provides about 93% of water for public supply in Hawaii (Izuka et al.  
2016). Groundwater supplies natural base flow to streams, which support habitat for aquatic 
biota, aesthetic and recreational uses, and cultural practices. Moreover, submarine groundwater 
discharges near the coast provides freshwater to coastal ecosystems that supports habitat for 
threatened and endangered species. The islands receive abundant rainfall; however, groundwater 
availability is limited by the consequences of groundwater withdrawals, such as the decline of 
the water table, the rise of the freshwater-saltwater interface, and the reduction of both 
streamflows and submarine groundwater discharge. The main goal is to quantify the impacts of 
historical groundwater development and assess which consequences are likely to limit 
groundwater availability in the future. The study results will introduce to resource managers 
availability of tools to quantify the consequences of various scenarios. This provides motivation 
for substantial improvement in the way groundwater resources are managed in Hawaii. 
 
 
Publications Cited in Synopsis 
 
Bakker, M., 2014, Python Scripting: The return to programming, Ground Water, v. 52, no. 6, p. 

821–822. 
Bakker, M., V. Post, C.D. Langevin, J.D. Hughes, J.T. White, J.J. Starn, and M.N. Fienen, 2016, 

Scripting MODFLOW Model Development Using Python and FloPy, Groundwater, 
doi:10.1111/gwat.12413. 

Bakker, M., F. Schaars, J.D. Hughes, C.D. Langevin, and A.M. Dausman, 2013, Documentation 
of the seawater intrusion (SWI2) package for MODFLOW, U.S. Geological Survey 
Techniques and Methods book 6, chap. A46, 47 p. 

Cheng, C.L., 2014, Low-flow characteristics of streams in the Lahaina District, West Maui, 
Hawai‘i, U.S. Geological Survey Scientific Investigations Report 2014–5087, 58 p. 

Cheng, C.L., and R.H. Wolff, 2012, Availability and distribution of low flow in Anahola Stream, 
Kaua‘i, Hawai‘i, U.S. Geological Survey Scientific Investigations Report 2012–5264, 32 p. 

Davis, D.A., 1963, The role of ground-water in the national water situation, in McGuinness, 
C.L., ed., Hawaii, USGS Water Supply Paper 1800, p. 271–293. 

Doherty, J.L., 2005, PEST: Model-independent parameter estimation, User manual, 5th edition, 
Watermark Numerical Computing, 333 p. 



 

	  

Engott, J.A., A.G. Johnson, M. Bassiouni, and S.K. Izuka, 2015, Spatially distributed 
groundwater recharge for 2010 land cover estimated using a water-budget model for the 
Island of O‘ahu, Hawai‘i, U.S. Geological Survey Scientific Investigations Report 2015–
5010, 49 p. 

Gingerich, S.B., 2008, Ground-water availability in the Wailuku area, Maui, Hawaii, U.S. 
Geological Survey Scientific Investigations Report 2008–5236, 95 p. 

Gingerich, S.B., and J.A. Engott, 2012, Groundwater availability in the Lahaina District, west 
Maui, Hawai‘i, U.S. Geological Survey Scientific Investigations Report 2012–5010, 90 p. 

Hunt, C.D., 1996, Geohydrology of the Island of Oahu, Hawaii, U.S. Geological Survey 
Professional Paper 1412–B, 55 p. 

Izuka, S.K., 2013, Groundwater Resources Program—Hawaii volcanic-rock aquifer study, U.S. 
Geological Survey info sheet hi.water.usgs.gov/studies/GWRP/infosheet.pdf, 2 p. 

Izuka, S.K., J.A. Engott, M. Bassiouni, A.G. Johnson, L.D. Miller, K. Rotzoll, and A. Mair, 
2016, Volcanic aquifers of Hawai‘i—hydrogeology, water budgets, and conceptual models, 
U.S. Geological Survey Scientific Investigations Report 2015-5164, 158 p. 

Izuka, S.K., and D.S. Oki, 2002, Numerical simulation of ground-water withdrawals in the 
Southern Lihue basin, Kauai, Hawaii, U.S. Geological Survey Water-Resources 
Investigations Report 2001–4200, 54 p. 

Johnson, A.G., J.A. Engott, and M. Bassiouni, 2014, Spatially distributed groundwater recharge 
estimated using a water-budget model for the island of Maui, Hawai‘i, 1978–2007, U.S. 
Geological Survey Scientific Investigations Report 2014–5168, 53 p. 

Meinzer, O.E., 1923, The occurrence of ground water in the United States, U.S. Geological 
Survey Water Supply Paper 489, 321 p. 

Nichols, W.D., P.J. Shade, and C.D. Hunt, 1996, Summary of the Oahu, Hawaii, regional 
aquifer-system analysis, U.S. Geological Survey Professional Paper 1412–A, 71 p. 

Oki, D.S., 1998, Geohydrology of the central Oahu, Hawaii, ground-water flow system and 
numerical simulation of the effects of additional pumping, U.S. Geological Survey Water-
Resources Investigations Report 97–4276, 132 p. 

Oki, D.S., 2005, Numerical simulation of the effects of low-permeability valley-fill barriers and 
the redistribution of ground-water withdrawals in the Pearl Harbor area, Oahu, Hawaii, 
U.S. Geological Survey Scientific Investigations Report 2005–5253, 111 p. 

Oki, D.S., W.R. Souza, E.L. Bolke, and G.R. Bauer, 1998, Numerical analysis of the 
hydrogeologic controls in a layered coastal aquifer system, Oahu, Hawaii, USA, 
Hydrogeology Journal, v. 6, no. 2, p. 243–263. 

Rotzoll, K., and A.I. El-Kadi, 2007, Numerical ground-water flow simulation for Red Hill fuel 
storage facilities, NAVFAC Pacific, Oahu, Hawaii, University of Hawaii, Water Resources 
Research Center prepared for TEC Inc., 74 p. 

Rotzoll, K., S.K. Izuka, T. Nishikawa, M.N. Fienen, and A.I. El-Kadi, 2015, Quantifying effects 
of humans and climate on groundwater resources through modeling of volcanic-rock 
aquifers of Hawaii, Abstract H31G-1506, presented at 2015 Fall Meeting, AGU, San 
Francisco, CA, 14–18 Dec. 

Rotzoll, K., D.S. Oki, and A.I. El-Kadi, 2014, Up and down; how can we assess hydraulic 
properties from tidal fluctuations in coastal aquifers?, Abstract H53B-0845 presented at 
2014 Fall Meeting, AGU, San Francisco, CA, 15–19 Dec. 

Takasaki, K.J., 1978, Summary appraisals of the Nation’s ground-water resources—Hawaii 
region, U.S. Geological Survey Professional Paper 813M, 28 p. 



 

	  

Whittier, R.B., K. Rotzoll, S. Dhal, A.I. El-Kadi, C. Ray, and D. Chang, 2010, Groundwater 
source assessment program for the state of Hawaii, USA: Methodology and example 
application, Hydrogeology Journal, v. 18, no. 3, p. 711–723. 

 



Information Transfer Program Introduction

The WRRC Hawaii carries out technical transfer activities, supported in part by the USGS WRRIP, to
disseminate information on research and knowledge to promote a better understanding of our water resources,
problems and management options. The program allows many opportunities for researchers to interact with
administrators, policy makers and the general public. WRRC's technology transfer program produces
newsletters, organizes and publicizes seminars, workshops and conferences, assists in producing posters and
other materials for presentations, and maintains the center's website. This aims to broaden knowledge of and
appreciation for Hawaii's water resources. The Center has a dedicated Technology Transfer Specialist for this
activity. These activities were scaled down this reporting year as the Specialist was on sabbatical for part of
the year

The Pacific Islands face a set of environmental and cultural issues in the management of water resources that
are unique in the nation. Fresh water resources on many islands are threatened both by overuse and
contamination. Hawaii has very little usable surface waters because of the small size, intermittent flow and
ecological sensitivity of our streams. We are extremely dependent on groundwater. Of course groundwater
resources are inherently more difficult to quantify and evaluate than surface water. We can only surmise
subterranean conditions. The models we use to try and evaluate the resource are fairly crude instruments.
Despite many years of study we still have not characterized the hydrogeology of our islands to a satisfactory
degree. Even sophisticated models fail to provide an accurate picture of the complex situation that exists.
Therefore the issue of sustainable yield is often one of disagreement between different researchers and
agencies. Meanwhile there are increasing demands being made upon this difficult to quantify resource. We
can only be sure that increasing withdrawals and reduction and alteration of recharge will have a negative
impact on our drinking water resources. Quantifying this impact is likewise problematic. As population and
income grows, and consumers use more water, pressure on island water resources grow. It becomes
increasingly important that those agencies tasked with protecting and managing water resources have
accurate, up to date information about their condition to make sound decisions.

The mission of the Water Resources Research Center is to study all aspects of water in the islands and to
communicate our findings to agencies responsible for water management. Our direct audience includes the
State Health Department, the State Department of Land and Natural Resources, the county water supply
boards, as well as national regulatory and planning agencies. Furthermore as decision makers are strongly
influenced by popular opinion, we try to educate the general public about water issues. A good deal of
misinformation circulates about water resources, much of it generated by persons or groups advancing
self-interested agendas. We strive to provide data and knowledge that is scientifically defensible and accurate.
That is the goal of the technology transfer effort at our Center. In 2015 in recognition of the similarity of
problems facing islands in water management we undertook to organize a second conference in collaboration
with all of the directors of the other island centers in the NIWR network; Guam, Puerto Rico, and the U.S.
Virgin Islands. This conference was held Dec. 1-3 in Honolulu and was well attended by people from around
the Pacific, the United States, and other island states.
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Problem and Research Objectives 
 
The mandate of Hawaii Water Resources Research Center (WRRC) includes an obligation to 
broadly disseminate the results of its research activities to audiences of local water and 
wastewater agencies, environmental engineering consultants, other academic researchers, and 
interested members of the public. 

 
 
Methodology 
 
The Technology Transfer Office employs a variety of techniques to disseminate the results of  
research done at the Center. The office transfers information concerning water resource 
research and issues through WRRC bulletins and other publications, the web site, workshops, 
meetings, conferences, and regular biweekly seminars. Other activities include providing 
information to consultants, students of all levels, and the public, and participating in school 
science fairs and in research projects. The staff also regularly updates and improves the 
Center’s web site. 
 
 
Technology Transfer Program Activities  
 

WRRC’s Technology Transfer Program activities for American Samoa were to establish 
dialogue and coordinate research studies with our American Samoan partners. The activities 
also included discussion of needed research and training of local students. Communications 
were facilitated by WRRC graduate student Christopher Schuler who has been working in 
American Samoa on the WRRIP project “Assessing ground water sustainability of the Island 
of Tutuila, American Samoa.” Mr. Schuler recently presented his research findings on 
“Challenges to groundwater sustainability in Tutuila, American Samoa” at a seminar at the 
University of Hawaii at Manoa. 

In December 2015, the Technology Transfer office organized a meeting in American 
Samoa. The aim was to strengthen the Water Resources Research Institute Program (WRRIP) 
and its implementation in American Samoa by increasing awareness of the program among the 
local stakeholders, as well as providing an opportunity for WRRC to understand the 
requirements and priorities of stakeholders in American Samoa, and to identify local research 
partners and project opportunities. 
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Problem and Research Objectives 
 
The mandate of Hawaii Water Resources Research Center (WRRC) includes an obligation to 
broadly disseminate the results of its research activities to audiences of local water and 
wastewater agencies, environmental engineering consultants, other academic researchers, and 
interested members of the public. 

 
 
Methodology 
 
The Technology Transfer Office employs a variety of techniques to disseminate the results of  
research done at the Center. The office transfers information concerning water resource 
research and issues through WRRC bulletins and other publications, the web site, workshops, 
meetings, conferences, and regular biweekly seminars. Other activities include providing 
information to consultants, students of all levels, and the public, and participating in school 
science fairs and in research projects. The staff also regularly updates and improves the 
Center’s web site. 
 
 
Technology Transfer Program Activities  
 

WRRC’s Technology Transfer Program activities for American Samoa were to establish 
dialogue and coordinate research studies with our American Samoan partners. The activities 
also included discussion of needed research and training of local students. Communications 
were facilitated by WRRC graduate student Christopher Schuler who has been working in 
American Samoa on the WRRIP project “Assessing ground water sustainability of the Island 
of Tutuila, American Samoa.” Mr. Schuler recently presented his research findings on 
“Challenges to groundwater sustainability in Tutuila, American Samoa” at a seminar at the 
University of Hawaii at Manoa. 

In December 2015, the Technology Transfer office organized a meeting in American 
Samoa. The aim was to strengthen the Water Resources Research Institute Program (WRRIP) 
and its implementation in American Samoa by increasing awareness of the program among the 
local stakeholders, as well as providing an opportunity for WRRC to understand the 
requirements and priorities of stakeholders in American Samoa, and to identify local research 
partners and project opportunities. 
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Introduction  
 

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

 
 
Problem and Research Objectives  
 

The administration of the American Samoa WRRIP program was initially difficult as 
researchers at WRRC had no firsthand knowledge of the ground realities in American Samoa and 
in-person communication with concerned stakeholders in American Samoa was difficult due to 
the distance from Hawaii. Several remote telephone calls with key players in American Samoa 
were carried out early on, yet an integrative consultation with the stakeholders of the water sector 
needed to be carried out to improve the implementation of WRRIP and other associated water 
sector activities. For this purpose WRRC personnel held a workshop in American Samoa with 
stakeholders from the American Samoa Community College, American Samoa Environmental 
Protection Agency, American Samoa Power Authority (the agency in charge of the public water 
system), American Samoa Coral Reef Advisory Group, and US National Parks. 

Workshop participants included: 
• Scott Burch, Superintendent of the National Park of American Samoa 
• Alice Lawrence, Fisheries Supervisor, American Samoa Department of Marine and  

  Wildlife Resources  
• Timothy Bodell, Engineer, American Samoa Environmental Protection Agency 
• Jason Jaskowiak, Chief Engineer, American Samoa Power Authority 
• Katrina Elaine Mariner, Water and Wells System Engineer at American Samoa Power  

  Authority 
• Jewel Tuiasosopo, Chief, Water Quality Branch, American Samoa Environmental  

  Protection Agency 
• Will Spitzenberg, Senior Water Engineer, American Samoa Power Authority 
• Ian Gurr, American Samoa Community College 
• Mark Schmaedick, American Samoa Community College 
• Kelly Anderson, Tagarino, Extension Agent, University of Hawaii Sea Grant College  

  Program 
• Meagan Curtis, Watershed Coordinator, American Samoa Department Of Marine and  

  Wildlife Resources Coral Reef Advisory Group 



 

• Antonina Teo, American Samoa Environmental Protection Agency 
• Mareike Sudek, Coral Reef Ecologist, American Samoa Department Of Marine and  

  Wildlife 
 • Resources Coral Reef Advisory Group 
• Kristine Bucchianeri, American Samoa Department of Marine and Wildlife Resources,  

  Coral Reef Advisory Group 
• Sabrina Woofter, American Samoa Department of Marine and Wildlife Resources, Coral 

  Reef Advisory Group 
• Lise Soli, American Samoa Environmental Protection Agency 
• Gina Faiga, American Samoa Department of Commerce, Coastal Zone Management  

  Program 
 

The objectives of the meeting were to establish and enhance linkages to local institutions 
and individuals to facilitate better administration of the WRRIP program, increase WRRC’s 
awareness of the requirements and priorities of water issues in American Samoa, and to identify 
local research partners and opportunities. The visit provided avenues to develop cooperation, 
explore research ideas, and gain better understanding of the field realities in American Samoa. 
The mandate of WRRC includes an obligation to broadly disseminate the results of its research 
activities to audiences of local water and wastewater agencies, environmental engineering 
consultants, other academic researchers, and interested members of the public in American 
Samoa. This meeting provided an opportunity to inform local stakeholders in American Samoa 
about the WRRIP program. 
 
 
Methodology 
 

A three-member team traveled to American Samoa to conduct the workshop, to discuss 
areas of concern with various officials and local personnel, and gather stakeholder input in 
identifying American Samoa’s research needs. Informational material about WRRC was 
distributed to the Amercian Samoa stakeholders to promote awareness of the Center’s activities.  

 
 

Project Outcome 
 

 A workshop took place on January 11, 2016. Each of the participants presented their 
priorities and concerns about water issues needing research in American Samoa. The 
presentations largely reflected the fields of specialization of the participants, but together gave a 
broad picture of priorities in the territory. As could be expected for an island, much concern 
about threats to the nearshore environment by pollution were expressed by most of the 
participants. 

The following is a list of issues that were brought up by the participants during the meeting 
as being of special concern to them as water stakeholders in American Samoa. 

• Revision, updating of groundwater protection/recharge areas and associated modeling. 
• Building the capacity of the American Samoa Power Authority in regards to 

 groundwater modeling and hydrologic monitoring. 



 

• Identification of new groundwater sources—possibly high-level, impounded sources. 
• Optimization of designs for septic systems appropriate for the island’s volcanic geology. 
• Use of models in decision making for septic system permits. 
• Investigation of nearshore water quality, especially in regard to nutrients, algal blooms 

 in Olosega Lagoon. 
• Crown of thorns starfish population boom in Pago Pago Harbor area. 
• Island lacks a pumping truck to empty cesspools. 
• The enrichment of waters where corals grow by groundwater and the relationship of this 

 to fish toxins. 
• Monitoring of reefs relative to watershed activities. 
• Biomonitoring of fish in nearshore waters. 
• Source tracking of nutrients flowing from watersheds to the ocean. 
• Post harvest wash water microbial quality for vegetable farmers to protect public health. 
• Identifying a method of rapid testing for microbial water quality in wash waters or 

 agricultural waters. 
• Aunu’u Island taro field salinization issues. Monitoring, modeling to identify sources 

 and causes 
• Increased loading of nutrients and agricultural chemicals to waters due to increased 

 vegetable farming. Education for farmers regarding optimal dosing of such chemicals
 and related issues. Most of the new farmers are immigrants from Asia and there are 
 some communication/cultural/enforcement issues. 

• Pesticide contamination of groundwater due to increased vegetable farming. 
• Impact of sedimentation on corals. 
• Microbial influxes and their effect on corals. 
• Science communications: in general and in specific forms that are accessible to Samoan 

 population. 
• The microbial safety of “village” water systems—pipes that bring water from streams to 

 houses in villages. 
• Engineering assistance in the design of such village water systems. 
• Need to fill a vacant water researcher position at the American Samoa Community 

 College. Training of such a person will be needed. 
• More gaging of streams. 
• Identification/monitoring of shellfish toxins. 
• Disinfection byproducts in the public water system. 
• Toxicity testing of water in Pago Pago Harbor. Monitoring of heavy metals from the 

 cannery and shipyard? 
• High bacteria counts in recreational waters around Pago Pago Harbor. 
• Trash reduction in nearshore waters.  
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Problem and Research Objectives 
 

The groundwater on Tutuila, the main island in the territory of American Samoa, is a 
precious and dynamic resource that provides 88% of the island’s drinking water (ASEPA 
2010). However, the sustainability of this resource is currently threatened by a number of 
potential issues. Since 2009, the island’s water supply has been deemed unsafe to drink and 
most municipal water has been subject to a boil water notice (Chen 2013). Groundwater 
resources on Tutuila are vulnerable to a number of anthropogenic non-point pollution 
sources. Because of these issues, a strong need for continued modeling efforts has been 
recognized by many water resources stakeholders including, the American Samoa 
Environmental Protection Agency (ASEPA) and the American Samoa Power Authority 
(ASPA) (Tim Bodell, ASEPA, personal communication, November 29, 2014; Walters 2013).  

Since 2013, a research group consisting of students and faculty from the University of 
Hawaii at Manoa (UHM) and the American Samoa Community College (ASCC) has been 
working to understand these issues through 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 
to explore multiple aspects of these issues. This project has provided invaluable support to 
these research efforts by (1) providing students with the opportunity to present the results of 
their scientific studies at conferences, and (2) providing computer hardware and software for 
ongoing fieldwork and numerical groundwater modeling. 
 
 
Methodology 
 

The research group continues to work on the development and refinement of numerical 
groundwater models of the island. Numerical modeling efforts (associated with projects 
partially supported by this grant) were originally intended to model groundwater 
contamination risk and to produce sustainable yield estimates of existing and potential 
groundwater resources in high-level and basal aquifers. To assess the impact of the island’s 
non-point pollution sources on groundwater quality, a contaminant transport model was 
developed. The groundwater pollution sources identified by the American Samoa EPA 
(ASEPA) are agricultural chemicals, manure from piggeries, on-site disposal systems (OSDS), 
and automobile leaks (ASEPA 2010). These pollution sources have the potential to release 
pathogens and harmful chemicals to drinking water sources. Geochemical tracers were then 
incorporated into a multi-module numerical contaminant transport modeling framework. This 
was done to predict the quantity and movement of total dissolved nitrogen, which was used to 
monitor impact to groundwater from the most prevalent land uses on Tutuila.   

Unfortunately, because of the lack of data, an up-to-date sustainable yield-model cannot yet 
be built. This was due to the termination of monitoring operations in American Samoa by 
USGS when collection of hydrological data stopped in 2008. In response to this lack of data, 
we are currently collecting data and developing a hydrological monitoring network on the 
island. In conjunction with another WRRIP project (Geochemical Delineation of Aquifer 
Boundaries and Assessment of Groundwater Quality on Tutuila Island, American Samoa), we 
have installed six fully automated weather stations on Tutuila. Research partners at ASPA and 
ASCC are working to maintain and download data from these weather stations. The climatic 



 

data are publicly available at ASPA’s website for the benefit of other agencies. Additional 
work has begun by our group to develop a stream gauging network. This will provide 
important input data for the development of numerical models.  

 
 

Project Output 
 

This project served to provide technical resources, as well as an opportunity for graduate 
student researchers to gain knowledge and fieldwork experience while working on the 
American Samoa water resources modeling project. In support of modeling efforts (associated 
with other WRRIP projects) that contributed to water resources sustainability in American 
Samoa, this project: (1) supplied ASCC student and faculty partners with three low-cost field 
laptops equipped with the necessary monitoring instrument software, (2) furnished one low-
cost field laptop to ASPA partners for the purpose of downloading weather station data, (3) 
provided one desktop computer intended to be used by UHM WRRC graduate students for 
groundwater modeling, (4) supplied one tablet to run the new WRRC stream gauging 
equipment, and (5) provided travel funding for one UHM WRRC graduate student to present 
his scientific results at a local water resources conference and the American Geophysical 
Union annual meeting (the nation’s largest geosciences conference).  

The associated WRRIP projects that have benefited from computing equipment provided 
by this project are: (1) “Assessing Ground Water Sustainability of the Island of Tutuila, 
American Samoa,” (2) “Geochemical Delineation of Aquifer Boundaries and Assessment of 
Groundwater Quality on Tutuila Island, American Samoa,” and 3) “Assessing Recharge 
Mechanisms of Groundwater Under the Influence of Surface Water with Isotopic and 
Microbiological Tracers, Tutuila, American Samoa.” All three of these projects have involved 
collaboration with ASCC faculty and student interns. Since the project’s inception, a staff of 
students and faculty has been assembled from both UHM and American Samoa making it 
highly beneficial for both parties. There is a considerable amount of savings for travel as 
UHM-based researchers are able to obtain data through the work of ASCC student interns. In 
turn, ASCC faculties are able to incorporate active research into their curriculum, providing the 
students with first-hand experience in data collection and analysis required for conducting 
research.  

Prior to support from this grant, ASCC faculty used personal laptops for data acquisition, 
however, ASCC faculty partners now have three research-dedicated laptops to check out to 
students, to download data from rain gauges with, and to analyze data from precipitation 
monitoring sites. Research partnerships have also been developed between UHM WRRC and 
ASPA. In conjunction with the WRRIP project “Geochemical Delineation of Aquifer 
Boundaries and Assessment of Groundwater Quality on Tutuila Island, American Samoa,” this 
project continues to support data acquisition using a laptop specifically dedicated to 
downloading, processing, and making weather station data publicly available.  
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Introduction 
 

This is a report on the activities pursued by WRRC’s Technology Transfer Office (TTO) 
using funding from the FY2012 program carried forward to 2016. 

During this period, WRRC continued to further the goal of broadening knowledge and 
appreciation of Hawaii’s water resources. WRRC’s TTO produced newsletters, organized 
biweekly seminars, workshops, and conferences, produced posters and other materials for 
presentations, and maintained the Center’s website. The Technology Transfer Specialist was 
active in meeting with agency personnel, assisting with proposal writing, research project 
implementation, and contributing to report authorship for the Center’s research projects.  
 
 
Problem and Research Objectives 
 

The “problems” that this project sought to mitigate are several; there is a lack of scientific 
and policy knowledge concerning water issues among Hawaii’s general populace; there is 
considerable misinformation about water circulating in the public domain; there is a lack of 
understanding and appreciation of the value of water research conducted at the University 
among policy makers and governmental agencies in the state. Under this project WRRC sought 
to redress these problems through our outreach/educational activities. Our objective was to 
inform the public and governmental agencies to improve the understanding and management of 
water resources in Hawaii and the region. 
 
 
Technology Transfer Office Activities 
 

The Technology Transfer Office (TTO) employed a range of media to disseminate the 
Center’s research through their bulletins and publications; web site; workshops, meetings, and 
conferences; and regular biweekly seminars. All served to aid the Center in transferring 
information concerning water resource research and issues.  
 
WRRC’s TTO activities included:  
• Organizing of WRRC Spring and Fall seminars  
• Issuing WRRC Bulletins (2011, 2012, 2013)  
• Preparing WRRC Profile Interest Guide (February 2013) 
• Participating in research projects, meetings, conferences, school science fairs 
• Providing research information and assistance to consultants, students of all levels, and the 
 general public  
• Updating the Center’s web site with current research activities and information 
 
 



WRRC Seminars 
The Center has a biweekly seminar series designed to foster communication among 

WRRC researchers, students, and the organizational target audience of government agencies, 
private-sector researchers, and members of the general public with an interest in water resource 
issues. The following is a list of the seminars presented in FY2012.  

Spring 2012 Seminars 
Mar. 3, 2012 Microbial Protection against Plant 

Disease: From Biochar to Biocontrol 
Agents 

Eddie Cytryn, Institute for Soil, Water, and 
Environmental Sciences, ARO, Volcani 
Agriculture Research Center, Bet Dagan, Israel 

Mar. 7, 2012 Digging a Little Deeper—Designing Green 
Roofs 

Dawn Easterday, ASLA, GRP, LEED AP, 
Senior Landscape Architect, Belt Collins 
Hawaii, LLC 

Mar. 14, 2012 Can Interdisciplinary Centers work? The 
University of Minnesota Institute on the 
Environment as Object Lesson 

Deb Swackhamer, Professor and Co-Director, 
Minnesota Water Resources Center; 
Environmental Health Sciences, University of 
Minnesota 

Mar. 21, 2012 The Landscape Inventory, Cross-
Disciplinary Uses of a Mapping Project 
for Water Resource Management on 
Campus 

Austin Stankus, Department of Zoology, 
University of Hawaii at Manoa 

Apr. 4, 2012 Turfgrass Management Jordan K. Abe, Superintendent—Ala Wai Golf 
Course, Department of Enterprise Services 

Apr. 18, 2012 Exploring Subsurface Fluid Flow and 
Solute Transport by HYDRUS 1, 2/3D 

Seo Jin Ki, Researcher, Water Resources 
Research Center, University of Hawaii at 
Manoa 

May 2, 2012 Halorespiration a Natural Process Paige Novak, University of Minnesota, 
BioTechnology Institute 

June 13, 2012 Fast Track/ Rapid/ Automated Methods to 
detect Microorganisms 

Dan Fung, Professor of Food Science 
Department of Animal Sciences and Industry, 
Kansas State University, Manhattan, Kansas 

Fall 2012 Seminars 
Sept. 5, 2012 Update on the Mission, Progress and 

Issues Facing Honolulu Board of Water 
Supply 

Ernest Lau, Manager and Chief Engineer, 
Honolulu Board of Water Supply 

Sept. 19, 2012 An Overview of the City’s Storm Water 
Program 

Gerald Takayesu, Branch Head, Storm Water 
Quality Branch, Department of Environmental 
Services, City and County of Honolulu 

Oct. 3, 2012 Water Issues in Hawaii: A Survey on 
Public Attitudes 

Luisa Castro, Education Specialist-Assistant 
Water Quality Coordinator, Maui Agricultural 
Research Center 

Oct. 10, 2012 Sustainability Analysis and Case Study of 
Transportation Modes and Island 
Communities 

Panos Prevedouros, Civil and Environmental 
Engineering, University of Hawaii at Manoa 

Oct. 17, 2012 Watershed Management in Hawaii 
Volcanoes National Park: An Environment 
Without Surface Water 

Dr. Rhonda Loh, Chief of Natural Resources 
Management, Hawaii Volcanoes National Park 



Nov. 7, 2012 Report on 2012 International Water 
Association Sponsored, “Ecotechnologies 
for Wastewater Treatment Conference” 

Dr. Roger S. Fujioka, Ph.D., Emeritus 
Researcher, Water Resources Research Center, 
University of Hawaii at Manoa 

Nov. 21, 2012 UV Disinfection Guidelines (3rd ed.) Dr. Victor Moreland, Water Resources 
Research Center, University of Hawaii at 
Manoa 

Spring 2013 Seminars 
Jan. 23, 2013 Revision of a Regional Pesticide Leaching 

Tool in Hawaii for Volatile Organic 
Compounds 

Seo Jin Ki, Researcher, Water Resources 
Research Center, University of Hawaii at 
Manoa 

Feb. 5, 2013 An Integrated Media, Integrated Processes 
Hydrological Model and its Application to 
Watershed Water Quantity and Quality 
Simulation 

Fan Zhang, Professor, Institute of Tibetan 
Plateau Research, Chinese Academy of 
Sciences 

Feb. 6, 2013 Revision of a Regional Pesticide Leaching 
Tool in Hawaii for Volatile Organic 
Compounds 

Dr. Joseph D. Rouse, Associate Professor of 
Water Resources Environmental Engineering, 
WERI, University of Guam 

Feb. 7, 2013 Finding the Needle in the Water Column Stephaney D. Leskinen, Research Associate, 
University of South Florida 

Feb. 11, 2013 Measurement of Health Risks Based on 
Fingerprinting Microbial Populations in 
Sewage, Coastal Waters, and Streams in 
Hawaii 

Marek Kirs, Ph.D., Assistant Researcher, Water 
Resources Research Center, University of 
Hawaii at Manoa 

Feb. 12, 2013 Pathogens in Water: Valve and Limits of 
Correlation with Microbial Indicators 

Pierre Payment, Professeur Institut Armand-
Frappier, Laval, Québec, Canada  

Feb. 20, 2013 Roadmap for Best Practices in Microbial 
Risk Assessment of Water 

Yong Jin Lee, Yong Jin Lee, Postdoctoral 
Research Associate Institute for Environmental 
Genomics University of Oklahoma 

 
 
Meetings 
U.S. Recreational Water Quality Criteria: A Vision for the Future 
March 11–13, 2013 | Ala Moana Hotel | Honolulu, Hawaii 

Researchers at Hawaii’s WRRC have been instrumental regarding the science used for 
recreational water quality standards that are presently in force within the United States today. 
WRRC organized the March 2013 meeting that brought together national and international 
experts to address the problems and issues surrounding these criteria. Information about the 
conference can be viewed at http://www.wrrc.hawaii.edu/RWQC2013/index.html. 

 



Modeling Water Flow and Contaminant Transport in Soils and Groundwater Using the 
Hydrus Computer Software Packages 
April 8–10, 2013 | University of Hawaii at Manoa | Honolulu, Hawaii 

In April 2013, WRRC hosted a workshop on advanced modeling of water flow and 
contaminant transport in porous media using the HYDRUS and HP1 software packages. 
HYDRUS is Windows-based modeling software that can be used for analysis of water flow, 
heat and solute transport in variably saturated porous media (e.g., soils). The software 
developed by the workshop’s instructor, Dr. Jirka Šimùnek (Department of Environmental 
Sciences, University of California Riverside, CA), are widely used worldwide in modeling 
water flow and chemical movement through variably saturated soils. This was the third 
HYDRUS workshop that WRRC has sponsored signifying popularity of its content.  

 
The Second Conference on Water Resource Sustainability Issues on Tropical Islands 
December 1–3, 2015 | Hilton Hawaiian Village | Honolulu, Hawaii 

This conference built upon discussions and interactions that took place at a previous 
conference hosted by the four island institutes (WRRC, WERI, PRWRERI, and VI-WRRI) that 
was held in Honolulu, Hawaii, November 14–16, 2011. The presentations and discussions at 
the 2015 meeting strengthened the connections between researchers working in Hawaii, U.S. 
affiliated islands in the Pacific, the U.S. Virgin islands, and Puerto Rico and concentrated on 
developing solutions and ideas on water resources issues that are particularly relevant to 
tropical islands. 

The conference lasted for three days with poster and oral sessions. The meeting closed 
with a panel discussion between the directors of the hosting organizations to discuss core 
research capabilities and gaps, focus areas, and opportunities and plans for collaborative work 
in tropical islands.  
 
Organization of Center’s Advisory Council Meeting 

In FY2012, TTO organized a meeting of the Center’s Advisory Council. This meeting 
included presentations by WRRCs core faculty and by current WRRIP 104b grantees.  

 
Members of the Center’s Advisory Council (or their representative) in attendance included: 

Hawaii Water Resources Research Center Advisory Council 

Name/Title Agency 

Ernest Lau, Manager and Chief Engineer Honolulu Board of Water Supply  

Ross Tanimoto, Deputy Director Department of Environmental Services, City and County 
of Honolulu 

Debbie Solis, Program/Project Manager—Civil 
work staff  

U.S. Army Corps of Engineering 

Roy Hardy State of Hawaii, Commission on Water Resource 
Management 

Thomas Matsuda, Program Manager, Pesticide 
Branch 

Hawaii Department of Agriculture 

J. Mark Ingoglia, Chief, Environmental Branch HQ PACAF, U.S. Air Force  



Scott McAdam, President, HWEA Hawaii Section Hawaii Water Environment Association 

Richard Cox  Private Citizen, former Water Commissioner 

Stephen Anthony, Director USGS Pacific Islands Water Science Center  

Dayan Vithanage Oceanit Inc., consultants in Honolulu 

American Samoa Water Resources Research Center Advisory Council 

Name/Title Agency 

Daniel Aga, Dean and Director of Community and 
Natural Resources Division 

American Samoa Community College 

Robert Kerns, Senior Environmental Engineer American Samoa Power Authority 

Jason Gambatese, Program Manager USEPA Region 9 

Faamao Asalele, Jr., Assistant Director American Samoa EPA 

 
 
WRRC Profile Interest Guide (2013) 

The Technology Transfer Office was instrumental in the identification of a cadre of 
affiliate academic researchers to collaborate with WRRC on future research projects. Working 
closely with the Center’s Director we identified, contacted, and secured agreements from 
approximately 75 faculty members at the University of Hawaii at Manoa as well as from other 
Hawaiian educational institutions. This was done to leverage the diversity of expertise 
available in the Hawaii academic sector when obtaining research grants and addressing various 
environmental issues.  

In FY2012, TTO prepared the publication “WRRC Profile Interest Guide” that includes 
these affiliates, along with their expertise, interests, and contact information to distribute to 
prospective funders. 
 
WRRC Website 

The Center’s website (www.wrrc.hawaii.edu) is continuously updated with information 
about WRRC’s research activities, seminars, reports, meetings, grant announcements, and the 
Center’s L. Stephen Lau scholarship fund. The site provides information about the Center’s 
facilities and personnel as well as a database for WRRC’s publications. A web-site search 
function provides easy access to the available information. 

 
Digitization and Online Posting of Center Publications 

The Center continues to provide their published material as they become available to the 
University of Hawaii at Manoa’s ScholarSpace institutional repository database. ScholarSpace 
currently contains more than 40 years of the Center’s research. These reports are available for 
download in a PDF format at http://scholarspace.manoa.hawaii.edu/.  
 
Poster Production 

Poster design and production services were provided to the Center’s faculty and graduate 
research assistants for presentations at meetings and conferences. 



 
Media Contact 

During the reporting period, TTO responded on several occasions to inquiries from 
reporters about water and environmental issues. In addition, TTO submitted news releases 
regarding the Center’s faculty research activities to the local and national media through the 
University of Hawaii’s media office. 
 
Editing  

Editorial services for numerous reports and articles were provided during the reporting 
period. This work helps to disseminate the Center’s research results through journals and other 
publications. 
 
L. Stephen Lau Scholarship  

Application review, and applicant selection for the Center’s L. Stephen Lau Scholarship 
is coordinated through TTO. This scholarship is made annually thanks to an endowment by 
former WRRC Director L. Stephen Lau and his wife Virginia.  

 
WRRIP 104B Grants 

The TTO reviewed and selected funding proposals made under the WRRIP 104B 
program. 
 
Research Project Participation 

The Technology Transfer Specialist was directly involved in a number of research 
projects: 

• Liaison to the City and County of Honolulu’s Environmental Services Division on the 
ongoing (20+ years) Ocean Outfall Biomonitoring program. The program has an 
annual budget of ~ $0.6 million. In FY2012 the Center’s Specialist negotiated the 
2012–2017 five-year contract with the City.  

• Co-Principal Investigator on a $0.5 million project funded by the USDA examining 
the uptake of pharmaceutical compounds by crops under various levels of moisture 
stress. He managed the day-to-day operations in the greenhouse for this project. 

• Principal Investigator for the Tsunami Observer Program funded by the State Civil 
Defense. 

• Principal Investigator for the WRRIP funded project “Bioaccumulation and 
biotransformation of arsenic by marine algae in Hawaii.” 
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Introduction 
 

This is a report on the activities pursued by WRRC’s Technology Transfer Office (TTO) 
using funding from the FY2013 program carried forward to 2016. 

During this period, WRRC continued to further the goal of broadening knowledge and 
appreciation of Hawaii’s water resources. WRRC’s TTO produced newsletters, organized 
biweekly seminars, workshops, and conferences, produced posters and other materials for 
presentations, and maintained the Center’s website. The Technology Transfer Specialist was 
active in meeting with agency personnel, assisting with proposal writing, research project 
implementation, and contributing to report authorship for the Center’s research projects.  

 
 

Problem and Research Objectives 
 

The “problems” that this project sought to mitigate are several; there is a lack of scientific 
and policy knowledge concerning water issues among Hawaii’s general populace; there is 
considerable misinformation about water circulating in the public domain; there is a lack of 
understanding and appreciation of the value of water research conducted at the University among 
policy makers and governmental agencies in the state. Under this project WRRC sought to 
redress these problems through our outreach/educational activities. Our objective was to inform 
the public and governmental agencies to improve the understanding and management of water 
resources in Hawaii and the region. 

 
 

Technology Transfer Office Activities 
 

The TTO employed a range of media to disseminate the Center’s research through their 
bulletins and publications, web site, workshops, meetings, and conferences, and regular biweekly 
seminars. All served to aid the Center in transferring information concerning water resource 
research and issues.  
 
WRRC’s TTO activities included:  
• Organizing of WRRC Spring and Fall seminars  
• Issuing WRRC Bulletin (2013)  
• Issuing a Brief Overview of Research Conducted at Hawaii’s Water Resources Research 
 Center (July 2013) 
• Participating in research projects, meetings, conferences, school science fairs 
• Providing research information and assistance to consultants, students of all levels, and the 
 general public  
• Updating the Center’s web site with current research activities and information 



WRRC Seminars 
The Center has a biweekly seminar series designed to foster communication among WRRC 

researchers, students, and the organizational target audience of government agencies, private-
sector researchers, and members of the general public with an interest in water resource issues. 
The following is a list of the seminars presented in FY2013.  

Spring 2013 Seminars 
Mar. 6, 2013 Introducing the Genuine Progress 

Indicator (GPI) to Hawaii 
Regina Ostergaard-Klem, Hawaii Pacific 
University, College of Natural and Computational 
Sciences, Global Leadership and Sustainable 
Development and Kirsten Oleson, University of 
Hawaii at Manoa 

Mar. 14, 2013 Who are we Overlooking in Microbial 
Diversity Surveys and Does it Really 
Matter? 

Mitchell Sogin, senior scientist and director of the 
Josephine Bay Paul Center for Comparative 
Molecular Biology and Evolution, Marine 
Biological Laboratory in Woods Hole, 
Massachusetts 

Mar. 20, 2013 Recovering from a Legacy of Mining in 
Crested Butte 

Anthony Poponi, Former Director for the Coal 
Creek, CO Watershed Coalition and Standard 
Mine Technical Advisory Group 

Apr. 10, 2013 Numerical Modeling of Water Flow and 
Solute Transport in Soils Using HYDRUS 
including Preferential Flow, Colloid-
Facilitated Contaminant Transport, and 
Various Biogeochemical Processes 

Jirka Simunek, Professor and Hydrologist, 
Department of Environmental Sciences, University 
of California Riverside 

Apr. 17, 2013 Surface-water Availability During Low-
Flow Conditions: Case study in Anahola 
Stream, Kaua‘i, and Hawai‘i Statewide 
Application 

Chui Ling Cheng Hydrologist, U.S. Geological 
Survey Pacific Islands Water Science Center 

Apr. 23, 2013 Submerged Anaerobic Membrane 
Bioreactor for Low Strength Wastewater 
Treatment 

Ng, How Yong, Associate Professor, Centre for 
Water Research, Department of Civil and 
Environmental Engineering, National University 
of Singapore 

May 1, 2013 Water Planning for the Manoa Campus, 
University of Hawaii (UHM) 

Sharon Ching Williams, UHM Campus Architect 

Fall 2013 Seminars 
Sept. 5, 2013 Updates from the State of Hawaii 

Environmental Health Administration, 
State Commission on Water Resource 
Management, and Honolulu Board of 
Water Supply 

Gary Gill, Deputy Director, Environmental Health 
Administration, State of Hawaii Department of 
Health; Roy Hardy, Hydrology Program Manager, 
State Commission on Water Resource 
Management; Glenn H. Oyama, Hydrologist-
Geologist, Honolulu Board of Water Supply 

Sept. 19, 2013 Conservation Agriculture Production 
Systems (CAPS): Building Resilience into 
Smallholder Agriculture 

Travis Idol, Professor, Natural Resources and 
Environmental Management, University of Hawaii 
at Manoa 

Oct. 3, 2013 Precipitation Variability and Trend in 
Hawaii 

Pao-Shin Chu, Professor and State Climatologist, 
Department of Meteorology, University of Hawaii 
at Manoa 



Oct. 17, 2013 Submarine Groundwater Discharge Links 
Watershed Hydrology and Coastal 
Biogeochemistry 

Henrieta Dulaiova, Assistant Professor, 
Department of Geology and Geophysics, 
University of Hawaii at Manoa 

Nov. 7, 2013 Island Hydrology: Time to Take a Closer 
(and Broader) Look at Confining 
Structures 

Don Thomas, Director, The Center for the Study 
of Active Volcanoes (CSAV), University of 
Hawaii at Hilo 

Nov. 21, 2013 Modeling Specific Groundwater 
Problems in Hawaii: Borehole Flow and 
Groundwater Inundation 

Kolja Rotzoll, Department of Geology and 
Geophysics, University of Hawaii at Manoa 

Dec. 5, 2013 Integrating Demand- and Supply-Side 
Management: Pricing and Watershed 
Conservation 

Kimberly Burnett, Associate Specialist, University 
of Hawaii Economic Research Organization 

Spring 2014 Seminars 
Feb. 3, 2014  The Value of an Innovative System to 

Process Large Volumes of Water (100 l) 
to Detect Microbial Pathogens in Sources 
of Water Used for Drinking, 
Recreational, Re-use, Agricultural and 
Food Production  

Daniel V. Lim, Ph.D., Elizabeth A. Kearns, Ph.D., 
and Sonia Magaña, B.S., Advanced Biosensors 
Laboratory Department of Cell Biology, 
Microbiology, and Molecular Biology University 
of South Florida Tampa, Florida 

Feb. 4, 2014  Multi-Scale Laboratory Experimentation 
for Process Understanding and Up-
Scaling for Field Problem Solution 

Tissa H. Illangasekare, AMAX Distinguished 
Chair of Civil and Environmental Engineering 
Director, Center for Experimental Study of 
Subsurface Environmental Processes Colorado 
School of Mines, Golden, Colorado, USA 

Feb. 25, 2014  Plans for World Wide Public Health Risk 
Assessment and Regulations for Hygienic 
Quality of Beach Sand and Beach Water 

João Carlos Simões Brandão, Medical Mycologist, 
Reference Unit for Parasitic and Fungal 
Infections— Department of Infectious Diseases, 
Instituto Nacional de Saúde/National Institute of 
Health 

 
 
Meetings 
U.S. Recreational Water Quality Criteria: A Vision for the Future 
March 11–13, 2013 | Ala Moana Hotel | Honolulu, Hawaii 

Researchers at Hawaii’s WRRC have been instrumental regarding the science used for 
recreational water quality standards that are presently in force within the United States today. 
WRRC organized the March 2013 meeting that brought together national and international 
experts to address the problems and issues surrounding these criteria. Information about the 
conference can be viewed at http://www.wrrc.hawaii.edu/RWQC2013/index.html. 



Modeling Water Flow and Contaminant Transport in Soils and Groundwater Using the 
Hydrus Computer Software Packages 
April 8–10, 2013 | University of Hawaii at Manoa | Honolulu, Hawaii 

In April 2013, WRRC hosted a workshop on advanced modeling of water flow and 
contaminant transport in porous media using the HYDRUS and HP1 software packages. 
HYDRUS is Windows-based modeling software that can be used for analysis of water flow, heat 
and solute transport in variably saturated porous media (e.g., soils). The software developed by 
the workshop’s instructor, Dr. Jirka Šimùnek (Department of Environmental Sciences, 
University of California Riverside, CA), are widely used worldwide in modeling water flow and 
chemical movement through variably saturated soils. This was the third HYDRUS workshop that 
WRRC has sponsored signifying popularity of its content.  

 
The Second Conference on Water Resource Sustainability Issues on Tropical Islands 
December 1–3, 2015 | Hilton Hawaiian Village | Honolulu, Hawaii 

This conference built upon discussions and interactions that took place at a previous 
conference hosted by the four island institutes (WRRC, WERI, PRWRERI, and VI-WRRI) that 
was held in Honolulu, Hawaii, November 14–16, 2011. The presentations and discussions at the 
2015 meeting strengthened the connections between researchers working in Hawaii, U.S. 
affiliated islands in the Pacific, the U.S. Virgin islands, and Puerto Rico and concentrated on 
developing solutions and ideas on water resources issues that are particularly relevant to tropical 
islands. 

The conference lasted for three days with poster and oral sessions. The meeting closed with 
a panel discussion between the directors of the hosting organizations to discuss core research 
capabilities and gaps, focus areas, and opportunities and plans for collaborative work in tropical 
islands.  
 
A Brief Overview of Research Conducted at Hawaii's Water Resources Research 
Center (July 2013) 

To celebrate the 50-year anniversary of the Center, an eight-page document was created to 
highlight its impressive collection of research activities and accomplishments throughout the 
years. It provides a retrospective of the considerable contributions the Center has made—and 
continues to make—to the scientific community and public. 

  This document provides a brief background of the WRRIP program and description of the 
types of research, which is categorized into fourteen focus areas. It is readily accessible for view 
at http://www.wrrc.hawaii.edu/WRRChistory.pdf. 
 
WRRC Website 

The Center’s website (www.wrrc.hawaii.edu) is continuously updated with information about 
WRRC’s research activities, seminars, reports, meetings, grant announcements, and the Center’s 
L. Stephen Lau scholarship fund. The site provides information about the Center’s facilities and 
personnel as well as a database for WRRC’s publications. A web-site search function provides 
easy access to the available information. 

 



Digitization and Online Posting of Center Publications 
The Center continues to provide their published material as they become available to the 

University of Hawaii at Manoa’s ScholarSpace institutional repository database. ScholarSpace 
currently contains more than 40 years of the Center’s research. These reports are available for 
download in a PDF format at http://scholarspace.manoa.hawaii.edu/.  
 
Poster Production 

Poster design and production services were provided to the Center’s faculty and graduate 
research assistants for presentations at meetings and conferences. 
 
Media Contact 

During the reporting period, TTO responded on several occasions to inquiries from 
reporters about water and environmental issues. In addition, TTO submitted news releases 
regarding the Center’s faculty research activities to the local and national media through the 
University of Hawaii’s media office. 
 
Editing  

Editorial services for numerous reports and articles were provided during the reporting 
period. This work helps to disseminate the Center’s research results through journals and other 
publications. 
 
L. Stephen Lau Scholarship  

Application review, and applicant selection for the Center’s L. Stephen Lau Scholarship is 
coordinated through TTO. This scholarship is made annually thanks to an endowment by former 
WRRC Director L. Stephen Lau and his wife Virginia.  

 
WRRIP 104B Grants 

The TTO reviewed and selected funding proposals made under the WRRIP 104B program. 
 
Research Project Participation 

The Technology Transfer Specialist was directly involved in a number of research projects: 
• Liaison to the City and County of Honolulu’s Environmental Services Division on the 

ongoing (20+ years) Ocean Outfall Biomonitoring program. The program has an annual 
budget of ~ $0.6 million. In FY2012 the Center’s Specialist negotiated the 2012–2017 
five-year contract with the City.  

• Co-Principal Investigator on a $0.5 million project funded by the USDA examining the 
uptake of pharmaceutical compounds by crops under various levels of moisture stress. 
He managed the day-to-day operations in the greenhouse for this project. 

• Principal Investigator for the Tsunami Observer Program funded by the State Civil 
Defense. 

• Principal Investigator for the WRRIP funded project “Bioaccumulation and 
biotransformation of arsenic by marine algae in Hawaii.” 
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Introduction 
 

This is a report on the activities pursued by WRRC’s Technology Transfer Office (TTO) 
using funding from the FY2014 program carried forward to 2016. 

During this period, WRRC continued to further the goal of broadening knowledge and 
appreciation of Hawaii’s water resources. WRRC’s TTO produced newsletters, organized 
biweekly seminars, workshops, and conferences, produced posters and other materials for 
presentations, and maintained the Center’s website. The Technology Transfer Specialist was 
active in meeting with agency personnel, assisting with proposal writing, research project 
implementation, and contributing to report authorship for the Center’s research projects.  

 
 

Problem and Research Objectives 
 

The “problems” that this project sought to mitigate are several; there is a lack of scientific 
and policy knowledge concerning water issues among Hawaii’s general populace; there is 
considerable misinformation about water circulating in the public domain; there is a lack of 
understanding and appreciation of the value of water research conducted at the University among 
policy makers and governmental agencies in the state. Under this project WRRC sought to 
redress these problems through our outreach/educational activities. Our objective was to inform 
the public and governmental agencies to improve the understanding and management of water 
resources in Hawaii and the region. 
 
 
Technology Transfer Office Activities 
 

The TTO employed a range of media to disseminate the Center’s research through their 
bulletins and publications; web site; workshops, meetings, and conferences; and regular 
biweekly seminars. All served to aid the Center in transferring information concerning water 
resource research and issues.  
 
WRRC’s TTO activities included:  
• Organizing of WRRC Spring and Fall seminars  
• Issuing WRRC Bulletin (February 2016)  
• Participating in research projects, meetings, conferences, school science fairs 
• Providing research information and assistance to consultants, students of all levels, and the 
 general public  
• Updating the Center’s web site with current research activities and information 



 

WRRC Seminars 
The TTO organized biweekly seminar series designed to foster communication among 

WRRC researchers, students, and the organizational target audience of government agencies, 
private-sector researchers, and members of the general public with an interest in water resource 
issues. The following is a list of the seminars presented in FY2014.  
 
Spring 2014 Seminar 

Mar. 4, 2014  Ecological Sanitation in Urine Diverting 
(UD) Mode to: Conserve Water and 
Energy, Recover Nutrients, and Reduce 
Estrogen Pollution 

Krishna Lamichhane, Graduate Researcher, 
University of Hawaii at Manoa 

Mar. 18, 2014  Lidar Remote Sensing of Land Surface: 
Implications for Ecohydrology 

Qi Chen, Ph.D., Professor of Geography, 
University of Hawaii at Manoa 

Apr. 1,2014  Evaluation of Suomi NPP VHRS 
Vegetation Index EDR via Product Inter-
comparison with Aqua MODIS 

Tomoaki Miura, Associate Professor, Natural 
Resources and Environmental Management, 
University of Hawaii at Manoa 

Apr. 22, 2014  Building an Ecosystem Service Tool to 
Support Ridge-to-Reef Management and 
Conservation in Hawaii 

Kirsten L.L. Oleson (and lab), Assistant 
Professor, Natural Resources and Environmental 
Management, University of Hawaii at Manoa 

May 6, 2014  A Case Study of a Sustainable, Dynamic, 
and Cost-Effective  Approach to the 
Remediation of a Petroleum-Impacted Site 

Sergio Cocchia, Project Manager and 
Environmental Engineer/Geologist, CHZM Hill 

Fall 2014 Seminar 
Oct. 9, 2014 The Future of Wastewater in Honolulu  Timothy Houghton, Deputy Director, 

Deparatment of Environmental Services, City and 
County of Honolulu 

Oct. 23, 2014 Future Trends for Drinking Water in 
Honolulu 

Barry Usagawa, Program Administrator, Water 
Resources Division, Honolulu Board of Water 
Supply 

Nov. 20, 2014 Honouliuli WWTP Facility Upgrades to 
Meet Full Secondary Requirements by 
2024 

Jordan Fahmie, Engineer, AECOM 

Nov. 25, 2014 Sand Island Wastewater Treatment Plant: 
From I976 to Today and on to 2035 

Tiow Ping Wong, Senior Environmental 
Engineer, R.M. Towill Corporation 

Spring 2015 Seminar 
Feb. 5, 2015 Mitigating the Effects of Urbanization with 

Bioretention Rain Gardens  
Amanda Cording, Ph.D. Candidate, Department 
of Plant and Soil Science, University of Vermont, 
Burlington, Vermont 

Feb. 5, 2015 An Inventory of Sedimentation in Hawaii’s 
Reservoirs  

Kim Falinski, Ph.D. Candidate, Department of 
Tropical Plant and Soil Sciences, CTAHR, 
University of Hawaii at Manoa 

Feb. 19, 2015 Development of Modeling-Based Decision 
Support Tools for Managing Impacts of 
Climate Change and Invasive Species on 
Tropical Forest Watersheds 

Christian P. Giardina, Ph.D., Research Ecologist, 
Forest Service, Institute of Pacific Islands 
Forestry, Hilo, Hawaii 



 

Meetings 
The Second Conference on Water Resource Sustainability Issues on Tropical Islands 
December 1–3, 2015 | Hilton Hawaiian Village | Honolulu, Hawaii 

This conference built upon discussions and interactions that took place at a previous 
conference hosted by the four island institutes (WRRC, WERI, PRWRERI, and VI-WRRI) that 
was held in Honolulu, Hawaii, November 14–16, 2011. The presentations and discussions at the 
2015 meeting strengthened the connections between researchers working in Hawaii, U.S. 
affiliated islands in the Pacific, the U.S. Virgin islands, and Puerto Rico and concentrated on 
developing solutions and ideas on water resources issues that are particularly relevant to tropical 
islands. 

The conference lasted for three days with poster and oral sessions. The meeting closed with 
a panel discussion between the directors of the hosting organizations to discuss core research 
capabilities and gaps, focus areas, and opportunities and plans for collaborative work in tropical 
islands.  
 
WRRC Website 

The Center’s website (www.wrrc.hawaii.edu) is continuously updated with information 
about WRRC’s research activities, seminars, reports, meetings, grant announcements, and the 
Center’s L. Stephen Lau scholarship fund. The site provides information about the Center’s 
facilities and personnel as well as a database for WRRC’s publications. A web-site search 
function provides easy access to the available information. 

 
Digitization and Online Posting of Center Publications 

The Center continues to provide their published material as they become available to the 
University of Hawaii at Manoa’s ScholarSpace institutional repository database. ScholarSpace 
currently contains more than 40 years of the Center’s research. These reports are available for 
download in a PDF format at http://scholarspace.manoa.hawaii.edu/.  
 
Poster Production 

Poster design and production services were provided to the Center’s faculty and graduate 
research assistants for presentations at meetings and conferences. 
 
Media Contact 

During the reporting period, TTO responded on several occasions to inquiries from 
reporters about water and environmental issues. In addition, TTO submitted news releases 
regarding the Center’s faculty research activities to the local and national media through the 
University of Hawaii’s media office. 
 
Editing  

Editorial services for numerous reports and articles were provided during the reporting 
period. This work helps to disseminate the Center’s research results through journals and other 
publications. 
 



 

L. Stephen Lau Scholarship  
Application review, and applicant selection for the Center’s L. Stephen Lau Scholarship is 

coordinated through TTO. This scholarship is made annually thanks to an endowment by former 
WRRC Director L. Stephen Lau and his wife Virginia.  

 
WRRIP 104B Grants 

The TTO reviewed and selected funding proposals made under the WRRIP 104B program. 
 
Research Project Participation 

The Technology Transfer Specialist was directly involved in a number of research projects: 
• Liaison to the City and County of Honolulu’s Environmental Services Division on the 

ongoing (20+ years) Ocean Outfall Biomonitoring program. The program has an annual 
budget of ~ $0.6 million. In FY2012 the Center’s Specialist negotiated the 2012–2017 
five-year contract with the City.  

• Co-Principal Investigator on a $0.5 million project funded by the USDA examining the 
uptake of pharmaceutical compounds by crops under various levels of moisture stress. 
He managed the day-to-day operations in the greenhouse for this project. 

• Principal Investigator on the Tsunami Observer Program funded by the State Civil 
Defense. 

• Principal Investigator for the WRRIP funded project “Bioaccumulation and 
biotransformation of arsenic by marine algae in Hawaii.” 

 



USGS Summer Intern Program

None.

USGS Summer Intern Program 1



Student Support

Category Section 104 Base
Grant

Section 104 NCGP
Award

NIWR-USGS
Internship

Supplemental
Awards Total

Undergraduate 7 0 0 0 7
Masters 6 0 0 0 6

Ph.D. 5 0 0 0 5
Post-Doc. 4 0 0 1 5

Total 22 0 0 1 23

1



Notable Awards and Achievements

We have established a full pre- and post-sequencing analyses pipeline at the WRRCs environmental
microbiology laboratory. The collaboration with our partners at Tartu University has extended to other
extramurally funded projects.

Strengthening ties and collaboration with American Samoa agencies, notable the American Samoa EPA and
ASPA which resulted in an award of $19,995 from the American Samoa Environmental Protection Agency.

Notable Awards and Achievements 1
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