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Abstract
Groundwater sustainability initiatives, including sustainable yield and watershed policy protection policies, are growing globally
in response to increasing demand for groundwater, coupled with concerns about the effects of climate and land-cover change on
groundwater supply. Improved understanding of the impacts of watershed management on groundwater yields and management
costs—particularly in the broader context of climate and land-cover change—is critical to inform these initiatives and facilitate
integrated land and water management. This study develops a novel, spatially explicit groundwater hydrologic ecosystem
services framework, which combines stakeholder-defined land-cover scenarios, sustainable yield estimation using a groundwater
simulation optimization approach, and economic valuation, and applies it in the most heavily utilized aquifer Hawai‘i (USA).
Sustainable yield estimates and resulting differences in replacement costs are estimated for six land-cover scenarios (with varying
levels of urban development and watershed management) crossed with two water demand scenarios in a context of a dry future
climate (Representative Concentration Pathway [RCP] 8.5 mid-century). Land-cover change is found to be an important, though
less significant drive of changes in groundwater recharge than climate change. The degree of watershed protection, through
preventing the spread of high-water-use, invasive plant species, is projected to be a much stronger land-cover signal than urban
development. Specifically, full forest protection increases sustainable yield by 7–11% (30–45 million liters per day) and sub-
stantially decreases treatment costs compared with no forest protection. Collectively, this study demonstrates the hydrologic and
economic value of watershed protection in a context of a dry future climate, providing insights for integrated land and water
policy and management in Hawai‘i and other regions, particularly where species invasions threaten source watersheds.

Keywords Groundwater management . Water supply . Hydrologic ecosystem services . Watershed management . Sustainable
yield . Invasive species

Introduction

Planning for water security in a context of global environmen-
tal change is one of the most pressing challenges worldwide
(Taylor et al. 2013; Wheater and Gober 2015; Elshall et al.
2020; Gleeson et al. 2020). Groundwater is an essential com-
ponent of water security, supplying nearly half of drinking and
irrigation water globally (Cross et al. 2016; Giordano 2009).
Demand for groundwater has led to drastic overextraction in
many regions, causing salinization of freshwater wells, land
subsidence, and degradation of groundwater dependent eco-
systems (Narasimhan 2009; Moosdorf and Oehler 2017;
Bierkens and Wada 2019). Reductions in recharge due to cli-
mate change can further exacerbate this situation (Konikow
and Kendy 2005; Taylor et al. 2013; Kløve et al. 2014), and
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land-cover change can either amplify or reduce these effects
(Candela et al. 2009; Van Roosmalen et al. 2009; Poelmans
et al. 2010; Dawes et al. 2012; Pulido-Velazquez et al. 2015;
Han et al. 2017; Mohan et al. 2018).

A range of groundwater sustainability policies have
emerged in response to current and projected water resource
degradation (Gleeson et al. 2012; Elshall et al. 2020). This
includes sustainable yield and related policies, which limit
groundwater pumping to levels that can be sustained over
the long-term without compromising societally defined hu-
man and ecological uses of the resource (Hansen 2012;
Pierce et al. 2013; Rudestam and Langridge 2014; Elshall
et al. 2020). Second, watershed protection programs focused
on maintaining or enhancing hydrologic ecosystem services,
including groundwater recharge, are rapidly growing, partic-
ularly in the tropics (Abell et al. 2017; Salzman et al. 2018;
Brauman et al. 2019). A key information need for both
groundwater sustainable yield policies and watershed protec-
tion efforts is improved understanding of the relative impacts
of watershed management on groundwater recharge and sup-
ply in a context of broader climate and land-cover change
(Chun et al. 2017; Bremer et al. 2020). Furthermore, translat-
ing changes in groundwater recharge and supply into metrics
directly related to groundwater management (e.g. change in
sustainable yields, supply costs, number of households ser-
viced, etc.) is critical to support integrated land and water
management and funding decisions (Guswa et al. 2014;
Kroeger et al. 2019; Wada et al. 2020).

However, there are few examples of hydrologic ecosystem
services studies that link watershed ecohydrologic processes to
economic and other well-being metrics (Brauman 2015), partic-
ularly in a context of climate change. The majority of existing
valuation studies focus on the impacts of watershed protection on
water quality rather than quantity (Keeler and Polasky 2014;
Ozment et al. 2018; Kroeger et al. 2019), and those that do focus
on groundwater ecosystem services directly link recharge to eco-
nomic value (without consideration of groundwater dynamics) or
utilize highly simplified groundwater modeling frameworks
(Brauman 2015; Bremer et al. 2019; Burnett and Wada 2014;
Wada et al. 2020). This leaves important gaps in the understand-
ing of how spatially heterogeneous watershed management and
aquifer dynamics influence the value of watershed management.

The importance of groundwater sustainability efforts is par-
ticularly important on islands, where there is often near com-
plete reliance on groundwater, with few options for substitutes
beyond desalination andwater reuse (Izuka et al. 2018; Holding
et al. 2016). The Hawaiian Islands, for example, rely heavily on
groundwater, with 99% of drinking and half of all water use
sourced from aquifers (Tribble 2008). As required by the
HawaiFi State Water Code, sustainable yield limits have been
established for all aquifers primarily by using a lumped ground-
water model (Townscape 2019). The model, known as the
Robust Analytical Model (RAM), is based on a steady-state

assumption for an aquifer where inflows (recharge) equal out-
flows (leakage plus pumping), with all pumping lumped as a
single value (Mink 1981). An improved version that accounts
for salinity, RAM 2, was later introduced by Liu (2006).
Although RAM 2 is useful in its simple and widely applicable
approach, the state water regulator and others have identified
the critical need to update sustainable yield estimates to better
account for aquifer spatial heterogeneity, future land-cover and
climate change, and groundwater flow to ecosystems (Chun
et al. 2017; Townscape 2019; Burnett et al. 2020).

There is also increasing interest by Hawai‘i water utilities,
regulators, and land managers in quantifying the outcomes of
watershed protection on groundwater recharge and supply in
order to justify and guide investments (Bremer et al. 2015;
Burnett et al. 2017; Povak et al. 2017; Roumasset and Wada
2015). Watershed protection activities in Hawai‘i primarily in-
clude efforts to protect native forests from invasion by nonna-
tive ungulates and high-water-use invasive plant species
(Burnett et al. 2017; Povak et al. 2017; Wada et al. 2017).
While significant uncertainty remains on the impacts of species
invasions on tropical ecohydrology (Hamel et al. 2017; Wright
et al. 2018), a growing body of field studies suggest greater
transpiration rates—and thereby lower groundwater recharge
rates—in typical nonnative, invasive versus typical native forest
stands (Giambelluca et al. 2008; Kagawa et al. 2009; Cavaleri
et al. 2014). Several studies in Hawai‘i have utilized water
balance and other hydrologic models parameterized by limited
field data to assess the impact of land cover, including water-
shed protection on groundwater recharge (Engott 2011; Burnett
et al. 2017; Povak et al. 2017; Brewington et al. 2019), and
linked economic metrics (Burnett and Wada 2014; Brauman
et al. 2015; Bremer et al. 2019; Wada et al. 2020). However,
none of these studies link groundwater recharge tomanagement
implications through a spatially explicit groundwater model to
evaluate the combined effect of watershed protection and cli-
mate change.

Accordingly, the objective of this study is to inform land
and groundwater policy in the most heavily utilized aquifer in
Hawai‘i through assessment of the impact of future land-
cover change, including watershed management and urban
development, on groundwater recharge, sustainable yield,
and groundwater replacement costs, in a context of a dry
future climate—representative concentration pathway (RCP)
8.5 mid-century (Elison Timm et al. 2014). In so doing,
this study fills important gaps in groundwater ecosystem ser-
vices valuation and provides a novel combination of partici-
patory land-cover scenario development, sustainable yield es-
timation using a simulation optimization approach, and
groundwater replacement cost analysis. This study also pro-
vides important lessons for HawaiFi and other parts of the
world, particularly for islands and other regions where
groundwater is critical to water security, and where species
invasions threaten source watersheds.
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Methods

Study site

The Pu‘uloa (Pearl Harbor) aquifer, on the island of O‘ahu, is
the most heavily utilized aquifer in the State of Hawai‘i, sup-
plying the majority of the island of O‘ahu’s drinking water
(Tribble 2008; Fig. 1). Whereas the Island of O‘ahu represents
50% of water demand across the state, it receives just 7% of
statewide groundwater recharge. Accordingly, the island as a
whole, and the Pu‘uloa aquifer in particular, is of high concern
for water security (Izuka et al. 2018).Mean rainfall in the region
is ~1,400 mm/year (based on the HawaiFi Rainfall Atlas
years 1978–2007; Giambelluca et al. 2013) and mean annual
groundwater recharge is 553 mm/year (Engott et al. 2017).
Variation in groundwater recharge is primarily driven by
changes in rainfall which generally increases with elevation
across the aquifer, from sea level to ~900 m above sea level,
but land cover also plays a role. Detailed information about the
aquifer, including the geology and hydraulic properties of var-
ious formations, the groundwater flow system, and various re-
charge and discharge pathways, can be found in Oki (2005).

Due to its vital importance as a groundwater source and
concerns about its long-term sustainability, the Pu‘uloa
aquifer has been the focus of a number of studies
addressing groundwater management and sustainable yield
policies (Mink 1980; Oki 2005; Liu 2006; Burnett et al.
2020). Designated as a groundwater management area by
the state, the aquifer is protected by managing groundwater
pumping through a permitting process. For management pur-
poses, the aquifer is divided into three hydrologically connect-
ed systems: the Ewa-Kunia system, theWaipahu-Waiawa sys-
tem, and the Waimalu system (Fig. 1a). This study covers the
Pu‘uloa aquifer as well as theMoanalua subaquifer (part of the
Honolulu aquifer), which is included as part of the groundwa-
ter modeling domain due to aquifer interconnectivity (Fig. 1;
Oki 2005). Current pumping across the modeled area is 443
million liters per day (MLD).

From the late 1800s to the mid 1990s, much of the Pu‘uloa
aquifer pumping was used to supply sugarcane plantations, but
the decline of sugar and large-scale conversion to suburban de-
velopment shifted water allocation from agricultural to urban use
(Wilcox 1996; Izuka et al. 2018). State land-use designations in
the area are currently ~30% conservation, 23% agriculture, and

Fig. 1 Pu‘uloa (Pearl Harbor)
aquifer, Island of O‘ahu, Hawai‘i
(USA): a groundwater wells
where pumping is greater than 3.8
million liters per day (MLD) and
springs; b baseline land cover.
Note that “alien forest” refers to
forest dominated primarily by
nonnative (nonindigenous) spe-
cies; the term “nonnative forest”
is used in the text
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47% urban (State of Hawai‘i 2019). The future of agricultural
lands is highly uncertain as up to 40% of agricultural lands across
the state are currently unfarmed, yet there is strong interest in
revitalizing agricultural systems (Miles 2020). Over the last 50
years, suburban development has occurred over vast areas of
former plantation lands, whereas there is currently a push to-
wards denser development, particularly around the planned ele-
vated rail system. However, the trajectory of urban development
and how this intersects with agricultural lands is highly uncertain.

Much of the remaining native forest in conservation lands
are is threatened by invasive plant species (e.g. strawberry gua-
va; Psidium cattleianum), which available research suggest
have higher transpiration rates than typical native forest species
(e.g. ‘ōhi‘a lehua;Metrosideros polymorpha; Giambelluca et al.
2008, 2014; Burnett et al. 2017). In an effort to protect existing
native forests for their biodiversity and cultural value as well as
for potential links to groundwater recharge, the Ko‘olau
Mountains Watershed Partnership, the state conservation agen-
cy (Department of Land and Natural Resources, Division of
Forestry and Wildlife) and others, work to prevent the spread
of invasive species through ungulate fences and invasive plant
control. Fences both protect native forest from degradation of
the understory and also help to slow the spread of nonnative,
invasive plant species. There is a strong interest on the part of
these organizations, as well as the Honolulu Board of Water
Supply (the local water utility that also invests in source water-
shed protection), and the Commission on Water Resources
Management (the water regulator and administrator of the
State Water Code) to understand the implications of watershed
protection efforts in terms of hydrologic as well as economic
and other well-being metrics.

Land-cover scenarios

The baseline land cover (Fig. 1b) used in this study is based on a
2010 O‘ahu land-cover map developed by the United States
Geological Survey (USGS) for estimating groundwater recharge
(Engott et al. 2017), which is largely based on the LANDFIRE
product (LANDFIRE 2012). In order to evaluate the potential
effect of a range of future land-cover possiblities, including
changes in watershed management (forest protection) and urban
development, this study developed stakeholder-informed,
spatially-explicit scenarios of future land cover over 50 years
(2021–2070). In total, six scenario maps were created
representing plausible future land-cover changes based on input
from key land managers, including the Hawai‘i State Office of
Planning, the City and County Department of Planning and
Permitting, The State of Hawai‘i Department of Land and
Natural Resources, Division of Forestry and Wildife
(DOFAW), and the Ko‘olau Mountains Watershed Partnership
(Fig. 2). All land-cover scenarios and resulting groundwater re-
charge estimates are publicly available (Brewington et al. 2020).

Watershed management scenarios

Drawing from engagement with DOFAW and the Ko‘olau
Mountains Watershed Partnership, three future watershed
management scenarios were created: high-forest-protection
(Fig. 2a,d); targeted-forest-protection (Fig. 2b,e); and no-
forest-protection (Fig. 2c,f). In high-forest-protection, all
existing native forest (8,186 ha) is protected from invasion of
nonnative forest through ungulate fencing and invasive plant
species control. This is considered a best-case scenario by land
managers given the challenge and cost of restoring nonnative
forest to native forest. The targeted-forest-protection scenario
focuses on protecting areas within existing and planned ungu-
late fences (~2,409 ha). This scenario represents a desirable and
plausible scenario (assuming continued funding and support).
Finally, the no-forest-protection scenario represents a perceived
worst-case scenario where no fences are established and no
conservation activities take place.

Based on input from the watershed management stake-
holders, and following Brewington et al. (2019), it
was assumed that areas enclosed by fences are protected and
do not convert to nonnative forest. To estimate the spread of
nonnative forest outside of fenced areas in no-forest-
protection and targeted-forest-protection scenarios, a spread
model developed by Bremer et al. (2019) was adapted to as-
sess the trajectory of invasion of nonnative forest into native
forest in East Maui. In the absence of fencing, this study eval-
uated 5% and 10% annual spread rates based on ranges esti-
mated from watershed manager input and an existing study
(Geometrician Associates 2010; Bremer et al. 2019). Starting
from the baseline land-cover map, 5% of native forest pixels
adjacent to existing nonnative forest are converted to nonna-
tive forest each year over 50 years. Given that spread can
occur in different spatial configurations, 1,000 simulations
of potential spread pathways were run over the 50 years.
Full conversion is reached after 13 years for the 5% spread
and 9 years for the 10% spread assumptions respectively. In
both cases, full forest conversion is reached far before the 50-
year time period, so complete conversion of native to nonna-
tive forest outside of fenced areas was assumed in both the no-
forest-protection and targeted-forest-protection scenarios. Full
conversion refers to near stabilization (<0.5% of forest pixels
outside of fenced areas remaining native forest). After this
point, conversion of the last remaining native forest pixels that
are not adjacent to nonnative forest is slow.

Urban development scenarios

The watershed management scenarios were crossed with two
scenarios of urban development. Urban development is im-
portant to consider as this is a major land-cover change
projected to occur within the region over the coming decades
(Calthorpe Associates 2013), and there are important
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questions around how these changes will affect groundwater
recharge and sustainable yield. Stakeholders emphasized that
it is extremely unlikely that future urban development will
occur on conservation lands so all development scenarios con-
sidered only areas zoned as urban and agriculture.

With input from the City and County of Honolulu
Department of Planning and Permitting and the State of
HawaiFi Office of Planning, two urban development scenarios
were developed: (1) corridor development (Fig. 2a–c); and (2)
urban sprawl (Fig. 2d–f). As recommended by the City and
County of Honolulu, these are based on two qualitative
scenarios developed in Calthrope (2013) as part of the City and

County of Honolulu’s transit oriented development (TOD) plan-
ning efforts. Transit oriented development refers to development
around a 0.6-km radius of the planned elevated rail system on
O‘ahu, with the Pu‘uloa aquifer. In line with stakeholder inter-
ests, this study focuses on broad urban development trends—
dense versus sprawl development—representing two extremes
of potential future urban development.

Both scenarios include the two major planned develop-
ments, of 3,500 residential units (Koa Ridge) and 11,750 resi-
dential units (Ho‘opili). In the first scenario, corridor develop-
ment, all existing low- and medium-intensity development
within the 0.6-km corridor become high-intensity development

Fig. 2 Stakeholder-informed future forest protection and urban
development land-cover scenarios: a corridor development + high-
forest-protection; b corridor development + targeted-forest-protection; c

corridor development + no-forest-protection; d sprawl development +
high-forest-protection; e sprawl development + targeted-forest-
protection; f sprawl development + no-forest-protection

Hydrogeol J



(6,084 ha). Agricultural lands, golf courses, and native ecosys-
tems were not converted within the corridor area, with the excep-
tion of the planned Ho‘opili development, and no development
occurs beyond the corridor with the exception of the Ho‘opili and
Koa Ridge developments. The corridor development scenario is
roughly based on the TOD corridor focus narrative (Calthorpe
Associates 2013), and is considered a best-case scenario in terms
of the reduction of urban sprawl, which city and state planners
hope to avoid due to multiple concerns including land conversion
and infrastructure limitations.

In the second urban development scenario, sprawl develop-
ment, all agricultural lands within and outside the rail corridor,
with the exception of a small amount of land designated as “im-
portant agricultural lands” (IAL) (State of Hawai‘i Land Use
Commission 2019), are converted to medium-intensity develop-
ment (8,225 ha). The current agricultural lands available for
sprawl development was updated using the Hawai‘i Agricultural
Baseline (Melrose 2015). The sprawl development scenario is
roughly based on the TOD “business as usual” narrative, and is
considered worst-case in the sense that the majority of develop-
ment occurs on previously undeveloped land in a similar pattern
to suburban development over the last several decades. The two
urban development scenarios and the three watershed protection
scenarios were combined to generate six final future land-cover
scenarios for the Pu‘uloa aquifer (Fig. 2; Table 1).

Groundwater recharge and sustainable yield
estimates

Spatially explicit estimates of annual groundwater recharge
for each land-cover scenario were estimated by using the

Hawai‘i Groundwater Recharge Tool (Mclean et al. 2019;
Fig. 3). The tool uses recharge values computed using the
Soil-Water-Balance (SWB) code version 2.0 for Hawai‘i
(Westenbroek et al. 2018; Mclean et al. 2019a, b), which
employs a modified Thornthwaite-Mather soil-moisture ac-
counting method (Thornthwaite and Mather 1955, 1957) to
calculate net infiltration. The SWB calculates the distribution
and timing of net infiltration out of the root zone, as well as
other components of the water balance, including soil mois-
ture, reference and actual evapotranspiration, snowfall, snow-
melt, canopy interception, and crop-water demand. The SWB
uses gridded datasets, including datasets describing hydrolog-
ic soil groups, moisture-retaining capacity, flow direction, and
land use. Net infiltration rates are computed using a rectangu-
lar grid for direct importation into grid-based groundwater
flow models. The primary data requirements include precipi-
tation, temperature, land cover, hydrologic soil group, flow
direction, and soil-water capacity (Westenbroek et al. 2018).

Parameter values were derived from spatial datasets com-
piled for Hawai‘i in Engott et al. (2017) and Izuka et al.
(2018). Variations of this water balance approach have been
used to generate recharge estimates across the Hawaiian
Islands and are the most common source of groundwater re-
charge information utilized by resource managers (Johnson
et al. 2014; Engott et al. 2017; Brewington et al. 2019).
Each land-cover scenario was run under the baseline climate
(1978–2007; Giambelluca et al. 2013) and a dry future climate
scenario RCP 8.5 mid-century (Elison Timm et al. 2014) com-
monly used in management and research in Hawai‘i (Wada
et al. 2017; Brewington et al. 2019). While RCP 8.5 was initially
considered an extreme scenario, historical and current emissions

Table 1 Pu‘uloa aquifer land-cover scenario narratives. MLD million L/day, IAL important agricultural lands

Scenario Description Groundwater
recharge (MLD)
baseline climate

Baseline land cover USGS 2010 land-cover map 758

Scenario 1: Corridor development+
high-forest-protection

High-intensity urban development occurs within a 0.6 km radius of the rail
corridor. All current agricultural lands are protected. All existing native
forest is protected.

744

Scenario 2: Corridor development+
targeted-forest- protection

High-intensity urban development occurs within a 0.6 km radius of the rail
corridor. All current agricultural lands are protected. All native forest
within existing and planned fencing and management areas is protected.

716

Scenario 3: Corridor development+
no-forest-protection

High-intensity urban development occurs within a 0.6 km radius of the rail
corridor. All current agricultural lands are protected. Nearly all existing
native forest is converted to nonnative forest given a lack of protection.

707

Scenario 4: Sprawl development+
high-forest- protection

Medium-intensity urban development sprawls across all agricultural lands
(except those designated as IAL). All existing native forest is protected.

739

Scenario 5: Sprawl development+
targeted-forest- protection

Medium-intensity urban development sprawls across all agricultural lands
(except those designated as IAL). All native forest within existing and
planned fencing and management areas is protected.

711

Scenario 6: Sprawl development+
no-forest-protection

Medium-intensity urban development sprawls across all agricultural lands
(except those designated as IAL). Nearly all existing native forest is
converted to nonnative forest given a lack of protection.

702
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are consistent with this scenario, and RCP 8.5 is currently seen as
the most useful mid-century climate projection (Sanford et al.
2014; Schwalm et al. 2020). Accordingly, this study used the
current climate as a low-range potential future climate, and
RCP 8.5 mid-century a mid- to upper-range projection.

This study applied a sequential approach where a surface-
water model was used to estimate recharge for the groundwa-
ter model, also known as loose-coupling (Elshall et al. 2020).
Elshall et al. (2020) provides a detailed discussion of the pros
and cons of loose-coupling versus coupled or integrated hy-
drologic modeling approaches. Models applying the latter ap-
proach are more accurate in estimating recharge through infil-
tration due to improved accounting for the dynamics of evap-
oration over space and time (Elshall et al. 2020). Fully coupled
models are generally more suitable for integratedmanagement
of surface and subsurface resources under land-use change,
climate variability, and groundwater pumping. However,
coupled and integrated models are typically complex and in-
volve substantial simulation uncertainty due to data shortages.
This simulation uncertainty would substantially hinder the
current study in applying a numerical model within an opti-
mization framework. This study thus used a loose-coupling
modeling approach, which is an accepted and widely used
methodology (Elshall et al. 2020).

Recharge results were then combined with a groundwater
simulation optimization approach to estimate sustainable yield
(Burnett et al. 2020). Simulation optimization is a technique that
solves an objective function stating the management objectives
aided by the simulation models and an optimization algorithm to
find optimal management solutions. The transient finite element
groundwater SUTRA model of the Pu’uloa aquifer (Oki 2005)
was used to simulate groundwater flow and salinity distribution.
This model, a modified version of SUTRA 2.0 (Voss and
Provost 2002), was designed to simulate three-dimensional
(3D) variable-density groundwater flow and solute transport in
heterogeneous anisotropic aquifers. Themodel’s domain extends
vertically to coincide with an assumed aquifer bottom, and is
laterally defined by no-flow, recharge, or specified-pressure
boundaries. Pumping wells are represented by distributing the
well fluxes over the nearest vertical column of nodes. Springs
are simulated as functions of simulated head levels. Oki (2005)
calibrated the model using published data to constrain values for
permeability, storage, and a spreading-related parameter.

For the 50-year design period from 2021 to 2070, the sim-
ulation optimization approach estimated the maximum allow-
able pumping (or sustainable yield) in the Pu‘uloa aquifer with-
out violating salinity and drawdown constraints to ensure the
long-term quality of the aquifer (Fig. 3). Salinity constraints

Fig. 3 Flow diagram of the
modeling framework: a–b
scenarios of climate change and
land cover are c inputs into the
Hawai‘i Groundwater Recharge
Tool which utilizes the Hawai‘i
Soil Water Balance model to
generate recharge estimates,
which then are d inputs into the
groundwater simulation
optimization. e Final outputs are
estimates of sustainable yield,
spring and submarine discharge,
and groundwater replacement
costs for each scenario
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were set to 250 mg/L Cl following the Environmental
Protection Agency’s secondary standard for drinking water,
with the exception of the wells in the nearshore caprock forma-
tion, for which the salinity constraint was set to 1,000 mg/L Cl,
as some of these wells are naturally brackish and are not used
for potable supply (Fig. 1a). The drawdown constraint in
pumping wells was set to a maximum allowable drawdown
of 5-meters from predevelopment water-levels as defined by
the water regulator. The simulation optimization procedure uti-
lizes the covariance matrix adaptation-evolution strategy
(CMA-ES, Hansen et al. 2003), with parallel computing imple-
mentation (Elshall et al. 2015). CMA-ES is a stochastic
derivative-free optimization algorithm that numerically esti-
mates a covariance matrix of the decision variables to learn
about the underlying objective function:

f ¼ ∑
m

i¼1
qi � pi

pi ¼ −1
pi ¼ 1

∀Wi;obs > Wi;threshold

∀Wi;obs≤Wi;threshold

�
ð1Þ

to find the total maximum allowable pumping without violat-
ing these constraints, for any m number of pumping wells
(decision variables). A withdrawal dependent objective func-
tion was used such that the candidate solution value was be
penalized if the chloride concentration or drawdownWi, obs in
any pumping well i exceeded the chloride concentration or
drawdown threshold Wi, threshold for that pumping well i; qi
and pi are the pumping rate and penalty term of pumping well
i, respectively. The chloride concentration and drawdownWi, obs

was observed at the end of the simulation period. Five nodes
were used for each simulation optimization run. The simulation
optimization was run for 200 iterations with an average iteration
time of ~0.4 h using the standard nodes of the University of
Hawai‘i (UH) high performance computing (HPC) cluster.
Each standard node had dual socket Intel Xeon E5–2680 v2
(10-core @ 2.8GHz) and 128 GB of RAM.

As a point of comparison, a forwardmodel run of the SUTRA
Pu‘uloa model for the region was also conducted assuming
that the current pumping allocation continues for 50 years. The
forward model run solution was compared with the optimized
sustainable yield estimates to evaluate the benefit of optimization.

Groundwater replacement costs

Groundwater replacement costswere estimated based on ground-
water consumption projections developed by the Honolulu
Board of Water Supply (HBWS 2016), which currently serves
roughly one million customers on O‘ahu, including those resid-
ing in the regions overlying and surrounding the Pu‘uloa aquifer.
Demand projections were driven by two primary factors: (1)
population growth and (2) changes in per capita demand. In
HBWS’s moderate demand growth scenario, HBWS assumes

that the population continues to grow through 2040, while per
capita demand for each customer declines over time. The HBWS
high demand growth scenario assumes that per capita demand
remains constant over time for the existing population, while per
capita demand declines for new future users owing to the utility’s
plannedwater conservation initiatives and expected reductions in
potable water irrigation. Although demand projections are tied to
land use districts rather than aquifers, it was assumed that the
Pu‘uloa aquifer will continue to supply surrounding districts in
the future, including the primary urban core and surrounding
areas. In 2012, the base year for the projections, demand for
the four districts of interest (Ewa, Central O‘ahu, East
Honolulu, Primary Urban Center, HBWS 2016) totaled 424.7
MLD. The aggregated projected demand in 2040 is 468.6
MLD and 500.8 MLD for the moderate- and high- demand
growth scenarios respectively. These values correspond to aver-
age annual demand growth rates of 0.35 and 0.59%. Assuming
that the rate of demand growth remains constant, the projections
were extended to year 2070, which resulted in final-period de-
mands of 520.8 MLD (moderate growth) and 597.3 MLD (high
growth).

D2070 ¼ eg 2070−2012ð ÞD2012

where g ¼ ln
D2040

D2012

� �
= 2040−2012ð Þ ð2Þ

such that D2012, D2040, and D2070 are the observed or projected
quantities of water demanded in millions of liters per day for
years 2012, 2040, and 2070 respectively. For each land-cover
and climate scenario, the year 2070 shortfall was calculated un-
der each of the demand growth assumptions (moderate and high)
as the difference between the sustainable yield estimate generated
by the simulation optimization module and the final-period de-
mand projection. In the cases where estimated sustainable yield
exceeds projected demand, expected shortfall in 2070 is zero.
Replacement costs in year 2070 were then calculated by multi-
plying the estimated shortfall for each land use and climate sce-
nario by $2.38 USD/1,000 L, based on a recent estimate of the
unit cost of desalination inMaui, Hawai‘i (MCDWS2019). Note
that the estimated replacement cost for each scenario is the cost of
bridging the gap between sustainable yield and demand using
desalination in year 2070, i.e., not aggregated over the 50-year
planning period.

Results

Groundwater recharge

Under baseline land cover, groundwater recharge is projected to
decline by ~16% (from 758 to 638 MLD) under RCP 8.5 mid-
century rainfall comparedwith baseline rainfall conditions (Fig. 4;
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Table 2).Reductions in recharge occur across the study area, with
the exception of golf courses where recharge increases slightly
(shown in blue areas in Fig. 4c due to increases in irrigation).
Reductions are greatest in high elevation forested areas (Fig. 4).

Land-cover change has an important, but less significant
impact on recharge than climate change. Specifically, recharge
is projected to be 1–7% lower in the future land-cover scenarios

compared to the baseline land cover across both climate
scenarios (Tables 1 and 2). The greatest reduction in recharge
due to land-cover change is in scenario 6 (no-forest-protection
and sprawl development), which reduces recharge by 56 MLD
under the baseline climate and 46 MLD under RCP 8.5
mid-century climate compared to the baseline land-cover
(Fig. 5; Tables 1 and 2). In contrast, compared to the baseline

Table 2 Sustainable yield, spring
discharge, and replacement costs
(under two demand growth
assumptions) of land-cover
scenarios

Scenario Recharge
(MLD)

Optimized
sustainable Yield
(MLD)

Spring
discharge
(MLD)

Replacement cost
(million $US/year)

Moderate
demand

High
demand

Baseline climate

Baseline landcover 758 575 234 0 19

RCP 8.5 mid-century rainfall

Baseline landcover 638 481 236 35 101

1: Corridor development;
high-forest-protection

633 473 238 41 108

2: Corridor development;
targeted-forest-protection

606 439 240 71 137

3: Corridor development;
no-forest-protection

595 428 243 81 147

4: Sprawl development;
high-forest-protection

629 458 238 54 121

5: Sprawl development;
targeted-forest-protection

602 435 235 74 141

6: Sprawl development;
no-forest-protection

592 428 241 81 147

Fig. 4 Groundwater recharge
under baseline land cover and a
baseline and b RCP 8.5 mid-
century rainfall. c Change in
groundwater recharge from
baseline to RCP 8.5 mid-century.
Note that areas with recharge
>4000 mm/year are minimal
and primarily reservoirs
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land cover, scenario 1 (high-forest-protection and corridor de-
velopment) reduces recharge by a much smaller amount (14
MLD under the baseline climate and 5 MLD under RCP 8.5
mid-century climate; Fig. 6). The conversion of native forest
and urban development decreases recharge across the majority
of the study area, with the exception of small areas where non-
native forest, grassland, and tree plantation areas are converted
to urban development or where medium-intensity is converted
to high-intensity development (Figs. 5 and 6).

Collectively, the projected benefits of informed land-cover
planning (i.e. avoided sprawl and high-forest-protection), or
the difference between scenario 1 (high-forest-protection and
corridor development) and scenario 6 (no-forest-protection

and sprawl development), is a 6% increase in groundwater
recharge. Specifically, recharge in scenario 1 is 42 MLD
higher than scenario 6 in the baseline climate, and 41 MLD
higher under RCP 8.5 mid-century rainfall (Fig. 7). The de-
gree of watershed protection is the most important land-cover
signal, making a far bigger difference than the trajectory of
urban development. Holding urban development constant, re-
charge under high- and targeted-forest-protection is 5–6%
(37–38 MLD) and 1–2% (9–11 MLD) higher than no-forest-
protection, respectively across both climate scenarios
(Tables 1 and 2). The greatest benefits of forest protection
peaks in the 250–400-meter elevation band. Controlling for
the forest protection scenario, recharge under corridor

Fig. 5 Changes in recharge as a
result of a transition from
the baseline land cover to scenario
6 (urban sprawl and no-forest-
protection) under baseline and
RCP 8.5 mid-century rainfall. a
Baseline land cover only where
change occurs; b scenario 6 land
cover only where change occurs;
c land-cover-induced change in
recharge under baseline climate; d
land-cover-induced change in re-
charge under RCP 8.5 mid-
century rainfall

Fig. 6 Changes in recharge as a
result of a transition from
the baseline land cover to scenario
1 (corridor development and
high-forest-protection) under
baseline and RCP 8.5 mid-
century rainfall. a Baseline land
cover only where change occurs;
b scenario 1 land cover only
where change occurs; c land-
cover-induced change in recharge
under baseline climate; d land-
cover-induced change in recharge
under RCP 8.5 mid-
century rainfall
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development is >1% or (3–5 MLD) higher than sprawl devel-
opment across both climate scenarios.

Groundwater sustainable yield and replacement costs
under a dry future climate and varied land-cover
futures

Sustainable yield estimates are projected to decrease by 16%
(94 MLD) under RCP 8.5 mid-century compared to the base-
line climate (Table 1; Fig. 8). Reductions occur across the
aquifer, with the exception of the Waimalu aquifer region
where optimal pumping remains about the same. The most
significant reductions are in the Waipahu-Waiawa and Ewa-

Kunia subaquifers (Fig. 8). Compared to the current climate,
RCP 8.5 mid-century conditions increase annual groundwater
replacement costs by $35 million USD/year under moderate-
demand assumptions and $82 million USD/year under high-
demand assumptions.

Under RCP 8.5 mid-century, sustainable yield is projected
to be 10% (45 MLD) higher under scenario 1 (high-forest-
protection, corridor development) compared to scenario 6
(no-forest-protection, sprawl development). This translates to
a $40 and $39 million USD/year difference in annual replace-
ment costs under both moderate- and high-demand scenarios,
respectively. As with recharge, the biggest driver of this
change is the level of watershed protection. High-forest-

Fig. 7 Groundwater recharge in
scenario 1 (corridor development
and high-forest-protection) versus
scenario 6 (sprawl development and
no-forest-protection) under baseline
and RCP mid-century rainfall. a
Scenario 1 only where land-cover
change occurs; b scenario 6 only
where change occurs; c land-cover-
induced change (difference be-
tween scenario 1 and 6) in recharge
under baseline climate; d land-cov-
er-induced change (difference be-
tween scenario 1 and 6) in recharge
under RCP 8.5 mid-century

Fig. 8 a Optimal sustainable
yield by well under baseline land
cover and climate; b difference in
sustainable yield between
baseline and RCP 8.5 mid-
century climate by aquifer unit
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protection and targeted-forest-protection increases sustainable
yield by 30–45 MLD (7–11%) and by 7–11 MLD (2–3%),
respectively across development scenarios compared to no-
forest-protection. The difference in sustainable yield and as-
sociated value of forest protection is higher under corridor
development ($10 million USD for targeted-forest-protection
and $39–40 million USD for high-forest-protection) than
sprawl development ($6–7 million USD for targeted-forest-
protection and $26–27 million USD for high-forest-
protection; Table 2). This is due to a lower sustainable yield
under sprawl development for high-forest-protection and
targeted-forest-protection, but equal sustainable yield under
no-forest-protection. The type of urban development has a
much lower impact on sustainable yield, with corridor devel-
opment increasing sustainable yield by 0–15 MLD compared
to sprawl development, depending on the forest protection
scenario.

As with climate change, land-cover change (Fig. 9), particu-
larly forest loss, has the largest impact in the Waipahu-Waiawa
subaquifer; however, in contrast to climate change, land-cover
change, both sprawl and forest loss also reduces sustainable yield
substantially in the Waimalu subaquifer. Sprawl development
also results in small further reductions in the Ewa aquifer region,
while forest loss reduces pumping in the Moanalua subaquifer,
particularly under corridor development (Fig. 9). Spring discharge
is similar across all scenarios (Table 2).

Additionally, the simulation optimization approach increases
the amount of freshwater that can be withdrawn compared to
current pumping allocations. Under current pumping distribution,
12% of the 443 MLD withdrawn would be above the defined
salinity thresholds after 50 years under the baseline climate and
land cover. In other words, 390MLDwould be below the thresh-
olds and considered fresh, as compared to the 575 MLD in the
optimized estimate. Under RCP 8.5 mid-century rainfall, 352
MLD of withdrawn water would be below the thresholds (com-
pared to 481 MLD with optimization).

Discussion

Sustainable groundwater management requires an understanding
of how future land-cover and climate change may affect ground-
water yield and management. This is particularly the case on
islands, like the Hawaiian Islands, where reliance on groundwater
is high and options for groundwater substitutes are limited (Izuka
et al. 1993; Holding et al. 2016). In Hawai‘i and beyond there is
strong interest by watershed managers and water regulators in
understanding the role of watershed protection on groundwater
management and costs, particularly in the broader context of
other land-cover and climate change. While climate change
(i.e. RCP 8.5 mid-century) is projected in this study to have
approximately twice the impact of land-cover change, the re-
sults from this study demonstrate that informed land-cover

planning, particularly watershed protection, can be an impor-
tant climate change adaptation strategy. This supports general
conclusions about the important, yet relatively smaller effect
of land-cover versus climate change on groundwater that has
been reported elsewhere (Candela et al. 2009; Van Roosmalen
et al. 2009; Brewington et al. 2019).

In contrast to a similar study on the island of Maui
(Brewington et al. 2019), which found an increase in overall
recharge with future land-cover scenarios, the present study
finds that all the land-cover scenarios decrease aggregate re-
charge compared to the baseline land-cover. The largest driver
of this change is the potential invasion of native forest by
high-water-use invasive species in the absence of protection
activities (in the no-forest-protection scenario), but urban de-
velopment also decreases recharge across most areas.
Whereas Brewington et al. (2019) considered restoration of
pasture in the fog zone, which increases recharge, the present
study focuses only on the protection of native forest given a
lack of high elevation grasslands available for restoration in
the Pu‘uloa aquifer area, and stakeholder input that the costs
of restoring existing nonnative forest are too high to be
feasible.

Benefits of native forest protection

Holding urban development constant, sustainable yield and
associated replacement costs among the three levels of native
forest protection, suggest that forest protection can help to
maintain sustainable yield and to partially mitigate the com-
bined effects of land-cover change and a dry climate scenario.
Results indicate that land-cover-induced changes in pumping are
spatially variable, with the greatest benefits of forest protection in
the Waipahu-Waiawa and Waimalu subaquifers, in line with
previous work demonstrating that land cover can have important
localized effects on groundwater even though the overall impact
compared with climate may be relatively small (Dams et al.
2008). While the science around forest type and water use re-
mains limited (Wright et al. 2018), this study utilizes the best
available data to demonstrate the critical role that watershed part-
nerships and other source watershed protection efforts play in
maintaining groundwater recharge, particularly in a context of
current drying trends (Frazier and Giambelluca 2017). This
study corroborates previous research on the economic value of
watershed protection (Bremer et al. 2019;Wada et al. 2020), and
also provides a more realistic evaluation of impacts on ground-
water management and replacement costs through the linkage to
a groundwater model and simulation optimization approach.

Effects of urban development patterns

Compared with watershed protection, urban development re-
sults in small changes in groundwater, with sprawl develop-
ment reducing recharge and sustainable yield slightly more
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than corridor development. The relatively higher impact of
forest protection versus urban development is, in part, due to
the spatial location of urban development in the lower eleva-
tion, dry areas of the aquifer, whereas forest change occurs in
the higher elevation, wet areas of the aquifer where recharge is
greatest, and is thus most impacted. The main driver of reduc-
tions in recharge with development is a conversion of agricul-
ture and a subsequent reduction in irrigation and pervious
surfaces. In contrast, in the small, localized areas where de-
velopment replaces nonnative forest or tree plantation,

recharge increases. This demonstrates the importance of
the initial land-cover type, the type of development, as
well as environmental conditions in determining the im-
pact of urban development (Han et al. 2017).

Implications for current sustainable yield estimates

Finally, this study also suggests that the current sustainable
yield estimates set at 689 MLD using the Robust Analytical
Model 2 (RAM 2) is likely a large overestimate. Under

Fig. 9 a–l Change in land-cover,
groundwater recharge (mm/year),
and resulting optimized
sustainable yield estimates
displayed by pumping rates per
well (MLD). All in comparison to
baseline land-cover and under
RCP 8.5 mid-century climate
conditions
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baseline land-cover and climate, the optimization simulation
estimates sustainable yield as 575 MLD with land-cover and
climate change further reducing this estimate. Compared with
the spatial distribution of current pumping, optimization in-
creases the amount of water that could be pumped below
defined salinity thresholds. However, it is important to note
that even the optimized sustainable yield for the baseline cli-
mate and land-cover (575 MLD) is lower than the RAM 2
estimate. This gap becomes even larger when considering
land-cover and climate change, which further reduces sustain-
able yield as low as 428 MLD.

Study limitations

There are a number of important limitations of this study.
First, there is substantial uncertainty regarding the climate
and land-cover scenarios used, which are meant to represent
a range of potential futures. This study uses the statistically
downscaled dry climate scenario, RCP 8.5 mid-century. This
scenario is ~7% drier (due primarily to dry season anomalies)
than the other available downscaled mid-century scenario for
Hawai‘i RCP 4.5 mid-century (Elison-Timm et al. 2014).
However, dynamically downscaled climate data is also avail-
able for the end of century, which also projects overall drier
conditions across the aquifer, but slightly wetter conditions in
the highest elevation areas (Zhang et al. 2016). Future
research could incorporate a greater range of climate
projections into such analyses.

Second, there are limitations associated with the water bal-
ance model (Westenbroek et al. 2018; Mclean et al. 2019),
including uncertainties around how forest types are parame-
terized given limited data on the ecohydrology of specific
forest species and how this varies spatially under different
conditions. The native and nonnative forest models are param-
eterized based on available water use rates of a typical native
(‘ōhi‘a lehua; M. polymorpha) and typical nonnative (straw-
berry guava; P. cattleinanum) species. Uncertainties also exist
in the PH SUTRA model regarding various hydrological and
numerical aspects, which are described in Oki (2005). In ad-
dition, optimization results are subject to limitations as
discussed by Elshall et al. (2015).

Finally, replacement cost calculations are based on projected
water consumption, which will be partially dependent on other
factors, including future water pricing and improvements in wa-
ter efficiency. These costs will also hinge on the realized future
cost of the next best alternative to groundwater, which is assumed
here to be desalination, but will also shift over time in response to
technological progress. In addition to further ecohydrological
studies comparing native and nonnative forest types, there is also
a need for further research into the outcomes of incorporating
green roofs, rain gardens, and other green infrastructure ap-
proaches of urban development. As calibrated, the Hawai‘i
SWB assumes less impervious surface with high-intensity

development than low or medium-intensity development, but
urban design approaches could increase the permeability of sur-
faces, slow down surface runoff, and increase recharge.

Conclusions

This study develops and applies a novel hydrologic ecosystem
service valuation framework linking participatory develop-
ment of land-cover scenarios with a spatially explicit ground-
water optimization simulation and economic valuation, and
applies it in the most heavily utilized aquifer in Hawai‘i.
Results point to the potential for watershed protection to help
to mitigate the combined effects of land-cover and climate
change on groundwater recharge, sustainable yield, and re-
placement costs. While a less important driver than reductions
in rainfall from a dry climate scenario, forest protection is a far
larger driver than trajectories of urban development, in part
because of the location of urban development in drier areas.
While the ecohydrology of various forest types is uncertain,
the best available data suggests that native forest protection is
an important supply side option that can help to adapt to the
impacts of climate change. This is important information for
water regulators, who set sustainable yield estimates, as well
as for managers and potential funders of source watershed
protection programs who seek to guide and justify manage-
ment efforts. Additionally, this study demonstrates the value
of combining participatory scenario development with hydro-
logical and economic analyses for informing sustainable land
and water management in Hawai‘i and other regions, particu-
larly where species invasions threaten source watersheds.
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