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Introduction  

The past, and the present, are littered with examples where extraction of renewable natural 

resources outpaces the natural capitalôs ability to replenish them.  We investigate one such 

resource, water, on the island of Oahu, Hawaii.  The economic causes of this tragedy of the 

commons combine demand and supply side considerations.  On the supply side, unanticipated 

shifts in the productive capacity of the natural capital and uncertainty about the productive 

capacity rendered shortages and irreversible changes in the ecosystemsô functions. Rapid 

destruction of healthy forest over the 19
th
 century considerably altered the hydrological cycle on 

the island.  The demand side pressures of open access property rights intensified the problem in 

two dimensions: first, open ranging of cattle and free movement of ungulate species in the forests 

caused the rapid deterioration of the watershed. Second, the discovery of groundwater resources 

promoted water usage for sugar production and rapidly generated intertemporal inefficiencies in 

resource extraction of groundwater while delaying watershed remediation with its abundant 

supply.   

 

Conservation efforts only began when the threat to the economic returns became dire; without 

immediate investment the flow of the renewable resource would have likely disappeared. The 

stock of groundwater in the basal lens would have been extracted faster than it could have been 

recharged, becoming saline, and the surface water would have decreased in quality and quantity 

without forest cover.  Conservation efforts from the end of the 19
th
 century through the mid 20

th
 

century included immediate fencing off of ungulates, land use zoning, longer term replanting of 

degraded forest, minor improvements in pricing and engineering improvements in groundwater 

extraction and distribution.   

 

The long run investment in fencing and re-planting has also had long run impacts for the broader 

set of ecological processes that determine the productive capacity of Oahuôs natural resources.  

These resources include endangered species habitat, recreational and aesthetic values, Polynesian 

cultural values, and other visible benefits.  These interwoven ecological returns are quite obvious 
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in the small island system of Oahu, and serve to highlight some of the more difficult to identify 

long run benefits to conservation.  Figure 1 provides place names of import for the paper, shows 

the conservation districts (forested watershed) that were put in place by about 1914 for the 

purpose of watershed protection and in the interests of the sugar industry, and illustrates the 

positive externalities associated with this conservation due to currently existing endangered 

species habitat for plants and the `elepaio (Chasiempis sandwichensis ibidis).  

 

We examine quantitatively the deterioration of, and subsequent rehabilitation of, these forested 

watersheds on Oahu, Hawaii, in order to determine the long run outcomes of conservation 

activities in the early part of the 20
th
 century.  Our analysis calculates long run net benefits to 

water from these conservation activities, which have served to protect water quantity, water 

quality, species habitat, and a variety of related forest amenities.  We incorporate remote-sensing 

data on forest cover, expert opinion on the state of the watersheds today, and an integrated 

economic and hydrological model of Oahuôs freshwater supply and demand with detailed reports 

of annual conservation activities from 1910-1960 to assess these long run net benefits and the 

returns on conservation investments.   

 

We find that the net value of fresh water used on Oahu since 1880 is approximately $42 trillion 

dollars, and that conservation investments of $156-208 million contributed $1.5 trillion dollars in 

value by reducing losses in groundwater volume.  At a minimum, then, forest conservation has 

had a long run benefit-cost ratio of about 8-1, even without consideration or quantification of 

potentially high in-situ values like endangered species habitat. 

 

Historical background 

At the turn of the 20
th
 century, the ecological connections between healthy forests and water 

supply were becoming well known.  In no place was this perhaps clearer than in Hawaii, where 

after only a little more than a century since the first western contact, hillsides were denuded from 

logging and degraded from feral ungulates, and water supplies were visibly decreasing.  

 

The causes of the forest deterioration stemmed directly from western contact.  First, sandalwood 

could be sold to China and the funds used to finance the purchase of newly available western 

goods demanded by the Hawaiian elite.  This sell-off intensified after the death of King 
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Kamehameha I in 1819, as lesser chiefs entrenched themselves in the land and the young 

monarchy struggled to maintain authority.  Second, many new mammals were introduced by 

well-intentioned westerners.  In particular, Lord Vancouver introduced cattle in 1793, and like 

Polynesian pigs, the cattle roamed free.  Goats, sheep, deer, and European boar were also 

introduced around this time. With restrictions on harvesting, their populations grew rapidly and 

caused significant destruction to the forested watersheds.  They also generated direct water 

pollution with their waste. 

 

By the mid 1800s, virtually all the sandalwood had been extracted, with much associated damage 

to the forests
1
, and with the addition of the cattle, forest cover did not return.  New economic 

uses for the land evolved.  Cattle ranching competed with other agricultural uses.  The Hawaiian 

sugar industry was born on Kauai in 1856, using existing irrigation infrastructure and developing 

additional extensive tunnel and irrigation systems.  It spread in the 1860s due to demand from 

the Northern United States, requiring vast amounts of water (10,000 gallons per day per acre). 

The pace intensified with the Reciprocity treaty of 1876, which removed tariff barriers to the 

U.S.   

 

Foreshadowing water issues to come, in the mid 1870s drought caused a water crisis, and the 

Kingdom of Hawaii took its first preservation action, passing the ñAct for the Protection and 

Preservation of Woods and Forests,ò and committed $25,000 to building the first Nuuanu valley 

reservoir (on the island of Oahu) to capture and store surface water (Cox, 1991).  This act also 

served to sever water rights from the Hawaiian resource managers (konohiki) and began a long 

series of legal maneuvers that gave sugar producers control over water (Wilcox, 1996: 29-33).  

We focus our attention on Oahu as it has the highest current economic returns to water, as most 

of the stateôs population (71% in 2008) lives on the 1500 sq. km. island. 

 

Figure 2 shows the former Hawaiian land divisions, or ahupua`a, on Oahu and the conservation 

districts (with key watersheds labeled).  Watersheds and the ahupua`a are quite similar in most 

places.  The ahupua`a would have had a single resource manager (konohiki) for both land and 

water use.  This integrated management system achieved conservation goals prior to Western 

                                                 
1
 Sandalwood extraction can be particularly devastating as it is possible to burn down the forest to ease the job of 

locating the wood without decreasing the value of the sandalwood, which burns differently than other forest 

materials.   



 4 

contact, but the institution did not survive the land reforms intact.  With the 1876 ruling, the 

1879 discovery of groundwater, and the 1882 replanting begun above Honolulu, the changes in 

the watershed before and after this short period are also a measurable piece of the transactions 

costs of transition to western property rights.  Had the sugar industry not blossomed from this 

coming together of rights and resources, the konohiki would have maintained control over the 

individual ahupua`a, with the potential for more integrated resource management but also with 

the same threats and incentive problems that had led to the rapid deterioration of the watersheds 

under their control until 1876.  We leave this line of discussion for consideration elsewhere. 

 

The realization at this time that maintaining healthy upland forests would increase water supplies 

led to private and public fencing, cattle removal, and plantings at Nuuanu and Makiki (Tantalus 

and Roundtop) in the 1870s and 1880s, but other actions were delayed by the simultaneous 

discovery of vast groundwater reserves, discussed below.  

 

Because the transition from the monarchy to a U.S. territory had involved a series of land 

reforms that assigned considerable forested land to the ñstateò from an early period, setting aside 

forest land for watershed preservation was politically feasible from an early stage.  A board of 

Agriculture and Forestry was set up by the territory with the support of the Hawaii Sugar 

Plantersô Association in 1903, and the first watershed reserves were created in 1904.  They were 

expanded throughout the first few decades of the century, with 25% of private and public land in 

the state districted as conservation land by 1914.   

 

On Oahu, the discovery of significant groundwater resources in 1879 allowed its sugar industry 

to take off, as the rich soil of the dry Ewa plain between the two mountain ranges (Waianae to 

the west (leeward), Ko`olau to the east (windward)) could now be irrigated, but this discovery 

simultaneously slowed action on forest preservation.  Though fencing and replanting of upslope 

forests began in the 1880s, it was limited in scope to a few valleys above Honolulu, where 

flooding was also becoming a problem (Nuuanu and Makiki).  $25,000 ($407k-433k 2002) was 

allotted in 1876 to a reservoir at Nuuanu, and $7437 ($128k-135k 2002) was spent in 1882 on 

replanting 36 acres and seeding another 27 acres at Makiki, for an average per acre cost of 

$118.05 ($2030-2130 [$US 2002])  and an average tree cost of $0.14- $0.20
2
. 

                                                 
2
 The death of 15,000 of the 51,400 trees in the following year due to drought provides the range 
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Over the following decades, water demand intensified as sugar production became more 

profitable.  Irrigation ditches and tunnels moved water supplies around the island, constructed at 

significant expense. Figure 3 shows existing ditches and tunnels on Oahu, most of which were 

completed in the first ¼ of the 20
th
 century. By 1925, Oahu sugar plantations had invested over 

$4.9 million (undiscounted; see Wilcox, 1996: 98-113. Current (2002) dollar value 

approximately $77-94 million; for state figures see Wilcox, 1996 and Freeman, 1929), including 

$2.3 million ($28-39 m 2002) from 1913-1916 on a 25 mile ditch and tunnel system (Waiahole 

ditch) that conveys about 27-30 mgd of water from the Windward Waiahole region to the Ewa 

plantation on the southeastern slopes of the Waianae range (Wilcox, 1996; Coulter, 1933).   

 

Both ground and surface water supplies were exhibiting considerable stress.  Groundwater 

withdrawals significantly exceeded recharge, and groundwater head levels had fallen from 

around 42 feet to around 23 feet for the Honolulu Aquifer and from 33.5 feet to 20 feet for the 

Pearl Harbor Aquifer (see Table 1).  Figure 4 delineates the 6 main aquifers and their subsystems 

along with their sustainable yields in million gallons per day (mgd).  The Pearl Harbor and 

Honolulu aquifers are by far the most valuable, with the Pearl Harbor system supplying most of 

the sugar industryôs demand and the Honolulu system supplying most of Waikikiôs demand, with 

both supplying Honolulu proper.  We focus on the Pearl Harbor system because its hydrogeology 

is better studied and because of its historical connections to the vital sugar industry
3
.   

 

It was time to take forest and water conservation seriously, and in the 1920s replanting on the 

territorial government began in earnest.  See Tables 2a-2d for minimum tree plantings by district 

from 1910-1960.  Totals for the Honolulu aquifer were 365,324 trees (Table 2a), most of which 

were planted in the early 1930s, while totals for the Pearl Harbor and Central Aquifers (Table 2a) 

were 526,151, over half of which were planted in the 1940s.  Many of the 498,336 trees planted 

in the Windward aquifer (Table 2c) actually supplemented the Pearl Harbor and Honolulu 

aquifers via the Waiahole ditch, while many of the 235,540 trees planted in the Waianae area 

(Table 2d) supplemented the Ewa plain through smaller irrigation ditches. 

 

                                                 
3
 We save the Honolulu case for future work, though anticipate that the story will be similar. 
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Also during this time, an estimated 230 km of fence was installed to keep feral ungulates from 

trampling the fragile watershed
4
, and in the 1930s new management of the city water supply 

reduced profligate consumption (averaging 500 gallons per day per person, Honolulu BWS, 

2008) through metering, fees, engineering improvements and reduction in waste from leaks. 

 

Ecological-Economic Context 

The hydrological cycle on Oahu is modeled as
 
P
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levels in this analysis for several reasons.  First, current data for Oahu does not allow the 

separation of runoff from the total runoff plus evapo-transpiration.  Second, as surface water is 

successfully captured and moved around the island in the ditches and tunnels at capacity, 

increases (decreases) in groundwater recharge increased (decreased) the overall supply of 

available water without additional impacts on surface water levels. Finally, since over 90% of 

fresh water used on Oahu is groundwater, this is the resource of greatest concern. 

 

 Surface water and forest quality 

First, though, we establish the relationship between surface runoff and forest plantings.  Table 3 

shows the estimated level of stream flow for three major streams supplying surface water on 

Oahu over the 20
th
 century as a function of precipitation and lagged replanting. One can see that 

the plantings reduce the connection between precipitation and discharge, as expected.  This 

                                                 
4
 Though fencing records are incredibly elusive, maintenance of evergreen forest is virtually only successful when 

fenced (pers. communication, M. Constantinides, HI DOFAW, 2008).  Thus anywhere that has current healthy 

evergreen forest is assumed fenced at the base elevation in order to generate a minimum estimate of this important 

conservation tool.  
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conservation worked to reduce and even out stream flow, with the strongest effect on the Nuuanu 

valley.  

 

Figure 5 maps the plantations and long run monitored streams, with hillshading showing 

topography.  Figure 6 graphs the deviations from means for precipitation and stream flow over 

time.  In figure 6, one can see that, while stream flow patterns mimic rainfall closely throughout 

the century, at the beginning of the time period, the fluctuations in stream flow follow the rainfall 

pattern much more closely than they do starting in the 1950s, when the considerable planting 

efforts of the 1920s (shown in table 1) would have begun to show their effects.  As stated, the 

regressions in Table 3 confirm this negative relationship between lagged replanting and stream 

flow.  Thus replanting smoothes stream flow (Figure 6) and increases recharge and/or evapo-

transpiration at the expense of runoff (Table 3).  

 

 Groundwater recharge and forest quality  

We calculate a maximum Q (instrumented by I, since the usable portion of R is considered 

fixed), or water availability, for southern Oahu by dividing Oahu into spatial cells and estimating 

potential groundwater yield as a function of the hydrological properties. We use previous 

estimates (Kaiser et al, 2008) of how slope, elevation, soil quality, and other relevant land 

characteristics affect watershed recharge, runoff, and evapotranspiration to calculate I under 

different land use and forest conditions.
5
   

 

Column 4 of Table 4 (Area recharge, MGD) summarizes recharge levels as split between the 

groundwater aquifers.  Recharge to the PHA is estimated at 184.1 mgd and recharge to the main 

HNL is current estimated at 53.5 mgd. Wahiawa area recharge is estimated at 152.8 mgd, and 

most of this water is closely linked hydrologically to the PHA.
6
 (data from A. El-Kadi).   

 

Forest quality and water balance 

                                                 
5
 This assumes that the surface water capacity constraint is met 

6
 There remains considerable debate about the hydrogeology of Oahuôs aquifers.  The estimate for PHA presented 

here is about 100 mgd lower, and the Wahiawa (Central) about 100 mgd higher, than some other estimates because 

of a controversy regarding the underground flow of water between the central aquifer and PHA.  The HNL estimate 

is close to other estimates (e.g. 64.7 mgd, Liu, 2007).  One larger estimate is Shade and Nichols (1996), which 

calculates island-wide recharge at 791 mgd without irrigation and 879 mgd with irrigation (Moving water from steep 

windward slopes to the plains has increased overall recharge, much of which would have been lost to productive 

human use as surface water.)  Our estimate is spatially explicit, based on measured infiltration rates (and can be used 

in GIS), and includes irrigation.   
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Table 5 shows means and standard errors for the individual spatial cells on Oahu grouped by 

land use classification. OLS estimates of how these land characteristics affect runoff (and 

therefore recharge) are presented in Table 6 (both tables from Kaiser et al, 2008
7
).  In 

specification I (column I, Table 6) coefficients other than the constant do not vary with land 

type; specifications II-V generate separate coefficients for each main land type.  These tables can 

then be used to determine what recharge should be under changes in land use.   

 

Under specification I, we see that compared to evergreen forest, scrub/shrub appears to have 

slightly lower runoff and evapotranspiration (-30 mm/yr), while cultivated land, low intensity 

developed, and high intensity developed have increasingly higher runoff respectively.  These 

results are similar to the raw percentages of runoff plus evapo-transpiration (Table 5, final row) 

with the exception of scrub/shrub, which has a slightly higher runoff percentage (62%) than 

evergreen forest (59%).  This reversal may be because of econometric misspecification, or it may 

highlight one of the foibles of early conservation efforts: the choice of species for planting was 

not made so much for its long run recharge capabilities but for quick soil cover and stabilization.   

 

We calculate how runoff plus evapotranspiration (ET) would change if the existing land use/land 

cover changed to another land use/land cover.   Figures reported in Table 7 (from Kaiser et al, 

2008) are determined from the coefficients presented in Table 6 evaluated at the means of the 

other land use (Table 5).  Means for each land cover category are used to generate estimated 

runoff/ET using coefficients from each regression (II-V), where parameters are allowed to vary.  

Columns use the characteristics of each land use/ land cover in conjunction with the regression 

estimates for another land use/ land cover (rows), illustrating what runoff would be if the land 

use/land cover were to change.   

 

Here, evergreen forest has lowest predicted runoff-ET (62.6%), though there is little difference 

between evergreen forest cover and scrub/shrub cover for reducing runoff levels.  The significant 

differences are between forest cover and developed land.  Since the plantations are generally at 

the lower elevation edges of the conservation district, we assume that without replanting, these 

areas would be significantly degraded even if they maintained their conservation district status, 

                                                 
7
 Kaiser et al (2008) calculates the effect of watershed conservation on near-shore resources.  We now use portions 

of this data to investigate the current status of historical investments.  We estimate effects on runoff + 

evapotranspiration rather than recharge directly because recharge is estimated as a residual already. Table  
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especially in the heavily populated hills rising out of Honolulu.  We expect that they would have 

been the equivalent of low intensity developed land and lost about 15% of their groundwater 

recharge, as calculated in Table 7 (for further discussion see Kaiser et al, 2008).   

 

This is the most likely counterfactual fate for the Ko`olaus without the conservation districts, and 

the best estimate of .the impact of the 19
th
 century devastation to the forest.  High intensity 

developed land, which has essentially no permeable surfaces and thus no recharge, would not 

likely have occurred in part because there would have been insufficient water supply and 

appropriate terrain for such human development.  However the descriptions of the destruction 

from animal grazing at the time, the clayey soils, and the difficulty native species have 

regenerating on their own suggest that this impermeability might well have occurred, rendering 

our estimate of low-intensity development as a probable lower bound for the destruction.   By 

using this current information on non-conservation district lands to recreate a denuded 

watershed, we calculate the lower recharge level that would have existed in 1880.   

 

Note that table 4 shows the results of calculating the current, post-investment levels of recharge 

for Oahu (approximately 670.8 mgd), and the level attributable to re-planting (approximately 

15.4 mgd) broken down by district (column 5).
8
  Thus, we approximate the long run benefits of 

forest replanting as an increase of 15.4 mgd recharge over the century.  We estimate, from the 

stream flow data, that this benefit started to accrue in 1950, at which time fluctuations in stream 

levels as a function of changes in precipitation dampened significantly.  This fits the forestry 

information as well; the first significant plantings of rapidly growing trees were in the 1920s, so 

that 25-30 years later one would expect to see results.  

 

From the annual plantings data described in Table 2, we estimate that $8.8-$12.5 million (2002) 

was the minimum cost of replanting the deforested areas. From concerns expressed about the 

data by current foresters and reported elsewhere (M. Constantinides, HI DOFAW, pers. comm.; 

Buck et al, 1986) this number is most likely no more than half of the actual replanting that 

occurred.  Using the GIS data for the plantations, we calculate that about 230 km of fencing was 

probably installed in this period, though details are very uncertain.  At current fencing costs for 

                                                 
8
 A small part of Southwestern Oahu is missing from this analysis due to data limitations (Oahu is 1507 km

2
, and 

data for 1430 km
2
 is presented here).  The missing region is dry and un-irrigated and does not affect the main 

aquifers. 
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woven or barbed wire fencing for livestock and ungulates, we estimate an investment cost of 

$0.9-1.1 million (2002) (Mayer and Olsen, 2005).  Thus a low overall cost of these investments 

is $18.7 million (2002). 

 

Model and Empirics 

 

For each year, using the additions to groundwater recharge and information on quantity 

demanded at the time, we estimate the net welfare gain of the conservation activities.  We are 

simultaneously able to generate the reverse; overall estimates of the long run net welfare losses 

actually and potentially generated by the initial destruction of natural capital.  The actual losses 

are reduced by the conservation activities undertaken, while the welfare loss that would have 

occurred had no conservation activities taken place are the potential losses to the watershed 

degradation.  From these figures, we can calculate the long run return to the conservation 

investments. Further, by investigating the incremental benefits of annual conservation activities 

over 50 years, we can examine long run marginal benefits of ecosystem conservation. 

 

 Demand for Water 

Changes in economic welfare generated by the conservation activities, in spite of sub-optimal 

pricing (described below), are evaluated and summed according to the (first-best) value of the 

water saved since the discovery of groundwater resources.
9
  Demand for water on Oahu is 

calibrated with previous studies conducted over the past century (e.g. Griffith, 1903; Giffard, 

1913; Mink, 1980).  

 

Figure 7 shows 5-year average groundwater extraction from the Pearl Harbor Aquifer from 

1880-2007 (Mink, 1980 and USGS, 2008).  This historical use suggests a long run average 

annual growth in demand of 1.9%, though it was much faster at the beginning of the period and 

has slowed to a standstill with the demise of sugar
10

.  A variety of studies (Moncur, 1987; Espey 

et al, 1997; Scheierling et al, 2006) suggest that elasticity of water demand is more elastic than 

one might think.  A conservative estimate for elasticity of water demand appears to be about -

0.3.     

                                                 
9
 Note that this provides a minimum estimate of other considerable benefits to the reforestation, in particular 

aesthetic appeal and species habitat. 
10

 Honolulu growth has not slowed as much as PHA, but the 1990s were not a growth period for the islands. 
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Water has never been optimally priced on Oahu.  Until the 1930s, urban water rates were not 

sufficient to meet marginal costs; much water was lost to leaks and other simply repairable items.  

Private groundwater wells, such as fed most of the thirsty sugar plantations, did not pay for the 

scarcity rents of their water use directly.  In 1930 urban water rates were set approximately equal 

to average cost and the Honolulu Board of Water Supply, and efforts to maintain this balance 

continue today.  There were relatively few changes in pricing over the century, and they reflect 

distribution costs. Current water rates for Honolulu are $2 per thousand gallons per day; from 

1930 through to the 1970s they were $0.30-$0.35 per thousand gallons per day (2002 value of 

about $3-1.50).   

 

Since price does not vary considerably and does not reflect scarcity, it is difficult to say what the 

willingness to pay for water on Oahu is, only that it is higher than current prices.  We do, from 

our analysis, have some indication of the costs of trying to increase the water supply.  From the 

1900-1910 irrigation enhancements, we find that during this period, the expected cost of 

increasing surface water quantity to users who want to use it is $96.3 ° $55.9 for 1000 

gallons/day.  Since the only other feasible alternative is desalination, which has not been a 

solution until recent years and would require considerable capital investment in any case, we find 

this estimate to be a reasonable, though high, backstop price for the value of the aquifer water.  

Thus the value of the water to the islands, as measured by its opportunity cost, or scarcity rent, is 

the difference between the backstop price and the direct cost of use of the water.  This direct cost 

of use of the water is the sum of the extraction cost and distribution cost.  Extraction costs are a 

function of aquifer dynamics, discussed below. 

 Supply of Water 

The supply of water is determined by the hydrological cycle, as described above, and extraction 

costs.   

 

The aquifers store a lens of fresh water resting on salt water; if extraction is greater than 

recharge, head levels drop as the pressure reduces and less fresh water is available.  Pressure-

volume relations are such that for every one foot drop in head level, 40 feet of aquifer depth is 

lost. In addition, groundwater extraction costs, cag, are lower the closer the actual freshwater 

yield is to the potential yield. This is due to the reduced pressure on the aquifer requiring 
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increased pumping effort (discussed below).  In the case of surface water, we assume marginal 

extraction costs, 
 
c

s
, are constant and equal to zero.

11
  There is, however, an infrastructural 

capacity constraint to the level of surface water that can be provided, above which any additional 

runoff is lost.
12

  Approximately 90% of Oahuôs water supply is currently supplied from 

groundwater (Oki and Brasher, 2003), as mentioned, and as such it is the focus of our theoretical 

analysis as well. Surface water movement provides an important analytical link as the main 

backstop option, however.  

 

 Groundwater extraction and costs 

For groundwater, extraction costs are related to the overall level of groundwater recharge for the 

aquifer, and are estimated to be  
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where ht is the time denoted groundwater head level and is related to infiltration by the dynamic 
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where It is gross recharge to the aquifer (a function of conservation investment, as shown above 

with the reduction in the connection between stream discharge and precipitation), or 
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is leakage from the pressure of the freshwater lens on saltwater, q is extraction (quantity 

demanded), and k is a constant that translates the head level from feet per year to volume 

measured in thousand gallons per day.   

 

The conservation optimization problem can then be specified as  
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11

 The costs involved in providing surface water are the fixed costs of building the irrigation systems. 
12

 The total cost of adding capacity is assumed greater than the total cost of groundwater extraction because of the 

physical damages that would be required (e.g. stream channelization, tunnel blasting).    
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where b is the discount factor , qt ² 0, b ² 0 is the capacity constraint on zero marginal cost 

surface water,  
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t
, where mit is the conservation contribution in t at 

location i, and Mt is the cumulative (depreciated) stock of contributions to conservation, and d is 

the depreciation rate for conservation investments.   

 

We estimate the willingness to pay curve as flat and bounded by the backstop price of 

$96.3°55.9 per 1000 gallons/day up until the point where available water supplies exceed need 

or the ability of the sugar industry or town to grow any faster, due to the limited size of the island 

and its distance from other locales, and willingness to pay falls steeply to fairly low levels.  

Figure 8 illustrates.  This will be true as long as sugar prices are high enough to justify the 

irrigation costs of adding to the water supply.   

 

Supply of fresh water begins to fall from 
 
Q

S
=Q

H
, the high level of water supply, due to lost 

aquifer recharge from forest degradation or recharge loss due to superfluous extraction, so that 

 
Q

S
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L
, a low level of supply, where freshwater and groundwater levels are close to the 

sustainable yield.  This also increases the marginal extraction costs associated with the given 

aquifer stock level. 

 

As willingness to pay rises steeply, but the price mechanism is not being used to signal scarcity, 

options to regain 
 
Q

S
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H
are pursued instead, and investments 

 
m

t
are made in the attempt to 

increase supply. We calculate the loss of volume in the aquifer over time (a function of aquifer 

head levels and dimension) and the replenishment to this volume as a function of conservation 

investments, following equation 1.2.  Figure 9 shows this loss in volume.   

 

Using equations 1.1 and 1.2 and data on pumping (qt, Figure 7), groundwater head levels (Table 

1), conservation investments (determined from data summarized in Table 2), and other relevant 

costs and prices as described above, we translate these volume changes into values on an annual 

basis in constant (2002) dollars.  We sum these changes over time to find the net value of water 

used to date on Oahu since 1880 and the beginnings of the extraction of groundwater is estimated 
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at $41.5 trillion, with a range of $16.6-$66.4 trillion. The range is a function of the anticipated 

backstop price.  Graphically, since storage volume losses dominate the calculation, the path of 

losses looks similar to Figure 9 but scaled for dollars (Figure 10 shows the maximum case where 

value = $66.4 trillion).  

 

We then use the same procedure to calculate the value of the water if no conservation efforts 

took place, and the 15.4 mgd were never restored to the aquifers (Figure 10).  One sees that the 

benefits begin to be visible in the mid 1920s, with the biggest returns in the late 1950s.  Without 

these conservation efforts of $156-208 million (2002 dollars), an additional $1.49 trillion dollars 

in value (with a range of $0.58-2.4 trillion) would have been expended on the same water usage.   

 

 

Conclusions and Discussion  

 

The change in value determined in our calculations does not look like much graphically (Figure 

10), nor does it seem like a large percentage of the overall value. However, these figures indicate 

that the benefit-cost ratio of the irrigation, conservation district reserves, and reforestation efforts 

is 7.1-9.5, a healthy return considering this does not include the many other valuable externalities 

associated with the conservation districts.  The range of the estimated benefit cost ratio is from 

2.8-15.4, certainly positive. Thus the conservation investments might not seem to have changed 

aquifer levels or the value of water extracted from them very much, but the marginal savings 

have a relatively high, positive long run return on investment.  This should be kept in mind when 

conservation activities that appear incapable of influencing the flows from large natural capital 

stocks are being considered. 

 

 Gross Returns from Conservation 

Thus the gross returns of 2.3% increase in recharge per year, or 15.4 mgd of groundwater 

recharge, amounting to 5.6 billion gallons of fresh water per year, or about 6600 gallons per 

current Oahu household per year.  Again, this may not seem like a great deal of water, given that 

the average American household uses approximately 150 gallons per day.  However, this figure 

increases to 53,500 gallons per year per Oahu resident of 1927, which is essentially yearôs worth 

of consumption at current rates (54,750 gallons/yr), or in other words, would have placed 
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consumption and extraction in equilibrium without growth in population and demand.
13

 Even 

more importantly, storage capacity in the aquifer is maintained, generating between $0.58-$2.4 

trillion dollars in benefits.   

 

Without conservation action, either through politically unpalatable price reform or re-forestation 

and fencing, the sugar industry was quickly drawing down the aquifer to unsustainable levels. 

The aquifer head on PHA had fallen from about 33.5 feet to 20 feet in 40 years, with a similar 

drop in the Honolulu aquifer.  Rapid drawdown of the aquifers enabled the Oahu sugar industry 

to get its start.  Conservation of recharge enabled irrigated sugar production in Hawaii to 

continue. We estimate that the sugar industry on Oahu produced 89.6 million tons of sugar from 

1880-1996, with an estimated value of $1.95 billion (2002)
14

.  With capital costs for irrigation of 

$77-94 million (2002) invested by 1925, reforestation with a 2.3% return to groundwater 

recharge was an economically sensible next step to protect sugar interests, that has provided 

extensive returns both from water value and other ecological and economic benefits.  
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Figure 1: Oahu Conservation Districts and Endangered Species Habitat 

 
 

 

 

Figure 2: Oahu historic land divisions (Ahupua`a) 
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Figure 3: Oahu Surface Water Redistribution 
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Figure 4:  Oahu Aquifers and Forest Plantations 

 

Figure 5: Replantings and Long Run Monitored Streams 

 

Figure 6: Stream flow and precipitation co-variation 
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Figure 7: Groundwater extraction, Pearl Harbor aquifer, Oahu 
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Figure 8: Willingness to Pay and Marginal Cost of Extraction of Freshwater 

 

 

Figure 9: Aquifer Storage Loss 

 

 

Quantity 

$ 

QL 

 

QH 

MEC(QL) 

MEC(QH) 


