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Abstract
Economic growth in Central Arizona, as in other semiarid systems characterized by low and

variable rainfall, has historically depended on the effectiveness of strategies to manage

water supply risks. Traditionally, the management of supply risks includes three elements:

hard infrastructures, landscape management within the watershed, and a supporting set of

institutions of which water markets are frequently the most important. In this paper we

model the interactions between these elements. A forest restoration initiative in Central Ari-

zona (the Four Forest Restoration Initiative, or 4FRI) will result in thinning of ponderosa pine

forests in the upper watershed, with potential implications for both sedimentation rates and

water delivery to reservoirs. Specifically, we model the net effect of ponderosa pine forest

thinning across the Salt and Verde River watersheds on the reliability and cost of water sup-

ply to the Phoenix metropolitan area. We conclude that the sediment impacts of forest thin-

ning (up to 50% of canopy cover) are unlikely to compromise the reliability of the reservoir

system while thinning has the potential to increase annual water supply by 8%. This repre-

sents an estimated net present value of surface water storage of $104 million, considering

both water consumption and hydropower generation.

Introduction
At the close of the first decade of this century, a special issue of the Proceedings of the National
Academy of Sciences painted a grim picture of the sustainability of future water supplies in the
American Southwest [1]. There is agreement among the general circulation models used to
project global climatic change that the region will experience increased aridity as a result of a
northerly expansion of the subtropical dry zones. Specifically, the region is expected to experi-
ence declining winter precipitation and increasingly severe and prolonged droughts over the
21st century. During this period, drought episodes (typified by continuous soil moisture deple-
tion) are expected to increase from 4–10 years to periods of 12 years or more [2, 3]. At the
same time, continued population growth is expected to increase demand for water, leading to
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increasing calls on surface and groundwater supplies. Humans now appropriate around 76% of
streamflow in the region and it is estimated that a doubling of the population would increase
this figure to 86% [4]. At the 2010 census, the Phoenix metropolitan area had a population of
4.2 million, and was growing at an annual rate of 2.7%. If that rate were to be maintained, the
population would be over 7 million by 2030. Official population projections for Maricopa
county are more cautious at 2.1% [5], but still imply a very significant increase over the next fif-
teen years. A study of the impact of population driven demand for water in the Phoenix Metro-
politan Area of Arizona concluded that even if official projections of future population growth
were halved, under most water supply scenarios current per capita water usage could not be
sustained over the next decades while achieving groundwater "safe yields" (i.e. no net draw-
down of the aquifer) by 2025 as established in the provisions of the Groundwater Management
Act [6].

Economic growth in Central Arizona, as in other semiarid systems characterized by low and
variable rainfall, has historically depended on the effectiveness of strategies to manage water
supply and the risks of shortfall. These strategies have centered on the development of hard in-
frastructures (e.g., wells, canals, reservoirs), along with supporting institutions (e.g., water
rights, water laws and water markets) to allocate available supplies among competing uses. The
Phoenix metropolitan area depends on three main sources of water (Fig. 1): groundwater se-
cured from the Phoenix aquifer within the Phoenix Active Management Area (AMA) where
pumping is regulated to prevent overdraft, surface water from the Salt and Verde Rivers, and
water from the Colorado River supplied through the Central Arizona Project. In this paper we
focus on the Salt and Verde Rivers watersheds, and the water infrastructure operated by the
Salt River Project (SRP). The SRP system comprises six reservoirs (Fig. 1 and Table 1) (four on
the Salt and two on the Verde River) with a storage capacity of approximately 2.8 billion m3,
plus a diversion dam at the confluence of the two rivers. The latter directs the flow into a 2,092
km long network of canals and laterals supplying water to a large segment of the Phoenix met-
ropolitan area. The SRP service area comprises about 100,000 ha of agricultural and urban land
(Fig. 1). SRP operates 248 wells within the service area, the aquifer being treated as an addition-
al reservoir in the system. The aquifer is subject to a maximum annual pumping capacity from
SRP wells of about 400 million m3. SRP delivers annually between 1.02 and 1.19 billion m3 of
combined surface and groundwater to its shareholders and contract holders [7]. This repre-
sents between 37% and 43% of annual water demand in the Phoenix AMA [8].

In many systems, while hard water infrastructures of this sort have reduced vulnerability to
variance in stream flows they have also made the system vulnerable to a new set of stressors.
Reservoirs, for instance, are vulnerable to the effects of sedimentation. To adequately character-
ize the water supply system and its impact on water supply risks, we therefore need to include
the features of the watershed—the environmental infrastructure—that affect risk. Both water
and sediment yields are sensitive to land use and land cover (LULC) in watersheds. Land covers
that increase runoff also tend to increase erosion and hence sedimentation. As a result, infra-
structure-based strategies for the management of water risks in arid and semiarid areas require
that the effects of land cover on water and sediment yields be balanced. While data on sedimen-
tation of reservoirs in Arizona are sparse (there has only been one sediment survey in Roosevelt
Lake on the Salt River, and none in any reservoir on the Verde River), it is believed that changes
in land use and land cover in the two watersheds have at least the potential to affect sediment
yields and hence the capacity of the reservoirs.

The selection of land cover in watersheds involves both coarse choices between vegetation
types—grassland, forest and so on—and selection within vegetation types. It is now well estab-
lished that forested catchments involve higher evapotranspiration rates than grassed catch-
ments. So forested catchments would generally be expected to offer lower water yields than
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grassed catchments, but greater sediment control [9–12]. Forests optimized for water flows
through canopy reduction, for example may be vulnerable to soil erosion. Given the large envi-
ronmental and economic costs of restoring storage capacity, there has in recent years been a
shift in paradigm toward managing existing dam projects as renewable resources through sedi-
ment control via soil conservation [13]. This builds on a long held view that soil conservation
is amongst the most important sediment control strategies [14, 15]. The value of erosion con-
trol, one of the watershed regulating services recognized in the Millennium Ecosystem Assess-
ment, partly lies in the protection of reservoir storage capacity. This in turns helps regulate the
effect of inter-annual variability of water flows on the reliability of water supply.

In this paper we consider the trade-offs involved in managing the reliability of water flows
and storage capacity through the modification of land cover in the Salt and Verde watersheds
of Central Arizona. This extends recent efforts to model ecosystem service flows at the

Fig 1. The area of study: Salt River Project (SRP) basin and SRP service area.

doi:10.1371/journal.pone.0121596.g001
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landscape scale [16–19]. By integrating spatially explicit hydrological and sediment transport
models with models of ground and surface water supply and demand, we seek to derive the
value of land cover change within the watersheds. To ensure that a reservoir system is able to
meet water demand over the expected range of climatic conditions the feedbacks between wa-
tershed management, water infrastructures and water institutions should be explicitly ad-
dressed. Land use and land cover change in a watershed affects a wide range of ecosystem
processes and functions aside from water and sediment supply depending on patterns of land
ownership, market structures, local zoning and other land use restrictions. Since the value of
any ecosystem service derives from the benefits that service offers to people [20], the value of
the spatial distribution of land use/land cover across the basin derives from the value of the
water and other ecosystem services the watershed delivers. This is seldom reflected in the mar-
ket price of land, water or other commercially valuable watershed services. Rather, it is an ‘ex-
ternal’ cost or benefit of land cover change that affects people other than those responsible for
that change [21, 22]. Moreover, the price paid for water itself seldom reflects the social oppor-
tunity cost of the resource. Water markets in the American west are the product of a long histo-
ry of political negotiation and compromise that severely constrains their efficiency as
allocation mechanisms [23, 24]. The demand for water is likewise the product of a history of
economic development that reflects strategic decisions to promote or curtail particular sectors,
interests and social groups [25, 26]. This makes the management of water risk not just a hydro-
logical or an ecological problem, but also a political and economic problem.

Watershed management is not only linked with water flow regulation. The drought that af-
fected the Southwest in the first decade of this century produced a sharp increase in the inci-
dence of severe forest fires and pest infestations (bark beetles) [27]. While this partly reflected
the effect of higher temperatures, earlier spring warming, and decreased surface water [1, 28],
it also reflected a long recognized impact of fire suppression policy on forest density [29]. In re-
sponse to the accumulated evidence of the effects of post-settlement forest management, the
US Forest Service is undertaking a restoration programme in the ponderosa pine forest in the
Salt and Verde watershed as part of the Four Forests Restoration Initiative (4FRI). The initia-
tive aims to restore forest densities to presettlement levels in order to reduce wildfire risk and
to improve forest health. While provision of additional water supply is not a specific 4FRI tar-
get, it is expected to be a side benefit of forest thinning due to the reduction in interception and

Table 1. Salt River Project (SRP) storage capacity.

Dam River Reservoir name Storage capacity* Estimated water evaporation loss net
of direct precipitation on lake surface

(AF) (million m3) (million m3 year-1)

Roosevelt Salt Roosevelt Lake 1,653,043 2,039 59.77

Horse Mesa Salt Apache Lake 245,138 302 7.39

Mormon Flat Salt Canyon Lake 57,852 71 2.64

Stewart Mountain Salt Saguaro Lake 69,765 86 3.52

Horseshoe Verde Horseshoe Reservoir 109,217 135 7.57

Bartlett Verde Bartlett Reservoir 178,186 220 7.83

Granite Reef Diversion Salt/Verde - - - -

Total 2,313,201 2,853 88.71

Note: *before adjusting for net evaporation.

doi:10.1371/journal.pone.0121596.t001
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evapotranspiration losses [30] and to more efficient source-area concentration of snowmelt
water [31]. The impacts of forest thinning on water and sediment yields, and the value to socie-
ty of those impacts, are both open questions. Although catchment experiments have long
shown that thinning of coniferous forests increases water yields [32, 33], the net effect on well-
being once other impacts (e.g., on sediment yields) are taken into account are less clear. In this
paper we explore the net effect of forest thinning on water supply to users in the SRP service
area, measured in terms of avoided costs of accessing more expensive sources of water supply,
such as groundwater and CAP water. In the next section, we present the component models
used to project the consequences of land cover change. A third section reports our results, and
a final section discusses the significance of these results.

Theory and Methods
The SRP reservoirs on the Salt and Verde rivers are designed to store and release water for the
benefit of downstream users in the Phoenix metropolitan area, smoothing the supply of water
relative to natural precipitation and streamflow. The reservoirs also serve as sediment traps,
capturing sediment that is transported by the waters. Sediment retention in the watersheds
feeding the reservoirs is valuable if sediment delivery impacts reservoir functions in ways that
increase costs directly (i.e. through sediment removal) or indirectly (i.e. through a reduction in
the reliability of water supplies to downstream water users). If sediment accumulation does not
affect reservoir functions, then there is no value to sediment retention for SRP water manage-
ment. In what follows we assume that the benefits offered by reservoirs are strictly related to
their effective storage capacity. That is, we ignore benefits associated with, for example, recrea-
tion, local microclimatic effects, impacts on wildlife and so on.

Reservoirs are subject to both within-year (seasonal) and over year (carryover) storage re-
quirements. Within-year systems generally refill each year, whereas over-year systems contain
long multiyear drawdown periods and are seldom full [34]. The planning of most surface water
reservoirs is based on capacity–yield–reliability methods. Amongst them, the Gould-Dicer
method [35] is widely used to estimate capacity–yield–reliability relationships for systems
dominated by over-year requirements [36]. This approach is based on the concept of "critical
drawdown", that defines the required minimum storage capacity from the historical mean and
variability of inflows [36, 37].

We define a watershed production function in which water yields are summed over all spa-
tial units (30m pixels) in the study area—the area of the Salt and Verde watersheds under pon-
derosa pine (Fig. 1). We consider land cover to be a continuous variable, 0� Lxj � 1,
expressing the percent canopy cover of forest type j in pixel x. To abstract from changes in
water demand in the Phoenix Metropolitan Area, we assume a fixed annual water demand (Y)
equal to the sum of surface water (S) and groundwater supply (G). We further assume that sur-
face and groundwater are perfect substitutes in consumption, but involve different marginal
costs in acquisition. Both surface and groundwater flows benefit only water users in the SRP
"service" area, and the aquifer is assumed not to be physically connected to the upstream water-
shed by subsurface flows.

Assuming normally distributed and independent annual flows (mean μ and standard devia-
tion σ), the sum of t consecutive annual flows into the reservoir system is given by [36]:

XqðtÞ ¼ tm� zs
ffiffi
t

p ð1Þ

where z is the qth percentile of a standardized random variable from a normal distribution
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(z< 0 because we are looking at inflows below the mean). The draft over t years is defined as:

Ŷ ðtÞ ¼ tY ð2Þ

where Y is the mean annual water demand. Thus, the required storage capacity Vq to meet the
target draft Ŷ during a t year period with reliability (1-q) is given by:

VqðtÞ ¼ Ŷ ðtÞ � XqðtÞ ð3Þ

In arid and semi-arid regions, reservoirs are frequently subject to critical periods of drought
during which the reservoir contents may decline from full to nearly empty. The length (h-
years) of the drawdown period is defined in terms of the annual mean and variance of water in-
flows, the target draft and the probability of non-exceedance (i.e. reliability) by differentiating
Eq. (3) with respect to t [36]:

h ¼ zs
2ðm� YÞ

� �2

ð4Þ

By substitution of Eq. (4) into Eq. (3) (i.e. t = h) we obtain the reservoir capacity required to
meet water demand during an h-year drawdown period with (1-q) percent reliability:

Vq ¼
z2s2

4ðm� YÞ ð5Þ

Notice that the required reservoir capacity increases with an increase in the variability of an-
nual inflows (standard deviation σ), with an increase in the annual target draft, and with a de-
crease in mean annual inflows (μ).

We link the critical drawdown approach [36, 37] to spatially-explicit reservoir sedimenta-
tion (see S1 File) and hydrological models (see S2 File). We then embed the impacts of land
cover change on reservoir storage into an optimal land management problem. Given the initial
capacity of the reservoir system V0, and after adjusting for mean annual net water evaporation
(i.e. evaporation net of direct precipitation) from the reservoir surface (Table 1), Vt < V0 is the
reduced active storage capacity of the reservoir after t years of cumulative sedimentation.

Land cover change impacts mean annual inflow through its effects on annual evapotranspi-
ration, which takes water out of the system. Assuming that Vt = Vq at any time t, from Eq. (5)
we can express the change in the annual probability (1−qt(zt)) for delivering the amount of
water demand Y, as function of both land cover change in the basin and sediment accumula-
tion over time:

ztðLxiÞ ¼
2

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VtðLxiÞðmðLxiÞ � YÞ

p
ð6Þ

The annual standard deviation of water inflows, σ, is assumed to vary proportionally (de-
fined by observed standard deviation vs. observed mean inflow at the baseline landscape) with
changes in the inflows due land cover change. Thus, the expected surface water supply (St) is
identified by the annual reliability 0< qt(zt)< 0.5 for delivering an amount equivalent to the
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water demand Y:

StðLxiÞ ¼ ð1� qtðztÞÞY ð7Þ

From Eq. (6), if water demand is close to mean annual inflow (Y’ μ(Lxi)) then surface
water supply satisfies only about half of the required target (i.e. qt(zt)’ 0.5). Complementary
sources, such as groundwater uptake in the SRP service area (Gt) and CAP water (Ct), make up
the balance. Thus, the total water demand-supply balance is defined by:

Y ¼ St þ Gt þ Ct ¼ Yð1� qtðztÞÞ þ Gt þ Ct ð8Þ

The target for alternative water supplies is the difference between annual water demand and
the expected surface water supply, and is identified by the annual probability of surface water
delivery failure, Gt + Ct = Yqt(zt). The share of groundwater and CAP water supply depends on
the ratio of their respective supply costs. Both SRP surface water price (ps) and CAP water
price (pc) are assumed to be constant and identified by the values reported in 2013, ps = 14$
AF-1 and pc = 120 $ AF-1. Groundwater prices (pgt), on the other hand, are estimated in terms
of variable pumping costs. For the n wells in the SRP service area, the pumping cost is related
to the depth of the water table at each well:

pgt ¼

Xn

j¼1

pkwhEjtQjt

n
ð9Þ

with

Xn

j¼1

Qjt ¼ GtðLxiÞ ð10Þ

Ejt ¼
0:736

270

Ujt

Zj
ð11Þ

Ujt ¼ Hj þ
X

j

hjtðQjtÞ ð12Þ

where Qjt represents annual groundwater uptake (m
3) from the jth well; Ejt is the energy in

Kwh/m3 required at each jth well to lift one cubic meter of water to a vertical distance Ujt ex-
pressed in meters; pkwh is the unit price of energy assumed at 0.10 $; and 0� ηj � 1 is the
pumping efficiency of the well assumed as 0.90 for all the wells; Hj represents the vertical dis-
tance of the water table at the steady state and is taken from a 2006 water table map [38]; and
hjt is the aquifer drawdown at time t which is a function of the intersection of the drawdown
from the jth well and multiple cones of depression generated by water pumping from neigh-
bouring wells (Fig. 2). Aquifer drawdown at the jth well increases with increasing pumping rate
Qjt and it returns to zero when pumping stops. At any time t, pumping rates at each well are es-
timated from the gap between effective surface water delivery and target supply (Y − St = Gt =
∑jQjt), assuming uniform percentage variation (α) for all wells (i.e. ∑j αQjt = αGt) from the 2006
groundwater pumping data provided for 183 SRP active wells (Fig. 2) within the Phoenix met-
ropolitan area [38]. In doing this we ignore any potential limit to pumping capacity at each
well. Eq. (9) says that the price of groundwater is affected by variations in the reliability of
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surface water supply, thus it is also a function of land cover change in the upstream basin. The
aquifer drawdown model is described in S3 File.

Assuming pgt < pc at any t, groundwater may be used as a substitute for surface water up to

the maximum sustainable pumping (Ĝ) rate, which for the sum of all SRP wells is estimated to
be 325,000 AF year-1. Above this threshold CAP water replaces surface water supply for the ad-
ditional amount required:

StðLxiÞ ¼ ð1� qtðztÞÞY
GtðLxiÞ ¼ YqtðztÞ; Y � St � Ĝ

CtðLxiÞ ¼ YqtðztÞ � Ĝ; Y � St > Ĝ

ð13Þ

8><
>:

The annual probability of surface water delivery failure gives the expected amount of alter-
native water supplies, and is affected by changes in both water yields and sediment accumula-
tion in the reservoirs D(Lxi). This is taken to be a function of land cover in the watershed. So
reservoir capacity evolves according to:

VtðLxiÞ ¼ V0 � tDðLxiÞ ð14Þ

where V0 is the initial storage capacity of the system: 2.853 million m3, reduced to 2.765 million m3

after accounting for evaporation and direct precipitation (Table 1). Vt declines from this level as a
function of the annual sedimentation rateD, and time.

It follows that forest thinning may reduce the cost of surface water supply by increasing sur-
face water reliability, which leads to a reduction in demand for more costly alternatives such as
groundwater. However, from Eq. (6) the aggregate impact of canopy cover reduction across the
basin can be ambiguous since the effect of increased mean annual inflow and the decreased res-
ervoir storage capacity from sedimentation have opposite effects on surface water
supply reliability.

Now consider what this implies for the cost of water. The net present value of the spatially
distributed effect of forest management interventions such as canopy reduction (Lxi) is

Fig 2. Estimated drawdown effect of groundwater pumping from SRPwells. a) baseline uptake at year 0; b) maximum groundwater uptake of 325,000
AF year-1.

doi:10.1371/journal.pone.0121596.g002
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measured in terms of mean annual avoided cost, identified by the marginal variation of the
standardized random variable (zt) from the normal distribution of the probability function
(q = f(zt)). Despite constant water demand, this marginal change varies with t due to sediment
accumulation:

@zt
@Lxi

¼
�t @D

@Lxi

� �
ðm� YÞ þ ðV0 � tDÞ @m

@Lxi

� �
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðV0 � tDÞðm� YÞp ð15Þ

It follows that the marginal change in the share of total water supply from each source de-
pends on the marginal change in the expected probability of surface water delivery failure:

@St
@Lxi

¼ bt qðztÞ � q zt þ
@zt
@Lxi

� �� �
Y

@Gt

@Lxi

¼ Y � @St
@Lxi

; Y � St � Ĝ

@Ct

@Lxi

¼ Y � @St
@Lxi

; Y � St > Ĝ

ð16Þ

8>>>>>>>><
>>>>>>>>:

where βt is a basin-specific scaling factor representing the ratio between the sum of the margin-
al variations in surface water supply from all the pixels and the variation in surface water sup-
ply for the entire basin. This adjustment is required since the marginal variation at each pixel
cannot be estimated simultaneously with the marginal variation from all the other pixels. Thus,
over a T-year planning horizon and a given discount rate r, the net present value of the forest
management regime (i.e. thinning) for the ith forest type at the xth pixel is:

NPVLxi
¼

XT

t¼1

ps
@St
@Lxi

þ pgt
@Gt

@Lxi

þ pc
@Ct

@Lxi

� �
ð1þ rÞ�t ð17Þ

If we assume that water demand is not fixed but it grows with time at a constant rate, the
share of total water supply from each source is given by:

z0tðLxiÞ ¼
2

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VtðLxiÞðmðLxiÞ � Y0Þ

q

ztðLxiÞ ¼
2

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VtðLxiÞðmðLxiÞ � YtÞ

p
StðLxiÞ ¼ ð1� q0tðz0tÞÞY0 þ

X
t¼1

ð1� qtðztÞÞðYt � Yt�1Þ

GtðLxiÞ ¼ Y0q0tðz0tÞ þ
X
t¼1

ðYt � Yt�1ÞqtðztÞ; Yt � St � Ĝ

CtðLxiÞ ¼ Y0q0tðz0tÞ þ
X
t¼1

ðYt � Yt�1ÞqtðztÞ � Ĝ ; Yt � St > Ĝ

ð18Þ

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:
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and the marginal variations in each share is:

@St
@Lxi

¼ bt qðz0tÞ � q z0t þ
@z0t
@Lxi

� �� �
Y0 þ

X
t¼1

qðztÞ � q zt þ
@zt
@Lxi

� �� �
ðYt � Yt�1Þ

" #

@Gt

@Lxi

¼ Yt �
@St
@Lxi

; Yt � St � Ĝ

@Ct

@Lxi

¼ Yt �
@St
@Lxi

; Yt � St > Ĝ

ð19Þ

8>>>>>>>>><
>>>>>>>>>:

At time t = n, when the total water demand becomes higher than the mean annual inflow to
the reservoirs system with Yn � μ and Yn−1 < μ, the expected surface water supply cannot be
increased, thus reaching its maximum(Ŝt). This maximum amount however decreases with
time due to sediment accumulation reflected by the increasing trend in q0t(z0t):

z0tðLxiÞ ¼
2

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VtðLxiÞðmðLxiÞ � Y0Þ

q
qn ¼ 0:5

ŜtðLxiÞ ¼ ð1� q0tðz0tÞÞY0 þ
Xn�1

t¼1

ð1� qtðztÞÞðYt � Yt�1Þ þ ðm� Yn�1Þqn

Gt ¼ Yt � Ŝt ; Yt � Ŝt � Ĝ

Ct ¼ Yt � Ŝt � Ĝ ; Yt � Ŝt > Ĝ

ð20Þ

8>>>>>>>>>>>><
>>>>>>>>>>>>:

Using this approach we estimated the spatial distribution of the marginal impact of a pro-
portional canopy cover reduction, measured in terms of the water delivery costs required to
meet a given annual water supply. The spatial analysis was conducted at a 30m by 30m pixel
resolution. The land use and land cover baseline was represented (a) by a reclassified land
cover map, based on elevation and precipitation ranges, obtained from the National Land
Cover Dataset (NLCD) for year 2001, and (b) by the NLCD 2001 percent canopy cover map
applied to forest cover vegetation. The hydrological model was calibrated on mean annual pre-
cipitation and hydrograph data for the period 1995–2005. The sediment delivery model was
calibrated against observed data from the 1995 sedimentation survey of Roosevelt Lake, which
reported a mean annual storage capacity loss of 2.62 million m3 (2,121 AF) over a 85-year peri-
od [39]. We calibrated the model using precipitation data for the period 1970–2000. Land use
and land cover parameters were obtained from the 2001 maps used to calibrate the
hydrological model.

The water yield model was calibrated and validated on data from three USGS hydrological
stations, representing three sub-basins—the Verde River basin above Horseshoe Lake, the Salt
River basin above Roosevelt Lake, and the Tonto river basin above Roosevelt Lake—for the pe-
riod 1995–2005. Yields were adjusted based on observed anthropogenic water consumption in
each of the three sub-basins [40]: 57.85, 30.47 and 5.80 million m3 year-1 for Verde, Salt and
Tonto River basin respectively. After calibration, estimated mean annual water yields ranged
from 10% overestimation for the Verde sub-basin to -7% and -18% underestimation for the
Salt and Tonto sub-basins respectively. The flow from the Tonto sub-basin represents only
about 7% of the annual water yield from the entire SRP basin, thus diminishing the relative
weight of the high underestimation of predicted water yield from this watershed. For the entire
SRP basin the estimated annual water yield, net of upstream water consumption, was within
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0.7% of observed flows The estimated mean annual storage capacity loss was 2.59 million m3

(2,096 AF), within 1.2% of the observed rate from the 1995 survey of Roosevelt Lake. Since
there are no comparable sediment surveys for the Horseshoe reservoir on the Verde River, cali-
bration for the entire SRP basin was based on the Salt River sub-basin only.

Results
According to SRP Daily Water Reports, mean annual SRP water supply during the period 2008–
2011 was around 1,024 million m3, 93% of which was accounted for by surface water and 7% by
groundwater. Our model estimates applied to the baseline land cover match those numbers. We
estimated mean annual inflows of about 1,187 million m3 into the SRP reservoir system, which
translates in an expected mean annual surface water supply of about 980 million m3. Conse-
quently, under the assumption that the reported mean annual SRP supply for the period 2008–
2011 identifies the current annual water demand at 1,024 million m3 (830,000 AF), the SRP
groundwater supply required for meeting the annual target delivery is about 44 million m3.

To estimate the impact of a change in land cover on water and sediment yields, and water
costs, we considered the effect of an arbitrary change in canopy cover in the ponderosa pine
forest that occupies the upper part of Salt and Verde watersheds. The 4FRI project envisages a
50% reduction in basal area in the ponderosa pine forest. We similarly restricted ourselves to
ponderosa pine forest, but instead of a 50% reduction in basal area, we considered a reduction
to 50% canopy cover. Our aim was not to investigate the implications of 4FRI in particular, but
to evaluate the effect of variable rates of thinning on the cost of water delivery. Structuring the
thinning experiment in this way made it possible to spatially differentiate the potential contri-
butions of different parts of the watershed. Since current canopy cover for ponderosa pine for-
est is higher in the Salt River basin relative to Verde River watershed, this implied a greater
reduction in standing biomass in the Salt than in the Verde (Fig. 3A). All land cover other than
ponderosa pine (piñon-juniper, subalpine forest, evergreen-deciduous mixed forest) and all
ponderosa pine forest where current canopy cover is already at or below 50% were left un-
changed. We also assume that canopy cover reduction takes place at the same time for all the
pixels and it is maintained over time. We do not account for the management cost of maintain-
ing lower canopy cover after thinning, assuming it will be naturally maintained by fire over a
20-year cycle. While the experiment is arbitrary, it helps us to illustrate the water-sediment
trade-offs involved in different forest conditions.

Using 1995–2005 mean annual precipitation data as input in our model, we found that can-
opy reduction to 50% in the ponderosa pine forest would increase annual water yield in the
SRP watershed by 8.2% (Fig. 3B and Table 2). We found that annual sedimentation rates
would also increase, by 1.5% (Fig. 3C and Table 2), but sediment loads building up over time
had a negligible average impact on the annual probability of surface water delivery failure, even
though there was some degree of spatial variability across the watershed. We take the difference
in SRP revenues from water sales with and without thinning as a first approximation of the
water value of thinning, bearing in mind that the price of water is significantly below its social
opportunity cost.

Taken over a 20-year time horizon, the net present value (NPV) of the reduced cost of water
from avoided groundwater and CAP water use, was found to be US$ 2.4 million at a 2% dis-
count rate (Fig. 4A and Table 3). Assuming constant water demand, thinning at this level does
result in a slight increase in expected surface water supply, and a matching reduction in
groundwater pumping. The reduction in pumping generates a lower drawdown effect at the
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wells, leading to a fall in average pumping cost. This produces a small reduction in the mean
water price over 20 years from 14.4 to 14.2 $ AF-1.

The marginal water value of forest thinning is, however, sensitive to the assumption made
about the level of aggregate water supply. It is also sensitive to the marginal price of surface
water, and the cost of pumping. In a second experiment we projected an increase in water de-
mand equivalent to population growth projections (2.7% per year) (Table 4). Once again this is
arbitrary. There is no special reason to believe that water demand would increase proportion-
ately. Our aim was to test the sensitivity of the revenue impact of thinning to growth in de-
mand. Under this scenario, the NPV of avoided water supply cost from forest thinning was
estimated to be US$ 45.4 million (Fig. 4B). With current canopy cover, increasing water de-
mand would require increasing groundwater supply, reaching the maximum SRP pumping ca-
pacity of 401 million m3 at year 15, with an average pumping cost of 28.07 $ AF-1. At this point
more expensive CAP water would be alternatively supplied at increasing rates. Under forest
thinning, however, the maximum groundwater supply would be reached at year 18 with a
lower mean water price over 20 years of 16.1 $ AF-1 compared to 18.4 $ AF-1 without
forest thinning.

Both scenarios assume that the impacts on water and sediment are an incidental or external
effect of forest thinning that is occurring for other reasons, such as fire regulation. To see
whether thinning might be justified in terms of water and sediment impacts alone we should
set the net benefits of thinning against the cost of thinning. Operational costs of thinning can
be high and spatially variable. It is estimated that harvest costs for restoration treatments in the
White Mountains of the Apache-Sitgreaves National Forests could range between $1,100 and
$1,300 per acre, while in the Coconino and Kaibab National Forests harvest costs may range
between $557 and $836 per acre [41]. Considering the latter value represents canopy reduction
from 100% to 50% and assuming a linear relationship in the cost of thinning, this would be
41.32 $ ha-1 for 1% canopy cover reduction. Applying this cost to the thinning scenario
(Fig. 3A), and assuming 2.7% annual water demand growth, we can map the spatial distribu-
tion of the payback time of forest management across the SRP watershed (Fig. 5). This varies
between 32 and 100 years or more. In other words, the water-related benefits from forest thin-
ning would offset operational costs only for time horizons of 32 years or more. However, water
yield response to overstory reduction treatment will generally be lost after 6–10 years, depend-
ing on sun exposure related to aspect [31]. Since we ignore natural regrowth, assuming that the
thinned forest is thereafter regulated through natural fire, the number of years needed to pay

Fig 3. Estimated impact of forest management in the SRP basin. a) Simulated percent canopy cover
reduction under forest restoration for ponderosa pine forest; b) Estimated annual water yield (m3) variation
from forest thinning; c) Estimated marginal impact of forest thinning in terms of annual storage capacity loss
(m3) to the SRP reservoir system.

doi:10.1371/journal.pone.0121596.g003

Table 2. Estimatedmean annual water yield and storage capacity loss under baseline 2001 LULC and 50% canopy cover scenario for Ponderosa
pine forest.

Basin Water yield Storage capacity loss

Baseline Canopy reduction Baseline Canopy reduction

AF year-1 million m3 year-1 AF year-1 million m3 year-1 AF year-1 million m3 year-1 AF year-1 million m3 year-1

Salt & Tonto River 549,791 678.16 602,803 743.55 2,096 2.59 2,139 2.64

Verde River 412,603 508.94 438,933 541.42 1,971 2.43 1,991 2.46

Total SRP 962,394 1,187.10 1,041,736 1,284.96 4,067 5.02 4,130 5.10

doi:10.1371/journal.pone.0121596.t002
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back investment in thinning could be even higher than shown. On the other hand, if the value
of fire regulation or water quality affected by large fire events would be added into the analysis,
the payback time would be much shorter. Not to mention that thinned forests of ponderosa
pine in the southwestern United States are a desirable alternative to intensively burned forests
to maintain carbon stocks and primary production, as well as in reducing the limitation of
drought on carbon uptake during summer [42].

Because the price paid by consumers is below the true social opportunity cost of water we
also considered the sensitivity of this result to the size of (at least) direct subsidies. We take the
contributions to support water operations from electricity revenues within SRP to be a first ap-
proximation of the value of surface water storage for power generation. If the 2013 subsidy is
used to project future values, we find that the NPV of the water-related benefits of thinning
rises from $45.4 million to $103.7 million. Moreover, if the subsidy were to continue to rise at
the same rate as it has from 2010, the NPV of the water-related benefits of thinning rises to
$683 million (Fig. 6). There is no reason to believe that the subsidy will continue to rise at the
same rate for the next 20 years, but the scenario illustrates how sensitive the water value of
thinning is to assumptions made about water benefits beyond direct consumption.

Discussion
Any impact of forest thinning on water supply in Central Arizona is considered by the USDA
to be an incidental benefit of management. Nevertheless, it is potentially important. While pop-
ulation growth and the expansion of the regional economy are expected to increase future
water demand over present levels, climate change is expected to reduce precipitation in the
three watersheds responsible for meeting the bulk of water needs: the Colorado, Salt and
Verde. Changes in land use and land cover in these watersheds have the potential to alter both
water and sediment yields, with opposite effects on the reliability of water supply.

The 4FRI conjecture—that forest thinning would have positive impacts on water supply—is
founded on the fact that in almost every catchment-level study, thinning has increased water
yields. However, thinning is also expected to influence sediment flows. Since the SRP system

Fig 4. Net Present Value (NPV) of forest thinning over 20 years across the SRP watershed. a) constant water demand; b) 2.7% annual increase in
water demand.

doi:10.1371/journal.pone.0121596.g004
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relies on over-year reservoirs to maintain supply in conditions of low and highly variable rain-
fall, we modeled the net effect of thinning on the reliability of water supply, taking both water
yield and reservoir sedimentation into account. While we did not model the effects of individu-
al rainfall events, and therefore could not capture the sediment impact of any future change in
the frequency of extreme rainfall events, we conclude that the sediment impacts of forest thin-
ning of up to 50% of canopy cover is unlikely to compromise the reliability of the reservoir sys-
tem. We are more confident about the impact of thinning on reservoirs in the Salt River basin
than in the Verde River Basin. The lack of sediment surveys in the latter makes it impossible to
calibrate the sediment delivery models on Verde data. Nevertheless, the model errors would
have to be very large to reverse the conclusion that thinning enhances net water supply.

The outcome of our analysis is also affected by climate and atmospheric CO2 fluctuations.
Water use efficiency, for instance, increases with increasing concentrations of carbon dioxide
[43], due to reduced leaf conductance of water [44]. Considering expected climate change sce-
narios, this may have a strong effect on forests, as plants would be able to function better under
drier conditions, even though improvements in water use efficiency may not always offset the
effects of reduced precipitation and/or increased temperatures [45]. However, it is not clear if
our estimates of forest thinning in terms of increased annual water yield would be negatively
affected, since during droughts the importance of increasing direct run-off and decreasing can-
opy interception, both associated with thinning, may be relatively higher.

Beyond the physical effects of forest thinning on the reliability of water supplies, we were
also interested in the value of the enhanced water yields associated with thinning. As noted
above, our estimates of the net present value of water if approximated by water revenues to
SRP are very small, even if we consider increases in demand above historic rates. This is largely
because the price paid by consumers does not reflect the true social opportunity cost of water.
Indeed, it does not even reflect the marginal cost of supply via the hard infrastructure. In 2013
SRP had total operating revenues of $2,824 million, but water revenues of only $15 million.
Over 90% of operating revenue derives from retail power sales. The SRP power system is not,

Fig 5. Payback years of forest thinning.

doi:10.1371/journal.pone.0121596.g005
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however, independent of the water supply system. It includes five hydroelectric plants generat-
ing 238 megawatts. While this is a relatively small proportion of total SRP capacity (8000 mega-
watts), it adds important flexibility to the system. For example, power from pumped storage
units at Horse Mesa and Mormon Flat Dams can be reversed in off-peak periods to pump
water from the lower reservoir back to the upper reservoir for repeated usage. The water price
paid by wholesale customers of SRP benefits from a cross subsidy from the utility’s power oper-
ations that has been rising sharply in recent years. In 2010, electric revenue contributions to
support water operations were 175% of water revenues. In 2013, they stood at 359% of
water revenues.

Our results are also sensitive to the assumptions made about the elasticity of water demand.
In [46] we estimated the short and long run price and income elasticities of water demand in
the SRP supply area of Phoenix and found the price elasticity of demand to be increasing over
time. We also found water use to be increasing in income, with low water users (lower income
users) more sensitive to increasing prices than high water users (higher income users). Assum-
ing that income growth continues at the average rate of the last decade, we found the NPV of
the water benefits of forest thinning to be reduced relative to the base case. It is worth repeat-
ing, though, that since water prices are heavily subsidized, the impact of price-induced demand
reductions is small.

Fig 6. Net present value of the water-related benefits of forest thinning under different assumptions
about the benefits of surface water to the generation of electric power.

doi:10.1371/journal.pone.0121596.g006
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In Arizona, as elsewhere in the Southwest, water prices do not respond in the short term to
changes in water supply. In these circumstances our first approximation of the water value of
forest thinning, the change in the cost of supply to municipalities, is likely to be an underesti-
mate. The cross subsidy between power and water insulates consumers from the direct impact
of changing water yields. While we are unable to assign all of the electric revenue contributions
to support water operations to changing costs of supply, it is clear that one of the reasons for
the increase in the size of the subsidy over the last five years is an increase in the cost of water
operations.

Of the two main elements in an integrated model of water supplies, there may be least un-
certainty about the impact of land cover change on water and sediment yields. The impact of
changes in water and sediment yields on wellbeing is more uncertain, not because we are un-
able to measure the effect of resulting changes in water prices, but because water prices are
poor proxies for the social opportunity cost of the resource. There are limitations in our ap-
proach to modeling water and sediment flows. We do not, for example, model the impact of ex-
treme events on sediment flows. Nor do we model the impact of forest thinning on snow cover
and sublimation. But the errors associated with these omissions are likely to be small relative to
the errors induced by price distortions.

While we do not have a true measure of the social opportunity cost of water in Arizona, we
do know that water revenues to the water and power utilities are a poor proxy for this. Adding
the cross subsidies from power to water in the SRP accounts partially corrects for this, and indi-
cates that the water supply benefits of forest thinning are potentially significant. The thinning
scenario applied in our analysis is different from the 50% basal cover reduction envisaged by
4FRI. It implies rates of thinning of canopy cover that lie between 0% and 50%, and so across
the watershed would involve less than 50% reduction in basal cover. It does, however, help to
show how sensitive the water supply benefits (and erosion disbenefits) are to increasing levels
of canopy reduction. The contribution of the general approach is that we are able to translate
the biophysical impacts of changes in vegetation cover into an estimate of the economic cost or
benefit to the people of the region. We are also able to identify how much of that would be in
direct costs or benefits to water consumers and how much would be in indirect costs or benefits
to consumers of other goods and services.

Supporting Information
S1 File. APPENDIX A: Reservoir sedimentation and storage capacity loss.
(DOCX)

S2 File. APPENDIX B: Hydrological flows.
(DOCX)

S3 File. APPENDIX C: Groundwater pumping.
(DOCX)

Author Contributions
Analyzed the data: SS JPC JY AK CP. Wrote the paper: SS JPC JY AK CP.

References
1. MacDonald GM.Water, climate change, and sustainability in the southwest. Proceedings of the Nation-

al Academy of Sciences. 2010; 107(50):21256–62. doi: 10.1073/pnas.0909651107 PMID: 21149704

Forest Thinning and the Reliability of Water Supply

PLOS ONE | DOI:10.1371/journal.pone.0121596 April 2, 2015 19 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121596.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121596.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121596.s003
http://dx.doi.org/10.1073/pnas.0909651107
http://www.ncbi.nlm.nih.gov/pubmed/21149704


2. Cayan DR, Das T, Pierce DW, Barnett TP, Tyree M, Gershunov A. Future dryness in the southwest US
and the hydrology of the early 21st century drought. Proceedings of the National Academy of Sciences.
2010; 107:21271–6. doi: 10.1073/pnas.0912391107 PMID: 21149687

3. Seager R, Vecchi GA. Greenhouse warming and the 21st century hydroclimate of southwestern North
America. Proceedings of the National Academy of Sciences. 2010; 107(50):21277–82. doi: 10.1073/
pnas.0910856107 PMID: 21149692

4. Sabo JL, Sinha T, Bowling LC, Schoups GHW,Wallender WW, Campana ME, et al. Reclaiming fresh-
water sustainability in the Cadillac Desert. Proceedings of the National Academy of Sciences. 2010;
107(50):21263–9. doi: 10.1073/pnas.1009734108 PMID: 21149727

5. AZ Department of Administration Office of Employment and Population Statistics. Population Projec-
tions. Phoenix: AZDA; 2014 [cited 2014]; Available from: http://www.workforce.az.gov/population-
projections.aspx.

6. Gober P, Kirkwood CW. Vulnerability assessment of climate-induced water shortage in Phoenix. Pro-
ceedings of the National Academy of Sciences. 2010; 107(50):21295–9. doi: 10.1073/pnas.
0911113107 PMID: 21149729

7. Jacobs KL, Holway JM. Managing for sustainability in an Arid Climate: Lessons learned from 20 years
of groundwater management in Arizona. Hydrogeology. 2004; 12(1):52–65.

8. ADWR. DRAFT Demand and Supply Assessment 1985–2025.,Phoenix Active Management Area: Ari-
zona Department of Water Resources2010.

9. Simonit S, Perrings C. Bundling ecosystem services in the Panama Canal watershed. Proceedings of
the National Academy of Sciences. 2013; 110(23):9326–31. doi: 10.1073/pnas.1112242110 PMID:
23690598

10. Conte M, Ennaanay D, Mendoza G, ToddWalter M, Wolny S, Freyberg D, et al. Retention of nutrients
and sediment by vegetation. In: Kareiva P, Tallis H, Ricketts TH, Daily GC, Polasky S, editors. Natural
Capital: Theory and Practice of Mapping Ecosystem Services. Oxford: Oxford University Press; 2011.
p. 89–110.

11. Dunne T. Sediment yield and land use in tropical catchments. Journal of Hydrology. 1979; 42(3–
4):281–300.

12. Noordwijk Mv, Roode Mv, McCallie EL, Lusiana B. Erosion and sedimentation as multiscale, fractal pro-
cesses: implications for models, experiments and the real world. In: Penning de Vries FWT, Agus F,
Kerr J, editors. Soil erosion at multiple scales: principles and methods for assessing causes and im-
pacts. Wallingford: CABI; 1998. p. 223–53.

13. Huffaker R, Hotchkiss R. Economic dynamics of reservoir sedimentation management: Optimal control
with singularity perturbed equations of motion. Journal of Economic Dynamics & Control. 2006;
30:2553–75.

14. Clark EHI, Haverkamp JA, ChapmanW. Eroding Soils: The off-farm impacts. Washington, D.C.: The
Conservation Foundation; 1986.

15. Strand R, Pemberton E. Reservoir Sedimentation. Denver, Col.: U.S. Department of Interior, Bureau
of Land Reclamation; 1982.

16. Polasky S, Nelson E, Camm J, Csuti B, Fackler P, Lonsdorf E, et al. Where to put things? Spatial land
management to sustain biodiversity and economic returns. Biol Conserv. 2008; 141(6):1505–24.

17. Nelson E, Mendoza G, Regetz J, Polasky S, Tallis H, Cameron DR, et al. Modeling multiple ecosystem
services, biodiversity conservation, commodity production, and tradeoffs at landscape scales. Front
Ecol Environ. 2009; 7(1):4–11.

18. Tallis H, Polasky S. Mapping and valuing ecosystem services as an approach for conservation and nat-
ural-resource management. Annals of the New York Academy of Sciences. 2009; 1162:265–83. doi:
10.1111/j.1749-6632.2009.04152.x PMID: 19432652

19. Daily GC, Matson PA. Ecosystem services: From theory to implementation. Proceedings of the Nation-
al Academy of Sciences, USA 2008; 105(28):9455–6. doi: 10.1073/pnas.0804960105 PMID:
18621697

20. Barbier EB. Pricing Nature. Annu Rev Resour Econ. 2011; 3:337–53.

21. Turpie JK, Marais C, Blignaut JN. TheWorking for Water Programme: evolution of a payments for eco-
system services mechanism that addresses both poverty and ecosystem service delivery in South Af-
rica. Ecological Economics. 2008; 65:789–99.

22. Claassen R, Cattaneo R, Johansson R. Cost-effective design of agri-environmental payment programs:
U.S. experience in theory and practice Ecological Economics. 2008; 65:738–53.

23. Grafton RQ, Libecap G, McGlennon S, Landry C, O’Brien B. An integrated assessment of water mar-
kets: a cross-country comparison. Review of Environmental Economics and Policy. 2011; 5(2):219–39.

Forest Thinning and the Reliability of Water Supply

PLOS ONE | DOI:10.1371/journal.pone.0121596 April 2, 2015 20 / 21

http://dx.doi.org/10.1073/pnas.0912391107
http://www.ncbi.nlm.nih.gov/pubmed/21149687
http://dx.doi.org/10.1073/pnas.0910856107
http://dx.doi.org/10.1073/pnas.0910856107
http://www.ncbi.nlm.nih.gov/pubmed/21149692
http://dx.doi.org/10.1073/pnas.1009734108
http://www.ncbi.nlm.nih.gov/pubmed/21149727
http://www.workforce.az.gov/population-projections.aspx
http://www.workforce.az.gov/population-projections.aspx
http://dx.doi.org/10.1073/pnas.0911113107
http://dx.doi.org/10.1073/pnas.0911113107
http://www.ncbi.nlm.nih.gov/pubmed/21149729
http://dx.doi.org/10.1073/pnas.1112242110
http://www.ncbi.nlm.nih.gov/pubmed/23690598
http://dx.doi.org/10.1111/j.1749-6632.2009.04152.x
http://www.ncbi.nlm.nih.gov/pubmed/19432652
http://dx.doi.org/10.1073/pnas.0804960105
http://www.ncbi.nlm.nih.gov/pubmed/18621697


24. Grafton RQ, Libecap GD, Edwards EC, OBrien R, Landry C. Comparative assessment of water mar-
kets: insights from the MurrayDarling Basin of Australia and the Western USA. Water Policy. 2012; 14
(2):175.

25. Brewer J, Glennon R, Ker A, Libecap G. Transferring water in the AmericanWest: 1987–2005. U Mich
JL Reform. 2006; 40:1021.

26. Worster D. Rivers of empire: Water, aridity, and the growth of the American West: Oxford University
Press; 1985.

27. Williams AP, Allen CD, Millar CI, Swetnam TW, Michaelsen J, Still CJ, et al. Forest responses to in-
creasing aridity and warmth in the southwestern United States. Proceedings of the National Academy
of Sciences. 2010; 107(50):21289–94. doi: 10.1073/pnas.0914211107 PMID: 21149715

28. Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW.Warming and Earlier Spring Increase Western
U.S. Forest Wildfire Activity. Science. 2006; 313(5789):940–3. PMID: 16825536

29. CovingtonWW, Moore MM. Postsettlement Changes in Natural Fire Regimes and Forest Structure.
Journal of Sustainable Forestry. 1994; 2(1–2):153–81.

30. Arizona Department of Water Resources. Arizona’s Next Century: A Strategic Vision for Water Supply
Sustainability. Phoenix: ADWR; 2014.

31. Baker MB. Effects of ponderosa pine treatments on water yield in Arizona. Water Resources Research.
1986; 22(1):67–73.

32. Sahin V, Hall MJ. The effects of afforestation and deforestation on water yields. Journal of Hydrology.
1996; 178:293–309.

33. Bosch JM, Hewlett JD. A review of catchment experiments to determine the effect of vegetation
changes on water yield and evapotranspiration. Journal of Hydrology. 1982; 55(1–4):3–23.

34. Vogel RM, Lane M, Ravindiran RS, Kirshen P. Storage reservoir behavior in the United States. Journal
of Water Resources Planning and Management. 1999; 125(5):245–54.

35. Gould BW. Discussion of paper by Alexander, 1964. Water Resources Use and Management. Mel-
bourne: Melbourne University Press; 1964. p. 161–4.

36. Vogel RM, McMahon TA. Approximate reliability and resilience indices of over-year reservoirs fed by
AR(1) Gamma and normal flows. Hydrological Sciences. 1996; 41(1):75–96.

37. McMahon TA, Mein RG. River and Reservoir Yield. Littleton, Colorado: Water Resources Publs; 1986.

38. ADWR. Regional groundwater flow model of the Salt River valley. Phoenix Active Management Area.
Model update and calibration: Arizona Department of Water Resources, Division H;2009.

39. Reclamation Bo. Theodore Roosevelt Reservoir—1995 Sedimentation Survey: U.S. Department of
Interior1995.

40. ADWR. ArizonaWater Atlas: Central Highlands Planning Area: Arizona Department of Water Re-
sources; 2009.

41. Selig M, Vosick D, Seidenberg J. Report from the Four Forest Restoration Initiative stakeholder group
to the USFS 4FRI Planning Team. Flagstaff, AZ: USDA Forest Service2010.

42. Dore S, Kolb TE, Montes-Helu M, Eckert SE, Sullivan BW, Hungate BA, et al. Carbon and water fluxes
from ponderosa pine forests disturbed by wildfire and thinning. Ecological Applications. 2010; 20
(3):663–83. PMID: 20437955

43. Bazzaz FA, Bassow SL, Berntson M, Thomas SC. Elevated CO2 and terrestrial vegetation: implica-
tions for and beyond the global carbon budget. In: Walker B, SteffenW, editors. Global Change and
Terrestrial Ecosystems. Cambridge: Cambridge University Press; 1996. p. 43–76.

44. Bassow SL, McConnaughay KDM, Bazzaz FA. The response of temperate tree seedling grown in ele-
vated CO2 to extreme temperature events. Ecological Applications. 1994; 4(3):593–603.

45. Winnett SM. Potential effects of climate change on U.S. forests: a review. Climate Research. 1998;
11:39–49. PMID: 9450901

46. Yoo J, Simonit S, Connors JP, Kinzig AP, Perrings C. Estimating the approximated price elasticity of
residential water demand in Phoenix. Applied Economics Perspectives and Policy. 2014; 91:57–68.

Forest Thinning and the Reliability of Water Supply

PLOS ONE | DOI:10.1371/journal.pone.0121596 April 2, 2015 21 / 21

http://dx.doi.org/10.1073/pnas.0914211107
http://www.ncbi.nlm.nih.gov/pubmed/21149715
http://www.ncbi.nlm.nih.gov/pubmed/16825536
http://www.ncbi.nlm.nih.gov/pubmed/20437955
http://www.ncbi.nlm.nih.gov/pubmed/9450901


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


