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Farmers’ investment in more efficient irrigation systems represents a primary adaptation strategy when con-
fronting climate change. However, the regional benefits of these investments and their influence on the con-
flicting demands among different water dependent stakeholders for intensely irrigated regions remains an open
question. Using the Pacific Northwest of the United States as an illustrative region of focus, we show that higher
irrigation efficiency has diverse effects across stakeholders that are contingent on many local climatic, institu-
tional and infrastructural factors such as the availability of water storage, the location of hydropower generators,
and water rights. These complexities limit simple abstractions of irrigation efficiency as broader policy challenge
and are central to its inclusion within the class of “wicked problems”. Additionally, we argue that the widely used
rebound effect concept, which implicitly discourages irrigation efficiency supporting policies, should not be
assumed to fully capture the nuances of the complex suite of regional impacts that emerge from irrigation ef-
ficiency investments. Consequently, the evaluation of irrigation efficiency investments requires a broader
framing across a diversity of perspectives. policies and actions that are pluralistic, context-specific, and closely
engage various groups of stakeholders in the policymaking process.

1. Introduction irrigation could also have broad socioeconomic implications. For
example, the agricultural economy would change with efficient irriga-

More efficient irrigation systems improve the delivery of water to the tion systems, especially during drought years, and these less

crop root zone, reduce field application water losses, reduce farm-level
incentives for irrigation water diversions, and increase farm-level agri-
cultural productivity, especially during drought years (Schuck et al.,
2005; Koundouri et al., 2006). At the regional scale, however, the effect
of increases in irrigation efficiency on water availability for other
farmers is more complex. Additionally, the impacts of efficient irrigation
systems can reach far beyond basin-wide agricultural water availability
and affect other water-dependent sectors (Grafton et al., 2018; Sears
et al., 2018). New irrigation systems can modify the seasonality and
magnitude of streamflow through their impact on diversions, which has
implications for aquatic species and hydropower generation. Efficient
irrigation technologies also impact the regional demand for energy to
run agricultural irrigation systems. An increase in water-efficient
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labor-intensive systems could reduce the demand for workers in the
agricultural sector (Burnham et al., 2015). Evidence also suggests that
the indirect impacts of future investment in new irrigation technologies
will likely happen alongside the effects of climatic changes, which are
projected to increase water stress in many parts of the world (Barnett
et al., 2004).

For decades, many governments have promoted and financially
supported investment in efficient systems (Perry et al., 2017; Paul et al.,
2019). In recent years, however, the potential negative consequences of
these policies for neighboring farmers and the conflicts that they can
create among water-dependent sectors have attracted considerable
attention from the research community (Berbel et al., 2018; Sears et al.,
2018; Song et al., 2018; Wu et al., 2018; Paul et al., 2019). Overall, this
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emerging body of literature suggests that increasing irrigation efficiency
can lead to an increase in the marginal value of water diversions,
creating a “rebound effect” that leads to an increase in total water
consumption (Willardson, 1985; Allen et al., 2005; Adamson and Loch,
2014; Grafton et al., 2018). This is consistent with the Jevons paradox
(Clark and Foster, 2001; York, 2006; Dumont et al., 2013; Sears et al.,
2018), that was originally an energy-efficiency concept (Clark and
Foster, 2001; York, 2006; Dumont et al., 2013; Sears et al., 2018). The
Jevons paradox analogy in irrigation systems suggests that freed-up
water from efficient irrigation systems will be used by the same
investing farmers to benefit themselves with increased production.
Simultaneously, it can worsen water shortages for other regional farmers
and water-dependent sectors. However, caution is warranted and it is
important to avoid overgeneralizations of impact of Jevons paradox.
Given the often large regional to global scales of many analyses, it
important to avoid oversimplifying the impacts of increases in irrigation
efficiency as an artifact of system representations (Dumont et al., 2013).
There is evidence that the rebound effect might not occur if land is
limited or water rights are enforced (Berbel and Mateos, 2014; Grafton
et al., 2018).

This study explores how farmers’ investments in more efficient irri-
gation systems affects the distribution of water, regional agricultural
productivity, hydropower generation, and aquatic habitats within a
basin. We also assess the importance of region-specific infrastructures
and institutions by examining how efficient irrigation technologies
affect different FEW sectors. This study uses a carefully resolved analysis
of an institutionally complex FEW region to broaden our understanding
of irrigation efficiency, basin-scale water availability, and agriculture
productivity relative to the prior literature (Willardson, 1985; Allen
et al., 2005; Dewandel et al., 2008; Berbel and Mateos, 2014; Berbel
etal., 2018; Grafton et al., 2018; Song et al., 2018). Our analysis exploits
a process-based integrated hydrologic-agricultural-economic modeling
platform (VIC-CropSyst-YAKRW-ASEAP (Malek et al., 2016) (Zagona
et al., 2001)) that captures the complex relationships between soil,
climate, irrigation processes, land surface hydrology, and river system
processes as well as the role of reservoir operations, water rights,
regulation, and economic incentives in water allocation and distribu-
tion. This allows us to more holistically quantify the impacts of changing
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irrigation technology on agro-hydrological indicators (e.g., irrigation
water supply and demand, crop biomass production, return flow, and
streamflow) as well as hydropower generation, farm-level energy de-
mand, and instream flows to support fish species. We also consider the
interdependent impacts of climate change and changes in irrigation ef-
ficiency. Our test area is Washington State’s Yakima River Basin (YRB), a
heavily irrigated agricultural basin that has relatively low average irri-
gation efficiency and contributes substantial return flow to summer
water availability. The YRB is a snow-dominated basin and thus is
particularly sensitive to climatic warming (Fig. 1).

2. Material and methods

The following sections provide information about the case study
area, including food, energy, water systems, and water rights and
management in the basin. It also provides information about our simu-
lation scenarios related to investment in efficient irrigation system, and
infrastructural and institutional transformations. Also, this section pro-
vides information related to our simulation platform, models and input
data.

2.1. Yakima River Basin

The YRB (Fig. 1) is an intensively irrigated agricultural basin of the
western United States, and agriculture is a significant component of its
economy (USBR, 2010). The YRB is located in central Washington State
and spans an area of 16,000 square kilometers. The basin-wide annual
precipitation is about 680 mm, with the upstream mountainous and
downstream regions receiving 2500 mm and less than 200 mm,
respectively. The YRB is a snowmelt-dominant basin (Mastin and Vac-
caro, 2002; Opitz-Stapleton et al., 2007), and snow contributes to
60-80% of its total precipitation (Rinella et al., 1992). Accumulated
snow melts during the warm months and feeds the Yakima River. There
are five major dams in the YRB (Fig. 1), which are capable of storing
around 30% of the total annual flow (USBR, 2002); they regulate
streamflow and play a significant role in meeting irrigation demands.
About 10% of employment in the area directly involves the agricultural
sector, and irrigated agriculture generates more than one billion in

Fig. 1. The Yakima River Basin is in central Washington State, U.S. (see inset). There are five dams, six irrigation districts, and two major hydropower plants in the
Yakima River Basin (the Roza and Chandler plants). The left figure roughly represents the canal network of Roza’s power plant, which also resembles Chandler power
plant’s canal network that is located further downstream in the basin.
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annual revenue (USBR, 2008b). Yakima County is the state’s largest
producer of many agricultural commodities (e.g., hops, pears, apples,
grapes, and cherries).

2.2. Water rights in the Yakima River Basin

Two types of water rights are serviced by the U.S. Bureau of Recla-
mation Yakima Basin Project: 1) proratable and 2) non-proratable rights
(USBR, 2010). Proratable irrigation water rights can be curtailed during
drought years when there is not enough water to meet all agricultural
demands. Non-proratable farmers, on the other hand, will always
receive their full water rights, even during significant drought years. In
the YRB, the proration rate is set depending on the severity of a drought
(i.e., the more severe the drought, the lower the proration rate).
Droughts that induce proration rates of less than 70% of the water right
are considered to be relatively severe (USBR, 2010). More information
on calculations of district-level prorationing is described by Malek et al.
(2018). Additionally, water rights are subject to type of use, place of use,
and timing of use. Any modifications, such as changes in the timing of
use or expansion of irrigated acres, requires a change application to the
water right which needs to be approved by the managing agency - the
Washington State Department of Ecology - and is subject to the change
not adversely affecting any third party. Hence there are institutional and
legal impediments to spreading irrigation diversion savings as a result of
more efficient irrigation systems on additional acres or over an extended
growing season that is beyond the season of use stipulated by the water
right.

In this study, we assume static, nontransferable water rights. We also
assume that farmers cannot expand their irrigated areas during non-
drought years; in other words, extra water resulting from more effi-
cient irrigation systems becomes available to other sectors and farmers.
This assumption is consistent with U.S. western water law doctrine
which requires water to be used only over the place of use identified by
the water right (Western States Water Council, 2012). The only differ-
ence is that we do not simulate the possibility of relinquishment for
farmers who do not use their diversion rights. Moreover, historical re-
cords show that in the Yakima Basin, as irrigation systems became more
efficient, diversions decrease, which indicates that this is a valid
assumption (Neuman, 1998). Farmers can also use other strategies that
enhance their irrigation demand; for example, they can plant
water-intensive crops (Grafton et al., 2018). However, in this study we
do not simulate changes in crop patterns; therefore, we do not capture
such intensification scenarios intended to utilize the freed-up water.

The prior appropriations doctrine that holds that water rights holder
risk losing any fraction of their water right that is unused for an extended
period of time (Leonard and Libecap, 2019). In this analysis, we do not
simulate relinquishment if an irrigator’s full water right is not used.
However, relinquishment rules are generally not enforced except under
extenuating circumstances (Neuman, 1998), Furthermore, some states
maintain programs such as Washington’s Trust Water Program (Lovrich
et al., 2004) that allow water rights holders to retain “unused” diversion
rights by effectively leasing them to the state (and accordingly reduce
diversions). In principle, programs such as this provide water rights
owners to reduce diversions in proportion to irrigation efficiency in-
creases without risking relinquishment. Our assumption that reduction
in diversion occurs with lower demand 1is consistent with
non-enforcement of relinquishment rules. Consequently, changes in di-
versions are driven entirely by the interaction between irrigation effi-
ciency and crop water use.

2.3. Energy supply and demand in the Yakima Basin

Although not a major component of the YRB’s economy, hydropower
production plays a significant role in meeting the local energy demands
of the agricultural sector, and it is sensitive to climatic and anthropo-
genic stressors. The YRB currently has two major hydropower plants:

Journal of Environmental Management 300 (2021) 113731

Roza and Chandler (Fig. 1). Neither is located on the Yakima River’s
main stem. The Roza hydropower plant can produce 12 MW annually
and is located on the Roza diversion dam. The Chandler power plant (11
MW/year) is located downstream of Roza, and its generated hydropower
is mainly used to pump the water to irrigate lands at higher elevations
(USBR, 2012). Energy production in excess of agricultural needs is sold
to the grid, although this is incidental to the primary purpose which is
meeting the energy needs of the irrigation districts. Fig. 1 shows a
schematic of the Roza power plant whose energy production is taken
into consideration in this study. Chandler power plant’s flow diagram
also generally resembles Roza’s.

2.4. Irrigation efficiency scenarios

We define and explore the following three irrigation investment
scenarios to capture a wide range of possible ways in which irrigation
decisions can impact the FEW nexus. These three scenarios are used to
simulate return flow, irrigation demand, and eventually the impacts of
irrigation technology on agricultural water supply, streamflow, and
hydropower generation.

1) No_Action is a status quo scenario, meaning the irrigation system
would not change in the future. In this condition, the only dimension
of the system that changes is climate.

2) Irrigation Pattern based on Economic Viability (IPEV) is based on
simulated irrigation patterns developed and described by Malek et al.
(2018). This scenario highlights which investment decision makes
sense for farmers when they experience a certain climatic condition.
Impacts of farmers’ preferences are not included in this analysis.

3) All_ Switched, in which all of the farmers with inefficient irrigation
systems switch to more efficient technologies, represents the highest
extent of impacts of farmers’ adaptive irrigation decisions on the
FEW nexus of the basin.

2.5. Institutional and infrastructural scenarios (I&Is)

To assess the importance of institutional and infrastructural condi-
tions, we consider three I&I scenarios.

1) Scenario-1 assumes that water rights and regulations will remain the
same in the future. In other words, our first scenario is used in tan-
dem with the irrigation efficiency scenarios described in section 2.4
(unless otherwise stated). In this scenario, increasing irrigation ef-
ficiency leads to reduced diversions and a decrease in return flow.

2) Scenario-2 assumes that current water rights will be modified to
allow farmers to utilize the water saved through efficient irrigation
systems by increasing their irrigated acreage. Therefore, for this
scenarios, we assume that diversions from Yakima River magnitudes
will remain constant.

3) Scenario-3 assumes that a reservoir will be added to the Yakima
River. The added reservoir is consistent with the Yakima Basin In-
tegrated Plan (YBIP; Yoder et al., 2017). YBIP proposes several
infrastructural and institutional modifications to the YRB’s current
water system, such as expansion of current dams, improvement in
fish passages, change in streamflow regulations, and inter-basin
water transfer tunnels. YBIP also proposes the Wymer Dam, which
would have a capacity of 162,500 acre-feet. In this study, wymer is
the only infrastructural development that we take into account. As
with Scenario-1, Scenario-3 also assumes no change in water law, and
diversions and return flows both decrease as irrigation efficiency
increases. In this study, I&Is simulations were only conducted for the
2030-2060 period and the All Switched Scenario.
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2.6. Data and simulation protocol

2.6.1. Simulation tools

We used the Agricultural Spatial Economic Analysis Platform
(ASEAP; Malek et al.,, 2018), which is a spatially distributed
agro-hydro-economic framework that establishes offline linkage be-
tween land surface hydrology, river system processes, and agricultural
economic decisions (Figure S1). The distributed nature of the ASEAP
makes it a powerful tool for capturing how spatial variations in climate,
soil, crop type, baseline irrigation system, water rights, and topography
impact the viability of farmers’ adaptation decisions. The ASEAP has
three main components, including 1) a coupled hydrologic and cropping
system model (VIC-CropSyst; Malek et al., 2017), 2) a reservoir and
water management model (YAK-RW; Fulp and Harkins, 2001; Zagona
et al., 2001), and 3) an economic module (Malek et al., 2018). A
comprehensive description of all of the simulation tools, and underlying
socioeconomic assumptions such as crop price and labor demand used in
this study are described by Malek et al. (2018).

Simulation period and spatial resolution: The spatial resolution of
our simulation is 1/16th degree. The historical time period is from 1980
to 2010, while the future period spans from 2030 to 2090. The following
describes all of the inputs used for the ASEAP simulation.

Climate: Minimum and maximum daily local temperature, precipi-
tation, and wind speed are data inputs for the model. The historical
gridded forcings have been created by Abatzoglou and Brown (2012).
For the future period, we used outputs of five general circulation models
(GCMs) forced by two representative concentration pathways (RCPs):
4.5 and 8.5, which are related to the radiative forcing of 4.5 and 8.5 %,
respectively (Moss et al., 2010; Vuuren and van, 2011). We used the
method introduced by Brekke et al. (2010) to select these five GCMs
from among eighteen that were available. The GCMs used in this study
include GFDL-ESM2G (Pacanowski et al., 1991), HadGEM2-ES365, and
HadGEM2-CC365 (Collins et al., 2011; The HadGEM2 Development
Team: G. M. Martin et al., 2011), INMCM4 (Volodin et al., 2010), and
CanESM2 (Flato et al., 2000). These selected GCMs represent extreme
changes in mean temperature and precipitation among a larger
ensemble of 21 GCMs prepared by Abatzoglou and Brown (2012).

Soil: We used the soil file described by Malek et al. (2017), who used
the State Soil Geographic dataset (Schwarz and Alexander, 1995) to
develop the soil inputs for the VIC-CropSyst model.

Land Cover: We used the vegetation parameters file (VPF) and crop
parameter file (CPF) described and prepared by Malek et al. (2017). The
CPF includes information on crop acreage, planting date, irrigation
system, crop type (perennial or annual), and proration rate. VPF pro-
vides the vegetation class, acreage, root depth, and root distribution in
each soil layer.

2.7. Basin-wide agricultural productivity

In this study, the basin-wide revenue of each crop type is assumed to
be the product of crop area (hectare), crop productivity (tonnes per
hectare), and crop price (USD per metric tonnes). The overall basin-wide
agricultural economy is the sum of the revenue of all crop types in YRB.
The price of main crop types in YRB can be found in Supplementary
Table S1.

2.8. Labor demand

In this research, the labor costs of each irrigation system were
calculated based on the assumptions of Hoffman and Willett (1998),
using the following equation:

Livvigation =N X T X Riprigation 1)

where Lirigarion (hrs) is the annual labor demand of the irrigation system;
N is the number of irrigation events each year; T(hrs) is the total hours
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that the system works during each irrigation event; and hirigarion (%) is

the hours of labor required to operate and maintain an irrigation system.
Hoffman and Willett (1998) assumed that Kirrigarion is 0.03, 0.32, and 0.25
for center pivot, surface, and solid-set/moving-wheel systems, respec-
tively. Here, we assumed that drip irrigation is as labor-intensive as
center pivot (0.03 o),

2.9. Ecological metrics

We use eleven ecological streamflow metrics as a proxy to explore
how more-efficient irrigation systems affect aquatic ecology of the
Yakima River. The streamflow metrics used in this study have been
developed by Wenger et al. (2010) and are presented in Table 1.

2.10. Impacts of irrigation efficiency on different indicators

Our simulated results encompass several water-dependent sectors,
and we use radial plots (Fig. 6, and Supplementary Figure S4 and S5) to
explore their directions of change and tradeoffs. We associate each of
these metrics to one stakeholder and we define a favorable direction of
change for that stakeholder (Figure S2). Finally, we make the direction
of the changes of all metrics consistent in the way that the outward di-
rection shows improvement of that metric, and the inward direction
shows movement in unfavorable directions.

Table 1
Streamflow-related ecological indicators considered in this study. More detail
can be found in Wenger et al. (2010).

Metric  Description Unit Sensitive Favorable
Species Direction
W_99 Number of days with Number of Fall- Low
flow in top 99% of days spawning
annual flow fishes
W_95 Number of days with Number of low
flow in top 95% of days
annual flow
W_1.5 The probability that a Probability of Low
1.5-year flow event occurrence
would occur during the
winter
w2 The probability thata 2-  Probability of Low
year flow event would occurrence
occur during the winter
S95 Frequency of high flow Number of Spring- Low
during summer, days spawning
Number of days with fishes
flow in top 95% of
annual flow
MAF Mean annual flow m®/sec General High
MSF Mean summer flow, m>/sec General High
Flow condition in low
flow condition
S15 Number of days with Number of General Low
flow less than 15% of days
MAF
S20 Number of days with Number of General Low
flow less than 20% of days
MAF
Q7.10 7Q10 statistics, 7 day m3/sec General Low
low flow with a 10 year
return interval
HP High pulse count, a Probability of  General Low

measure of stream
flashiness, the
frequency of events that
exceed the threshold of
2 times mean annual
flow

occurrence




K. Malek et al.

2.10.1. Observed agricultural and hydrologic datasets

In this study we also briefly explore the historical trend of irrigation-
efficiency change and its implications for other water-dependent sectors.
The datasets used in this analysis were collected from different sources.
We obtained the irrigation-efficiency and total irrigated data from the
National Agricultural Statistics Service’s five-year census (NASS, 2017).
This dataset is available at the county level, and we aggregated infor-
mation from Yakima, Benton, and Kittitas Counties in Washington State.
We also extracted our observed diversion information from the USBR
(2010) report, and we downloaded our observed streamflow data from
the U.S. Geological Survey website for Yakima River at Kiona Station
(gage number 12510500). To reduce the impacts of short-term diversion
fluctuations, we took a 5-year moving average of the annual diversion
and total annual streamflow time series. Crop distribution information
was also gathered from USDA crop-land data layers at the county level
(NASS, 2016). The dataset was extracted for Yakima Basin’s three
counties. Crops were categorized into low-and high-value crops.

3. Results
3.1. Irrigation demand, losses, and return flow

Impacts of Climate Change on Irrigation Consumptive Use: Our
results show that under the “no-action” condition when we only
consider climate change, annual total consumptive irrigation water
demand decreases in three of the scenarios (RCP 4.5 and 8.5 in the
2030-2060 period and RCP 8.5 in the 2060-2090 period) and increases
in the 2060-2090 period under RCP 4.5 (Fig. 2 a). The reason for this
inconsistent behavior is that higher temperatures result in two primary,
yet conflicting, impacts (Challinor and Wheeler, 2008; Liu et al., 2013;

. Historical

a. Evaporative losses

No_Action
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Asseng et al., 2015; Challinor et al., 2016; Atlin et al., 2017): 1) higher
potential evapotranspiration (PET) that increases irrigation consump-
tive use, and 2) reduction in the length of the actual growing season for
some crops (the available growing period increases but warming causes
some crops to mature earlier). The second effect of temperature on the
length of growing season together with the reducing effect of CO, on
crop transpiration outcompetes the first impact of temperature (higher
PET), thereby reducing aggregate consumptive use over the growing
season. Our results show that the seasonality of demand is also impacted
(Supplementary Figure S3). Warmer temperatures usually lead to an
earlier planting date and faster crop growth, which shifts the seasonality
of demand to earlier in the season. We show that early-season (March,
April, May) irrigation demand increases by 32% (21%-53%) and
late-season irrigation demand decreases by 25% (18%-31%). However,
because the early-season irrigation demand makes up only about 16% of
the total annual irrigation demand, the overall seasonality of the de-
mand does not fundamentally change under climate change.

Impacts of Climate Change and Irrigation Technology on Irri-
gation Consumptive Use: Increases in basin-wide irrigation efficiency
tend to further reduce irrigation demand (Fig. 2 d) because irrigation
losses are lower when farmers use more efficient irrigation systems.
Fig. 2 a shows the collective impact of climate change and irrigation
technology on irrigation demand reduction, which is —8%, —11%, and
—20% under No-Action, Irrigation Pattern based on Economic Viability
(IPEV), and All-Switched scenarios, respectively. The reduction is more
significant under more dramatic climate scenarios (RCP 8.5) and more
significant changes in irrigation efficiency.

Impacts of Climate Change on Irrigation Losses and Return
Flow: Our results (Fig. 2 b-c) suggest that climate change could slightly
reduce irrigation return flow by three percent (2030-2090). The reason
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is that climate change could enhance irrigation evaporative losses (38%;
2030-2090) while reducing non-evaporative losses of runoff and deep
percolation (2%; 2030-2090), which leads to reduced return flow.

Impacts of Climate Change and Irrigation Technology on Irri-
gation Losses and Return Flow: Our results also suggest that a sig-
nificant reduction in the magnitude of return flow occurs as farmers
switch to more efficient systems; 25% and 55% under IPEV and All-
Switched scenarios (2030-2090), respectively. Return flows decrease
because more efficient systems (e.g., drip and center pivot) result in
significantly lower deep percolation and runoff losses compared to more
inefficient systems (Figure b and c). The reduction in deep percolation
and runoff can trigger a significant transformation of the farm-level
water cycle, which often leads to reductions in the recharge of
groundwater system with long-term water-supply implications (Berbel
et al., 2018; Grafton et al., 2018).

The seasonality of return flow closely follows the seasonality of
irrigation demand. Thus, Supplementary Figure S3 shows an increase in
early-season (April) return flow, while a significant reduction in return
flow occurs during the rest of the season. Our results also reveal that new
irrigation systems do not significantly affect the seasonality of return
flow and only modify the magnitude. They also demonstrate that the
seasonality of irrigation losses and return flows are closely correlated
with the seasonality of irrigation demand.

3.2. Streamflow in YRB

Impacts of Climate Change on Streamflow: Our simulated results
(Fig. 3 a and b) show that the magnitude of annual streamflow (the
No_Action scenario) increases by 7.8% and 9.4% over the 2030-2060
and 2060-2090 periods, respectively. Past studies (e.g., Mote and Sal-
athé, 2010a) have shown that the PNW’s precipitation slightly increases
in the future, which explains the overall increase in streamflow in the
region. The results also indicate that the seasonality of streamflow
changes under different climatic conditions in future decades. The
No_Action scenario shows an increase in winter season streamflow from

a. Streamflow (2030-2060)

2004
1504

1004

Streamflow (cubic meter per second)

Streamflow (cubic meter per second)
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December through March (as compared to historical streamflow). Spring
and summer streamflow, however, declines. Late summer and fall
streamflow do not significantly change under future climatic conditions.
Higher temperature—which modifies the temporal regime of the
snowpack—and change in seasonality of precipitation are the main
factors behind this shift. An earlier shift in the timing of water demand in
the future also affects this trend.

Impacts of Climate Change and Irrigation Technology on
Streamflow: Fig. 3 a and b demonstrate that more efficient irrigation
systems can slightly increase annual streamflow. From 2060 to 2090,
streamflow at the Kiona gage increases by 1.0% and 1.5% under IPEV
and All Switched scenarios, respectively. This mainly happens because
irrigation diversion decreases under more efficient irrigation scenarios,
which frees up more water to stay in the river. However, reduction in
return flows has a contrasting effect on the streamflow, partially off-
setting decreases in irrigation diversions. New irrigation systems can
affect the seasonality of streamflow as well (Fig. 3 ¢ and d), modifying
the magnitude of diversions from and return flow to the Yakima River.
Changes are generally positive (e.g., 5%; All Switched; 2060-2090)
during spring and early summer months and negative (e.g., —4%;
All Switched; 2060-2090) during summer months. However, our results
suggest that the magnitude of change in response to a new irrigation
system may not be as strong as the impacts of climate change. Although
smaller, the impacts might be substantive because summer streamflow
tends to be low (USBR, 2002; Hatten et al., 2014).

3.3. Ecological consequences of stream flow change

In this study, we explore the impacts of higher irrigation efficiency
on eleven ecological streamflow indicators (Table 1; Wenger et al.,
2010). Winter flow indicators (W_99, W_95, W_1.5, and W_2) show that
the probability of wintertime extreme flow events may be higher in the
future (under “No-Action” scenario) which can create an unfavorable
situation for winter-spawning fish species. The sensitivity of the winter
flow indicator to more efficient irrigation systems is significantly lower;
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however, more investment leads to slightly higher extreme events with
possible negative consequences for winter-spawning species. The sum-
mer flow indicator (S_95) shows that climate change (“No-Action”) can
significantly reduce the extreme flood event in summer; however, S_95
is not sensitive to increasing irrigation efficiency. Mean annual flow
(MAF) tends to increase under both future climate and more-efficient
irrigations systems with potential positive ecological implications.
Mean summer flow (MSF) decreases as a result of climate change
(negative), and slightly improves under higher investment scenarios
(positive). Summer low flow indicators (S15 and S20) show a higher
number of low flow days that can negatively affect fish. As compared to
other indicators, S15 and S20 are more sensitive to irrigation efficiency
scenarios, in which a higher irrigation efficiency results in less favorable
ecological conditions. The continuous low flow period indicator (7Q-10)
shows that streamflow during the seven-day low period increases as a
result of climate change (positive) and slightly increases under more
efficient irrigation scenarios. The high pulse (HP) indicator increases
due to climate change (negative) but slightly improves under higher
irrigation efficiency during 2060-2090 period. Overall, the indicators
related to daily low flow periods (S15, S20) show increases in dry pe-
riods, especially during summertime. This is caused by overall lower
streamflow during summer, mainly because the contribution of return
flows to the river flow is lower under both climate change and invest-
ment scenarios (Fig. 4).

Overall, the results show that the hydrologic impacts of higher effi-
ciency can affect streamflow condition in various ways. These stream-
flow metrics provide proxies to the well-being of different ecological
components of the system (e.g., fall- and spring-spawning fishes Wenger
et al., 2010), and various stakeholders (e.g., indigenous people of
Yakama Nation (Montag et al., 2014) or water recreation industries in
the region (USBR, 2008a)). For example, the reduction in low-flow in-
dicators can create unfavorable ecological conditions for specific species
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such as spring-spawning fishes. On the other hand, mean annual flow
(MAF) and mean summer flow (MSF) increase that lead to positive
consequences for ecology of the system and water recreation
stakeholders.

3.4. Regional drought implications

Impacts of Climate Change on Basin-wide Agricultural Water
Availability: The proration rate reflects the impacts of different climate
and irrigation technology scenarios on the amount of water available for
irrigation. The proration rate is inversely related to drought magnitude;
a lower proration rate indicates less water availability for irrigation. A
significant drought in YRB is defined as a proration rate less than 70%
(ECONorthwest, Natural Resources Economics and ESA Adolfson,
2012). Our results (Fig. 5 a and b) suggest a significant increase in
drought frequency in the future. While the historical frequency of
droughts was 21%, the frequency of droughts for the No_Action scenario
increases to 48% and 75% over the periods of 2030-2060 and
2060-2090, respectively. Our results align with past studies focused on
the PNW (Mote et al., 2005; Rajagopalan et al., 2018), and we attribute
this higher frequency to less snowfall and higher temperatures, which
change the volume and seasonality of snowmelt.

Impacts of Climate Change and Irrigation Technology on Basin-
wide Agricultural Water Availability: We show that more efficient
systems tend to slightly increase the frequency of years with proration
rates less than 70% (e.g., approximately 4% for the “All-Switched”
scenario over the 2060-2090 period). This occurs because more efficient
systems lead to a significant reduction in return flow that is critical for
the YRB’s summer water availability. However, the lower water demand
associated with more efficient systems during summer offsets some of
the negative consequences of lower return flows. Drought severity
(mainly under All Switched scenarios), on the other hand, tends to
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Fig. 4. Ecological flow implications. Eleven ecological flow indicators are considered in this study. W_99, W_95, W_1.5, W_2 are winter extreme flow indicators
where lower values are favorable. S_95 is a summer high flow indicator where a lower value is favorable. MAF and MSF are mean annual and summer flow indicators
and higher values are favorable. S15, S20 are low flow metrics where lower values are favorable. 7Q-10 is seven-day low flow indicator and a higher value is
favorable. HP is a streamflow fluctuation indicator and lower values are favorable. Table 1 provides more information about these ecological flow indicators.



K. Malek et al.

Journal of Environmental Management 300 (2021) 113731

B3 Historical B3 No-Acton B3 IPEV Il Al-Switched

a. Impacts of Irrigation Efficiency on Drought Frequency

b. Impacts of Irrigation Efficiency on Proration Rate

1980-2010 2030-2060 2060-2090 1980-2010 2030-2060 2060-2090
06
1.00
> ﬁ @
Q075 Jos
g E
g_ =
13 . g .« .
w s I =
= 0.50 5 04
: : H
o 2 .
a a
. Em
0.25
03
* o . 3
Historical RCP_4.5 RCP_85 RCP_45 RCP_85 Historical RCP_4.5 RCP_85 RCP_4.5 RCP_85
RCPs RCPs
c. Impacts of Efficient Systems on Labor Demand d. Impacts of Efficient Systems on Agricultural Economy
1980-2010 2030-2060 2060-2090 1980-2010 2030-2060 2060-2090
80004
15
@
¢ 6000 &
ke 3
o
= §10
“§ 4000+ E
£ g
5 :
Z 2000+ 3 5
I @
01 0.0

Historical RCP_4.5 RCP_85 RCP_4.5 RCP_85

e. Impacts of Efficient Systems on Energy Demand

Historical RCP_4.5 RCP_85 RCP_4.5 RCP_85

f. Impacts of Efficient Systems on Hydropower Production

1980-2010 2030-2060 2060-2090

1980-2010 2030-2060 2060-2090

1e+07

5e+06

Energy demand in agriculture (MWH)

0e+00+

Inflow to Roza dam (cubic meter per second)

1200

900
600
300

0

Historical RCP_4.5 RCP_85 RCP_4.5 RCP_8.5

Historical RCP_4.5 RCP_85 RCP_4.5 RCP_8.5

Fig. 5. Impacts on various water-dependent sectors. Panels a and b show the impact of climate and irrigation scenarios on the frequency of drought and the average
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scenarios on labor demand in the YRB. Panel d shows impacts of climate and irrigation efficiency scenarios on the basin-wide agricultural economy in the YRB. Panel
e shows the basin-wide electricity demand due to pumping of water for irrigation purposes. Panels f demonstrate inflow to the Roza hydropower generators which is a

proxy for hydropower energy production.

slightly improve in response to a switch to more efficient irrigation.
During extremely severe drought years (where the proration rate is less
than 40%), the reduction in overall demand (Fig. 5 d) and the shift in
seasonality of demand have a strong positive impact on basin-wide
water availability.

3.5. Implications for labor demand

Impacts of Climate Change on Irrigation Labor Demand: We have
already shown that climate change tends to shorten the growing season
(for some crops) which reduces the number of irrigation events.
Therefore, climate change (in isolation as represented in the No_Action
scenario) decreases labor demand. Also, because the timing of labor
demand closely follows the timing of irrigation, labor demand may be
shifted in time towards earlier in the year. From the perspective of
workers, this could potentially lead to higher chance of unemployment
later in the summer.

Impacts of Climate Change and Irrigation Technology on Irri-
gation Labor Demand: Our results show that the labor demand for
irrigation practices declines significantly when farmers use a more

efficient system (Fig. 5 ¢). This reduction in demand is most dramatic
(more than 70%) in the All Switched scenario. This is because a more
efficient system is normally more automated and less labor intensive. As
Malek et al. (2018) have shown, irrigation investment is not homoge-
nous among all crop types; e.g., farmers of annual crops tend to invest
less in efficient irrigation technology. This might cause movement of
labor across crop types, and potentially a mismatch of skills (e.g., la-
borers not having skills to work with a specific crop).

3.6. Impacts on agricultural economy

Impacts of Climate Change on Basin-Wide Agricultural Econ-
omy: The results of our “No-Action” scenario (Fig. 5 d) show that the
basin-wide agricultural economy would suffer if the climate changes as
projected (Mote and Salathé, 2010b; Abatzoglou et al., 2014) and
farmers do not switch to new irrigation systems. This would occur for
two main reasons: 1) droughts becoming more frequent and intense in
the future, and 2) some crop types (e.g., wheat, corn, and potatoes)
undergoing a significant reduction in their optimal productivity (i.e.,
potential yield) because their actual growing season could be
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a. Impacts of institutions, irrigation efficiency, and climate change on water dependent sectors (RCP_8.5)
Scr_3 | tions on the irrigation efficiency implica-
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substantially shorter in response to warming (Malek et al., 2018). This is
despite their yield increase in response to increasing CO2 concentra-
tions. However, the potential yield of many crops (e.g., multiple-cutting
crops, which are the dominant crop types in the YRB) may significantly
improve as temperatures elevate and their growing seasons extend
(Karimi et al., 2017; Rajagopalan et al., 2018).

Impacts of Climate Change and Irrigation Technology on Basin-
Wide Agricultural Economy: In scenarios wherein farmers use more
efficient systems, the agricultural economy improves (Fig. 5 d). The
greatest improvement happens under the All Switched scenario, where
the overall economy of the basin improves by 22% and 26% over the
2030-2060 and 2060-2090 periods, respectively. While our results
show that the frequency of droughts slightly increases under more
efficient irrigation scenarios, they also suggest an improved basin-wide
agricultural economy. The significant improvement in farm-level water
use efficiency (Malek et al., 2018) is the main reason behind this (under
the IPEV and All Switched scenarios). Also, for multiple-cutting crop
types (forages), the primary limiting factor is water availability (Malek
et al., 2018); therefore, more efficient systems that increase farm-level
water availability lead to significantly higher agricultural productiv-
ity. Additionally, we can infer that crop mix plays a significant role in
determining whether or not a specific scenario is beneficial; areas with
higher acreages of multiple-cutting crops are more likely to benefit from
climate change and investment in more-efficient irrigation systems,
while areas with higher acreage of annual crops might respond
differently.

c. Proration ratio under different
institutional scenarios (year 2003)
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3.7. Energy supply and demand implications

Impacts of Climate Change on Energy Demand in the Agricul-
tural Sector: Projected climate change impacts tend to reduce the
electricity demand of farms; —9.4% and —3.6% during the 2030-2060
and 2060-2090 periods, respectively. A lower irrigation demand (in
response to climate change) is the main driver behind this reduction in
energy demand (Fig. 5 e).

Impacts of Climate Change and Irrigation Technology on Energy
Demand in the Agricultural Sector: New irrigation systems usually
lower energy demand. This mainly occurs because irrigation demand
significantly decreases when farmers switch to more efficient irrigation
technologies. Moreover, efficient methods such as center pivot and drip
systems are more energy-efficient as compared to a conventional pres-
surized system (e.g., solid-set moving-wheel). However, under some
scenarios, farmers switch from unpressurized irrigation systems (i.e.,
gravitational irrigation); this increases electricity demand which ne-
gates some of the above-mentioned reductions. The overall reduction in
energy demand is 14% and 20% under the IPEV and All-Switched sce-
narios, respectively.

Impacts of Climate Change on Hydropower Generation: Our re-
sults show that hydropower generation over the YRB could decrease in
the future in response to climate change (Fig. 5 f): —2.7% and —7.2% for
2030-2060 and 2060-2090, respectively. This decrease mainly stems
from the fact that the major hydropower plants (Roza and Chandler) are
located on irrigation channels (not the main stem of the Yakima River)
through which water is diverted from the Yakima River. Therefore, the
impact of climate change on irrigation demand is the most significant
determinant of hydropower production and, therefore, does not increase
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as streamflow on the mainstem increases. In terms of seasonality, as we
showed earlier, climate change tends to shift irrigation diversion de-
mand to earlier in the season. Thus, hydropower production is higher in
the spring and lower during the late summer.

Impacts of Climate Change and Irrigation Technology on Hy-
dropower Generation: The impact of farmers’ adaptive decisions (IPEV
and All Switched scenarios) is to slightly reduce the hydropower gener-
ation of the basin (over the 2060-2090 period, 0.5% and 1.7% under
IPEV and All Switched scenarios, respectively) because reduction in de-
mand and increase in drought frequency reduces the water that goes to
agriculture; therefore, diverted water that goes to hydropower plants
also decline.

3.8. Impacts of institutions and infrastructures

In this section, we explore the impacts of different institutional and
infrastructural scenarios (defined in Section xxx) on the ways that the
YRB’s water-dependent sectors respond to changes in irrigation effi-
ciency. We use radial plots (Fig. 6) to explore the influence of higher
irrigation efficiency on different water dependent sectors or interests.
We harmonized the plots by defining the favorable direction of change
for each metric (Figure S2) to be the outward direction, and inward bars
show the degree of unfavorable changes. We take into account 17 in-
dicators of the system that have been discussed in previous sections. The
results show that institutional and infrastructural modification in YRB
can transform the consequences of higher efficiency for various stake-
holders (Fig. 6 a). For example, when farmers are allowed to use their
freed-up water (Scenario-2) and expand their irrigation acreage, total
agricultural revenue of the basin improves (Fig. 6 — a). Drought fre-
quency and magnitude also slightly improve because more diversion
increases the total amount of return flow. However, most of the
streamflow indicators of the system degrade (e.g., W99, W_95, W_1.5,
W_2, MSF, MAF, S_15, and HP). This indicates that winners and losers of

a. Changes in Area Irrigated by Different Methods
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IE policies can change under different institutional regimes. The
implementation of the Wymer Dam (Scenario-3) also improves water
delivery to agriculture. However, overall enhancement of water delivery
to agriculture comes at the price of degrading almost all other indicators
such as mean annual and summer flow. This demonstrate that even a
combination of large infrastructural investment and conservation mea-
sures can enhance conflicts among various users.

We also show that, during severe drought years such as 1994 (Fig. 6
b), proration rate can significantly decline under Scenario-2. By contrast,
during moderate drought years such as 2003 (Fig. 6 c), proration rate
slightly increases under the irrigation expansion scenario. This is
because, as diversion increases, return flow could also increase, and this
increase in return flow may outcompete the negative impacts of
increased diversion for basin-wide water availability during moderate
drought years. However, in Scenario-3, which includes the proposed
Wymer Dam, the proportion rate is significantly improved. The imple-
mentation of the Wymer Dam increases the storage capacity of the basin
and allows it to provide more water for agriculture, especially during
significant drought years such as the year 1994 (Fig. 6 b). These be-
haviors highlight the state-dependency of efficiency and I&I modifica-
tion impacts in complex infrastructure systems such as Yakima Basin.
Overall, these results show the importance of institutional context of the
basin, and imply that irrigation efficiency policy recommendations
might not be generalizable.

Historically Observed Impacts of Irrigation efficiency in Yakima
River Basin.

Over the last few decades, farmers in Yakima Basin have continually
switched from inefficient systems (e.g., border, flood, rill, solid-set,
wheel lines, and big gun) to efficient sprinklers (e.g., center pivot and
linear) and drip systems (Fig. 7, panel a). Our analysis demonstrates that
during the same period, the irrigated area of Yakima Basin increased by
around 20%. The higher efficiency seems to be at least one of the drivers
of this expansion, and this is consistent with the Jevon paradox
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Fig. 7. Historical trend of irrigation efficiency and key environmental indicators in Yakima Basin. Panel a shows change in irrigation efficiency. Inefficient sprinkler
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arguments (Sears et al., 2018). However, the historically observed trend
of irrigation diversion from Yakima River does not increase as expected
from the Jevon paradox premises. This is because the improvement in
irrigation efficiency outpaced the expansion of the irrigated area. We
also show that during the same time period, the average annual
streamflow of Yakima River increased (Fig. 7, panel a). This basically
shows that freed-up water increased the streamflow of Yakima River,
potentially benefiting other water-dependent sectors (USBR, 2010). This
is particularly interesting because previous studies suggested that
Western water law doctrine is not rigorously enforced in the region
(Kanazawa, 1998; Neuman, 1998).

4. Discussion

This study explores the ways in which climate change and invest-
ment in efficient irrigation technology can impact the food-energy-water
nexus over an intensively irrigated agricultural region in the western U.
S., the Yakima River basin. We show that systems that are more efficient
reduce return flow, which is an important component of agricultural
water supply in the YRB. However, our results indicate that negative
consequences of return flow reduction can be compensated by reduction
in irrigation demand. Our simulations suggest that the seasonality of
streamflow, irrigation demand, and return flow are important in
determining how a shift toward more-efficient irrigation systems affects
different FEW sectors. Our results show that a climate change-induced
shift in hydrologic seasonality has a stronger FEW footprints than
changes in return flow. Furthermore, our analysis shows that more
efficient systems could increase streamflow of the Yakima River during
the spring but reduce streamflow during the summer (Yakima Nation,
1997; Hatten et al., 2014), which could stress the ecological processes of
the Yakima River during the summer months. Our results show that
electricity demand in the agricultural sector could decrease due to
climate change and a switch to more efficient systems. We also show that
energy production could deteriorate (especially in the late summer) as
diversions decrease, mainly because the two major hydropower facilities
in the YRB are not located on the main stem of the river. This confirms
that the configuration of the system, such as the locations of the hy-
dropower stations and subordination water allocation to hydropower is
important when projecting how hydropower generation and other
components of the FEW nexus are affected by climatic stressors. We
further assessed the importance of basin-specific characteristics by
exploring two scenarios that contemplate both infrastructure changes
(incorporation of the proposed Wymer Dam) and modification of water
laws (allowing the expansion of irrigated areas to utilize water saved
through more efficient systems). We showed that these details must be
taken into consideration, and that if they are not, any judgment about
the impacts of efficient technologies might be heavily biased.

4.1. New irrigation technology and the economy of the YRB

We show that when farmers invest in more efficient irrigation sys-
tems, despite the negative impacts of higher efficiency on return flow
rates, the overall agricultural economy improves. However, as Malek
etal. (2018) have discussed, some crops benefit more from investment in
new irrigation systems than others. Multiple-cutting crop growers
benefit from climate change, while annual crops are likely to undergo a
reduction in productivity. This disproportionality might provide an
incentive for certain adaptive decisions, such as using a new crop type or
double cropping. Additionally, although the economy of the energy
sector is significantly smaller than that of the agricultural sector, we
project a reduction in its overall revenue, which might have broader
socioeconomic implications.

4.2. Socio-economic implications of new irrigation technologies

In addition to crop-type winners and losers, there could also be
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uneven societal impacts. These impacts may vary across scales and
groups (Givens et al., 2018). Our results show that adoption of new
irrigation technologies improves the basin-wide agricultural economy
and that, with adoption of irrigation technologies, the labor demand for
irrigation practices decreases. While declining labor demands may be
positive for farmers, this represent a negative outcome for the laborers
(due to a reduced number of jobs), and may negatively affect the larger
regional economy by creating displaced workers. Another example of
uneven societal impacts is that some farmers may have more capacity to
invest in efficient irrigation technologies, which could force some
farmers out of business and contribute to the trends of increasing farm
size and fewer farms (Fuglie and Kascak, 2001). Our results also show
that new irrigation technologies might have contrasting implications in
different FEW sectors. For example, the agricultural economy (as a
whole) may improve while hydropower generation and ecological
condition of streamflow could diminish. These results suggest that it is
important to consider possible unintended consequences of irrigation
technology adoption and uneven socio-economic implications across
actors, sectors, and scales.

4.3. Typology of policymaking for irrigation efficiency

Our analysis highlights that irrigation efficiency can create complex
and often opposing implications for various water-dependent sectors in
Yakima Basin (Fig. 6 a and Figure S4 and S5 in the Supplementary
Materials). These competing interests and many other factors contribute
to making the efficiency policies nontrivial to develop. In fact we argue
that in places such as YRB that has complex institutional and infra-
structural setup, it is impossible to treat the irrigation issues as “tame
problems” (Dentoni et al., 2012; Ozerol et al., 2012). Note that a “tame
problem” is a problem that can be removed from its environment and
solved without affecting the environment (Buchanan, 1992; Grint,
2010). Therefore, straightforward engineering and pragmatic types of
decisions that are usually used for tame problems (Caniglia et al., 2020)
might not respond to the complex outcomes of change in irrigation ef-
ficiency. In contrast, there are many evidences to believe that the irri-
gation policymaking is a “wicked problem”. First obvious indication of
the wickedness of efficiency problem is its multi-dimensional nature that
has been discussed in this paper (Buchanan, 1992). In addition to what
has been discussed, another group that have stakes in these policies are
irrigation equipment manufacturers and irrigation engineering firms,
because any irrigation policy recommendations can directly affect their
revenues (Grafton et al., 2018).

Apart from plurality of interests, it can be argued that any judgement
about the higher efficiency implications heavily depends on where the
boundaries of the system are drawn (Anderies et al., 2013). For example,
a national-level interest, might lead to disproportional support for
improvement in agricultural efficiency comparing to finer spatial reso-
lutions. Also, similar to other wicked problems (Rayner, 2012), irriga-
tion efficiency issue is endless. Even if all the farmers invest in more
efficient systems, the need for replacing these systems will emerge after
a while. Besides, new technologies that emerge on the daily basis, pro-
vide additional incentives to switch. In addition, as our climate change
and socio-economic analysis shows, irrigation efficiency implications for
each player changes as climatic, institutional, and infrastructural
context of the basin transform, which is another indication of the
wickedness of this problem (Verweij et al., 2006; Rayner, 2012).
Another source of complication that makes efficiency a non-tame
problem is the fact that there is often not enough ground to argue
which stakeholders (or their representative metrics) should be included
or excluded in the efficiency impact analysis. For example, in some
areas, switching to more efficient irrigation systems could substantially
affect the chemical properties (e.g., the salinity) of soil and water
(Bliesner et al., 1977; Letey, 1993; Pearce and Schumann, 2001; Causapé
et al., 2006), and including or excluding that aspect of the efficiency in
the discussion can transform the entire policy recommendations.
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We argue that irrigation efficiency policies should be designed from a
wicked problem standpoint. Policymaking for those types of problems
should consider the pluralistic nature of the irrigation efficiency, which
unavoidably leads to accepting that, similar to other wicked problems,
there is no perfect or a final solution (Verweij et al., 2006; Alford and
Head, 2017). Therefore, as have been suggested for other wicked
problems, irrigation efficiency policies should incorporate various
points of views, disciplines and knowledges, while incorporating
awareness raising and capacity-building as a part of the process (Verweij
et al., 2006; Weber and Khademian, 2008; Brown et al., 2010; Caniglia
et al., 2020). In wicked problem literature these solutions are usually
referred to as clumsy solutions (Verweij et al., 2006; Rayner, 2012).
Also, power asymmetries and social and cultural arrangements should
be taken into account to develop effective and sustainable policies.
Additionally, as discussed earlier efficiency policies should be always
aware of regional institutions, infrastructure, and climate. This neces-
sitate a careful consideration of regional details before reaching to an
informed decision about endorsing or discouraging irrigation efficiency
improvement. Finally, irrigation efficiency policies should not be
assumed to comply with stationarity conditions and might need to be
revisited frequently.

4.4. Can the rebound effect concept explain the impacts of irrigation
efficiency on the environment?

As discussed earlier, the rebound effect (i.e., the Jevon Paradox)
argues that higher IE can lead to higher water use by the efficiency-
improving farmers (Clark and Foster, 2001), which can negatively
affect other sectors. Recently, studies on this topic have led to policy
propositions that mainly recommend against governmental
terventions to increase irrigation efficiency (Grafton et al., 2018; Wu
et al., 2018; Freire-Gonzalez, 2019). However, our analysis of historical
diversion and average annual streamflow suggests that Yakima Basin
has undergone fundamentally different consequences of irrigation effi-
ciency than some of the most widely discussed regions of the world that
have experienced a rebound effect (Sears et al., 2018; Song et al., 2018;
Wang et al.,, 2020); such regions include Murray-Darling Basin in
Australia (Loch and Adamson, 2015; Wheeler et al., 2020), the U.S. state
of Kansas and neighboring regions that rely on the Ogallala Aquifer for
water (Li and Zhao, 2018; Pfeiffer and Lin, 2014; Sanderson and Hughes,
2019), and many irrigated regions in China (Fang et al., 2020; Song
et al., 2018; Wu et al., 2018). In these regions, irrigators have been
improving their efficiency for several decades, but the tendency toward
the expansion of irrigated lands and the use of water-intensive crop
types has canceled out the savings from more the efficient systems. This
implies that although theories such as the Jevon paradox, the rebound
effect, and the treadmill of production (Sanderson and Hughes, 2019)
can efficiently explain the observed trends in some areas, alternative
theories should not be ignored.

In addition, our results indicate that higher IE causes complex
regional effects across different water-dependent sectors, and a unified
metric such as rebound effect might not be able to capture its entire
dynamics. The multi-dimensional and scale-dependent nature of effi-
ciency improvement has already been discussed in energy literature, the
birthplace of the rebound effect. For example, several past studies (e.g.,
Freire-Gonzalez, 2019) have defined three types of rebound effects:
direct, indirect, and economy-wide. Freeman (2018) advocates for
broader definitions of rebound effects implications, including
economy-wide, transformational (the effect on customers’ preferences),
frontiers (encouraging new innovative products), and the international
aspects of efficiency increase. In environmental studies of the rebound
effect, there are example of considering direct, indirect, and
economy-wide IE effects (Dumont et al., 2013; Freire-Gonzalez, 2019);
however, most of the IE body of literature perceives the rebound effect
as a stressor that influences either the investing farmers or the entire
system as a whole. We argue that while these definitions themselves

in-
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imply the complexity of the problem, they might lack enough conceptual
foundation to respond to pluralistic nature of the efficiency issues.
Moreover, we show that the impacts of different efficiency scenarios are
heavily controlled by local water institutions and infrastructures. Even
within a particular sector, the responses can vary by the level of water
shortage and the time of year. There are also nontrivial socioeconomic
implications that are always specific to a given regional context and that
makes policy recommendations non-generalizable. Therefore, we argue
that the rebound effect concept or other aggregated metrics that aim at
describing the totality of efficiency impacts might not be able to fully
capture these complex and intertwined relationships.

4.5. Assumptions and limitations

In this study, we assume that water rights and regulations do not
change in the future. The current water law does not allow for expansion
of irrigated areas. At the same time, when farmers do not use their water
rights, they can be subject to relinquishment. However, historically, the
“use it or lose it” law has not been enforced over YRB. Therefore, the
freed-up water has become available to other users, an assumption that
recorded diversion of the YRB supports. Further studies that consider
alternative relinquishment and water regulation assumptions could
provide a more in-depth understanding of the implications of more
efficient irrigation technologies. Additionally, a more comprehensive
analysis of economic factors such as changes in energy price and agri-
cultural demand as well as energy and crop prices could provide a
broader perspective on this issue.

Explicit evaluation of the economic impacts of farmers’ decisions on
physical and chemical condition of fish habitat is beyond the scope of
this work. Other studies (Yoder et al., 2017) have projected that
improvement in the fish environment would have a significant impact
on the economy of the basin. We do not directly quantify the impacts of
changes on values of fish and wildlife in the Yakima River because doing
so requires detailed simulation of fish migration process, effect of water
physical and chemical characteristics (e.g., water temperature) on fish
population (Rose, 2000), which are beyond the scope of this paper.
Instead, we use streamflow ecological metrics to comment on how
changes in streamflow may impact fish. Finally, in this study, we only
take into account 11 streamflow metrics, however, there are many other
properties and signatures of streamflow timeseries that have been
considered in previous studies (e.g., Olden and Poff, 2003; Do et al.,
2018; McMillan, 2021) which can be investigated in future.

Another important transformation in Yakima that could interact with
the effects of irrigation technology is change in cropping patterns. Our
analysis shows that the planted area of low- and medium-value crops (e.
g., wheat, potato, corn, alfalfa, pasture, and barely) has declined during
the last two decades, while high-value crops (e.g., apple, pear, grapes,
and hops) have become more widespread in the region (Supplementary
Figure S6). Transitioning to a high-value crop pattern can affect irriga-
tion diversion through two pathways. First, a new crop distribution af-
fects the total consumptive water use, though the overall direction of
change in water demand depends on the actual crop mix. Some crop
types have higher water demand, but some high-value crops, such as
grapes, have lower demand than their low-value counterparts, such as
alfalfa, and this can reduce basin-wide irrigation diversion (Davis et al.,
2017; Gautam et al., 2021). Second, in drought years, high-value crops
tend to reinforce the demand-hardening trend that has been reported
throughout the western U.S. (Mall and Herman, 2019; Reisman and
Macaulay, 2021), which can increase overall irrigation withdrawal,
especially during drought periods. Although exploring the combined
effect of cropping patterns and irrigation technology is beyond the scope
of this study, further investigation of this issue could lead to a deeper
understanding of irrigation-efficiency effects.
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5. Conclusions

This study explored how farmers’ decisions regarding whether to
invest in new irrigation systems impact the basin-wide water cycle and
the economy of FEW nexus sectors. Our results indicate that the effects
of improved efficiency will not be consistent among different sectors.
For example, the overall agricultural economy of the YRB improves
under more efficient irrigation systems; however, because return flow
decreases, a negative impact can occur on basin-wide water availability.
The energy sector can experience a reduction in hydropower generation
because the generators are not located on the main stem of the river;
therefore, as diversion decreases, the water that goes to the generators
decreases. Some of the ecological flow metrics indicate deterioration of
fish habitat because of a higher probability of experiencing stream
fluctuations and low-flow conditions in summer, while other factors
such as mean annual flow improve with higher irrigation efficiency. We
also conclude that there can be unintended and uneven socioeconomic
outcomes for different participants within the system and at various
scales. Reduced labor demand is one example of a predicted conse-
quence of irrigation technology improvements that will create benefits
for some and problems for other participants in this regional FEW sys-
tem. There may also be increased conflict among sectors, which will
need to be taken into consideration. In addition, we show that institu-
tional changes allowing the expansion of irrigated agriculture, for
example, can have positive impacts on basin-wide water availability
during severe drought years and negative ones during moderate drought
years. These results suggest that it will be important to carefully eval-
uate the goals of any system innovation and plan for multiple potential
socioeconomic consequences in various contexts. Technological inno-
vation must be used in combination with policies and other in-
terventions to help produce intended outcomes across system
participants and sectors. These findings imply that no universal answer
explains whether an increase in irrigation efficiency through techno-
logical development improves water availability for other sectors.
Additionally, the results of this study underscore the fact that local and
regional conditions matter, and policies may be put in place that
counteract the occurrence of a Jevons paradox, such as policies that
enforce water rights and reduce overall demand.

Author roles

Keyvan Malek conducted simulations and wrote the first draft of the
manuscript. Jennifer Adam and Patrick Reed supervised the project.
Jonathan Yoder supervised the socio-economic parts of the project. All
authors including Jennifer Givens, Michael Brady, Claudio Stockle, Tina
Karimi, Kirti Rajagopalan, and Mingliang Liu participated in develop-
ment of the paper’s central ideas, its study design, and the manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

The Cornell authors were funded in this work by U.S. National Sci-
ence Foundation (NSF)’s Innovations at the Nexus of Food, Energy and
Water Systems (INFEWS) program (Award No. 1639268).This research
has also been supported by Washington State University’s Columbia
River FEW project (INFEWS; Award No. 1639458). Funding for this
work was also provided by the following grant: USDA #2017-67004-
26131. The views expressed in this work represent those of the authors
and do not necessarily reflect the views or policies of the NSF.

13

Journal of Environmental Management 300 (2021) 113731
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2021.113731.

References

Abatzoglou, J.T., Brown, T.J., 2012. ‘A comparison of statistical downscaling methods
suited for wildfire applications’. Int. J. Climatol. 32 (5), 772-780. https://doi.org/
10.1002/joc.2312.

Abatzoglou, J.T., Rupp, D.E., Mote, P.W., 2014. ‘Seasonal climate variability and change
in the Pacific Northwest of the United States’. J. Clim. 27 (5), 2125-2142. https://
doi.org/10.1175/JCLI-D-13-00218.1.

Adamson, D., Loch, A., 2014. ‘Possible negative feedbacks from “gold-plating” irrigation
infrastructure’. Agric. Water Manag. 145, 134-144. https://doi.org/10.1016/j.
agwat.2013.09.022.

Alford, J., Head, B.W., 2017. ‘Wicked and less wicked problems: a typology and a
contingency framework’. Policy and Society 36 (3), 397-413. https://doi.org/
10.1080/14494035.2017.1361634.

Allen, R.G., Clemmens, A.J., Willardson, L.S., 2005. ‘Agro-hydrology and irrigation
efficiency’. ICID Working Group Water and Crops. Available at: https://www.resear
chgate.net/profile/Richard_Allen10/publication/228654129_Agro-Hydrology_a
nd_Irrigation_Efficiency/links/0046353705118bcb9d000000.pdf. (Accessed 14
March 2016).

Anderies, J.M., et al., 2013. Aligning key concepts for global change policy: robustness,
resilience, and sustainability. Ecol. Soc. 18 (2). Available at: https://www.jstor.org/
stable/26269292. (Accessed 5 October 2020).

Asseng, S., et al., 2015. ‘Rising temperatures reduce global wheat production’. Nat. Clim.
Change 5 (2), 143-147. https://doi.org/10.1038/nclimate2470.

Atlin, G.N., Cairns, J.E., Das, B., 2017. ‘Rapid breeding and varietal replacement are
critical to adaptation of cropping systems in the developing world to climate
change’. Global Food Security 12, 31-37. https://doi.org/10.1016/j.
gfs.2017.01.008.

Barnett, T., et al., 2004. ‘The effects of climate change on water Resources in the west:
introduction and overview’. Climatic Change 62 (1-3), 1-11. https://doi.org/
10.1023/B. CLIM.0000013695.21726.b8.

Berbel, J., Gutiérrez-Martin, C., Exp6sito, A., 2018. ‘Impacts of irrigation efficiency
improvement on water use, water consumption and response to water price at field
level’. Agric. Water Manag. 203, 423-429. https://doi.org/10.1016/j.
agwat.2018.02.026.

Berbel, J., Mateos, L., 2014. ‘Does investment in irrigation technology necessarily
generate rebound effects? A simulation analysis based on an agro-economic model’,.
Agric. Syst. 128, 25-34. https://doi.org/10.1016/j.agsy.2014.04.002.

Bliesner, R.D., et al., 1977. ‘Effects of irrigation management on the quality of irrigation
return flow in ashley valley, Utah’. Soil Sci. Soc. Am. J. 41 (2), 424-428. https://doi.
org/10.2136/sssaj1977.03615995004100020051x.

Brekke, L., et al., 2010. Climate and Hydrology Datasets for Use in the RMJOC Agencies’
Longer-Term Planning Studies: Part I - Future Climate and Hydrology Datasets.

Brown, V.A., Harris, J.A., Russell, J.Y., 2010. Tackling wicked problems through the
transdisciplinary imagination. Earthscan.

Buchanan, R., 1992. ‘Wicked problems in design thinking’. Des. Issues 8 (2), 5-21.
https://doi.org/10.2307/1511637.

Burnham, M., Ma, Z., Zhu, D., 2015. ‘The human dimensions of water saving irrigation:
lessons learned from Chinese smallholder farmers’. Agric. Hum. Val. 32 (2),
347-360. https://doi.org/10.1007/510460-014-9565-8.

Caniglia, G., et al., 2020. ‘A pluralistic and integrated approach to action-oriented
knowledge for sustainability’, Nature Sustainability, pp. 1-8. https://doi.org/
10.1038/541893-020-00616-z.

Causapé, J., Quilez, D., Aragiiés, R., 2006. ‘Irrigation efficiency and quality of irrigation
return flows in the ebro River Basin: an overview’. Environ. Monit. Assess. 117 (1),
451-461. https://doi.org/10.1007/s10661-006-0763-8.

Challinor, A.J., et al., 2016. ‘Current warming will reduce yields unless maize breeding
and seed systems adapt immediately’. Nat. Clim. Change 6 (10), 954-958. https://
doi.org/10.1038/nclimate3061.

Challinor, A.J., Wheeler, T.R., 2008. ‘Crop yield reduction in the tropics under climate
change: processes and uncertainties’. Agric. For. Meteorol. 148 (3), 343-356.
https://doi.org/10.1016/j.agrformet.2007.09.015.

Clark, B., Foster, J.B., 2001. ‘William stanley Jevons and the coal question: an
introduction to jevons’s “of the economy of fuel”. Organ. Environ. 14 (1), 93-98.

Collins, W.J., et al., 2011. ‘Development and evaluation of an Earth-System model-
HadGEM2’. Geosci. Model Dev. (GMD) 4 (4), 1051.

Dentoni, D., Hospes, O., Ross, R.B., 2012. ‘Managing wicked problems in agribusiness:
the role of multi-stakeholder engagements in value creation: Editor. In: s
Introduction’ (Ed.), Int. Food Agribus. Manag. Rev. 15 (B), 1-12.

Dewandel, B., et al., 2008. ‘An efficient methodology for estimating irrigation return flow
coefficients of irrigated crops at watershed and seasonal scale’. Hydrol. Process. 22
(11), 1700-1712. https://doi.org/10.1002/hyp.6738.

Do, H.X., et al., 2018. ‘The Global Streamflow Indices and Metadata Archive (GSIM) —
Part 1: the production of a daily streamflow archive and metadata’,. Earth Syst. Sci.
Data 10 (2), 765-785. https://doi.org/10.5194/essd-10-765-2018.

Dumont, A., Mayor, B., Lopez-Gunn, E., 2013. ‘Is the rebound effect or Jevons paradox a
useful concept for better management of water Resources? Insights from the
irrigation modernisation process in Spain’. Aquatic Procedia 1, 64-76. https://doi.
0rg/10.1016/j.aqpro.2013.07.006.


https://doi.org/10.1016/j.jenvman.2021.113731
https://doi.org/10.1016/j.jenvman.2021.113731
https://doi.org/10.1002/joc.2312
https://doi.org/10.1002/joc.2312
https://doi.org/10.1175/JCLI-D-13-00218.1
https://doi.org/10.1175/JCLI-D-13-00218.1
https://doi.org/10.1016/j.agwat.2013.09.022
https://doi.org/10.1016/j.agwat.2013.09.022
https://doi.org/10.1080/14494035.2017.1361634
https://doi.org/10.1080/14494035.2017.1361634
https://www.researchgate.net/profile/Richard_Allen10/publication/228654129_Agro-Hydrology_and_Irrigation_Efficiency/links/0046353705118bcb9d000000.pdf
https://www.researchgate.net/profile/Richard_Allen10/publication/228654129_Agro-Hydrology_and_Irrigation_Efficiency/links/0046353705118bcb9d000000.pdf
https://www.researchgate.net/profile/Richard_Allen10/publication/228654129_Agro-Hydrology_and_Irrigation_Efficiency/links/0046353705118bcb9d000000.pdf
https://www.jstor.org/stable/26269292
https://www.jstor.org/stable/26269292
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1016/j.gfs.2017.01.008
https://doi.org/10.1016/j.gfs.2017.01.008
https://doi.org/10.1023/B
https://doi.org/10.1023/B
https://doi.org/10.1016/j.agwat.2018.02.026
https://doi.org/10.1016/j.agwat.2018.02.026
https://doi.org/10.1016/j.agsy.2014.04.002
https://doi.org/10.2136/sssaj1977.03615995004100020051x
https://doi.org/10.2136/sssaj1977.03615995004100020051x
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref13
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref13
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref14
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref14
https://doi.org/10.2307/1511637
https://doi.org/10.1007/s10460-014-9565-8
https://doi.org/10.1038/s41893-020-00616-z
https://doi.org/10.1038/s41893-020-00616-z
https://doi.org/10.1007/s10661-006-0763-8
https://doi.org/10.1038/nclimate3061
https://doi.org/10.1038/nclimate3061
https://doi.org/10.1016/j.agrformet.2007.09.015
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref21
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref21
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref22
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref22
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref23
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref23
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref23
https://doi.org/10.1002/hyp.6738
https://doi.org/10.5194/essd-10-765-2018
https://doi.org/10.1016/j.aqpro.2013.07.006
https://doi.org/10.1016/j.aqpro.2013.07.006

K. Malek et al.

ECONorthwest Natural Resources Economics and Esa Adolfson, 2012. Yakima River
Basin Integrated water resource management plan four accounts analysis. Available
at:, p. 146 http://www.usbr.gov/pn/programs/yrbwep/reports/fouraccounts.pdf.

Flato, G.M., et al., 2000. ‘The Canadian Centre for Climate Modelling and Analysis global
coupled model and its climate’. Clim. Dynam. 16 (6), 451-467. https://doi.org/
10.1007/5003820050339.

Freeman, R., 2018. ‘A theory on the future of the rebound effect in a resource-
constrained world’, frontiers in energy research, 6. https://doi.org/10.3389/
fenrg.2018.00081.

Freire-Gonzélez, J., 2019. ‘Does water efficiency reduce water consumption? The
economy-wide water rebound effect’,. Water Resour. Manag. 33 (6), 2191-2202.
https://doi.org/10.1007/511269-019-02249-0.

Fuglie, K.O., Kascak, C.A., 2001. ‘Adoption and diffusion of natural-resource-conserving
agricultural technology’. Appl. Econ. Perspect. Pol. 23 (2), 386-403. https://doi.
org/10.1111/1467-9353.00068.

Fulp, T., Harkins, J., 2001. Policy analysis using RiverWare: Colorado river interim
surplus guidelines’, in Bridging the Gap. American Society of Civil Engineers 1-10.
Available at: http://ascelibrary.org/doi/abs/10.1061,/40569%282001%29150.
(Accessed 30 July 2014).

Givens, J.E., et al., 2018. ‘Incorporating social system dynamics in the Columbia River
basin: food-energy-water resilience and sustainability modeling in the Yakima River
basin’, frontiers in environmental science, 6. https://doi.org/10.3389/
fenvs.2018.00104.

Grafton, R.Q., et al., 2018. ‘The paradox of irrigation efficiency’. Science 361 (6404),
748-750. https://doi.org/10.1126/science.aat9314.

Grint, K., 2010. ‘Wicked problems and clumsy solutions: the role of leadership’. In:
Brookes, S., Grint, K. (Eds.), The New Public Leadership Challenge. Palgrave
Macmillan UK, London, pp. 169-186. https://doi.org/10.1057/9780230277953 11.

Hatten, J.R., et al., 2014. ‘Modeling effects of climate change on Yakima River salmonid
habitats’. Climatic Change 124 (1-2), 427-439. https://doi.org/10.1007/510584-
013-0980-4.

Hoffman, T.R., Willett, G.S., 1998. The economics of alternative irrigation systems in the
Kittitas Valley of Washington State. Citeseer. Available at: http://citeseerx.ist.psu.
edu/viewdoc/download?doi=10.1.1.958.3383&rep=repl&type=pdf. (Accessed 23
March 2017).

Karimi, T., et al., 2017. ‘Climate change and dryland wheat systems in the US Pacific
Northwest’. Agric. Syst. 159, 144-156. https://doi.org/10.1016/j.agsy.2017.03.014.

Koundouri, P., Nauges, C., Tzouvelekas, V., 2006. ‘Technology adoption under
production uncertainty: theory and application to irrigation technology’. Am. J.
Agric. Econ. 88 (3), 657-670. https://doi.org/10.1111/j.1467-8276.2006.00886.x.

Leonard, B., Libecap, G.D., 2019. ‘Collective action by contract: prior appropriation and
the development of irrigation in the western United States’. J. Law Econ. 62 (1),
67-115. https://doi.org/10.1086,/700934.

Letey, J., 1993. ‘Relationship between salinity and efficient water use’. Irrigat. Sci. 14
(2), 75-84.

Liu, Z., et al., 2013. ‘Negative effects of climate warming on maize yield are reversed by
the changing of sowing date and cultivar selection in Northeast China’. Global
Change Biol. 19 (11), 3481-3492. https://doi.org/10.1111/gcb.12324.

Lovrich, N., et al., 2004. Of water and Trust: a review of the Washington water
acquisition program. Available at. http://www.ecy.wa.gov/programs/wr/instr
eam-flows/Images/pdfs/waterandtrust_report.pdf.

Malek, K., et al., 2016. ‘VIC-CropSyst: a regional-scale modeling platform to simulate the
nexus of climate, hydrology, cropping systems, and human decisions’,. Geosci.
Model Dev. Discuss. (GMDD) 2016, 1-38. https://doi.org/10.5194/gmd-2016-294.

Malek, K., et al., 2017. ‘VIC-CropSyst-v2: a regional-scale modeling platform to simulate
the nexus of climate, hydrology, cropping systems, and human decisions’,. Geosci.
Model Dev. (GMD) 10 (8), 3059-3084. https://doi.org/10.5194/gmd-10-3059-
2017.

Malek, K., et al., 2018. ‘When should irrigators invest in more water-efficient
technologies as an adaptation to climate change?’, Water Resources Research, 0(ja).
https://doi.org/10.1029/2018WR022767.

Mastin, M.C., Vaccaro, J.J., 2002. ‘Watershed models for decision support in the Yakima
River basin, Washington’, Washington. US Geological Survey Open-File Report
02-404, Tacoma, WA. Available at: http://pubs.usgs.gov/of/2002/0fr02404/.
Accessed: 5 November 2013.

McMillan, H.K., 2021. ‘A review of hydrologic signatures and their applications’. WIREs
Water 8 (1), €1499. https://doi.org/10.1002/wat2.1499.

Montag, J.M., et al., 2014. ‘Climate change and Yakama Nation tribal well-being’.
Climatic Change 124 (1), 385-398. https://doi.org/10.1007/s10584-013-1001-3.

Moss, R.H., et al., 2010. ‘The next generation of scenarios for climate change research
and assessment’. Nature 463 (7282), 747-756. https://doi.org/10.1038/
nature08823.

Mote, P.W., et al., 2005. ‘Declining mountain snowpack in western North America’
https://doi.org/10.1175/BAMS-86-1-39.

Mote, P.W., Salathé, E.P., 2010a. ‘Future climate in the Pacific Northwest’. Climatic
Change 102 (1-2), 29-50. https://doi.org/10.1007/510584-010-9848-z.

Mote, P.W., Salathé, E.P., 2010b. ‘Future climate in the Pacific Northwest’. Climatic
Change 102 (1-2), 29-50. https://doi.org/10.1007/510584-010-9848-z.

Neuman, J.C., 1998. ‘BENEFICIAL use, waste, and forfeiture: the inefficient search for
efficiency IN western water use’. Environ. Law 28 (4), 919-996.

Olden, J.D., Poff, N.L., 2003. ‘Redundancy and the choice of hydrologic indices for
characterizing streamflow regimes’. River Res. Appl. 19 (2), 101-121. https://doi.
org/10.1002/rra.700 doi.

Opitz-Stapleton, S., Gangopadhyay, S., Rajagopalan, B., 2007. ‘Generating streamflow
forecasts for the Yakima River Basin using large-scale climate predictors’. J. Hydrol.
341 (3-4), 131-143. https://doi.org/10.1016/j.jhydrol.2007.03.024.

14

Journal of Environmental Management 300 (2021) 113731

Ozerol, G., Bressers, H., Coenen, F., 2012. ‘Irrigated agriculture and environmental
sustainability: an alignment perspective’. Environ. Sci. Pol. 23, 57-67. https://doi.
org/10.1016/j.envsci.2012.07.015.

Pacanowski, R.C., Dixon, K., Rosati, A., 1991. ‘The GFDL modular ocean model users
guide’. GFDL Ocean Group Tech. Rep 2, 142.

Paul, C,, et al., 2019. ‘Rebound effects in agricultural land and soil management: review
and analytical framework’. J. Clean. Prod. 227, 1054-1067. https://doi.org/
10.1016/j.jclepro.2019.04.115.

Pearce, M.W., Schumann, E.H., 2001. ‘The impact of irrigation return flow on aspects of
the water quality of the upper Gamtoos Estuary, South Africa’. WaterSA 27 (3),
367-372.

Perry, C., Steduto, P., Karajeh, F., 2017. Does improved irrigation technology save
water? A review of the evidence. Food and Agriculture Organization of the United
Nations, Cairo, p. 42.

Rajagopalan, K., et al., 2018. ‘Impacts of near-term climate change on irrigation demands
and crop yields in the Columbia River basin’, water Resources research, 0(0).
https://doi.org/10.1002/2017WR020954.

Rayner, S., 2012. ‘Uncomfortable knowledge: the social construction of ignorance in
science and environmental policy discourses’. Econ. Soc. 41 (1), 107-125. https://
doi.org/10.1080,/03085147.2011.637335.

Rinella, J.F., et al., 1992. Surface-water-quality assessment of the Yakima River basin,
Washington; pesticide and other trace-organic-compound data for water, sediment,
soil, and aquatic biota, 1987-91. OFR-92-644. United States Geological Survey.
Available at: http://pubs.er.usgs.gov/publication/ofr92644. (Accessed 10
September 2013).

Rose, K.A., 2000. ‘Why are quantitative relationships between environmental quality and
fish populations so elusive?’. Ecol. Appl. 10 (2), 367-385. https://doi.org/10.1890/
1051-0761(2000)010[0367:WAQRBE]2.0.CO;2.

Schuck, E.C,, et al., 2005. ‘Adoption of more technically efficient irrigation systems as a
drought response’. Int. J. Water Resour. Dev. 21 (4), 651-662. https://doi.org/
10.1080/07900620500363321.

Schwarz, G.E., Alexander, R.B., 1995. ‘State soil geographic (STATSGO) data base for the
conterminous United States’. Open File Rep. Available at: https://pubs.er.usgs.gov/p
ublication/ofr95449. (Accessed 16 September 2016).

Sears, L., et al., 2018. ‘Jevons’ paradox and efficient irrigation technology’.
Sustainability 10 (5), 1590. https://doi.org/10.3390/su10051590.

Song, J., et al., 2018. ‘The agricultural water rebound effect in China’. Ecol. Econ. 146,
497-506. https://doi.org/10.1016/j.ecolecon.2017.12.016.

The HadGEM2 Development Team, Martin, G.M., et al., 2011. ‘The HadGEM2 family of
met office unified model climate configurations’. Geosci. Model Dev. (GMD) 4 (3),
723-757. https://doi.org/10.5194/gmd-4-723-2011.

USBR, 2002. ‘Interim comprehensive basin operating plan for for the Yakima project
Washington’, U.S. Department of the interior U.S. Bureu of reclamation. Yakima
Field Office, Yakima, WA. Available at: about:newtab. (Accessed 10 October 2013).

USBR, 2008a. ‘Yakima River basin reservoir and river recreation Survey report of
findings’. U.S. Department of the Interior Bureau of Reclamation Technical Service
Center Denver, Colorado 217.

USBR, 2008b. Yakima River basin water storage feasibility study planning report/EIS
(storage study). Available at: http://www.usbr.gov/pn/programs/yrbwep/
2011integratedplan/. (Accessed 27 May 2014).

USBR, 2010. ‘Technical memorandum Yakima River basin study — WaterSMART program
subtask 2.1°, technical memorandum Yakima River basin study — WaterSMART
program subtask 2.1. Available at: http://www.usbr.gov/pn/programs/yrbwep
/reports/tm/2-1waterneeds.pdf. (Accessed 10 October 2013).

USBR, 2012. Yakima River Basin Integrated water resource management plan. Available
at: zotero://attachment/967. (Accessed 27 May 2014).

Verweij, M., et al., 2006. ‘Clumsy solutions for a complex world: the case of climate
change’,. Publ. Adm. 84 (4), 817-843. https://doi.org/10.1111/j.1540-
8159.2005.09566.x-i1 doi.

Volodin, E.M., Dianskii, N.A., Gusev, A.V., 2010. ‘Simulating present-day climate with
the INMCM4.0 coupled model of the atmospheric and oceanic general circulations’,
Izvestiya. Atmospheric and Oceanic Physics 46 (4), 414-431. https://doi.org/
10.1134/5000143381004002X.

Vuuren, D., van, P., et al., 2011. ‘The representative concentration pathways: an
overview’. Climatic Change 109 (1-2), 5. https://doi.org/10.1007/510584-011-
0148-z.

Weber, E.P., Khademian, A.M., 2008. ‘Wicked problems, knowledge challenges, and
collaborative capacity builders in network settings’. Publ. Adm. Rev. 68 (2),
334-349. https://doi.org/10.1111/j.1540-6210.2007.00866.x doi.

Wenger, S.J., et al., 2010. Macroscale hydrologic modeling of ecologically relevant flow
metrics. Water Resources Research 46 (9). https://doi.org/10.1029/
2009WR008839.

Western States Water Council, 2012. Water transfers in the west. Available at. htt
p://www.westgov.org/component/docman/doc_download/1654-water-transfer
s-in-the-west?Itemid=.

Willardson, L., 1985. ‘basin-wide impacts of irrigation efficiency’. J. Irrigat. Drain. Eng.
111 (3), 241-246. https://doi.org/10.1061/(ASCE)0733-9437(1985)111:3(241).

Wu, F., Zhang, Q., Gao, X., 2018. ‘Does water-saving technology reduce water use in
economic systems? A rebound effect in Zhangye city in the Heihe River Basin,
China’,. Water Pol. 20 (2), 355-368. https://doi.org/10.2166/wp.2017.003.

Yakima Nation, 1997. Coho Salmon Planning Status Report. Toppenish. Yakima Nation
Fisheries, Washington.

Yoder, J., et al., 2017. ‘Benefit-Cost analysis of integrated water resource management:
accounting for interdependence in the Yakima Basin integrated plan’. JAWRA


http://www.usbr.gov/pn/programs/yrbwep/reports/fouraccounts.pdf
https://doi.org/10.1007/s003820050339
https://doi.org/10.1007/s003820050339
https://doi.org/10.3389/fenrg.2018.00081
https://doi.org/10.3389/fenrg.2018.00081
https://doi.org/10.1007/s11269-019-02249-0
https://doi.org/10.1111/1467-9353.00068
https://doi.org/10.1111/1467-9353.00068
http://ascelibrary.org/doi/abs/10.1061/40569%282001%29150
https://doi.org/10.3389/fenvs.2018.00104
https://doi.org/10.3389/fenvs.2018.00104
https://doi.org/10.1126/science.aat9314
https://doi.org/10.1057/9780230277953_11
https://doi.org/10.1007/s10584-013-0980-4
https://doi.org/10.1007/s10584-013-0980-4
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.958.3383&amp;rep=rep1&amp;type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.958.3383&amp;rep=rep1&amp;type=pdf
https://doi.org/10.1016/j.agsy.2017.03.014
https://doi.org/10.1111/j.1467-8276.2006.00886.x
https://doi.org/10.1086/700934
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref41
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref41
https://doi.org/10.1111/gcb.12324
http://www.ecy.wa.gov/programs/wr/instream-flows/Images/pdfs/waterandtrust_report.pdf
http://www.ecy.wa.gov/programs/wr/instream-flows/Images/pdfs/waterandtrust_report.pdf
https://doi.org/10.5194/gmd-2016-294
https://doi.org/10.5194/gmd-10-3059-2017
https://doi.org/10.5194/gmd-10-3059-2017
https://doi.org/10.1029/2018WR022767
http://pubs.usgs.gov/of/2002/ofr02404/
https://doi.org/10.1002/wat2.1499
https://doi.org/10.1007/s10584-013-1001-3
https://doi.org/10.1038/nature08823
https://doi.org/10.1038/nature08823
https://doi.org/10.1175/BAMS-86-1-39
https://doi.org/10.1007/s10584-010-9848-z
https://doi.org/10.1007/s10584-010-9848-z
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref54
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref54
https://doi.org/10.1002/rra.700
https://doi.org/10.1002/rra.700
https://doi.org/10.1016/j.jhydrol.2007.03.024
https://doi.org/10.1016/j.envsci.2012.07.015
https://doi.org/10.1016/j.envsci.2012.07.015
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref58
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref58
https://doi.org/10.1016/j.jclepro.2019.04.115
https://doi.org/10.1016/j.jclepro.2019.04.115
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref60
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref60
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref60
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref61
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref61
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref61
https://doi.org/10.1002/2017WR020954
https://doi.org/10.1080/03085147.2011.637335
https://doi.org/10.1080/03085147.2011.637335
http://pubs.er.usgs.gov/publication/ofr92644
https://doi.org/10.1890/1051-0761(2000)010[0367:WAQRBE]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[0367:WAQRBE]2.0.CO;2
https://doi.org/10.1080/07900620500363321
https://doi.org/10.1080/07900620500363321
https://pubs.er.usgs.gov/publication/ofr95449
https://pubs.er.usgs.gov/publication/ofr95449
https://doi.org/10.3390/su10051590
https://doi.org/10.1016/j.ecolecon.2017.12.016
https://doi.org/10.5194/gmd-4-723-2011
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref71
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref71
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref71
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref72
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref72
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref72
http://www.usbr.gov/pn/programs/yrbwep/2011integratedplan/
http://www.usbr.gov/pn/programs/yrbwep/2011integratedplan/
http://www.usbr.gov/pn/programs/yrbwep/reports/tm/2-1waterneeds.pdf
http://www.usbr.gov/pn/programs/yrbwep/reports/tm/2-1waterneeds.pdf
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref75
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref75
https://doi.org/10.1111/j.1540-8159.2005.09566.x-i1
https://doi.org/10.1111/j.1540-8159.2005.09566.x-i1
https://doi.org/10.1134/S000143381004002X
https://doi.org/10.1134/S000143381004002X
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1111/j.1540-6210.2007.00866.x
https://doi.org/10.1029/2009WR008839
https://doi.org/10.1029/2009WR008839
http://www.westgov.org/component/docman/doc_download/1654-water-transfers-in-the-west?Itemid=
http://www.westgov.org/component/docman/doc_download/1654-water-transfers-in-the-west?Itemid=
http://www.westgov.org/component/docman/doc_download/1654-water-transfers-in-the-west?Itemid=
https://doi.org/10.1061/(ASCE)0733-9437(1985)111:3(241)
https://doi.org/10.2166/wp.2017.003
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref84
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref84

K. Malek et al. Journal of Environmental Management 300 (2021) 113731

Journal of the American Water Resources Association. https://doi.org/10.1111/ Zagona, E.A., et al., 2001. ‘Riverware: a generalized tool for complex reservoir system
1752-1688.12507 p. n/a-n/a. Modeling1’,. JAWRA Journal of the American Water Resources Association 37 (4),
York, R., 2006. ‘Ecological paradoxes: william stanley Jevons and the paperless office’. 913-929. https://doi.org/10.1111/j.1752-1688.2001.tb05522.x.

Hum. Ecol. Rev. 13 (2), 143-147.

15


https://doi.org/10.1111/1752-1688.12507
https://doi.org/10.1111/1752-1688.12507
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref86
http://refhub.elsevier.com/S0301-4797(21)01793-X/sref86
https://doi.org/10.1111/j.1752-1688.2001.tb05522.x

	Impacts of irrigation efficiency on water-dependent sectors are heavily controlled by region-specific institutions and infr ...
	1 Introduction
	2 Material and methods
	2.1 Yakima River Basin
	2.2 Water rights in the Yakima River Basin
	2.3 Energy supply and demand in the Yakima Basin
	2.4 Irrigation efficiency scenarios
	2.5 Institutional and infrastructural scenarios (I&Is)
	2.6 Data and simulation protocol
	2.6.1 Simulation tools

	2.7 Basin-wide agricultural productivity
	2.8 Labor demand
	2.9 Ecological metrics
	2.10 Impacts of irrigation efficiency on different indicators
	2.10.1 Observed agricultural and hydrologic datasets


	3 Results
	3.1 Irrigation demand, losses, and return flow
	3.2 Streamflow in YRB
	3.3 Ecological consequences of stream flow change
	3.4 Regional drought implications
	3.5 Implications for labor demand
	3.6 Impacts on agricultural economy
	3.7 Energy supply and demand implications
	3.8 Impacts of institutions and infrastructures

	4 Discussion
	4.1 New irrigation technology and the economy of the YRB
	4.2 Socio-economic implications of new irrigation technologies
	4.3 Typology of policymaking for irrigation efficiency
	4.4 Can the rebound effect concept explain the impacts of irrigation efficiency on the environment?
	4.5 Assumptions and limitations

	5 Conclusions
	Author roles
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


