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Impacts of Water Scarcity and Climate on Land Use for Irrigated Agriculture in the U.S.
West Coast

Abstract

In this article, we use the most comprehensive data on irrigated agricultural production in the
United States — the USDA Farm and Ranch Irrigation Survey (FRIS) — to assess the effects of
water scarcity and climate on land use decisions for producers of specialty crops, wheat, and
forage crops. The data is used to estimate a land use decision model for major crops in the West
Coast (California, Oregon and Washington), which includes a farm-level equation of harvested
acres and crop-specific equations of harvested acres (orchard/vineyard, vegetable, wheat, alfalfa,
hay, and pasture). The analysis leads to several interesting findings, some of which have been
identified previously in the literature and others which are novel. First, producers harvest fewer
acres in response to deeper well depths. Producers’ response to well depth is driven by a
reduction in land allocated to pasture. Second, producers that receive surface water from a
federal agency or that use surface water only have lower average water costs and allocate more
land to pasture than other crops. Third, producers harvest more land if irrigation is used to
mitigate frost damage to orchards and vineyards. Fourth, producers respond to drought by
increasing land allocation to orchards and vineyards and reducing land allocation to alfalfa and

hay.
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Water scarcity and extreme weather affect land use and cause significant economic losses to
agricultural production. In the United States, extreme weather, including drought, severe heat,
and frost, have caused multi-billion dollar losses to agricultural production on numerous
occasions over the past twenty-five years (Smith and Katz 2013). Currently, there is a four year
drought in California, which had an estimated economic cost of $2.2 billion in 2014 (Howitt et
al. 2014). Approximately 410,000 acres of agricultural land was fallowed in California in 2014
due to the drought, mostly for lower-value irrigated pasture and annual crops such as corn and
dry beans. Additionally, ranchers in the western United States can purchase a permit from the
U.S Bureau of Land Management to graze livestock on public lands, which are mainly non-
irrigated. Water availability and environmental conflicts, however, reduce the demand for
grazing permits (Abelson 1994).

The drought in California is already affecting producers in 2015. The April 1 snowpack,
the standard indicator of summer water availability from snowmelt, was 5%-6% of normal for
California in 2015 (Rizzardo 2015). Citing declining reservoir levels, the U.S. Bureau of
Reclamation has set an initial allocation of 0% for water supplies from the Central VValley Project
in 2015, which is the same allocation as in 2014. The State Water Project is providing an initial
allocation in 2015 of 15% of full deliveries, which is an increase of five percentage points from
2014. The Klamath Fish Healthy Advisory Team, a group of state and federal agencies and
Indian tribes, warns a major fish kill is likely in the Klamath River in Northern California
because a deadly salmon parasite is thriving in the drought. Extra water releases could flush out
worms that carry the parasite, known as C Shasta, but the water stored in Klamath Basin
reservoirs is already committed to endangered sucker fish and threatened Coho salmon.

Releasing water now means that there is less available in the summer. Water for agricultural



producers from the Klamath Irrigation Project has been cut to less than 50% of full deliveries and
water demand will increase when adult salmon return to spawn in late summer because the
salmon are vulnerable to infection from a different disease that rots their gills.

There are many state and federal regulations in the works that could significantly affect
irrigated agricultural production in the western U.S. For example, the U.S. Environmental
Protection Agency is working on the Clean Water Act, which is intended to help clarify the
definition of the ‘waters of the United States’ that are subject to federal regulation. Until
recently, there were not state-wide regulations for groundwater rights in California but there
were for surface water. California’s Sustainable Groundwater Management Act of 2014, which
was approved by Governor Jerry Brown in September 2014, requires groundwater basins to
manage using a Groundwater Sustainability Plan, pursuant to criteria developed by the California
Department of Water Resources. Proposition 1, which was passed by California voters in
November 2014, authorizes $7.5 billion in general obligation bonds for state water supply
infrastructure projects, including surface and groundwater storage, ecosystem and watershed
protection and restoration, and drinking water protection. In May 2015, the California Water
Board voted to impose new regulations to reduce the state’s urban water use by 25%, as
mandated through executive order in the previous month by Governor Brown.

Economic losses to the agricultural industry from water scarcity and climate are expected
to be more frequent under climate change (U.S. Department of Agriculture. 2013; U.S.
Environmental Protection Agency 2013). Decades-long droughts are expected to occur in the
U.S. Southwest and Great Plains within the next century (Cook et al. 2015). These droughts
could be worse than any other in the past 1,000 years, including a ‘megadrought’ seven centuries

ago that helped drive an ancient civilization to collapse. Human-induced climate change is



expected to double the frequency of La Nifias, which contribute to drought in the southwestern
United States, from once in twenty-three years during the 1990s to once in thirteen years by the

end of the 21 century (Cai et al. 2015).

In the arid, western United States, agriculture accounts for about 80-90% of human water
consumption (U.S. Department of Agriculture 2012). Therefore, adapting agricultural land use is
one of the primary mechanisms for society to respond to water scarcity and climate. We use one
of the most complete profiles of irrigation in the United States — the USDA Farm and Ranch
Irrigation Survey (FRIS) — to assess irrigated agricultural producers’ adjustments in land
allocation in response to water scarcity. The FRIS data contains unique information about
farmers’ production and irrigation practices, including acres of irrigated and non-irrigated crops,
water sources (surface water, groundwater, or both), depth of groundwater wells on the farm,
surface water cost, whether a fee is paid for surface water, whether the farm has a federal surface
water supply, and whether the farm used irrigation to mitigate crop damage from frost or heat
stress. We use the data to estimate a land use decision model for major crops in the U.S. West
Coast (California, Oregon and Washington), which includes a farm-level equation of harvested
acres and crop-specific equations of harvested acres (orchard/vineyard, vegetable, wheat, alfalfa,
hay, and pasture). We then use the model to assess the impact of water supply institutions and
water pricing policies on land use in irrigated agricultural production systems and to explore how

producers would respond and adapt to extreme weather events.

This study builds on previous analysis of the effect of water scarcity and climate on
irrigation decisions. Some of the literature addresses “unbundling” economic institutions into

property rights institutions and contracting institutions, and the relative impacts of these



institutions on economic performance (Acemoglu and Johnson 2003).* Olen, Wu, and Langpap
(2015) conduct a crop-specific econometric analysis to assess how water scarcity and climate
affect producers’ irrigation decisions in the West Coast (California, Oregon and
Washington).They find that for producers with a federal water supply (e.g., U.S. Bureau of
Reclamation), the share of irrigated land and water application rates are higher and the adoption
of risk-reducing irrigation technologies is lower.? They also find that if surface water cost is in
the form of a fee, producers’ water application rate is more responsiveness to changes in surface
water cost. Additionally, they find that 97% of producers with a federal water right also paid a

fee.

The effects of water scarcity and climate on irrigation decisions depend on the connection
between surface water and groundwater resources. Howitt et al. (2014) estimated the economic
impacts of the 2014 drought on California agriculture using SWAP and IMPLAN models. They
found that the 2014 drought resulted in a 6.6 million acre-foot reduction in surface water
availability, which was partially offset by increasing groundwater pumping by 5.1 million acre-
feet. The estimated total economic cost of the 2014 drought in California is $2.2 billion, which

includes $454 million in additional groundwater pumping costs.

An important theme in the literature on land use in irrigated agriculture is that the effects
of water scarcity and climate on land use are crop-specific. For example, studies with both

theoretical and empirical applications find that water scarcity would reduce land allocation to

! Acemoglu and Johnson (2003) define contracting institutions as “the rules and regulations governing contracting
between ordinary citizens, for example, between a creditor and a debtor or a supplier and its customers” while
property rights institutions are defined as “as the rules and regulations protecting citizens against the power of the
government and elites.”

? Risk-reducing irrigation technologies, including sprinkler and drip, can save water and mitigate crop damage from
extreme weather. Water-saving irrigation technologies transmit a higher percentage of applied water to crop
consumption compared to gravity technologies (Caswell and Zilberman 1986). Sprinklers affect microclimates and
can prevent crop damage from extreme weather (Wallis et al. 2011; Liu and Kang 2006).
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relatively lower-value and water-intensive crops. Moore and Negri (1992) estimate an
econometric model, which includes crop-specific equations for crop supply and land allocation.
They find that a 10% reduction in surface water allocated by the U.S. Bureau of Reclamation
would increase fallowed land allocation, decrease the price of fruits and nuts (3.3%), and
increase the price of rice (4.6%) and vegetables (0.8%). Sunding et al. (2002) use several
empirical methods to demonstrate that the primary response to curtailed water deliveries in
California would be to reduce acreage planted to irrigated pasture and field crops including
alfalfa, wheat, beans, rice and feed corn. Water application rates are less responsive to surface
water cost or groundwater well depth for producers of orchard/vineyard than for producers of

vegetable, wheat, alfalfa, hay, and pasture (Olen, Wu, and Langpap 2015).

Extreme weather and climate heterogeneity, including differences in baseline climate
conditions, affect agricultural producers’ land use decisions. Schuck et al. (2005) developed an
econometric model and found that producers in Colorado respond to drought by increasing
adoption of sprinkler irrigation technologies. Olen, Wu, and Langpap (2015) find that producers
of orchard/vineyard, vegetable, wheat, alfalfa, and hay, but not pasture, would adopt sprinkler
technologies and apply additional water to crops to mitigate crop damage from extreme weather,
including drought, severe heat, and frost. Olen, Wu, and Langpap (2015) also find that there are
second-order impacts of climate on irrigation decisions, including the share of irrigated cropland,
irrigation technology adoption and water application rates. For example, they find that the share
of irrigated cropland is decreasing in precipitation at an increasing rate. This suggests that
producers shift land from irrigated production to non-irrigated at an increasing rate in response to

increasing precipitation.



Our land use decision model has several desirable features for analyzing the impacts of
water scarcity and climate on irrigated agricultural systems. First, our land use decision model
unbundles property rights institutions (whether producers receives surface water from a federal
agency) and contracting institutions (whether producers pay a fee for surface water). Second, our
land use decision model estimates the effects of using different water sources and the cost of
different water sources on land use. Third, our land use decision model is crop-specific. Fourth,
our land use decision model captures the effect of land use on production risk from climate
heterogeneity (differences in baseline climate conditions) and extreme weather (drought, extreme
heat, and frost).® This approach provides a holistic framework to identify pathways and

challenges for adaptive land use management in irrigated agricultural production systems.

This article uses the most comprehensive data on irrigated agricultural production in the
United States to investigate the effects of water scarcity and climate on producers’ land use
decisions for specific crops. The analysis leads to several interesting findings, some of which
have been identified previously in the literature and others which are novel. First, producers
harvest fewer acres in response to deeper well depths. Producers’ response to well depth is
driven by a reduction in land allocated to pasture. Second, producers that receive surface water
from a federal agency or that use surface water only have lower average water costs and allocate
more land to pasture than other crops. These findings highlight the importance of cheap surface
water for sustaining pasture production in the western U.S. Third, harvested acres are higher if
producers use irrigation to mitigate frost damage to orchards and vineyards. Fourth, producers
respond to drought by increasing land allocation to orchards and vineyards and reducing land

allocation to alfalfa and hay.

® According to the physical science literature, orchards, vineyards, vegetables (Evans 2004), wheat (Liu and Kang
2006) and alfalfa (Robinson 1970) are susceptible to heat stress. Orchards, vineyards (Evans 1999) and vegetables
(Wallis et al. 2011) are susceptible to frost damage.



Empirical Model

Consider a West Coast agricultural landscape comprised of farms that grow at least one of the
regions’ six major crops, including specialty crops (orchard/vineyard and vegetable), wheat, and
forage crops (alfalfa, hay, and pasture). Producers are assumed to make land use decisions and
other production choices to maximize the expected profit, conditional on water supply
institutions (1), water scarcity (S), climate and weather (C), land characteristics (L) and producer
demographics (D). To investigate how these factors influence land use in irrigated agriculture,
we estimate a land use decision model for major crops in the West Coast (California, Oregon and
Washington), which includes a farm-level equation of harvested acres (A;) and crop-specific
equations of harvested acres (Aj):

1) A =115, S5, Gy L, Dy),

2 Aik = f(lji, Sik, Cjks Ljk, Dji),

where j = 1,...,J indexes farms; and k = orchard/vineyard, vegetable, wheat, alfalfa, hay, and
pasture, respectively.

Water supply institutions, denoted by vector I, may affect farmers” water availability and
costs through property rights and contracting. The U.S. Bureau of Reclamation (henceforth,
“Bureau”), which is the nation’s largest water supplier, is one example of an institution that
bundles contracting and property rights.* One of the variables in I indicates whether the farm’s
surface water is only provided by federal agencies, such as the U.S. Bureau of Reclamation and
U.S. Army Corps of Engineers. Federal surface water provision is likely an effective indicator of

water rights seniority because federal agencies were instrumental in developing irrigated

* The U.S. Bureau of Reclamation’s repayment contracts (water service contracts) are negotiated between the federal
government and users' organizations, such as irrigation districts. The duration of each contract is generally 40 years.
Each contract specifies the rights to surface water deliveries and the cost structure (Moore 1991, pp. 148).
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agriculture in the western United States, which is governed by prior appropriations (Moore
1991). Many producers receiving surface water from the Bureau pay a fee; there is a fixed charge
for a fixed amount of water, rather than a price per unit of additional supply (i.e., marginal water
cost equals zero). Due to the fact that these producers can “apply as much water as they deem
necessary,” producers set the marginal value product of water equal to the marginal water cost,
which is zero. In this case, increasing the marginal water price would reduce water use (Moore
1991, pp. 151). Additionally, the Bureau subsidizes contracts for the producers it serves. The
Bureau does not require interest on project cost repayment and it subsidizes agricultural water
costs by charging irrigators according to their “ability to pay.” The Bureau’s interest and ability-
to-pay subsidy rates, in tandem, equaled 82% of project costs in 1975 (Moore 1999). Different
institutions are used to regulate surface water and groundwater so we include separate variables
to indicate whether the farm used surface water only or groundwater only.”

Economic and physical water scarcity indicators are denoted by vector S. We include
surface water cost per unit as an economic indicator of water scarcity. Well depth is included as a
physical indicator of water scarcity because marginal groundwater pumping cost is a function of
well depth and other factors (Caswell and Zilberman 1986). There is greater competition for
water in densely populated areas (Kummu et al. 2010), which is more likely to result in curtailed
agricultural water deliveries or voluntary transfers of agricultural water to higher-value uses
(Burke, Adams, and Wallender 2004). We include population density to reflect the human
demand for water.

We expect that water supply institutions influence farmers’ responses to water scarcity

when making land use decisions, and therefore include three interaction terms for institutions and

> For example, there are not state-wide regulations for groundwater rights in California but there are for surface
water. California’s Sustainable Groundwater Management Act of 2014 requires groundwater basins to manage using
a Groundwater Sustainability Plan, pursuant to criteria developed by the California Department of Water Resources.
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water scarcity. One controls for the effect of paying a fee for surface water on surface water cost
responsiveness (Moore 1991). The second controls for the effect of only having a surface water
supply on surface water cost responsiveness (Green and Sunding 1997). The third controls for
the effect of only having a groundwater supply on well depth responsiveness (Caswell and
Zilberman 1986). We expect that increasing water application rates has diminishing marginal
benefits because water has diminishing marginal returns on crop yield (Loomis and Young
2014). Thus, if farmers increase water application rates as a result of subsidized water cost, their
marginal benefit will be lower and their water application rate will be more cost responsive.®

Climate and weather conditions affecting land use decisions are represented by vector C.
The variables in C depend on the crop. Based on an extensive review of the physical science
literature related to irrigation (see footnote 3), a variable indicating whether irrigation is used to
mitigate heat stress is included in the orchard/vineyard, vegetable, wheat, and alfalfa equations
and a variable indicating whether irrigation is used to mitigate frost damage is included in the
orchard/vineyard and vegetable equations. A variable indicating whether the farm is located in an
arid region with frequent drought is included in all equations, as are variables for daily maximum
temperature, annual precipitation, and their squares. The coefficients for the quadratic terms can
be interpreted as second-order impacts of climate on the land use decision (Schuck and Green
2001). The farm-level equation includes all of the climate variables.

Land characteristics are represented by vector L. The variables that constitute L depend

on the crop. A variable indicating whether the farm used irrigation to dispose of livestock waste

® Surface water prices are frequently set administratively rather than in markets, so they serve neither a rationing nor
allocative purpose within the district (Moore 1999). However, because price varies across districts, producers’
irrigation decisions (especially for a given crop) can be responsive to administratively set prices.

11



is included in the pasture and farm-level equations.” Variables indicating cropland quality, farm
scale, and crop diversity are included in all equations. Crop diversity is a risk-averse response to
climate variability and change because it can balance risk across a portfolio of crops (Sylvester
2009). Crop diversity reduces variation in farm net returns because it guards against the failure of
specific crops, which could be particularly valuable in the western United States because there is
significant variation in daily, seasonal, and annual climate. We hypothesize that crop diversity is
negatively related to farm-level land allocation, because homogeneous agricultural production
provides economies of scale (Sylvester 2009). We also hypothesize that some crops are more or
less suitable for a diverse production system, because of the technological requirements of the
crop (Sylvester 2009). A farm crop diversity variable, measured by the number of major crops
grown on the farm, is included in vector L to test these hypotheses.

Vector D contains the demographic features of the farmer. Demographic features include
acres of land owned, years of experience operating the current farm, and whether farming is their

primary occupation.

Econometric Estimation

The dependent variable for the farm-level equation (1), A;, is the sum of harvested acres for the
six major crops. The dependent variable for the crop-level equations (2), A, is harvested acres
for orchard/vineyard, vegetable, wheat, alfalfa, hay, and pasture, respectively. Following
previous econometric studies of land use in irrigated agriculture, which use non-negative
continuous data for the dependent variable, we specify the regression equations as OLS models

(Olen, Wu, and Langpap 2015).

" pasture-based livestock operations often expand irrigation to increase forage production and dispose of livestock
waste (Dan O’Brien, manager of Greenberry Irrigation District, Corvallis, Oregon; personal communication).
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Data

Cross-sectional micro data from USDA’s FRIS and Census of Agriculture for production year
2007 are the primary data used to estimate equations (1) and (2). The FRIS provides observations
for about 2,550 farms in the West Coast. About 1,600 of these farms grow at least one of the
region’s six major crops. We are able to use 1,436 observations to estimate equations (1) and (2),
which represents 56% of the farms in the tri-state FRIS sample and 90% of farms growing at
least one of the region’s six major crops. The observations we use to estimate equations (1) and
(2) are relatively evenly distributed across the West Coast; 42% are in California and 29% are in
Oregon and Washington each.

Farms growing only one of the six major crops represent 37% of the observations, while
multicrop production enterprises comprise the remaining 63%. The mean harvested acres for all
crops is 2,403 (table 1). The mean harvested acres for orchard/vineyard, vegetable, wheat,
alfalfa, hay, and pasture, respectively, are 217, 212, 162, 184, 104 and 1,510. Thus, on average,
pasture accounts for 63% of harvested acres for all crops. The maximum values in table 1
indicate that pasture operations can be significantly larger than operations for other crops. There
are 1% of farms that do not irrigate any land. For orchard/vineyard, vegetable, wheat, alfalfa,
hay, and pasture, respectively, 3%, 2%, 18%, 4%, 11% and 48% of producers do not irrigate.

Federal supply of surface water is provided for 19% of producers (table 2), and 33% of
producers pay a fee for surface water (not shown). Most producers receiving federal supply of
surface water also pay a fee (98%). Farms using surface water only comprise 47% of our tri-state
sample and 21% of farms use groundwater only (table 2). Thus, 53% of farms use some

groundwater and 79% of farms use some surface water. Federal supply of surface water and
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using surface water only are both positively correlated with paying a fee for surface water, and
using groundwater supply only is negatively correlated (table 3). Surface water cost per acre-foot
is calculated by dividing the total cost of off-farm supplied water by the amount of off-farm
supplied water. Farms using groundwater only have surface water cost equal to the county-level
mean, the assumed cost in local water transactions. Farms using surface water only have well
depth equal to the county-level mean. If producers can drill groundwater wells, but do not pump
water, it is reasonable to assume that well depth is positive and similar to local farms. As
expected, producers using surface water only pay lower mean surface water cost compared to all
producers and to producers paying a fee (table 2). Similarly, producers using groundwater only
experience lower mean well depth than all producers (table 2). The advantage of using a
reasonable assumption to replace missing data for surface water cost per unit and well depth is
that one equation can be estimated, which includes producers using surface water only,
groundwater only, or both.® Variables with little cross-sectional variation, such as crop prices,

wages and energy prices are excluded from the land use decision model.

Variables that supplement the FRIS data are developed from secondary sources. The
latest 30-year PRISM climate normal (1981-2010) is used to calculate average county-level daily
maximum temperature and annual precipitation. Drought prone counties were identified from
long-term data at the National Drought Mitigation Center. Specifically, the binary drought
variable is equal to one for farms that are in counties overlapping U.S. Climate Divisions with

severe to extreme drought (Palmer Drought Severity Index < -3) in at least 10% of years over the

& One of the advantages of using interaction terms for water scarcity and water supply institutions (see empirical
model section) is that they can be used to isolate the effects of our assumption that missing data for surface water
cost per unit and well depth are equal to the county-level mean. For example, the coefficient for the interaction term
between groundwater supply and well depth provides the effect of well depth for producers that use groundwater,
and the coefficient for the well depth variable provides the effect for producers that do not use groundwater (well
depth is assumed to be the county-level mean).

14



last century (1895-1995). Drought counties cover southern California, and Oregon and
Washington eastward of the Cascade Mountains. Cropland quality was developed from the
Natural Resources Conservation Service’s 1997 Natural Resources Inventory. It measures the
proportion of county-level cropland in Land Capability Classes (LCC) 1 or 2. LCC 1 and 2
indicate higher-quality cropland with relatively few use restrictions. Population density was

developed from population and land area data (2007) provided by the U.S. Census Bureau.

Estimation Results

The estimation results for the crop-level and farm-level harvested acres equations are presented
in table 4. At the farm-level (all crops), harvested acres are significantly affected by federal
supply, well depth, frost mitigation, cropland quality, farm scale, and tenure. We find that
producers with federal water supply increase harvest by 345 acres. We find that producers
respond to an increase in well depth of one foot by reducing harvest by approximately 1 acre.
This suggests that larger farms would be willing to pump groundwater from deeper wells than
smaller farms. We find that producers that use irrigation to mitigate frost damage increase
harvest by 407 acres. We find that there is nearly a unitary effect of farm scale on harvested
acres, which is highly significant. This suggests, unsurprisingly, that farm scale is the main
driver of harvested acres.

We find that the effect of federal water supply on harvested acres depends on the crop.
Federal water supply positively affects land allocated to pasture, and negatively affects land
allocated to the other crops, however the effects for vegetable and alfalfa are not significant.
Additionally, we find that surface water supply positively affects land allocated to pasture, and

negatively affects land allocated to the other crops, however the effects for alfalfa and hay are
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not significant. Recall that average surface water costs are lower for producers paying a fee and
for producers with surface water only than for all producers (table 2). Also, recall that paying a
fee for surface water and receiving surface water from a federal supplier is positively correlated
(table 3). This highlights the importance of cheap and abundant surface water for sustaining
pasture production in the western U.S.

We find that the effect of well depth on harvested acres depends on the crop. Well depth
negatively affects land allocation to pasture, and positively affects land allocation to
orchard/vineyard, vegetable, and wheat. This suggests that producers’ farm-level harvested acre
response to well depth, which is negative, are driven by a reduction in land allocated to pasture.
Furthermore, it suggests that producers of specialty crops and wheat are less responsive to well
depth than pasture producers. Producers with a groundwater supply only are less responsive to
well depth, likely because they do not have available substitutes. For example, for producers
with groundwater supply only, the marginal effect of well depth on pasture land allocation is -
0.838 (-2.478+1.64) and on vegetable land allocation is -0.006 (0.546-0.552).

We find that the effect of frost mitigation on harvested acres depends on the crop. Frost
mitigation positively affects land allocation to orchard/vineyard. This suggests that producers’
farm-level harvested acre response to frost mitigation, which is positive, are driven by a
increases in land allocated to orchard/vineyard.

We find that the effect of drought on harvested acres depends on the crop.

Producers respond to drought by increasing land allocation to orchards and vineyards and
reducing land allocation to alfalfa and hay. This suggests that orchard/vineyard producers’ land

allocation responses to drought are sticky because perennial crops are significant long-term
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investments. During drought productive resources, such as land and water, are dedicated to

perennial crops to help prevent the loss of significant long-term investments.

We find that the effect of temperature on harvested acres depends on the crop. For alfalfa
and hay, we find that there is a quadratic relation between land allocation and temperature which
are minimized at 66°F and 69°F. These results suggest that in relatively warm locations (above
the temperature threshold), land allocation to alfalfa and hay, respectively, are increasing in
temperature at an increasing rate.

We find that the effect of precipitation on harvested acres depends on the crop. For hay,
we find that precipitation has a negative, linear effect on land allocation. For vegetable, alfalfa,
and pasture we find quadratic relations between precipitation and harvested acres that are
minimized at 39 inches, 76 inches, and 42 inches, respectively. Most producers in our sample
have less than 39 inches of precipitation. Thus, we find that for most producers of vegetable,
alfalfa, and pasture, there is a negative relation between precipitation and land allocation.

We find that the effect of land quality on harvested acres depends on the crop.
Specifically, we find a positive effect of land quality on land allocation to orchard/vineyard,
vegetable, and wheat and a negative effect for alfalfa, hay, and pasture. However, the effects for
orchard/vineyard, vegetable, and pasture are not significant. This suggests that specialty crops
and wheat have a comparative advantage on higher-quality land and forage crops have a
comparative advantage on lower-quality land.

We find that the effect of farm scale on harvested acres depends on the crop. We find that
farm scale has a negative effect on land allocated to hay and a positive effect on pasture. One
reason for this is that pasture producers are often non-irrigated relative to hay producers (48% of

pasture producers compared to 11% of hay producers). Non-irrigated producers are not
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constrained by irrigation technology and water rights, so producers increase land allocation to
pasture in response to increasing farm scale.

We find that the effect of crop diversity on harvested acres depends on the crop. Crop
diversity is negatively related to land allocation to orchard/vineyard and pasture and is positively
related to vegetable, wheat, alfalfa, and hay. We hypothesized that some crops are more or less
suitable for a diverse production system, because of the technological requirements of the crop
(see section on empirical model). Our results suggest that orchard/vineyard and pasture are less
suitable for diverse production, perhaps because of the longer-term investments associated with
these types of production. Orchards/vineyards and pasture production are unique because the
longer-term investments associated with these types of production (perennial trees and livestock)
may be difficult to coordinate and manage with shorter-term investments, which may be more
associated with production of annual crops.

Lastly, we find that the effect on land allocation from farm experience and tenure,

respectively, depends on the crop.

Conclusion

In this article we used econometric models to analyze land use decisions for producers of
specialty crops, wheat, and forage crops in the West Coast. We find that well depth, temperature,
precipitation, and extreme weather, such as frost, extreme heat, and drought, significantly impact
producers’ land use decisions. Significant changes in well depth would be necessary to cause
economically relevant changes in land allocation. This highlights the tragedy of the commons
(Hardin 1968) that is already afflicting aquifers in the world’s most prolific agricultural regions,

including the Central Valley of California. Improving groundwater regulation, which California
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is currently doing under the Sustainable Groundwater Management Act of 2014, would provide a

better signal for producers to adopt land use practices that sustain groundwater resources.

Institutional arrangements, such as federal water supply and whether the producer has
access to only one water source (surface water or groundwater), affect producers’ land use
decisions. For example, producers that receive surface water from a federal agency or that use
surface water only have lower average water costs and allocate more land to pasture than other
crops. These results suggest that the effects on land use from extreme weather and institutional
arrangements are crop-specific. Also, institutional arrangements may be more effective for
affecting agricultural land use than agricultural water pricing policies. Additionally, the results
suggest that water supply institutions could play a critical role in helping producers respond to
water scarcity and extreme weather.

Growers of orchards/vineyards respond to extreme weather in unique ways. Producers
harvest more land if irrigation is used to mitigate frost damage to orchards and vineyards.
Producers respond to drought by increasing land allocation to orchards and vineyards and
reducing land allocation to alfalfa and hay. This suggests that the current drought in California
will have significant impact on crop mix, with a higher share dedicated to orchards/vineyards.
This could affect the prices of agricultural commodities because California produces most fruits,
nuts, and vegetables in the United States. This could have broad impacts on food security and

health outcomes.
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Table 1. Descriptive Statistics for Dependent Variables

Variable (units) Mean Std. Dev. Min. Max.
Orchard/vineyard 217.13 1,195.55 0.00 20,735.00
Vegetable 212.16 1,140.60 0.00 26,984.00
Wheat 161.53 794.55 0.00 18,000.00
Alfalfa 184.09 633.59 0.00 10,716.00
Hay 104.49 544.80 0.00 18,000.00
Pasture 1,510.17 21,393.17 0.00 996,756.00
All crops 2,403.05 21,805.02 0.00 1,005,479.00
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Table 2. Descriptive Statistics for Independent Variables

Variable Mean Std. Dev. Variable Definition (units)
Institutions
Federal supply? 0.19 0.39 off-farm water is supplied by federal agencies (1/0)
Surface water supply 0.47 050  surface water is principal water source (1/0), 299%
Groundwater supply 0.21 041  groundwater is principal water source (1/0), 299%
Water Scarcity
Surface water cost® 55.34 184.22  surface water average cost ($/acre foot)
Fee*surface water cost 20.22 151.88 interaction
Surface water supply*surface water cost ~ 17.15 97.80 interaction
Well depthe 467.28 296.74  average depth of farmwells (feet), weighted by well pump shares
Groundwater supply*well depth 101.96 252.28 interaction
Population density 121 3.96 county population density (100 people/mile?)
Climate
Frost mitigation 0.10 0.30 irrigation is used to prevent freeze damage (1/0)
Heat mitigation 0.60 0.24 irrigation is used to cool crop canopy or reduce heat stress (1/0)
Drought 0.60 049  farmin county overlapping historic drought region (1/0)
Temperature 64.28 7.84 county average daily maximum temperature (°F)
Temperature squared 419362  1,050.94 interaction
Precipitation 21.95 16.52  county average annual precipitation (inches)
Precipitation squared 754.38 1,429.42 interaction
Land Characteristics
Waste disposal 0.02 0.15 irrigation is used to dispose of liquid livestock waste (1/0)
Cropland quality 0.31 0.16 county cropland in Land Capability Classes 1 or 2 (%)
Farm-scale 2,786.30  21979.64 crop, pasture and range land (acres); potentially irrigated land
Crop diversity 1.88 0.96 number of major crops irrigated on the farm (1/2/3/4/5/6)
Demographic
Farm experience 25.62 14.08  experience operating the current farm (years)
Farm occupation 0.86 0.35  farming is principal occupation (1/0)
Tenure 2,245.32  25637.08 land owned (acres)

aFederal suppliers include the U.S. Bureau of Reclamation, U.S. Army Corps of Engineers, Bureau of Indian Affairs, USDA Small Watershed Program and
others. *Farms only using groundwater have assumed surface water cost equal to the county-level mean. <Farms only using surface water have assumed well
depth equal to the county-level mean. Note: Crop-specific statistics can be requested from the corresponding author.
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Table 3. Pearson Correlation Coefficients for Water Supply
Institutions

Federal Surface water Groundwater
surface water supply onl supply onl
supply pply only pply only
0.6656 0.2804 -0.5082
Fee for surface water
(<0.0001) (<0.0001) (<0.0001)

Note: The p-value is in parenthesis.

26



Table 4. OLS Estimation Results for the Harvest Acres Equations

Parameter Estimate and standard error

Orchard /

Variable . Vegetable Wheat Alfalfa Hay Pasture All crops
vineyard
Intercept -3,927.139 -3,990.228 -454.948 8999.303*** 5277.130*** -13,223.000 -7,116.871
(4,155.968) (4,115.454) (2,808.861) (2,168.838) (1,966.155) (12,638.00) (7,449.470)
Institutions
-200.250** -54.814 -145.676** -77.309 -102.882** 945.603*** 345.444**
Federal supply
(91.267) (90.377) (61.712) (47.650) (43.136) (277.303) (163.594)
-312.850*** -160.719* -111.892* -61.065 -54.874 937.355%** 239.391
Surface water supply
(91.494) (90.602) (61.705) (47.645) (43.215) (278.086) (164.001)
-147.145 34.804 14.870 45.021 -154.196** 244.500 23.186
Groundwater supply
(165.705) (164.089) (112.051) (86.519) (78.289) (503.949) (297.022)
Water Scarcity
-0.254 -0.165 -0.126 0.044 0.138 0.831 0.462
Surface water cost
(0.393) (0.390) (0.266) (0.205) (0.186) (1.198) (0.705)
0.523 0.030 -0.038 -0.097 -0.173 -0.604 -0.338
Fee*surface water cost
(0.440) (0.435) (0.297) (0.230) (0.208) (1.339) (0.788)
-0.469 0.019 0.254 -0.006 -0.092 0.407 0.102
Surface water supp ly*surface water cost
(0.421) (0.416) (0.284) (0.220) (0.199) (1.280) (0.754)
0.440%** 0.546%** 0.581*** 0.037 -0.067 -2.478%** -0.956%**
Well depth
(0.131) (0.130) (0.089) (0.068) (0.062) (0.398) (0.235)
-0.234 -0.552** -0.150 -0.167 0.038 1.640* 0.620
Groundwater supply*well depth
(0.278) (0.275) (0.188) (0.145) (0.131) (0.844) (0.498)
. . -47.342%* -13.834 -5.733 -6.485 -3.334 113.357* 34.588
Population density
(19.840) (19.647) (13.409) (10.354) (9.391) (60.372) (35.563)
Climate
—_— 586.430*** -72.918 -~ - - - 407.184**
Frost mitigation
(111.113) (110.030) (199.168)
L -95.284 14.367 -145.047* -86.877 - - 115.555
Heat mitigation
(134.681) (133.368) (83.099) (64.164) (241.412)
Drought 460.217*** -38.990 -86.854 -295.265*** -141.469** 203.096 118.837
(126.577) (125.343) (85.490) (66.010) (59.789) (387.130) (226.886)
70.902 113.602 8.202 -257.487*** -137.901** 452.532 239.978
Temperature
(124.334) (123.122) (84.047) (64.896) (58.826) (378.118) (222.865)
-0.141 -0.730 -0.107 1.955%** 1.001** -4.109 -2.049
Temperature squared
(0.943) (0.934) (0.637) (0.492) (0.446) (2.868) (1.690)
I 10.471 -19.127* -9.477 -21.090*** -11.045** 70.172** 22.481
Precipitation
(10.224) (10.124) (6.885) (5.316) (4.820) (31.010) (18.326)
o -0.026 0.245** 0.106 0.139** 0.053 -0.829** -0.338
Precipitation squared
(0.117) (0.116) (0.079) (0.061) (0.055) (0.356) (0.211)
Land Characteristics
’ - - - - - -444.738 -239.640
Waste disposal
(637.980) (604.201)
. 104.150 183.672 587.281*** -291.442** -585.892*** -945.673 -962.567**
Cropland quality
(254.125) (251.648) (171.274) (132.248) (119.673) (769.674) (455.513)
-0.002 -0.005 -0.001 0.000 -0.023*** 1.047%** 1.017%**
Farm-scale
(0.008) (0.008) (0.005) (0.004) (0.04) (0.023) (0.0136)
. X -89.938** 164.953*** 208.318*** 166.891*** 78.346*** -624.182*** -90.780
Crop diversity
(36.632) (36.275) (24.768) (19.125) (17.336) (111.450) (65.662)
Demographic
. 1.864 -3.369 0.651 -2.41549* -2.450%* 9.746 3.843
Farm experience
(2.609) (2.583) (1.764) (1.362) (1.235) (7.941) (4.676)
. -52.905 -63.701 31.036 63.439 79.433 -305.772 -235.189
Farm occupation
(103.803) (102.791) (70.193) (54.199) (49.086) (315.589) (186.065)
Tenure 0.005 0.010 0.002 0.005 0.025*** -0.077*** -0.029**
(0.008) (0.008) (0.005) (0.004) (0.004) (0.023) (0.014)
Observations 1,436 1,436 1,436 1,436 1,436 1,436 1,436
R-squared 0.09 0.07 0.12 0.15 0.10 0.98 0.99
F-value (df) 7.64 (1,413) 5.19 (1,413) 9.00 (1,414) 11.86 (1,414) 7.66 (1,415) 3064.2 (1,414) 8283.13(1,412)
P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Note: *, ** and *** denote significance at the 10%, 5% and 1% levels, respectively. The standard error is in parenthesis.
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