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I. Introduction
Since the turn of the century, Americans’ access and use of wireless technology has increased
rapidly. Over the past ten years, wireless has transformed our society and industries across the
economy.1 In 2015, 98 percent of Americans were able to receive 4G wireless coverage,2 and mobile
data traffic grew by more than half.3 It’s no surprise that farmers are also turning to wireless
technologies.
Agriculture is a critical component of the U.S. economy – both in terms of output and in terms of
natural resource use. The agricultural sector, however, accounts for a disproportionate share of
U.S. natural resource use. In 2013, U.S. farms contributed $166.9 billion to the U.S. gross domestic
product (“GDP”), or about one percent of total GDP, and supported many other industries – such
as food service and food manufacturing.4 In contrast, over half of U.S. land is categorized as
agricultural land and agriculture accounts for roughly 80 percent of the U.S.’s total consumptive
water use.5 Despite agriculture’s heavy reliance on water less than 10 percent of irrigated farms in
the U.S. used advanced irrigation management techniques, such as those using wireless
technology.6 Thus, wireless technology has the potential to not only help farmers more efficiently
manage water use but to also add substantial value to the agricultural industry. This paper
highlights the ways in which wireless technology can be used to more efficiently manage water
use in U.S. agricultural production as well as the degree to which these technologies are yet to be
adopted by U.S. farmers.
Farmers’ access and use of mobile wireless technology has increased rapidly over the last few years.
In 2013, 67 percent of U.S. farms had Internet access compared to just 51 percent in 2005, or a
roughly

30

percent

growth

in

Internet

access.7

Accompanying that growth in access was an even larger
increase in the use of cellular networks to access the
Internet. Twenty-four percent of farms with Internet
access used wireless as their primary method of accessing

Between 2005 and 2013,
wireless technology as a primary
method of internet access grew
by more than 950 percent across
U.S. farms.

the Internet in 2013, compared to just three percent in
2005.8 In other words, in eight years there was over a 950 percent growth in the use of wireless
technology amongst farms in the U.S. as their primary method of accessing the Internet.9 The use
of wireless technology among farmers continues to rise, 29 percent of farms reported wireless as
their primary method of accessing the Internet in 2015.10

The benefits of the adoption and use of wireless technology in U.S. agricultural production are
large. Farming is an inherently risky business; farmers must deal with natural disasters,
unpredictable variations in rain, and wide fluctuations in the price of commodities.11 Wireless
technology can help mitigate these risks by providing farmers real-time access to weather and
market conditions. Indeed, in 2007, researchers claimed new wireless agricultural technologies
“show so much promise…that during the coming decade, wireless networks will offer the same
type of quantum leap forward for farming that GPS provided during the past decade.”12
That prediction is coming true. Today, farmers can use local wireless networks to access real-time
information on the current conditions of their fields and the status and location of their equipment.
Farmers can also use 3G and 4G networks on their smartphones or tablets to access real-time
information on agricultural markets and their own farms remotely.
Wireless technologies are also helping solve two water-related challenges for farmers: scarcity and
environmental impacts. Over the last few decades, water has become increasingly scarce, especially
in Western states.13 In the next ten years, 40 out of 50 states expect to have some type of water
shortage.14 As water becomes increasingly scarce farmers’ irrigation costs are likely to rise – cutting
into farmers’ profits and the economic vitality of the agricultural industry.
Agricultural water use also has significant negative externalities on the local environment. Overwatering of crops causes nutrient runoff which can lead to “dead zones” in the world’s oceans. 15
Second, the diversion of water for agricultural use can threaten environmentally sensitive areas
and ecosystems.16
Wireless technology helps prevent farmers from both over- and under-watering their crops,
helping address both challenges.17 For example, wireless technology can be installed on soil
moisture monitors to allow farmers to instantaneously access information on the actual soil
moisture needs of their fields. Farmers can then use wireless technology to switch off their irrigator
remotely to adjust to the crops’ water needs.
As farmers use inputs, such as water, more efficiently, they are conserving environmental
resources. The conservation of water in agricultural production is an important component of the
United States Department of Agricultures’ (“USDA”) larger objective of promoting “sustainable
agriculture.”18 Sustainable agriculture helps to ensure that we meet the needs of society today
without compromising the welfare of future generations. In addition, by enabling farmers to use
water more efficiently wireless technology increases farmers’ profits.19
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While the use of wireless technology by farmers has increased notably, there is still significant
room for adoption of the technology in irrigation management. In 2013, nearly 80 percent of farms
with irrigated land still used visual inspection of the crop
as a method of deciding when to irrigate.20 In comparison,
only 11 percent of farms used a moisture sensing device as
a method of deciding when to irrigate in 2013.21 Since
2003, however, the number of farms using a soil moisture

The use of moisture sensing
devices grew at a faster rate
than any other irrigation
decision-making method across
U.S. farms from 2003 to 2013.

sensing device grew by nearly 50 percent.22 If the number
of farms adopting moisture sensing devices grew at the same rate from 2013 to 2023 then an
additional 12,900 farms will have adopted the technology by 2023 – nearly 40,000 U.S. farms
total.23 Indeed, moisture sensing devices were the fastest growing method of irrigation decisionmaking of any method from 2003 to 2013.24
In this paper, we evaluate the ways in which wireless technology has the ability to enhance
farmers’ water-related decision making abilities in the U.S. We focus on the ways in which wireless
technology is being used in irrigation management and the positive externalities this use has on
water conservation and water quality. In Section II we provide an overview of irrigation and water
use in U.S. agriculture. Section III describes the important role of wireless technology in
agriculture, and in Section IV we review case studies from two key agricultural states, California
and Minnesota, on the adoption and use of wireless technology in agricultural production. Finally,
in Section V we present important lessons learned and conclusions.

II. Overview of Irrigation in U.S. Agricultural Production
The importance of agriculture will continue to increase as economics develop and populations
grow. Scientists estimate that, by 2050, crop production will need to double to meet global food
demand.25 Increasing agricultural productivity is a critical component of meeting this growing food
demand.
Agricultural production has become more efficient over the last fifty years with farmers able to
produce much higher yields on the same amount of hectares.26 Both partial and total factor
productivity have increased in the U.S. over the last fifty years. “Partial factor productivity”
measures average output per unit of a single factor, such as crop yield per acre.27 As shown in Figure
1, field crop yields have increased substantially in the U.S. over the last forty-five years.28 “Total
factor productivity” (“TFP”) measures the contribution of all agricultural inputs to production and
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is a significant driver of agricultural output growth.29 The USDA estimates that agricultural TFP
grew at an annual rate of 1.49 percent between 1948 and 2011.30
Figure 1: Top U.S. Field Crop Yields, 1970 – 2015

Sources and Notes: Corn, alfalfa, soybeans, and all wheat crops represented the top four
field crops in terms of market value in 2014. Data from NASS, “Statistics by Subject – Crops
and Plants,” USDA, October 2, 2015, accessed December 6, 2015,
http://www.nass.usda.gov/Statistics_by_Subject/?sector=CROPS.

Irrigation is an important driver of yields and TFP growth in U.S. agriculture. Farmers have been
able to apply water more uniformly to their crops and to produce crops on previously unsuitable
land with the development of irrigation technologies. The USDA estimates that, as of 2007, the
average yield per acre of wheat was 2.2 times the amount on irrigated land as compared to nonirrigated land.31 Corn, which the USDA estimated to have the highest productivity increase, still
had a yield that was 1.2 times higher on irrigated land relative to non-irrigated land in 2007.32
Consequently, the adoption of irrigation has increased dramatically over the last several decades.
In 1974, around when center-pivot irrigation systems first came into widespread use, more than
41 million U.S. acres were irrigated, or four percent of total farmland.33 By 2012 over 55 million
U.S. acres were irrigated, or six percent of total farmland.34 This increase corresponds to a 35
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percent growth rate.35 Although irrigated land accounts for less than ten percent of farmland, farms
with irrigated land accounted for 20 percent of the total market value of all U.S. agricultural
products sold in 2012.36

A.

IRRIGATION AND WATER USE

Agriculture accounts for roughly 80 percent of the U.S.’s total consumptive water use and up to 90
percent of total consumptive water use in some of the Western States.37 In 2013 the USDA
estimated that cropland accounted for 95 percent of all irrigated land with corn, soybeans, and
alfalfa being the top three crops grown on irrigated land.38
Irrigating farms, however, is costly for farmers. Farmers must spend money on irrigation
maintenance, labor, and electricity for pumping water. In 2013, farmers spent nearly $2.7 billion
on energy expenses for irrigation pumping – or over $17,000 per farm annually.39 Irrigation
pumping costs are estimated to be, on average, $54 per acre for pumping from wells, and in
California, the costs can be as high as $127 per acre.40
Irrigating farms also contributes to two primary water-related issues: scarcity and environmental
externalities. First, water has become increasingly scarce. While Western states have recently
experienced severe water shortages, nearly 80 percent of states are expected to face a water
shortage in the next ten years.41 Agriculture has also depleted some of the U.S.’s most important
aquifers. The Ogallala Aquifer, which spans eight states from South Dakota to Texas and is one of
the world’s largest aquifers, has already been completely depleted in some areas.42
Second, the over-watering of crops causes nutrients to leach into groundwater, most notably
nitrogen from fertilizer, which has a detrimental impact on water quality – both locally and
globally. Runoff of nutrients can contaminate surface water.43 One major issue stemming from
water runoff is the creation of “dead zones,” such as the famous ones in the Gulf of Mexico and the
Chesapeake Bay; dead zones areas arise when nutrient runoff from agricultural and other human
activities stimulate overgrowth of algae that consumes oxygen, creating anoxic conditions that can
kill all marine life within that zone.44 These dead zones are detrimental to ecosystems and
significantly impact seafood and tourism industries.45

B.

OVERVIEW OF IRRIGATION TECHNOLOGIES

The USDA categorizes irrigation into four main types:46 (1) gravity irrigation systems;47 (2)
sprinkler irrigation systems;48 (3) drip irrigation systems;49 and (4) subirrigation systems.50
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Sprinkler systems are by far the dominant method of irrigation in the U.S., covering more than 60
percent of irrigated land in 2013.51 Indeed, when center pivot irrigation systems were introduced
in the 1970s they were described as the “most significant mechanical innovation in agriculture
since the replacement of draft animals by tractors.”52
Less than 10 percent of irrigated farms in the U.S. use advanced irrigation management
techniques.53 Instead, farmers decide when to turn on their irrigation systems based on their own
knowledge of their farmland, manually checking soil moisture levels, or through an irrigation
scheduling Excel workbook. All of these methods are ad hoc and can lead to inefficient water use.
In addition, improved water-management practices are still not widespread and can help farmers
“maximize the economic efficiency of their irrigation systems.”54

III. Role of Wireless Technology in Water Management
To help address these two water-related environmental issues (e.g., scarcity and environmental
degradation), farmers are turning to wireless technologies. Farmers can set up their own wireless
local area networks (“WLANs”) that sends data between electronic devices.55 They can do this by
connecting their LAN either to a conventional antenna (such as those used for two-way
communications) or to a wireless cellular service. Linking to an antenna presents obstacles with
interference and limited connectivity range, but when a WLAN connects to a cellular service,
“distance is unlimited” and the reliability of the farm’s network is just as good as the cell service
around it.56
With wireless technology and the creation of WLANs farmers can access information remotely,
enabling more efficient and timely decision making. In what follows, we review the ways in which
wireless technology is used across the agricultural industry and then discuss more specifically the
developments in wireless technology for irrigation management.

A.

BREADTH OF USES OF WIRELESS TECHNOLOGY IN AGRICULTURE

Through better access to both more – and more accurate – information, wireless technology is a
key component to helping farmers increase crop productivity. Specifically, wireless technology
promotes precision agriculture, or the “application of information technology to farm-level
production operations and management decision making.”57 That is, wireless technology allows
farmers to collect “big data” to analyze, among other things, their farm specific input levels, soil
samples, and yield levels with aggregated farm data on weather, cropping history, and historical
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yields.58 The technology used is generally called “telematics.”59 Telematics can help farmers map
their field boundaries, track equipment, and communicate across vehicles and other geographic
areas.60

1.

Equipment Management

The initial use of wireless technology in agriculture focused on management of equipment to
include a machine’s location, fuel consumption, utilization and status. Equipment management
remains an important use of wireless in agricultural production. With wireless technology, farmers
can manage their equipment from a smartphone or laptop from any remote location; farmers can
remotely detect and resolve equipment problems saving them valuable time and resources. Costs
are reduced by the more efficient use of equipment, improved productivity, and quicker response
time to manage operations.61
For example, farmers can remotely track the capacity of their silos and can use the information to
move other complementary equipment accordingly, such as grain carts. Farmers can also program
and sync tractors for speed and location, which prevents spillage and gains maximum operational
time for the equipment.

2.

Drones

Unmanned drones are an example of a specific innovation employed to increase productivity and
manage crop quality. Today, farmers are frequently using drones over more traditional cropmonitoring methods, such as satellite photography or manned airplanes, which can provide
incomplete or delayed information.62 Relative to manned airplanes, drones are also able to fly much
closer to crops, enabling farmers to capture more detailed information, as close as leaf level. 63 Some
drones have the additional advantage of being able to fly over a fixed point for a period of time,
overcoming the common problem of needing to couple images taken by aircrafts with traditional
flight paths.64 Drones can be equipped with infrared cameras, sensors, and other technologies that
collect a variety of relevant data to inform decisions regarding pesticides, herbicides, fertilizer, and
irrigation.65 For example, infrared cameras mounted on drones have been used to measure crop
productivity based on visible and infrared radiation as well as to characterize the health of
individual plants.66
Drone use is expected to continue to grow in agriculture. The Association for Unmanned Vehicle
Systems International, a trade group representing producers and users of drones, predicts that 80
percent of the future commercial market for drones will be comprised of agricultural drones.67
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Improved computer processing in smartphone technology, including gyroscopes, altimeters, and
compasses, has made affordable domestic drone use possible and increasingly popular.68

3.

Data Management, Interpretation, and Accessibility

Agricultural wireless technologies have advanced such that some systems not only provide farmers
with richer information, but also make recommendations based on the data they gather. As one
Iowa State University professor stated, a wireless connection “can make the difference between
actually taking advantage of what your data can tell you rather than simply producing colorful
maps each year.”69
Advanced wireless sensor networks can gather data on parameters such as temperature, humidity,
barometric pressure, soil moisture and acidity, and carbon dioxide levels, which can in turn be
used to program networks controlling water pressure, heating and cooling, as well as the dispersal
of fertilizer and pesticide.70 Continuously operating reference station (“CORS”) is a survey-grade
GPS receiver at a known geographic location that continuously collects 3D positioning data.71
These data can be used to support real-time kinematic (“RTK”) applications, which provide
continuous correction data to GPS receivers and can provide valuable information for numerous
functions, such as installing tile line and managing drainage, and mapping field variations for VRI
through high-fidelity elevation data.72 Some companies have developed data-driven planting
services that capitalize on synergies between data and equipment management. Service-providers
analyze historical farming data with algorithms and human specialists, then send farmers a
computer file containing equipment programming based on recommendations from their
analysis.73

B.

SPECIFIC USES OF WIRELESS TECHNOLOGY IN IRRIGATION MANAGEMENT

Wireless technology has proven to be particularly beneficial to agriculture for irrigation
management and water conservation by reducing the labor intensity of farming and creating
pathways for more precise information about growing conditions.
For example, wireless irrigation systems such as remote pivot controls and variable rate irrigation
(“VRI”) reduce the amount of labor required on farms while streamlining the irrigation process.
Remote pivot controls give farmers the ability to direct pivot irrigation systems using satellite,
cellular networks, or other telemetry systems rather than drive out to the fields and adjust their
systems manually.74 These controls give farmers the ability to start and stop pivots and
chemigation,75 to adjust pivot speeds, as well as to monitor the system’s geographic position; they
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can also alert farmers through email or text message if a pivot shuts off unexpectedly or experiences
a technical issue.76 Finally, farmers can control the hydraulic commands of scraper blades, which
improves the grading, ditching, and plane generation for irrigation.77
Similarly, VRI allows farmers to prescribe different watering intervals for different zones of their
crop fields to improve irrigation efficiency.78 For example, farmers can program different sections
of sprinkler pipe to pulse off at prescribed intervals rather than watering crops continuously, which
conserves water and prevents nitrogen loss from leaching.79 Farmers whose soil conditions vary
within fields can use VRI to apply water at different rates based on soil type rather than apply
water at a single rate.80 This heterogeneous water application avoids over-watering some soils
while under-watering others.
Farmers can also use a telematics system to improve irrigation by collecting information on soil
and plant moisture levels and weather conditions (e.g., temperature, humidity, and wind). One
method for collecting such data is soil moisture sensors, which measure changes in soil water
content in the root zone of crop fields and wirelessly transmit data to computers or tablets for
farmers to review.81 These systems connect to cellular or satellite modems, with some models
taking soil moisture readings as often as every 30 minutes with multiple sensors placed at various
depths underground.82 Some technology firms have also embraced cloud-based data centers as a
means of collecting and providing soil sensor data to farmers.83
The growth of the wireless agricultural technology industry has opened the door for synergies
amongst these systems. For example, using soil moisture probes in conjunction with VRI can give
farmers a more complete picture of crops’ irrigation needs, preventing overwatering and reducing
costs.84 Other technologies, such as web-based irrigation scheduling systems, help guide the timing
and quantity of irrigation through interactive computer models that synthesize data on soil type,
local weather conditions, plant growth stage, and daily crop water use. 85 These systems can be
particularly helpful when determining the timing of the first irrigation of the season, as often there
is the temptation to begin watering crops too early.86 Figure 2 shows a diagram of how telematics
generally works in facilitating irrigation decisions.
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Figure 2: Telematics Irrigation System

Source: “Agricultural Weather Stations for Crop Success,” Davis Instruments, accessed
December
9,
2015,
http://davisnet.com/weather/uses/agriculturesolutions/agricultural-remote-weather-station.asp

Historically, however, farmers have made decisions on when to irrigate their crops based on the
visual inspection of the crop or the feel of the soil. Figure 3 shows a breakdown of the methods
that farmers used to decide when to irrigate their crops in 2003 and 2013.
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Figure 3: Methods Used in Deciding When to Irrigate, 2003 and 2013

Source: USDA, "2003 Farm and Ranch Irrigation Survey,” p. 160; USDA, "2013 Farm and
Ranch Irrigation Survey,” p. 87.
Notes: 229,237 farms were surveyed in 2013 and 220,163 farms were surveyed in 2003.
Respondents could choose more than one method. Moisture sensing devices include soil
moisture and plant moisture sensing devices. 2013 figures exclude institutional, research,
and experimental farms. 2003 figures exclude abnormal and horticultural specialty farms.

As shown in Figure 3, only 11 percent of irrigated farms used either a soil moisture or plant
moisture sensing device when deciding when to irrigate in 2013, up from 8 percent in 2003. In
2013, Nebraska saw the highest rate of moisture sensor adoption at 23 percent, while less than 2
percent of irrigated Wyoming farms had adopted the technology.87 In contrast, almost 80 percent
of farmers using irrigation methods nationwide made watering decisions based on the condition
of their crops.88 Table 1 shows that moisture sensing devices were the fastest growing method of
irrigation decision-making in the U.S. between 2003 and 2013; computer simulation models were
the second-fastest growing method.
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Table 1: Growth in Methods Used in Deciding When to Irrigate, 2003 to 2013

Methods Used in Deciding When to Irrigate
[1]
Any Method
Condition of Crop
Feel of the Soil
Personal Calendar Schedule
Scheduled by Water Delivery Organization
All Moisture Sensing Devices
Commercial or Government Scheduling Service
Reports on Daily Crop-Water Evapo-Transpiration (ET)
When Neighbors Begin to Irrigate
Computer Simulation Models

2003
[2]

2013
[3]

220,163
175,560
76,731
42,551
26,537
17,645
14,190
15,323
14,080
1,285

229,237
179,490
90,361
49,048
37,301
26,325
17,982
17,815
13,717
1,915

2003-2013
Percent Growth
[4]
4.1%
2.2%
17.8%
15.3%
40.6%
49.2%
26.7%
16.3%
-2.6%
49.0%

Sources and Notes: Respondents could choose more than one method. 2013 figures
exclude institutional, research, and experimental farms and 2003 figures exclude
abnormal and horticultural specialty farms. [1]: Moisture sensing devices include soil
moisture and plant moisture sensing devices; [2]: USDA, "2003 Farm and Ranch Irrigation
Survey,” p. 160; [3]: USDA, "2013 Farm and Ranch Irrigation Survey,” p. 87; and [4] = ([3]
– [2]) / [2].

In 2013, 8,012 farms invested a total of $62 million in computers, control panels, and computer
controlled valves for irrigation management89 – up from only 3,954 farms in 2003 with total
investments of $14 million.90 As the USDA states:
“Agricultural water conservation is both a farm and basin-level resource
conservation issue…The sustainability of irrigated agriculture may depend partly
on the willingness and ability of producers to adopt irrigation ‘production systems’
that more effectively integrate improved water management practices with
efficient irrigation application systems.”91

C.

THE DEVELOPMENT OF WIRELESS TECHNOLOGY SYSTEMS FOR IRRIGATION
MANAGEMENT

As farmers’ use of wireless continues to rise their demand for wireless technologies will also grow.
Indeed, agriculture is cited as one of the “most fertile laboratories for Internet of Things (“IoT”)
innovation and large-scale adoption”92 and as the “last frontier for a lot of different technolgoies.”93
In the third quarter of 2014 alone venture capitalists invested $269 million in agricultural and food
startups – a record amount.94 Traditionally, the agricultural industry has been slow to adopt these
technologies but “farmers are increasingly looking to use tech to reduce their use of water and
fertilizer to save money.”95
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Table 2 provides a list of companies that we identified as providing telematics service for use in
irrigation management. The list demonstrates the range of services available to farmers and the
number of different companies offering these services. Moreover, the majority of these services
have only started to be offered to farmers in the last six years. The wireless transfer of farm-level
data collected with a telematics system can improve a farmer’s turnaround time and reduce chances
of error. In addition, wireless data collection allows one farmer’s data to be analyzed in conjunction
with another farmer’s data to create more accurate, but still individual-based, recommendations
on field management.96
Table 2: Companies Providing Telematic Services for Irrigation Management97
Company
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]

AGCO
Raven
John Deere
Trimble
Case IH
Hortau

System
AgCommand Basic Plus
AgCommand Advanced
FUSE
VarioGuide and Auto-Guide*
Slingshot
JDLink Ultimate
JDLink Connect
Connected Farm
AFS Connect Manager
AFS Connect Executive
WEB-TX 4

Year Launched

Communication Method Data File Transfer

2010
2010
2013
2015

Cellular
Cellular
Cellular, Satellite
Satellite

2011

Cellular, Satellite
Cellular, Satellite
Cellular, Radio
Cellular
Cellular
Cellular, Cloud

2002

No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes but N/A
Yes but N/A
Yes

Notes: Cloud-based refers to the use of the Internet for computing and data storage.
Information is then available to users on-demand via computers, tablets, and
smartphones. Information not available for empty cells.

These recent initiatives are also frequently being promoted through collaborations across the
industry. For example, DuPont Pioneer and AGCO Corporation announced a global collaboration
in 2014 that aimed to provide farmers with wireless data transfer technology solutions that allowed
“seamless interface of data and farm management information between AGCO equipment and
Encirca services.”98 In addition, in 2013 John Deere and Fontanelle Hybrids teamed up to research
the impact of moisture probes on a farmer’s water use. 99 The study found that using John Deere’s
Field Connect system could save as much as two inches of water per acre and increase corn yields
by as much as five and a half bushels per acre.100 More recently, John Deere formed a joint venture
with DN2K – named SageInsights – that will focus on developing DN2K’s Internet-based
computing platform, MyAgCentral, to better serve the agricultural industry.101
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IV.Case Studies
In this section we highlight recent innovations and implementation of wireless technology in
California and Minnesota. We selected these two states for case studies because they both rank in
the top five in terms of crop production,102 and they span a range of climates and water practices.
As a result, an examination of California and Minnesota provides insight into the use of wireless
technology in agriculturally-important states in both the West and the Midwest, two of the United
States’ principal growing regions.103 For each state we discuss both the agricultural and
environmental challenges faced by the state as well as the creative ways in which wireless
technology is being promoted to solve the problem.

A.

CALIFORNIA

California is the largest agricultural producer in the U.S. and is one of the highest producing
agricultural regions in the world; in 2013, California’s 44,343 farms contributed nearly $28 billion
to the state’s GDP, or approximately 1.3 percent of the state’s total GDP.104 In 2013, California
produced over one third of the country’s vegetables and two thirds of the country’s fruits and
nuts.105 In the same year, California accounted for 21.1 percent of U.S. field crop exports, 62.7
percent of fruits and fruit product exports, 100 percent of tree nut exports, and 61 percent of
vegetable exports.106 In 2013 California’s top-valued crop was almonds, followed in order by grapes,
strawberries, walnuts, and lettuce.107 California is also the only state in the U.S. that produces a
number of crops, including almonds, artichokes, raisins, olives, pistachios, and walnuts.108
Supporting such a large agricultural industry requires large amounts of water. On average,
agriculture consumes 40 percent of California’s available water, and irrigation of California’s
approximately 9 million acres of irrigated farmland accounts for 80 percent of all human water use
in the state.109 California farmers are among the nation’s leaders in the adoption of wireless
irrigation technology. Nearly 22 percent utilized soil or plant moisture sensing devices in
considering when to irrigate their crops.110
Undoubtedly the most significant challenge facing California agriculture is the severe drought
currently plaguing the western U.S. At the end of the 2015 “water year,” California’s spring
snowpack contained just 5 percent of a normal year’s water level while major reservoirs held 59%
of their historical averages.111 This situation led many farmers to turn to pumping additional
groundwater, which has depleted aquifers and caused some parts of the state to sink by as much
as 33 centimeters in less than one year.112
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Water use is further complicated in California by its hierarchical water rights system. Unlike other
states, California has a mixed system of riparian and appropriative rights. 113 This water rights
system is seen by some as discouraging water conservation, because priority rights holders can
experience cuts in their water allocations if they do not utilize their allotments in a given year.114

1.

Tom Rogers’ Almond Ranch in Madera County, CA

Tom Rogers is a California farmer who has turned to wireless technology to solve challenges
presented by California’s current drought. He owns a 176 acre almond orchard in Madera County,
California. Because almond trees are permanent crops and therefore require attention to long-term
plant health, maintaining detailed information about individual trees, soil permeability, and
microclimates is particularly important to almond farmers.115 Rogers’ ranch utilizes wireless
technology in the form of soil and plant moisture monitoring as well as weather information from
on-site stations to inform decision-making for both when and how much to irrigate.116 Soil probes
measure soil moisture at the tree root profile at intervals of 15 minutes, showing precisely how
water moves through the soil and whether it is being absorbed by tree roots, while weather stations
connected by the California Irrigation Management System provide real-time data on temperature,
humidity, wind speed, and rainfall, revealing how much water is cycling through the orchard.117
Rogers estimates that this system of irrigation scheduling has reduced his orchard’s water use by
up to 20 percent in some fields and has resulted in higher water-use efficiency overall.118 These
findings are consistent with a previous report published by the Pacific Institute, a global water
think tank in California, which found that improved irrigation scheduling has been shown to
reduce water use anywhere from 11 to 50 percent.119
“In order to know what’s going on, you have to monitor,” Rogers said of this system. “It’s just
absolutely imperative that you know where your water is, and if you’re actually using it or flushing
it through the system.”120 Utilization of wireless technology at this almond ranch has created
numerous benefits for the farm beyond more careful water use. Rogers reports higher crop yields
compared to neighboring comparable farms, improved plant health, and protection from frost.121

2.

Camalie Vineyards and “Camalie Networks” in Mount Veeder, CA

Another innovator in California is Mark Holler, who owns the Camalie Vineyard in Northern
California and who developed and now sells his own agricultural wireless technology system.
Holler’s system, called “Camalie Networks,” aims to reduce water and energy consumption while
increasing crop yield and improving grape quality.122
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The Camalie Vineyard encompasses several microclimates and soil types, each possessing unique
needs at any given time; to better address the specific needs of each part of his vineyard, Holler
has employed wireless sensing stations that collect, process, and transmit information on soil
moisture, temperature, humidity, water flow, and fermentation rates to his desktop computer.123
Because the data is sent wirelessly and is readily accessible, Holler can easily monitor his vineyards
from miles away, often being alerted to changes in farm operations before anyone else. 124 This
information was of particular use to Holler in 2007, when his vineyard experienced an unusually
dry spring and summer, receiving only 16 inches of rain compared to 40 inches in 2006; utilizing
data on leaf water potential and soil moisture tension for each microclimate, Holler used 149,000
gallons of water during the 14-week irrigation season, a 26 percent reduction from 2006, despite
the drought, and doubled the yield of his 4-year-old Cabernet Sauvignon vines from 8 tons to 16
tons.125 “You better believe I wasn’t trucking in any more water than I had to,” Holler said of that
season. “Knowing the exact soil moisture at 10 locations meant that I did not have to purchase any
more water than absolutely necessary.”126 Holler attributes improved water efficiency to the
wireless technology as well, reporting that the vineyard was able to grow 3.9 tons of Cabernet
Sauvignon grapes per acre in 2007 by irrigating each vine with just 34 gallons of water from June
until harvest.127 Holler has also explored using his wireless nodes and network for his vineyard’s
fermentation process to measure air temperature, humidity, and pressure inside fermentation
tanks.128

3.

Qualcomm and Verizon

Recently, both Qualcomm and Verizon have piloted efforts in telemetry and data analytics in
California agriculture. Verizon has a pilot project with the 1,000-acre Hahn Family Winery. The
winery has sensors in the soil near the root zones of its plants to estimate how much water is being
delivered to the vines. The winery also has sensors in the canopy of the grapevines that record
humidity and temperature in various locations. This system allows the winery to water the plants
when they need the water rather than doing so based on time intervals.129 Since implementing the
system, Hahn Family Wines found that they were overwatering in some areas of the vineyard
while under-watering in other when they used the fixed amount per week system.130
Qualcomm and engineering company CH2 implemented water sensoring on an avocado farm.131
Avocado production in California is responsible for 83 percent of all avocados produced in the U.S.
A mature avocado tree needs 450 gallons of water per week to keep the tree healthy and produce
fruit and the price of water has increased by more than 200 percent in the last few years.132
Qualcomm and CH2 are looking to take existing sensors and make them smarter by bringing
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smartphone technology to the wireless industry.133 More specifically, they seek to use Qualcomm’s
secure networks to give real-time information about how water is being used in transport systems
and what the costs of delivery are.134

B.

MINNESOTA

In 2012, Minnesota boasted the fourth largest crop output among all states. 135 That year,
Minnesota’s 74,000 farms generated nearly $14 billion in sales, 136 contributing more than five
percent of the state’s GDP.137 Corn, soybeans, and hay are the state’s top grossing crops in terms of
value of production, accounting for nearly 60 percent of the market value of Minnesota’s crops.138
Approximately 27 million acres139 (49 percent) of Minnesota’s 55.6 million acres of land are used
for farm operations.140
In 2013, nearly 11 percent of Minnesota’s water usage was for irrigation,141 with 13 percent of
farms employing moisture sensing devices in deciding when to irrigate.142 Approximately 90
percent of the water used in Minnesota’s agricultural irrigation is groundwater.143 Irrigation is the
second most common use for groundwater in Minnesota, and is growing far faster than any other
use. Between 1988 and 2011, the Minnesota agriculture industry consumed 26 percent of the
groundwater pumped in the state.144
In contrast to western states that have prior appropriation rights, water is a shared resource in
Minnesota. An appropriation permit, for which anyone may apply, is available through the
Minnesota Department of Natural Resources (“DNR”) and is required for usage of over 10,000
gallons per day or 1 million gallons per year.145 Agricultural water use is publicly reported through
the DNR. Unlike many western states, Minnesota’s water challenges are not primarily marked by
fears of water shortages or decreasing aquifer levels. Rather, water-related challenges in Minnesota
are more frequently related to chemical runoff, particularly nitrate pollution, across the state’s
many lakes, rivers, and streams.146 Minnesota may also be at risk of unsustainable groundwater
usage,147 but water contamination remains the focus of public discussion. Nevertheless, efficient
water use is a key solution to mitigate this harm.
Extension officers and local soil water conservation districts (“SWCD”) promote remote irrigation
management systems with the aim of reducing nutrient leaching and fertilizer runoff caused by
the over-watering of crops.148 Joshua Stamper, University of Minnesota Extension Irrigation
Specialist, estimates that the use of remote irrigation technologies in Minnesota could save
somewhere in the magnitude of 1.5 acre inches of water per year.149 In the 1990s, portions of
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Minnesota began to adopt irrigation scheduling, a targeted watering practice that aims for more
efficient crop irrigation and reduced nitrate content of drinking water.150 Farmers that have not
yet adopted the more precise approach tend to water their crops when their neighbors do or when
their crops appear stressed.151

1.

East Otter Tail Soil and Water Conservation District Outreach

In central Minnesota, many farms are embracing the water conservation practices made possible
through technology and collaboration with local SWCDs. For an annual payment of $200, SWCD
technicians in Otter Tail County will make site visits and use a formula that considers various
factors, including solar radiation and air temperature, in order to calculate a farm’s level of
evapotranspiration and determine if watering is necessary.152 This information is used in
conjunction with measurements made using several weather stations scattered across the region
that measure temperature, solar radiation, wind velocity, humidity, and rain, and use cellular
modems to transmit data to SWCD offices for analysis.153
Another program, the Central Minnesota Ag Weather Network, makes several types of data
available through the East Otter Tail SWCD website free of charge.154 From mid-April through the
end of the growing season, hourly and daily weather data are available to farmers in Otter Tail
County and several of its neighboring counties.155 Provided through a partnership between the
East Otter Tail SWCD and the Minnesota Department of Agriculture,156 the Ag Weather Network
information tracks rainfall, temperature, humidity, evapotranspiration, and growing degree
days.157 The program is partially designed to promote the efficient use of water for irrigation.158
Darren Newville, district manager of the Easter Otter Tail SWCD, has expressed support for the
creation of a wireless app that would enable farmers to process and visualize data in order to aid in
their irrigation practices.159 Indeed, the 2011 Forum on Minnesota Irrigated Agriculture noted that
a cellphone app to manage its irrigation scheduling is a high priority.160 The Ag Weather Network
currently provides data updates via email161 and hopes to have a mobile application available to
farmers in 2016.162

2.

Sherburne Soil and Water Conservation District Outreach

In 2014, the Sherburne Soil and Water Conservation District received a $150,000 grant from the
Clean Water Fund to use automated soil moisture probes on farms in order to reduce the amount
of nitrogen and other nutrients leaching into groundwater.163 The Sherburne SWCD hopes that by
“combining automated soil moisture probes, cell phone technology, and the Internet, this project
18 | brattle.com

will provide real time soil moisture conditions to farmers who can use that information to provide
improved irrigation scheduling and prevent leaching of nutrients below the crop root zone.”164 To
date, their work has focused on determining if this technology can make water use more efficient
and if it would reduce the amount of nitrate leaching into the water supply.
Bill Bronder, District Technician for the Sherburne SWCD, notes that both AgSense and John Deer
Field Connect technologies have been installed on local farms growing potatoes, corn, and
soybeans.165 These sensors have allowed participating farmers to receive realtime soil moisture data
on their cellphones and laptops. The Sherburne SWCD has installed the sensors on local farms
each of the past two years, providing five John Deere Field Connect systems and one AgSense
system in 2014 and four Field Connects and two AgSense systems in 2015.166 Thus far, the data
from these sensors have been used as a point of comparison for farmers’ activities rather than as a
determining factor in their farming behavior.167 As farmers become more comfortable with
technologies such as soil moisture sensors, agricultural decisions can be made using the data they
provide. As a result, water could be used more efficiently, the leaching of nitrogen and other
nutrients could be reduced, and crop yields could potentially be increased.

V. Conclusions and Lessons Learned
Agriculture is a critical component of the U.S. economy – agriculture and agriculture-related
industries contributed over four percent of U.S. GDP in 2013 and employed over 17 million people
in 2014.168 The use of wireless technology as a farm’s primary method of Internet access grew by
over 950 percent between 2003 and 2013.169 Today, almost 30 percent of U.S. farms with Internet
access use wireless as their primary method of accessing the Internet.170 As the use of wireless
technology on farms has grown, the availability and development of wireless technology for
agriculture has increased. The use of moisture sensing devices was the fastest growing irrigation
decision-making method between 2003 and 2013.171 Despite this rapid growth, less than 10 percent
of irrigated farms use advanced irrigation management techniques.172
For agriculture, these new wireless technologies are critical tools for providing farmers with realtime access to information on soil moisture levels, weather, and irrigation equipment. With this
information, farmers are able to make more efficient decisions regarding the irrigation of their
crops. This increased decision-making power increases farmer profits, conserves water, and
improves water quality. Agriculture, and irrigation management in particular, is seen as one of the
most fertile areas for the Internet of Things. For example, a Minnesota farmer was recently able to
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monitor his equipment and crop characteristics during the 2014 harvest nearly 100 miles away
while in the hospital undergoing treatment for cancer:
“I knew [the combine’s] speed, the yield and the moisture of the grain. It gave me
a lot of ease that I could lay in the hospital and look at the technology on the device
and see what was going on at the farm.”173
Adoption of wireless technologies in irrigation management appears to be increasing rapidly. As
highlighted by California and Minnesota, U.S. states are making significant investments in
promoting the use of wireless technology in the agricultural sectors. More companies are
beginning to pilot and release irrigation management technologies that incorporate the use of
cellular communication. As states continue to receive funds to promote wireless technology in
agriculture we can expect to see the adoption of these new irrigation management techniques
increase dramatically.
Where wireless technology has been adopted for irrigation management farms have realized
significant benefits. The uses and benefits of wireless technology for irrigation management vary
geographically. Some states, such as California, can rely on wireless technology to manage water
use in the face of drought while others, such as Minnesota, can rely on wireless technology to
manage water use to avoid nutrient run-off and groundwater contamination. In all cases, better
management of irrigation, and the incorporation of wireless technology, is likely to bring
significant benefits.

1

The wireless industry benefits many sectors of the U.S. economy; every dollar in wireless industry
revenue supports $1.32 in additional revenue for the U.S. economy and every job in the wireless
industry supports over six additional jobs in the U.S. See Coleman Bazelon and Giulia McHenry, “Mobile
Broadband Spectrum: A Vital Resource for the American Economy,” CTIA, May 11, 2015, pp. 18-21,
http://www.brattle.com/system/publications/pdfs/000/005/168/original/Mobile_Broadband_Spectrum_
-_A_Valuable_Resource_for_the_American_Economy_Bazelon_McHenry_051115.pdf?1431372403.

20 | brattle.com

2

Office of the Press Secretary, “Fact Sheet: Next Steps in Delivering Fast, Affordable Broadband,” The
White House, March 23, 2015, accessed April 4, 2016, https://www.whitehouse.gov/the-pressoffice/2015/03/23/fact-sheet-next-steps-delivering-fast-affordable-broadband.

3

Cisco estimates that mobile data traffic in the U.S. grew by 56% in 2015. Similarly, Ericsson estimates
that mobile data traffic on smartphones in North America was up from 483 petabytes (PB) per month
in 2014 to 986 PB / month in 2015 and that mobile data traffic on mobile personal computers, routers,
and/or tablets was up from 187 PB / month in 2014 to 266 PB / month in 2015. See “VNI Mobile Forecast
Highlights, 2015-2020: United States – 2015 Year in Review,” Cisco, accessed April 4, 2016,
http://www.cisco.com/assets/sol/sp/vni/forecast_highlights_mobile/index.html#~Country; and “Traffic
Exploration,”
Ericsson,
accessed
April
18,
2016,
http://www.ericsson.com/TET/trafficView/loadBasicEditor.ericsson.

4

Agriculture and agriculture-related industries contributed $789 billion to the U.S. GDP in 2013 and
provided 17.3 million jobs in 2014. “Ag and Food Sectors and the Economy,” USDA Economic Research
Service, May 14, 2015, accessed November 25, 2015, http://ers.usda.gov/data-products/ag-and-foodstatistics-charting-the-essentials/ag-and-food-sectors-and-the-economy.aspx.

5

Consumptive use estimates measure the amount of water consumed by the crop that is not returned to
the water resource system. “Irrigation and Water Use,” United States Department of Agriculture
(“USDA”)
Economic
Research
Service,
accessed
November
18,
2015,
http://www.ers.usda.gov/topics/farm-practices-management/irrigation-water-use.aspx;
and
“Agricultural Production is a Major Use of Land, Accounting for Over Half of the U.S. Land Base,” USDA
Economic Research Service, accessed April 11, 2016, http://www.ers.usda.gov/data-products/chartgallery/detail.aspx?chartId=40023&ref=collection&embed=True&widgetId=39734.

6

Glenn D. Schaible and Marcel P. Aillery, Water Conservation in Irrigated Agriculture: Trends and
Challenges in the Face of Emerging Demands, Economic Information Bulletin No. 99, USDA Economic
Research
Service
(September
2012):
pp.
iv,
accessed
November
25,
2015,
http://www.ers.usda.gov/media/884158/eib99.pdf.

7

In 2013 there were 2,094,250 farms in the U.S. compared to 2,092,550 farms in the U.S. in 2005.
Calculation: 31.5% = 0.315 = ((0.67 x 2,094,250) – (0.51 x 2,092,550)) / (0.51 x 2,092,550). National
Agricultural Statistics Service (“NASS”), “Farm Computer Usage and Ownership,” USDA, July 2005, p.
8,
accessed
November
30,
2015,
http://usda.mannlib.cornell.edu/usda/nass/FarmComp//2000s/2005/FarmComp-08-12-2005.pdf; NASS,
“Farm Computer Usage and Ownership,” USDA, August 2007, p. 21-24, accessed December 22, 2015,
http://usda.mannlib.cornell.edu/usda/nass/FarmComp//2000s/2007/FarmComp-08-10-2007.pdf;
and
NASS, “Farm Computer Usage and Ownership,” USDA, August 2015, p. 9 and pp. 25-28, accessed
November 30, 2015, http://usda.mannlib.cornell.edu/usda/current/FarmComp/FarmComp-08-192015.pdf.

8

NASS, “Farm Computer Usage and Ownership,” July 2005, p. 18; and NASS, “Farm Computer Usage and
Ownership,” August 2015, pp. 22-23.

9

Calculation: 952% = 9.52 = ((0.67 x 2,094,250 x 0.24) – (0.51 x 2,092,550 x 0.03)) ÷ (0.51 x 2,092,550 x
0.03).

10

NASS, “Farm Computer Usage and Ownership,” August 2015, pp. 22-23.

11

For example, in July 2015 farmers in Illinois had such flood-damaged crops that they sought a federal
disaster declaration. In Illinois’ Iroquois County alone flooding drowned approximately 40 percent of
21 | brattle.com
crops following record rainfall in June 2015. See Associated Press, “Disaster Declaration Sought
to Help
Flooded Illinois Farmers,” The Washington Times, July 22, 2015, accessed December 22, 2015,

http://www.washingtontimes.com/news/2015/jul/22/disaster-declaration-sought-to-help-floodedillino/.
12

G. Vellidis, V. Garrick, et al., “How Wireless Will Change Agriculture,” Precision Agriculture 7 (2007):
p.
2,
accessed
November
25,
2015,
http://vellidis.org/wpcontent/uploads/2013/04/Vellidis.How_.Wireless.Will_.Change.Agriculture.6ECPA.pdf.

13

Western states have faced drought conditions for 11 of the past 14 years that have resulted in severe
water shortages. Brian Clark Howard, “Worst Drought in 1,000 Years Predicted for American West,”
National
Geographic,
February
12,
2015,
accessed
April
1,
2016,
http://news.nationalgeographic.com/news/2015/02/150212-megadrought-southwest-water-climateenvironment/ and Ellie Kincaid, “California Isn’t the Only State with Water Problems,” Business
Insider, April 21, 2015, accessed December 7, 2015, http://www.businessinsider.com/americas-aboutto-hit-a-water-crisis-2015-4.

14

Kincaid, “California Isn’t the Only State with Water Problems.” For information on individual states’
water challenges, see Water Sense, “State Water Facts,” United States Environmental Protection
Agency, accessed December 7, 2015, http://www3.epa.gov/watersense/our_water/state_facts.html.

15

The second largest dead zone in the world is the Gulf of Mexico dead zone, a 6,474 square mile region
that was created and continues to exist due to nitrogen and phosphorus washed into the gulf from
sources along the Mississippi River; the dead zone costs the U.S. seafood and tourism industries an
estimated $82 million per year, impacting a region that supplies more than 40 percent of the country’s
seafood. See “2015 Gulf of Mexico Dead Zone ‘Above Average’,” National Oceanic and Atmospheric
Administration
(“NOAA”),
August
4,
2015,
accessed
December
7,
2015,
http://www.noaanews.noaa.gov/stories2015/080415-gulf-of-mexico-dead-zone-above-average.html.

16

For example, in the Sacramento-San Joaquin River Delta, water exports have resulted in the
deterioration of an ecosystem that supports 20 endangered species. See California State Water Project,
“Where Rivers Meet – The Sacramento-San Joaquin Delta,” California Department of Water Resources,
2015, accessed December 7, 2015, http://www.water.ca.gov/swp/delta.cfm.

17

Over-watering crops can result in nitrogen leaching and runoff, increased weed pressure, and increased
potential for crop yield losses due to fungal and bacterial foliar and root rotting diseases. Under-watered
crops experience wilting and even potentially the death of a plant. See Suat Irmak, “Plant Growth and
Yield as Affected by Wet Soil Conditions Due to Flooding or Over-Irrigation,” NebGuide, University of
Nebraska-Lincoln Extension, Institute of Agriculture and Natural Resources (April 2014), accessed
December 14, 2015, http://extensionpublications.unl.edu/assets/pdf/g1904.pdf and Hal Werner,
“Measuring Soil Moisture for Irrigation Water Management,” South Dakota State University College of
Agriculture & Biological Sciences (April 2002), p. 1, accessed December 1, 2015,
http://pubstorage.sdstate.edu/agbio_publications/articles/fs876.pdf.

18

Sustainable agriculture was addressed by the U.S. Congress in the Food, Agriculture, Conservation, and
Trade Act of 1990. The term was then defined as “an integrated system of plant and animal production
practices having a site-specific application that will, over the long term: (i) Satisfy human food and fiber
needs; (ii) Enhance environmental quality and the natural resource base upon which the agricultural
economy depends; (iii) Make the most efficient use of nonrenewable resources and on-farm resources
and integrate, where appropriate, natural biological cycles and controls; (iv) Sustain the economic
viability of farm operations; and (v) Enhance the quality of life for farmers and society as a whole.” See
“Sustainable Agriculture: Definitions and Terms,” USDA, National Agricultural Library, accessed
November 18, 2015, http://afsic.nal.usda.gov/sustainable-agriculture-definitions-and-terms-1#toc2.
22 | brattle.com

19

Irrigation management establishes the “proper timing and amount of irrigation for greatest
effectiveness. This will minimize yield loss due to crop water stress, maximize yield response to other
management practices, and optimize yield per unit of water applied.” See Irmak, “Plant Growth and
Yield.”

20

Moisture sensing devices include soil moisture and plant moisture sensing devices. USDA, "2013 Farm
and Ranch Irrigation Survey,” 2012 Census of Agriculture, November 2014, p. 87, accessed December
7,
2015,
http://www.agcensus.usda.gov/Publications/2012/Online_Resources/Farm_and_Ranch_Irrigation_Sur
vey/fris13.pdf.

21

Moisture sensing devices include soil moisture and plant moisture sensing devices. USDA, “2013 Farm
and Ranch Irrigation Survey,” p. 87.

22

In 2013, 26,325 farms reported using either a soil moisture or plant moisture sensing device ompared to
17,645 farms in 2003. Calculation: 49% = 0.4919 = (26,325 – 17,645) / 17,645. USDA, "2003 Farm and
Ranch Irrigation Survey,” 2002 Census of Agriculture, November 2004, p. 160, accessed December 7,
2015, http://www.agcensus.usda.gov/Publications/2002/FRIS/fris03.pdf; and USDA, “2013 Farm and
Ranch Irrigation Survey,” p. 87.

23

Calculation: 39,275 farms = 26,325 farms x (1 + 49.2%).

24

See Table 1.

25

Jonathan Foley, “Feeding Nine Billion,” National Geographic Magazine (May 2014), accessed December
23, 2015, http://www.nationalgeographic.com/foodfeatures/feeding-9-billion/.

26

This trend has been both within the United States and on a global level. The increase in agricultural
productivity by producing a higher yield on the same amount of hectares is referred to as agricultural
intensification. Agricultural production increases can also be achieved through agricultural
extensification, e.g., the conversion of land to farm land. See David Tilman et al., “Agricultural
Sustainability and Intensive Production Practices,” Nature, August 8, 2012, accessed November 18,
2015, http://www.nature.com/nature/journal/v418/n6898/pdf/nature01014.pdf.

27

Sun Ling Wang, Paul Heisey, David Schimmelpfennig, and Eldon Ball, Agricultural Productivity in the
United States: Measurement, Trends and Drivers, Economic Research Report 189, USDA Economic
Research
Service
(July
2015),
accessed
November
25,
2015,
http://www.ers.usda.gov/media/1875389/err189.pdf.

28

Figure 1 shows the crop yields for the four field crops with the largest value in 2014. Corn had the
largest value with an estimated $52 billion in crop value. Soybeans were second with $40 billion in crop
value, wheat was third with almost $12 billion in crop value, and alfalfa was fourth with $10.8 billion
in crop value. See NASS, “Crop Values 2014 Summary,” USDA, February 2015, accessed December 6,
2015, pp. 9-10, http://usda.mannlib.cornell.edu/usda/current/CropValuSu/CropValuSu-02-242015_correction.pdf.

29

Wang, Heisey, Schimmelpfennig, and Ball, Agricultural Productivity in the United States, p. 38.

30

Wang, Heisey, Schimmelpfennig, and Ball, Agricultural Productivity in the United States, p. 5

31

This ratio is measured as the average crop yield on irrigated land divided by the average crop yield on
non-irrigated land. Note that this ratio does not account for any other important differences that may
affect crop yield across irrigated and non-irrigated land, such as land quality, local weather patterns, or
a farmer’s crop management skills. See Wang, Heisey, Schimmelpfennig, and Ball, Agricultural
23 | brattle.com
Productivity in the United States, p. 52.

32

Wang, Heisey, Schimmelpfennig, and Ball, Agricultural Productivity in the United States, p. 26 and 52.

33

In 1974 approximately 1 billion acres of land were categorized as farmland in the U.S. Calculation: 4.1%
= 0.041 = 41,243,023 acres of irrigated farmland ÷ 1,017,030,357 acres of farmland. See “1974 Census of
Agriculture,” U.S. Department of Commerce, Bureau of the Census (Volume 1, Part 51): Table 2,
accessed December 4, 2015, http://usda.mannlib.cornell.edu/usda/AgCensusImages/1974/01/51/197401-51.pdf.

34

In 2012 approximately 900 million acres of land were categorized as farmland in the U.S. Calculation:
6.1% = 0.061 = 55,822,231 acres of irrigated farmland ÷ 914,527,657 acres of farmland. See “2012 Census
of Agriculture,” U.S. Department of Commerce, Bureau of the Census (Volume 1, Part 51): p. 17, Table
9,
accessed
December
4,
2015,
http://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,_Chapter_1_US/usv1.pdf;
and “1974 Census of Agriculture,” Table 2.

35

Calculation: 35% = 0.35 = (55,822,231 - 41,243,023) ÷ 41,243,023.

36

The total market value of agricultural products sold in the U.S. in 2012 was nearly $395 billion. The
total market value of agricultural products sold from farms with irrigated land in the U.S. in 2012 was
over $150 billion. Calculation: 38.6% = 0.386 = $152,421,721,000 irrigated market value ÷
$394,644,481,000 total market value. See “2012 Census of Agriculture,” Department of Commerce, p.
18, Table 11.

37

Consumptive use estimates measure the amount of water consumed by the crop that is not returned to
the water resource system. “Irrigation and Water Use,” USDA Economic Research Service. For a
complete description of water use terms see “Agriculture: A Glossary of Terms, Programs, and Laws,
2005 Edition,” Congressional Research Service Report for Congress (June 16, 2005), accessed December
8, 2015, http://digital.library.unt.edu/ark:/67531/metacrs7246/m1/1/high_res_d/97-905_2005Jun16.pdf.

38

In contrast to the U.S. Geological Survey, the USDA reports water as the amount of water applied to the
field using an irrigation system. See USDA, “Irrigation: Results from the 2013 Farm and Ranch Irrigation
Survey,” 2012 Census of Agriculture Highlights, November 2014, accessed December 6, 2015,
http://www.agcensus.usda.gov/Publications/2012/Online_Resources/Highlights/Irrigation/Irrigation_
Highlights.pdf.

39

The USDA estimates that 154,890 farms pumped water using 603,579 pumps with a total energy expense
of $2,669,965,000. Calculation: $17,238 per farm = $2,669,965,000 energy expenses ÷ 154,890 total
farms. See USDA, “2013 Farm and Ranch Irrigation Survey,” p. 34.

40

USDA, “2013 Farm and Ranch Irrigation Survey,” p. 35.

41

Kincaid, “California Isn’t the Only State with Water Problems.” For information on individual states’
water challenges, see Water Sense, “State Water Facts.” For example, in California farmers have been
forced to pump large amounts of groundwater in order to maintain agricultural production in the face
of the drought. Diversions of water resources can also threaten environmentally sensitive areas such as
the Sacramento-San Joaquin River Delta, where water exports have resulted in the deterioration of an
ecosystem that supports 20 endangered species. See Erika Check Hayden, “California Agriculture
Weathers Drought – At a Cost,” Nature, September 30, 2015, accessed November 18, 2015,
http://www.nature.com/news/california-agriculture-weathers-drought-at-a-cost-1.18457
and
California State Water Project, “Where Rivers Meet – The Sacramento-San Joaquin Delta.”

42

Jane Braxton Little, “The Ogallala Aquifer: Saving a Vital U.S. Water Source,” Scientific American,
March 1, 2009, accessed April 11, 2016, http://www.scientificamerican.com/article/the-ogallala24 | brattle.com
aquifer/.

43

Leaching occurs when the amount of water a plant receives exceeds evapotranspiration. Runoff occurs
when excess water that was not absorbed by the soil flows downhill and carries with it fertilizer and
other nutrients. See “Nitrogen Notes: Number 3,” International Plant Nutrition Institute, p. 3, accessed
December
22,
2015,
http://www.ipni.net/publication/nitrogenen.nsf/book/FDEE48CFF7600CE585257C13004C7BB0/$FILE/NitrogenNotes-EN-03.pdf
and
“Application: The Science of Surface Water Runoff,” The Shodor Education Foundation, Inc., 1998,
accessed
December
22,
2015,
https://www.shodor.org/master/environmental/water/runoff/RunoffApplication.html.

44

“2015 Gulf of Mexico Dead Zone ‘Above Average’,” NOAA.

45

As noted above, the second largest dead zone in the world is the Gulf of Mexico dead zone. Another
major dead zone in the U.S. is located in Chesapeake Bay, which covers approximately 1.37 cubic miles
and is fed by excessive nutrient pollution from human wastewater and agricultural activities flowing
from the Susquehanna River. The USGS estimated that 58 million pounds of nitrogen reached the
Chesapeake Bay between January and May 2015. See “2015 Gulf of Mexico Dead Zone,” NOAA; “The
Floods’ Lingering Effects: New Study Shows Gulf ‘Dead Zone’ One of the Largest on Record,” The
Nature
Conservancy,
2015,
accessed
December
7,
2015,
http://www.nature.org/ourinitiatives/regions/northamerica/areas/gulfofmexico/explore/gulf-ofmexico-dead-zone.xml; and USGS Newsroom, “Scientists Expect Slightly Below Average Chesapeake
Bay ‘Dead Zone’ This Summer,” U.S. Geological Survey, June 23, 2015, accessed December 8, 2015,
http://www.usgs.gov/newsroom/article.asp?ID=4254&from=rss.

46

“Western Irrigated Agriculture,” USDA Economic Research Service, accessed December 6, 2015,
http://www.ers.usda.gov/data-products/western-irrigated-agriculture/summary-of-results.aspx.

47

Gravity irrigation systems include furrow gravity irrigation and uncontrolled flooding. Furrow systems
are the dominant gravity irrigation system and guide water downslope across a field in shallow channels,
while uncontrolled flooding relies solely on the natural slope of the land to distribute water across the
field. See “Irrigation Systems and Land Treatment Practices,” USDA Economic Research Service,
October
26,
2004,
accessed
December
8,
2015,
https://wayback.archiveit.org/5923/20120310140351/http:/ers.usda.gov/Briefing/WaterUse/glossary.htm.

48

Sprinkler irrigation systems include center-pivot and linear-move irrigation systems. Both of these
systems are self-propelled and fed by water pumped through a main pipe, but the center-pivot system
rotates slowly around a pivot point to irrigate a circular area while linear-move systems follow a straight
path across a rectangular field. See “Irrigation Systems and Land Treatment Practices,” USDA Economic
Research Service.

49

Drip irrigation systems include subsurface drip and low-flow micro sprinklers. Subsurface drip
irrigation lines are installed about one foot below the ground and feature small holes that continuously
emit small amounts of water to crops’ root zones; low-flow micro sprinklers use a similar system but
deliver water through low-volume sprinklers located above the ground’s surface to cover a larger area.
See Ronald Patterson, Dennis Worwood, and Robert W. Hill, “Small Acreage Low Flow (Micro or Drip)
Irrigation System Design and Installation,” Utah State University, October 2008, accessed December 8,
2015, p. 2, https://extension.usu.edu/files/publications/publication/AG_Small_Acreage_2008-03pr.pdf.

50

Subirrigation systems are networks of tubes that deliver water from underground sources to soil within
crops’ root zones. These systems are dual-purpose in that they provide a mechanism for draining excess
water during wet periods as well as a means of pumping water to irrigate crops during dry periods.
Because they are closed systems, subirrigation systems can reduce nitrate-nitrogen runoff
as much
25 |by
brattle.com
as 50 percent. See Robert Evans and Wayne Skaggs, “Operating Controlled Drainage and Subirrigation

Systems,” North Carolina Cooperative Extension Service, June 1996, accessed April 1, 2016,
https://www.bae.ncsu.edu/programs/extension/evans/ag356.html and Natalie Rector, “Water Control
Devices and Sub-Irrigation: Two Different, Yet Similar Systems,” Michigan State University Extension,
May
16,
2012,
accessed
April
1,
2016,
http://msue.anr.msu.edu/news/water_control_devices_and_sub_irrigation_two_different_yet_similar_
systems.
51

Gravity systems accounted for nearly 39 percent of irrigated land, while drip, trickle, or low-flow micro
sprinklers accounted for almost 9 percent of irrigated land. Calculations: 63% = 34,894,109 acres
irrigated using sprinkler systems ÷ 55,283,340 total acres irrigated; 39% = 21,504,684 acres irrigated
using gravity systems ÷ 55,283,340 total acres irrigated; and 9% = 4,889,912 acres irrigated using drip,
trickle, or low-flow micro sprinklers ÷ 55,283,340 total acres irrigated. See USDA, “2013 Farm and
Ranch Irrigation Survey,” p. 100.

52

Prior to the automation of these systems, irrigation was labor-intensive, requiring the construction of
dams, canals, and ditches to divert water and subsequently shoveling these channels open to move
water; technological innovations such as siphon tubing and mounting cheap aluminum sprinklers on
wheels increased the efficiency of these systems, but even these improvements required setting the
necessary tubing or moving bulky systems through crop fields manually. See William E. Splinter,
“Center-Pivot Irrigation,” Scientific American, June 1, 1976, p. 90.

53

Schaible and Aillery, Water Conservation in Irrigated Agriculture, p. iv.

54

Glenn Schaible and Marcel Aillery, “Western Irrigated Agriculture: Production Value, Water Use,
Costs, and Technology Vary by Farm Size,” USDA Economic Research Service, accessed November 18,
2015,
http://www.ers.usda.gov/amber-waves/2013-september/western-irrigated-agricultureproduction-value,-water-use,-costs,-and-technology-vary-by-farm-size.aspx#.VjenaZ0o6mw.

55

John Dietz, “Setting Up Your Own Wireless Network,” Agriculture.com, August 8, 2014, accessed
December 17, 2015, http://www.agriculture.com/farm-management/technology/cell-phone-andsmart-phones/setting-up-your-own-wireless-netwk_325-ar44648.

56

Dietz, “Setting Up Your Own Wireless Network.”

57

Brian E. Whitacre, Tyler B. Mark, and Terry W. Griffin, “How Connected Are Our Farms?” Choices,
2014
(Q4),
accessed
November
18,
2015,
http://www.choicesmagazine.org/magazine/pdf/cmsarticle_392.pdf.

58

Whitacre, Mark, and Griffin, “How Connected Are Our Farms?” p. 3.

59

Telematics is defined as “a technology that has the capability to wirelessly connect to mobile devices or
machines from a computer or even smartphone.” See John Fulton and Anora Brooke, “Telematics:
Wireless Communication and Data Transfer,” Alabama Cooperative Extension System (September
2012),
accessed
December
7,
2015,
https://sites.aces.edu/group/crops/precisionag/Publications/Timely%20Information/Telematics.pdf.

60

Laurie Bedord, “Telematics,” Successful Farming, Special Summer 2013 Issue, accessed December 9,
2015, http://www.agriculture.com/uploads/assets/promo/external/pdf/Telematics.pdf.

61

David Herring, “Precision Farming,” Earth Observatory, NASA, January 29, 2001, accessed January 6,
2016, http://earthobservatory.nasa.gov/Features/PrecisionFarming/.

62

Christopher Doering, “Growing Use of Drones Poised to Transform Agriculture,” USA Today, March
23,
2014,
accessed
December
16,
2015,
http://www.usatoday.com/story/money/business/2014/03/23/drones-agriculture-growth/6665561/.
26 | brattle.com

63

Tamara Lush, “Remote Control Chopper Monitors Crops from Above,” CNS News, June 17, 2011,
accessed December 9, 2015, http://www.cnsnews.com/news/article/remote-control-chopper-monitorscrops-above and Rory Sheldon, “Invasion of the Potato Drones,” International Potato Center, February
14, 2014, accessed December 9, 2015, http://cipotato.org/press-room/blogs/invasion-of-the-potatodrones/#sthash.QZNFUVS9.dpuf.

64

Jacopo Primicerio, Salvatore Filippo Di Gennaro, Edoardo Fiorillo, Lorenzo Genesio, Emanuele Lugato,
Alessandro Matese, Francesco Primo Vaccari, “A Flexible Unmanned Aerial Vehicle for Precision
Agriculture,” Precision Agric, January 19, 2012, p. 6, accessed December 14, 2015,
http://www.tetracam.com/PDFs/Primicerio_2012.pdf.

65

Doering, “Growing Use of Drones Poised to Transform Agriculture.”

66

John Wihby, “Agricultural Drones May Change the Way We Farm,” The Boston Globe, August 22,
2015, accessed December 16, 2015, https://www.bostonglobe.com/ideas/2015/08/22/agriculturaldrones-change-way-farm/WTpOWMV9j4C7kchvbmPr4J/story.html and Lush, “Remote Control
Chopper Monitors Crops from Above.”

67

Doering, “Growing Use of Drones Poised to Transform Agriculture.”

68

Wihby, “Agricultural Drones May Change the Way We Farm.”

69

Matt Darr, “Turn Data Into Profits: Wireless Technology Helps You Get More Bang from Your
Information Buck,” Corn and Soybean Digest, February 1, 2011, accessed December 17, 2015,
http://cornandsoybeandigest.com/precision-ag/turn-data-profits-wireless-technology-helps-you-getmore-bang-your-information-buck?page=1.

70

“The Use of Wireless Sensor Networks in Precision Agriculture,” Farm Management, accessed
December 17, 2015, http://www.farmmanagement.pro/the-use-of-wireless-sensor-networks-inprecision-agriculture/.

71

Darr, “Turn Data Into Profits.”

72

Darr, “Turn Data Into Profits” and Liz Morrison, “Prescribe Your Water,” The Corn and Soybean Digest,
September
27,
2012,
accessed
December
17,
2015,
http://cornandsoybeandigest.com/conservation/prescribe-your-water-variable-rate-irrigation-appliesrates-soil-type-topography-yield-.

73

Jacob Bunge, “Big Data Comes to the Farm, Sowing Mistrust: Seed Makers Barrel Into Technology
Business,” The Wall Street Journal, February 25, 2014, accessed December 18, 2015,
http://www.wsj.com/articles/SB10001424052702304450904579369283869192124.

74

Liz Morrison, “New Tools, Technology Help Farmers Increase Water Use, Irrigation Efficiency,” The
Corn and Soybean Digest, February 24, 2014, accessed December 15, 2015,
http://cornandsoybeandigest.com/precision-ag/new-tools-technology-help-farmers-increase-wateruse-irrigation-efficiency.

75

Chemigation is the process of applying pesticides to crops through irrigation water. “Chemigation,”
North
Dakota
State
University,
accessed
April
4,
2016,
https://www.ag.ndsu.edu/irrigation/chemigation.

76

Morrison, “New Tools, Technology Help Farmers.”

77

“Ag Management Solutions: Innovative Technologies, Exceptional Support,” Deere & Company, p. 16,
accessed
January
27,
2016,
http://www.deere.com/en_US/docs/html/brochures/publication.html?id=a8b081bc#16. 27 | brattle.com

78

Morrison, “New Tools, Technology Help Farmers.”

79

Morrison, “New Tools, Technology Help Farmers.”

80

Liz Morrison, “Irrigator Innovator: Young Nebraska Farmer Pushes Variable-Rate Irrigation Forward,”
Corn and Soybean Digest, October 1, 2012, accessed December 16, 2015,
http://cornandsoybeandigest.com/precision-ag/irrigator-innovator-young-nebraska-farmer-pushesvariable-rate-irrigation-forward.

81

Morrison, “New Tools, Technology Help Farmers.”

82

Chris Arnolds, “Telephone Conversation with John Deere Product Manager Chris Arnolds,” Interview
by Martha Rogers, The Brattle Group, December 8, 2015.

83

Stephen Nellis, “Cloud Farming: San Luis Obispo Firm Brings Sensor Technology to the Fields,” Pacific
Coast
Business
Times,
February
7,
2014,
accessed
December
9,
2015,
http://www.pacbiztimes.com/2014/02/07/cloud-farming-slo-firm-brings-sensor-technology-to-thefields/.

84

Morrison, “Prescribe Your Water.”

85

Morrison, “New Tools, Technology Help Farmers.”

86

Morrison, “New Tools, Technology Help Farmers.”

87

USDA, “2013 Farm and Ranch Irrigation Survey,” p. 87.

88

USDA, “2013 Farm and Ranch Irrigation Survey,” p. 87.

89

USDA, “2013 Farm and Ranch Irrigation Survey,” p. 61.

90

USDA, “2003 Farm and Ranch Irrigation Survey,” p. 63.

91

Schaible and Aillery, Water Conservation in Irrigated Agriculture, pp. iv-v.

92

Jahangir Mohammed, “Surprise: Agriculture Is Doing More with IoT Innovation than Most Other
Industries,”
VentureBeat
(December
7,
2014),
accessed
December
7,
2015,
http://venturebeat.com/2014/12/07/surprise-agriculture-is-doing-more-with-iot-innovation-thanmost-other-industries/.

93

Ilan Brat and Jacob Bunge, “Silicon Valley Firms Plant Roots in Farm Belt,” The Wall Street Journal,
April 6, 2015, accessed December 9, 2015, http://www.wsj.com/articles/silicon-valley-firms-plantroots-in-farm-belt-1428348765.

94

Mohammed, “Surprise.”

95

Katie Fehrenbacher, “Silicon Valley Startups Go Farming,” Fortune, July 22, 2015, accessed December
9, 2015, http://fortune.com/2015/07/22/farm-tech-data-funding/.

96

Tyler B. Mark, Brian Whitacre, and Terry W. Griffin, “Assessing the Value of Broadband Connectivity
for Big Data and Telematics,” prepared for presentation at the Southern Agricultural Economics
Association’s 2015 Annual Meeting, Atlanta, Georgia, January 31 – February 3, 2015, pp. 4-5. One
example of large-scale farm data analysis is the startup Farm Business Network which “improve[s] the
livelihood of farmers by making data useful and accessible.” See “About Farmers Business Network,”
Farmers
Business
Network,
accessed
December
16,
2015,
https://www.farmersbusinessnetwork.com/about-us.

97

Sources: [1]: “AGCO Introduces AGCOMMAND Vehicle-Tracking System,” AGCO News Release, May
7, 2010, accessed December 16, 2015, http://www.agrimarketing.com/show_story.php?id=60277; [2]:
Ibid;
[3]:
“Precision
Farming,”
AGCO,
accessed
December
16,
2015,
http://www.agcocorp.com/precision-farming.html; [4]: “AGCO Announces Most Open
28 Agricultural
| brattle.com
Equipment Guidance Systems on the Market,” Business Wire, September 22, 2015, accessed December

16,
2015,
http://investors.agcocorp.com/phoenix.zhtml?c=108419&p=RssLanding_pf&cat=news&id=2089617;
[5]: “Raven Announces New Implementation of Slingshot API,” Raven Industries, March 15, 2012,
accessed December 16, 2015, http://ravenind.com/2012/03/15/raven-announces-new-implementationof-slingshot-api/; [6]: “New John Deere Strategy for Wireless Technology,” Deere & Company News
and
Media,
June
2011,
accessed
December
16,
2015,
https://www.deere.com/en_INT/our_company/news_and_media/press_releases/2011/jun/2011jun07_f
armsight.page; [7]: “JDLink/Telematics,” Deere & Company, accessed December 16, 2015,
https://www.deere.com/en_INT/products/equipment/agricultural_management_solutions/jdlink_tele
matics/jdlink_telematics.page; [8]: “Trimble Irrigate-IQ Precision Irrigation Solution,” Trimble,
accessed December 16, 2015, http://trl.trimble.com/docushare/dsweb/Get/Document-699331/; [9]: “AFS
Connect
New
2015
Preview,”
Case
IH,
accessed
December
16,
2015,
http://assets.cnhindustrial.com/caseih/NAFTA/NAFTAASSETS/Products/Advanced-FarmingSystems/Brochures/CIH08071401_AFS_Connect_2015_Preview_Brochure_08-14(1).pdf; [10]: Ibid;
and [11]: “Hortau Products,” Hortau Simplified Irrigation, accessed December 16, 2015,
http://hortau.com/products/.
98

“DuPont Pioneer and AGCO Announce Global Wireless Data Transfer Collaboration,” DuPont Pioneer
Press
Release,
May
6,
2014,
accessed
December
9,
2015,
https://www.pioneer.com/home/site/about/news-media/newsreleases/template.CONTENT/guid.67B7A699-83F6-DCFA-C83B-799345064078.

99

“Focus on Water Highlights Fontanelle’s 75 Years of Supporting Growers,” Monsanto Company,
accessed December 9, 2015, http://www.monsanto.com/features/pages/fontanelle-anniversary.aspx.

100

“John Deere Field Connect,” Deere & Company, accessed December 9, 2015,
http://www.deere.com/en_US/docs/pdfs/farmsight/field_connect_spec_sheet_28jan2014_v4.pdf.

101

“Deere, DN2K Form Joint Venture with Focus on Decision Making Tools for Agricultural Advisers,”
Deere & Company Press Release, October 8, 2015, accessed December 9, 2015,
https://www.deere.com/en_US/corporate/our_company/news_and_media/press_releases/2015/corpora
te/2015oct08-corporaterelease.page.

102

“Crop Production is Concentrated in California and the Midwest,” USDA Economic Research Service,
September 28, 2015, accessed December 22, 2015, http://www.ers.usda.gov/data-products/chartgallery/detail.aspx?chartId=40065&ref=collection&embed=True&widgetId=39734. The West and
Midwest are two of the U.S.’s principal growing regions. The agricultural sector is a critical component
of both California’s and Minnesota’s economies. See Mechel Paggi, “California Agriculture’s Role in the
Economy and Water Use Characteristics,” Center for Irrigation Technology, November 2011, accessed
December 22, 2015, http://www.californiawater.org/cwi/docs/AWU_Economics.pdf; Minnesota
Department of Agriculture, “Minnesota Agriculture: The Foundation of Minnesota’s Economy,”
Minnesota
State
Legislature,
2007,
accessed
December
22,
2015,
http://www.leg.state.mn.us/docs/2008/other/080928.pdf; and “Crop Production,” USDA Economic
Research Service.

103

The USDA’s Economic Research Service specifies that crop production is primarily concentrated in
California and the Midwest. “Crop Production,” USDA Economic Research Service.

104

Calculation: 1.3% ≈ $27.947 billion ÷ $2.216 trillion. USDA, "2013 Farm and Ranch Irrigation Survey,”
p. 7 and Bureau of Economic Analysis, 2010-2014, “Gross Domestic Product (GDP) by State (Millions
of Current Dollars),” United States Department of Commerce, December 10, 2015, accessed January 27,
29 | brattle.com
2016,
http://www.bea.gov/iTable/iTable.cfm?reqid=70&step=10&isuri=1&7003=200&7035=-

1&7004=naics&7005=-1,3,4,5&7006=06000&7036=1&7001=1200&7002=1&7090=70&7007=2014,2013,2012,2011,2010&7093=levels#reqid=70&step=10&i
suri=1&7003=200&7004=naics&7035=-1&7005=-1,3,4,5&7006=06000&7001=1200&7036=1&7002=1&7090=70&7007=2014,2013,2012,2011,2010&7093=levels.
105

USDA, “California Agricultural Statistics 2013 Crop Year,” p. 1.

106

“Table 2 – California Share of U.S. Agricultural Exports by Category and Commodity, 2012-2013,”
University of California Agricultural Issues Center, accessed December 1, 2015,
http://aic.ucdavis.edu/pub/exports2013PDF/2013ExportsTable2.pdf.

107

Hay, tomatoes, nursery products, flowers and foliage, and pistachios were also significant commodities,
all valued at over $1 billion. Milk and cream and cattle ranching are also top 20 commodities, but they
fall outside the scope of this paper. See USDA, “California Agricultural Statistics 2013 Crop Year,” p. 3.

108

USDA, “California Agricultural Statistics 2013 Crop Year,” p. 2.

109

Jeffrey Mount, Emma Freeman, and Jay Lund, “Water Use in California,” Public Policy Institute of
California,
July
2014,
accessed
December
1,
2015,
http://www.ppic.org/main/publication_show.asp?i=1108; and “Agricultural Water Conservation and
Efficiency Potential in California,” The Pacific Institute, June 2014, accessed December 1, 2015,
http://pacinst.org/wp-content/uploads/sites/21/2014/06/ca-water-ag-efficiency.pdf.

110

Calculation: 21.5% = (7,429 using soil moisture sensors + 2,127 using plant moisture sensors) ÷ 44,347
farms. See USDA, “2013 Farm and Ranch Irrigation Survey,” p. 87.

111

The “water year” is used to describe surface water supply and is the 12-month period starting October
1 for a given year, ending September 30 of the following year. See Hayden, “California Agriculture
Weathers Drought;” and United States Geological Survey, “Water Resources of the United States,” U.S.
Department of the Interior, February 24, 2014, accessed December 17, 2015,
http://water.usgs.gov/nwc/explain_data.html.

112

Hayden, “California Agriculture Weathers Drought.”

113

Riparian water rights give individuals the right to a correlative share of water flowing through their
property without a permit, license, or government approval. Riparian right holders have a higher
priority than do appropriative right holders, and during a drought riparian right holders share the water
shortage amongst themselves. See State Water Resources Control Board, “The Water Rights Process,”
California
Environmental
Protection
Agency,
accessed
November
18,
2015,
http://www.waterboards.ca.gov/waterrights/board_info/water_rights_process.shtml.

114

Hayden, “California Agriculture Weathers Drought;” and Dale Kasler and Ryan Sabalow, “California
Curtails Senior Water Rights,” The Sacramento Bee, June 12, 2015, accessed November 18, 2015,
http://www.sacbee.com/news/state/california/water-and-drought/article23849281.html.

115

Lucy Allen, “Smart Irrigation Scheduling: Tom Rogers’ Almond Ranch,” Pacific Institute, December 8,
2011,
p.
10,
accessed
November
18,
2015,
http://pacinst.org/wpcontent/uploads/sites/21/2013/02/smart_irrigation_scheduling3.pdf.

116

Allen, “Smart Irrigation Scheduling,” p. 9.

117

Allen, “Smart Irrigation Scheduling,” pp. 2-3, 9.

118

Allen, “Smart Irrigation Scheduling,” pp. 9-10..

119

This range is based on six irrigation scheduling studies conducted in the 1990s in California, Kansas,
Oregon, and Washington. See Heather Cooley, Juliet Christian-Smith, and Peter Glieck,
30 |“Sustaining
brattle.com
California Agriculture in an Uncertain Future,” Pacific Institute, July 2009, pp. 46-47, accessed January

8, 2016, http://pacinst.org/wp-content/uploads/sites/21/2014/04/sustaining-california-agriculturepacinst-full-report.pdf; and “About Us: Mission and Vision,” Pacific Institute, accessed January 15, 2016,
http://pacinst.org/about-us/mission-and-vision/.
120

Allen, “Smart Irrigation Scheduling,” p. 9.

121

Allen, “Smart Irrigation Scheduling,” p. 10.

122

Thomas Ulrich, “Wireless Network Monitors H2O,” Wines & Vines, July 2008, accessed November 17,
2015, http://www.winesandvines.com/template.cfm?section=features&content=56594.

123

Ulrich, “Wireless Network Monitors H2O.”

124

Ulrich, “Wireless Network Monitors H2O.”

125

Ulrich, “Wireless Network Monitors H2O;” and Mark Holler, “Update Camalie Networks Wireless
Sensing,” Wireless Sensing at Camalie Networks, March 5, 2008, accessed November 16, 2015,
http://camalie.com/WirelessSensing/WirelessSensors.htm.

126

Ulrich, “Wireless Network Monitors H2O.”

127

Some Californian wineries apply as much as 289 gallons of irrigated water per vine per growing season.
See Mike Dunne, “Dunne on Wine: Water Used to Make Wine Becomes Issue During Drought,” The
Sacramento Bee, October 7, 2014, accessed December 9, 2015, http://www.sacbee.com/fooddrink/wine/dunne-on-wine/article2622749.html and Ulrich, “Wireless Network Monitors H2O.”

128

Ulrich, “Wireless Network Monitors H2O.”

129

Rachael King, “Verizon Wants to Improve the Economics of the Internet of Things,” The Wall Street
Journal, October 29, 2015, accessed December 7, 2015, http://blogs.wsj.com/cio/2015/10/29/verizonwants-to-improve-the-economics-of-the-internet-of-things/.

130

Ina Friend, “Verizon Says New Network Just for Internet-Connected Devices Will Dramatically Cut
Costs,” Re/code, October 28, 2015, accessed December 7, 2015, http://recode.net/2015/10/28/verizonsays-new-network-just-for-internet-connected-devices-will-dramatically-cut-costs/.

131

Qualcomm, “Using Cellular Technology to Improve Water Management,” YouTube, June 11, 2014,
accessed December 7, 2015, https://www.youtube.com/watch?v=DU2GZhCZ7D4.

132

California Department of Food and Agriculture, “2014 California Agricultural Statistics Review,” p. 11,
accessed January 27, 2016, https://www.cdfa.ca.gov/statistics/PDFs/2015Report.pdf and Qualcomm,
“Using Cellular Technology.”

133

Qualcomm, “Using Cellular Technology.”

134

Qualcomm, “Using Cellular Technology.”

135

NASS, “2014 State Agriculture Overview: Minnesota,” USDA, December 7, 2015, accessed December 7,
2015, http://www.nass.usda.gov/Quick_Stats/Ag_Overview/stateOverview.php?state=MINNESOTA.

136

NASS, “2014 State Agriculture Overview: Minnesota.”

137

Calculation: 5.5% = $13,879,211,000 ÷ $253 billion. Martin Moylan, “Minnesota Tied for 5th Place
Among Nation’s Fastest-Growing Economies,” Minnesota Public Radio News, June 17, 2013, accessed
December 17, 2015, http://www.mprnews.org/story/2013/06/17/economy/minnesota-growingeconomy.

138

Calculation: 57.6% = ($4,298,970,000 + $3,114,468,000 + $578,592,000) ÷ $13,879,211,000. NASS, “2014
State Agriculture Overview: Minnesota.”

139

NASS, “2014 State Agriculture Overview: Minnesota.”

31 | brattle.com

140

Nick Jordan and Donald Wyse, Department of Agronomy and Plant Genetics, “Forever Green
Initiative,” Center for Integrated Natural Resources and Agricultural Management at the University of
Minnesota, February 12, 2015, accessed December 7, 2015, http://www.cinram.umn.edu/forevergreen/.

141

“Water Use – Water Appropriations Permit Program,” Minnesota Department of Natural Resources,
accessed
December
8,
2015,
http://www.dnr.state.mn.us/waters/watermgmt_section/appropriations/wateruse.html.

142

USDA, “2013 Farm and Ranch Irrigation Survey,” p. 87.

143

“Groundwater Information,” Minnesota Department of Natural Resources, accessed December 8, 2015,
http://www.dnr.state.mn.us/groundwater/index.html.

144

“Minnesota’s Groundwater: Is Our Use Sustainable?” Freshwater Society, April 2013, p. 7, accessed
December 7, 2015, http://freshwater.org/wp-content/uploads/2013/04/Updated-MNs-GroundwaterPaper-lo-res.pdf.

145

University of Minnesota Extension, “Water Sources and Quality,” Agricultural Irrigation, accessed
December 7, 2015, http://www.extension.umn.edu/agriculture/irrigation/water-sources-and-quality/.

146

“Study Confirms Suspicions, High Nitrate Levels in Southern Minnesota,” Minnesota Pollution Control
Agency, June 26, 2103, accessed December 7, 2015, http://www.pca.state.mn.us/index.php/aboutmpca/mpca-news/current-news-releases/mpca-study-confirms-suspicions-high-nitrate-levels-insouthern-minnesota.html. A Minneapolis Star Tribune article also stated that “[a]griculture has drained
or poisoned the prairie lakes and potholes of southern and southwestern Minnesota.” See Ron Way and
Steve Barg, “From Runoff to Ruin: The undoing of Minnesota’s Lakes,” The Star Tribune, August 7,
2015, accessed December 9, 2015, http://www.startribune.com/from-runoff-to-ruin-the-undoing-ofminnesota-s-lakes/321099071/.

147

“Minnesota’s Groundwater,” Freshwater Society, p. 2.

148

Jennifer Vogel, “Getting Water to Crops When They’re Thirstiest Pays Off,” Minnesota Public Radio
News,
October
2,
2014,
accessed
December
8,
2015,
http://www.mprnews.org/story/2014/10/02/ground-level-beneath-the-surface-otter-tail-irrigation.

149

Joshua Stamper, “Telephone Conversation with University of Minnesota Extension Irrigation Specialist
Joshua Stamper,” Interview by Martha Rogers, The Brattle Group, November 20, 2015.

150

Vogel, “Getting Water to Crops.”

151

Vogel, “Getting Water to Crops.”

152

This annual payment of $200 is partially subsidized by Minnesota’s Clean Water Fund. See Vogel,
“Getting Water to Crops.”

153

Vogel, “Getting Water to Crops.”

154

“Weather
Data,”
Ag
Weather
Network,
accessed
http://agweathernetwork.com/weather-data/current-conditions/.

155

“Evapotranspiration Data,” East Otter Tail County SWCD, accessed December 17, 2015,
http://eotswcd.fatcow.com/EOT/Documents/Handout_EOT_WeatherStns_(Draft).pdf.

156

“Evapotranspiration Data,” East Otter Tail County SWCD.

157

“Irrigation Outreach & On Farm Nitrogen Management in Central Minnesota,” Minnesota Department
of
Agriculture,
accessed
December
17,
2015,
http://www.mda.state.mn.us/en/protecting/cleanwaterfund/gwdwprotection/irrigationworkshops.aspx
32 | brattle.com
.

December

18,

2015,

158

“Central MN Ag Weather Network Expansion,” Wadena SWCD, August 2014, accessed December 17,
2015, http://www.wadenaswcd.org/CentralAgWthrNtwrk_Factsheet_8-14-14.pdf.

159

Vogel, “Getting Water to Crops.”

160

Darren Newville and Luke Stuewe, “Report on the Forum on Minnesota Irrigated Agriculture,”
Minnesota Department of Agriculture, March 8, 2011, accessed December 17, 2015,
http://www.mda.state.mn.us/en/protecting/cleanwaterfund/gwdwprotection/~/media/Files/protecting/
cwf/irrigationforumrpt.pdf.

161

“Weather
Updates,”
Ag
Weather
http://agweathernetwork.com/updates/.

162

“About
the
Network,”
Ag
Weather
http://www.agweathernetwork.com/about-us/.

163

“Nitrogen Reduction Using Irrigation Scheduling and Cover Crops,” Minnesota’s Legacy, accessed
December
17,
2015,
http://www.legacy.leg.mn/projects/nitrogen-reduction-using-irrigationscheduling-and-cover-crops.

164

“Nitrogen Reduction,” Minnesota’s Legacy.

165

Bill Bronder, “Telephone Conversation with District Technician Bill Bronder, Sherburne Soil and Water
Conservation District,” Interview by Martha Rogers, The Brattle Group, December 16, 2015.

166

Bronder, “Telephone Conversation.”

167

Bronder, “Telephone Conversation.”

168

“Ag and Food Sectors and the Economy, USDA Economic Research Service.

169

See endnote 9.

170

NASS, “Farm Computer Usage and Ownership,” August 2015, pp. 22-23.

171

See Table 1.

172

Schaible and Aillery, Water Conservation in Irrigated Agriculture, p. iv.

173

“Battling Cancer with Faith and Technology,” Verizon, December 30, 2015, accessed January 7, 2016,
http://www.verizon.com/about/news/battling-cancer-faith-and-technology.

Network,
Network,

accessed

December

accessed

December

17,

2015,

17,

2015,

33 | brattle.com

