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ABSTRACT

The state of California carries a large percentage of the national food security as it is re-

sponsible for a considerable amount of the agricultural production consumed in the United

States. As climate change causes further challenges for agriculture, it seems wise to work

on developing resilience strategies for this industry. Most research on these topics has been

focused on generating high-tech systems that require considerable amounts of energy and

financial resources. However, the reality is that countries facing the biggest hurdles when it

comes to these matters, do not have the necessary means to create sophisticated projects at

large scales. The best option right now is to learn how to use drought management strategies

and spatial patterns to allow for a better usage of water resources.

This thesis explores how the spatial distribution and interaction of hydrological resources,

geological features, climate patterns, topography and water infrastructure impact agricultur-

al production in the Central Valley in California. Rather than developing one final solution, this

thesis presents options, for further exploration, based on the specific conditions of California.

This will allow readers to better understand how to improve water use and access for agri-

culture in a scenario of drought. The intention is for this approach to be replicable and adapt-

able so it can improve agricultural production and food security in other regions or countries

facing similar conditions due to climate change.

Thesis supervisor: Mary Anne Ocampo
Title: Lecturer in Urban Design

3



THESIS COMMITTEE

ADVISOR:
Mary Anne Ocampo, Lecturer in Urban Design in the
Department of Urban Studies and Planning at Massachusetts
Institute of Technology.

READER:
Fadi Masoud, Assistant Professor of Landscape Architecture
and Urbanism in the John H. Daniels Faculty of Architecture,
Landscape and Design at the University of Toronto.



ACKNOWLEDGEMENTS

MIT is an incredibly inspiring place. This thesis is the result

of many experiences, classes and interesting conversations

that I've had along the way.

I would like to thank the members of my committee, whose

work I greatly admire: Professor Mary Anne Ocampo and

Professor Fadi Masoud. Thank you both for your support and

guidance.

I would also like to thank Professor Dennis B. McLaughlin,

who unknowingly inspired this thesis and what will become

a life long research.

Thank you to my family for always being there for me and

believing in me. To my sister, Johana, this accomplishment

would not have been possible without you.

To my SA+P friends: Ariana, Andres, Sam, Francis, Valeria,

Ricardo, Waishan, Luisa and Alice, for all the kind words of

encouragement.

To Ian, for all your support, patience and continuous

encouragement.



I



q

'-4FAMMMA



CONTENTS

Abstract
Committee
Acknowledgements

INTRODUCTION

1.1 Problem Statement
1.2 Research Question
1.3 Hypothesis
1.4 Disciplinary Positioning
1.5 Impact
1.6 Methods

AGRICULTURE / THEORETICAL CONTEXT

2.1 Agriculture
Land
Nutrients
Water

2.2 Climate change and its impact on agriculture
Temperature
Pests
Co2
03
Precipitation

2.3 Agriculture and its impact on climate change

2.4 Agriculture technologies and trends
Hydroponics
GMOs
Organic food

AGRICULTURE IN A DROUGHT SCENARIO

3.1 Reusing water for agriculture
3.2 Keyline design

3
4
5

11
13
15
16
20
21

23
24
24
27

29
30
32
33
31

32

33
33
34
35

38
39



CALIFORNIA CENTRAL VALLEY

4.1 Timeline

4.2 Population

4.3 Infrastructure

4.4 Hydrologic Elements

4.5 Soil

4.6 Climate

4.7 Agriculture

PROPOSAL

5.1 Reusing water for agricultural production

5.2 Keyline design

5.3 Changing or relocating crops

CONCLUSIONS AND RECOMMENDATIONS

APPENDIX

51

56

58

62

64

70

76

100

110

118

126

130



INTRODUCTION

10



1.1 PROBLEM STATEMENT

The central valley in California is the world's largest patch of

Class 1 soil with a 25-degree temperature swing from day

to night and sunshine for nearly 300 days a year; it sounds

like the ideal place for growing a wide range of plants. Wa-

ter, however, has not always been readily available. It took

twenty dams and canals 500 miles long, to offer farmers a

consistent supply of Northern California water for decades.

[Bittman (2012)]

California, the country's largest agricultural producer and ex-

porter, produces over a third of the country's vegetables and

two-thirds of the country's fruits and nuts. [Monning (2017)]

Its agricultural output was $46.7 billion in 2013, with total

U.S. output valued at $269.1 billion. Agriculture makes up just

2.1 % of California's economy, but it is still the nation's green

grocer, and farming is still the main economic activity of the

state's arid center. [Norris (2014)]

However, agriculture requires a considerable amount of wa-

ter specially when it comes to large-scale agriculture. "Cali-

fornia is running through its water supply because, for com-

plicated historical and climatological reasons, it has taken on

the burden of feeding the rest of the country," (Johnson as

cited in Geiling, 2015).

The recent 5-year drought in California has been the most in-

tense ever recorded, with drier than normal conditions for 10

of the past 14 years; and the last three have been the hottest

and driest in about 120 years. According to UCLA Professor

Glen MacDonald, the combination of drier weather and in-

creased greenhouse gases could extend the drought until it

becomes the new normal in California. [KTLA (2016)] 11



Farmers in California are currently using 80% of the water

managed by the systems in place, while urban agencies were

asked to reduce water use by 25%. A study from the Universi-

ty of California, Davis (2015) revealed that the drought is not

only affecting the population, but the agricultural sector as

well, resulting in a net water shortage of 1.6 million acre-feet

which is estimated to cause losses of $810 million in crop

revenue and $203 million in dairy and other livestock value,

with additional groundwater pumping costing up to $454 mil-

lion. [Food Business News (2014)]

California as a whole diverts or pumps 43 million acre-feet

of water each year to supplement its meager rainfall. Agri-

culture consumes 34 million acre-feet of that. In an average

year, underground aquifers supply the state with 30 to 40%

of its water supply. In drought years, however, that number

jumps to 60% or 75%. [Geiling (2015)]

California is the second state with the largest amount of irri-

gated land (behind Nebraska). It has approximately 9 million

acres of irrigated farmland which represents approximately

15% of all the irrigated land in the US. Irrigation leads to high-

er yields but less than half the farmers use low-flow irriga-

tion methods; meaning that there is a considerable amount

of water loss in the process. [Geiling (2015)] Excessive irriga-

tion can also lead to salinization, which is already the case in

several areas in the valley, where hundreds of thousands of

acres cannot be farmed because of salt buildups (the land is

naturally salty) and the presence of selenium from irrigation

drain water. [Water Education Foundation] As the drought got

worse, farmers turned to aquifers, pumping so much ground
12



water that in some places, desiccated fields have collapsed

(sunk). [USGS]

Nowadays most research on food security and agriculture

has been focused on developing high-tech systems that re-

quire considerable amounts of energy and financial resourc-

es. However, the reality is that the countries facing the big-

gest challenges, when it comes to food security and climate

change, do not have the necessary means to develop high-

tech projects at large scales. The best option right now is to

figure out more efficient patterns for agricultural production

and irrigation that can be replicated and/or adapted in differ-

ent scenarios.

1.2 RESEARCH QUESTION

This thesis explores how the spatial distribution and inter-

action of hydrological resources, geological features, climate

patterns, topography and water infrastructure impact agri-

cultural production in the Central Valley in California.

The objective is to learn how to use drought management

strategies and spatial patterns to allow for a better usage of

water resources.

This will allow readers to better understand how to improve

water use and access for agriculture in a scenario of drought.

Hopefully the proposed system will be replicable and adapt-

able so it can improve agricultural production and food se-

curity in other regions or countries facing similar conditions

due to climate change.
13
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UNITED STATES OF AMERICA

CALIFORNIA

CALIFORNIA

Area: 163,696 sq mi (423,970 km2)

Population 39,250,017

GSP: $2.514 trillion on 2016, the largest in the

United States

Agriculture accounts for 2.2 percent of the state's

GSP and employs around three percent of its to-

tal workforce. Farming-related sales more than

quadrupled over the past three decades, from

$7.3 billion in 1974 to nearly $31 billion in 2004.
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1.3 HYPOTHESIS

Restructuring agricultural production based on the natural

and artificial physical features seems like a promising solu-

tion.

The restructuring would most likely include one main strate-

gy and 4 specific plans that would tackle the problem at dif-

ferent scales and from different angles.

- Changing the existing spatial patterns of agriculture and

irrigation systems for a new system that is based on the spe-

cific conditions of the site.

- Changing or relocating crops according to water usage and

availability.

- Implementing drought management strategies such as

Keyline design to maximize the use of water resources.

- Reusing water from other uses for agricultural productions

which would help reduce the water footprint of highly con-

sumptive crops.

- Using water salvage as a way to fund the development of

new water infrastructure.

15



1.4 DISCIPLINARY POSITIONING

Agricultural production is inherently dependent on natural

resources, climatologic and ecologic conditions. Weather, soilt

quality and water availability are key determinants of which

crops can be produced in a specific location, their quality and

the yield that can be obtained from them. Geologic conditions

and watersheds are independent from artificial political divi-

sions or the Jefferson grid. As this is a spatial and system-

ic problem in nature, it cannot be approached solely from a

policy standpoint. Design should play a bigger role when it

comes to solving such complex territorial problems. Agri-

culture should be approached from a large-scale design and

planning perspective where the entire system is considered

before proposing an intervention.

Water conservation planning focuses mostly on creating

measures for water utilities to use on conservation programs.

These measures can broadly be divided into 3 categories. The

first category includes metering, accounting, loss control and

its most controversial topic: costing and pricing. Planners

tend to use pricing as a way to convey value to water cus-

tomers and to nudge them into reducing their consumption.

[US EPA, (1998)] This practice can be especially problematic

in cases where you are dealing with low income communities

or agricultural production. Higher costs in water will trans-

late into elevated costs for food.

Reduction of outdoor water usage or landscape efficiency

proposes the use of lower water demand plants and efficient

irrigation. This measure, however, does not apply to agricul-

tural production. There is no clear strategy on how to regu
16



late the use of water, implemented irrigation systems or the

types of crops that should be produced according to water

availability.

Reuse and recycling are perhaps the most promising out of

all the water conservation measures when it comes to reduc-

ing the water footprint of the agricultural industry. According

to the United States Environmental Protection Agency, recy-

cled wastewater can be used for some industrial, and agri-

cultural purposes, groundwater recharge, and direct reuse.

Integrated planning for water, land and watershed has a more

comprehensive approach, "adopting a wide range of strate-

gies to manage a multitude of current and future challeng-

es, pressures and changes in watersheds." It recognizes the

interconnections between surface water and groundwater,

water quantity and quality, land and water. Integrated water-

shed planning also proposes managing land development in

patterns that stabilize the hydrologic cycle, reduce vulnera-

bility to water-related hazards, and increase resiliency by im-

plementing climate change adaptation strategies. It proposes

controlling land use and land cover as a strategy to reduce

imperviousness and avoid a negative impact on hydrology,

erosion and sedimentation, aquatic habitats, and overall wa-

tershed health. Integrated planning is getting on step closer

to solving the problem by proposing some sort of physical

intervention that takes into consideration all the systems in-

volved. [Fraser Basin Council]

On Landscape as Urbanism, Waldheim (2006) quotes Allen

(2001) explaining that in order to activate spaces, landscape

draws from surface conditions for configuration, materiality

and most importantly, performance. According to Waldheim,
17



Corner argues that "only through a synthetic and imaginative

reordering of categories in the built environment might we

escape our present predicament in the cul-de-sac of post-in-

dustrial modernity, and the "bureaucratic and uninspired fail-

ings" of the planning profession." (2006, p.38)

Landscape architecture comes in proposing to use infrastruc-

tural systems and public landscapes as the ordering ele-

ments of urban settlements having a fluid exchange between

natural and engineered infrastructural systems; it rejects the

idea of camouflaging ecological systems and proposes that

large scale landscape be regarded as infrastructure and a

primary element of urban order.

"In common landscape practice, work is more often than not

conducted in the shadow of the infrastructural object, which

is given priority over the field into which it is to be inserted.

However, as any landscape architect knows, the landscape

itself is a medium through which all ecological transactions

must pass: it is the infrastructure of the future" (Weller (2001)

as quoted by Waldheim(2006). p. 44)

Belanger (2016), proposes to question the complex and in-

flexible patterns of urbanization and re-conceptualize infra-

structure ecologically as "open systems of live media op-

erating across different geographical, politic, and temporal

scales." (p.191)

The author proposes that if landscape is seen as infrastruc-

ture (and vice versa), new strategies of design can be pro-

posed where both the landscape and infrastructure fields

collaborate to address the flows of capital, population and

dynamic ecologies to re-scale urban economies and create

flexible and alternative models of organization away from
18



disciplinary dominance.

This new perspective on urbanism sees the environment as a

"megastructure". The environment is no longer considered a

constraint, but an open system that crosses different scales.

The idea is to use these open-ended systems to integrate in-

frastructure and ecological processes to recover abandoned

spaces and intensify others. These "systems within systems"

cross all kinds of scales with constant flows of materials and

wastes developing re-circulating patterns that impact the re-

programming of the urban surfaces.

Along this same line, but with a more applicable approach,

Berger (2009) with his Systemic Design proposal draws from

the theory and work of several planning, architecture and

landscape architecture professionals such as Ian McHarg,

Buckminster Fuller, and Field Operations. Berger explains

how Systems Theory has been adopted by design schools

and practitioners in order to consider the economic, envi-

ronmental and programmatic needs and their demands on

regional areas. Berger (2009) also suggests, that spatial re-

search needs to broaden its toolkit and take advantage of

more innovative visualization and mapping techniques. Using

software and physical field observations and applying all this

"large scale logic in smaller scale proposals".

As stated in the book, Systemic Design begins with a broad

and tangential information gathering to understand the is-

sues surrounding a specific site. Through the research pro-

cess, information begins to cluster into what Berger calls

"Systemic Bundles" that connect regional systems that are

unrelated to an area, with the local site driven framework.

Systemic Bundles, according to Berger are exactly the places



that need to be examined.

The planning and design professions need to strive for a more

systemic and scientific approach to regional planning, urban

design and landscape architecture. One that is based on the

natural systems and achieving efficiency and sustainability in

resource management rather than the current market driven

approach which is entirely focused on profit. Nature based

systems will have a greater resilience and therefore have

better chances at bouncing back from disaster and overcom-

ing the challenges posed by Climate Change.

1.5 IMPLICATIONS/IMPACT

As aforementioned, the state of California carries the bur-

den of providing a considerable amount of the agricultural

production consumed in the rest of the country. As climate

change causes further challenges for agriculture, it seems

wise to work on developing resilience strategies for this in-

dustry. Most research on these topics has been focused on

generating high-tech systems that require considerable

amounts of energy and financial resources. However, the

reality is that countries facing the biggest hurdles when it

comes to these matters, do not have the necessary means

to create sophisticated projects at large scales. The best op-

tion right now is to figure out more efficient distribution for

agricultural production and irrigation that can be replicated

and/or adapted in different scenarios. This thesis proposes

3 different strategies that can be implemented from both a

bottom-up and top-down approach providing alternatives for

both individual farmers and planners.
20



1.6 METHODS

- Case studies

Drought management strategies implemented in India and

Keyline design cases in Australia

- Modeling of secondary data

Using visualization and mapping techniques to understand

all the systems that are interacting and influencing in one

way or another the agricultural production.

The process starts by collecting GIS shapefiles and raster data

from different sources (mainly Cropscape, USGS and USDA),

overlaying and clipping them to generate tables to quantify

areas and identify specific crops or cities.

- Interpretative research

After mapping, identifying conflicts and systemic bundles to

know how and where to intervene in order to have the big-

gest possible impact.

From the spatial analysis several areas were identified for the

implementation of 3 different strategies. The numeric data

generated through the mapping exercise was combined with

additional data scrapped from several sources (mostly USDA)

to estimate agricultural water footprint and revenue, residen-

tial water consumption and wastewater generation in order to

determine the reuse potential.

- Generating Strategies

3 different strategies were created to cover most of the dif-

ferent scenarios and problems found on the research phase.
21



THEORETICAL

CONTEXT
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2.1 AGRICULTURE

Agriculture, according to the Merriam Webster dictionary, is

the science, art, or practice of cultivating the soil, producing

crops, and raising livestock and in varying degrees the prepa-

ration and marketing of the resulting products.

According to the Genographic Project (2017), agriculture be-

gan around 12,000 years ago, causing major changes in so-

ciety. Switching from hunting and gathering to a reliable food

supply allowed the creation of permanent settlements, and

the growth of civilization from approximately five million peo-

ple 10,000 years ago, to more than seven billion today.

The "Neolithic Revolution" and subsequent agricultural revo-

lutions "have had a greater per capita impact on the earth's

landscape than the average modern day person." (Brand,

Year, p.201 0). According to Ruddiman (2005), quoted by Brand

(2010, on Whole Earth Discipline, "farming is not nature, but

rather the largest alteration of Earth's surface from its natu-

ral state that humans have yet achieved."

For a long time now, many researches have been looking into

how to control the supply of food in order to meet the de-

mand, what are the main factors that contribute to obtaining

a good yield and how can they be improved.

The main three variables that determine agricultural output

are: land, nutrients and water.
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LAND

Increasing cultivated areas has long been the main strategy

implemented to augment yields. The more cultivated land,

the more yield. This may seem really obvious but it is still

worth mentioning given the environmental impact of this

practice. According to the FAO (2011), out of the 13.2 billion

ha of global land area, 12% are agricultural crops (1.6 billion

ha), 28% are forests (3.7 billion ha), and 35% are grasslands

and woodland ecosystems (4.6 billion ha). The percentage

dedicated to agricultural crops keeps rising every year. The

world's net cultivated area has grown by 12% over the last 50

years, mostly at the expense of forest, wetlands and grass-

land habitats.

NUTRIENTS

Provided that there is water accessibility, the next most im-

portant factor is nutrient availability and the nutrient reten-

tion capacity of the soil. Its depth and drainage can also affect

plant rooting. The structure, which is linked to its chemistry

is also important and can determine cultivation practices.

Slopes are another relevant factor to consider as soil quality

can be affected by erosion from runoff. [FAO (2011)]

The main limitation in current cultivated land in most regions

is nutrient availability. High-income countries account for

the highest share with no or minor nutrient availability con-

straints (76%) compared to 68% in low-income countries.

Soil quality can be improved with good management. High-in-

put farming conditions, can alleviate a natural low nutrient

availability by applying fertilizer as long as the soil has good
24



retention capacity. [FAO (2011)]

The use of fertilizers however, is considered controversial in

certain circles for both its environmental and economic im-

pact. In 2008, an increase in costs raised the suspicion that

the world's nutrient reserves were at a critically low level.

However, according to Fixen (2009) the reserves for nitrogen

(N), phosphorous (P), potassium (K), and sulfur (S) will hold

for the foreseeable future. Nutrient costs are still expected to

rise over time as materials are consumed and of course, this

will increase food prices.

Another common problem caused by the use of fertilizers

is eutrophication. According to NOAA "Eutrophication stimu-

lates an explosive growth of algae that depletes the water

of oxygen when the algae die and are eaten by bacteria."

Eutrophication is deadly to animals and plants in estuaries.

Also known as "nutrient pollution", it is considered the largest

contamination problem for U.S. coastal waters with "Over 60

percent of the coastal rivers and bays in the United States are

moderately to severely affected by nutrient pollution".
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WATER

According to the FAO (2011), rainfed agriculture is still the

predominant agricultural production system worldwide.

It is estimated that 80% of world cultivated area is rainfed

agriculture, which contributes about 60% of the global crop

output. It is projected that by 2030, an increment of 43% of

the production will come from rainfed agriculture. This is ex-

tremely important considering that due to climate change,

precipitation patterns will vary.

Irrigation systems typically have at least twice as much yield

as nearby rainfed crops, which explains why in the last 50

years the global irrigated area has doubled, and water with-

drawals for agriculture have consistently intensified. Approx-

imately 70% of the extraction of freshwater goes towards ir-

rigating 20% of the world's cultivated area, which produces

about 40% of the global crop output. [FAO (2011)]

These systems draw water from rivers, lakes and aquifers.

Of the irrigated area, 62% is supplied from surface water, and

38% is procured from groundwater.

The use of irrigation systems can also lead to the silting of

canals, overexploitation of resources (groundwater deple-

tion), institutional failure, soil salinity (about 10 Mha of global

agricultural land is lost annually due to salinization, of which

1.5 Mha approximately is in irrigated areas.), and general de-

teriorating quality of surface and groundwater sources. [No-

ble (2012)]
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2.2 CLIMATE CHANGE AND ITS IMPACT ON AGRICULTURE

According to several studies and papers, including the IPCC

(2013) report, climate change is having and will continue to

have negative impacts over food production. The specific

effects vary but can be summarized in decreased yield and

lower quality. Smaller yields mean that many people will

have difficulties accessing food and that price stability will

be greatly affected as well. Global food prices are expected to

increase between 3% and 84% as a result of fluctuations in

temperature and precipitation.

The main three challenges for agricultural production result-

ing from climate change are: increases in temperature, pests,

higher CO2 levels and variation in rainfall.

TEMPERATURE

Between 1901 and 2012 annual average temperatures all

over the world increased between 0.2 and 2.5 degrees Cel-

sius (IPCC, 2013). Global temperatures are expected to in-

crease up to 4 degrees Celsius by the end of the century. This

poses a threat to food security because, according to many

sources including the IPCC, there is a large negative sensi-

tivity of crop yields to temperatures around 30'C. One of the

most commonly cited examples are maize and wheat, where

in the tropics, yields begin to decline with 1 'C to 2'C of local

warming and that temperate maize and tropical rice yields

are significantly affected with warming of 3*C to 5*C.
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PESTS

Pre-harvest losses are also expected to increase as a result

of climate change (Yudelman et al, 1998). As Ewel (1 986) ex-

plains, fungi, bacteria and epiphylls thrive in warm weather,

which means that, as the Earth grows warmer, pest popula-

tions will augment. Pests are currently responsible for the

loss of 30% to 60% of agricultural yield. Some are also ex-

pected to increase as the result of higher levels of C02.

Losses to pests are particularly important because they hap-

pen at a point where most of the land and water required to

grow a crop have already been invested. Reducing destruc-

tion by pests and pathogens would be the equivalent to cre-

ating more land and water.

Another problem with pests is the subsequent use of pesti-

cides in order to control them. Many of the herbicides used

over the past 50 years have been classified as toxic or slight-

ly toxic to both animals and humans. Although newer herbi-

cides, such as glyphosate, are considered non- toxic, they are

essentially a modified amino acid that blocks a chloroplast

enzyme affecting crops as well. (Yudelman et al, 1998).

The use of insecticides (even the organic ones) leads to in-

sects developing resistance to them, the injury of non tar-

get species, contamination of surface and groundwater, and

health problems to both consumers and agricultural workers.

C02

Some studies have suggested that higher levels of C02. could
30



lead to higher yields because this would be enhancing pho-

tosynthesis. However, the IPCC (2013) report states that the

effects vary between crops. Yield enhancement due to C02

concentration tends to be higher in C3 plants (wheat, rice,

cotton, soybean, sugar beets, and potatoes) than in C4 plants

(corn, sorghum, sugarcane) because photosynthesis rates

are not the same. Furthermore, this effect depends on tem-

perature, water availability and nutrients. Both low and high

temperatures will reduce the effects of elevated C02. Nutri-

tional value will also decrease.

03

Not all greenhouse gases have positive impacts on yield.

Ozone (03) according to the IPCC (2013) is a powerful oxidant,

that reduces photosynthesis which translates to inferior crop

quality, and decreased yields. On the year 2000, losses due to

03 were estimated to be between 8.5% and 14% in soybean,

3.9% and 15% in wheat, and 2.2% and 5.5% in maize.

PRECIPITATION

Fluctuations in precipitation could potentially affect food se-

curity as well. As aforementioned, rainfed agriculture is ex-

pected to take the lead in production increase by 2030, yet

this is very uncertain given the changes in rain patterns. Most

studies using precipitation as a variable for agricultural yield

have found a correlation between the two. The relationship is

best described as a downward concave curve. Initially, yields

are higher when precipitation is more abundant, but when

there is excess rain (flooding), yields decrease dramatically.

[FAO (2011)]
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2.3 AGRICULTURE AND ITS IMPACT ON CLIMATE CHANGE

Agriculture also participates in climate change with green-

house emissions, which in 2005 accounted for 13.8% of total

emissions. The greenhouse gases emanated from agriculture

are mostly Methane and Nitrous Oxide. Another way in which

agriculture affects is by land use change and deforestation.

[Herzog (2009)]

Lastly, agricultural trade also plays an important role in the

world food system; however, it has become a controversial

topic in recent years for two main reasons. The first being

the excessively large carbon footprint of food. According to

the NRDC (2007) in 2005 alone, the import of fruits, nuts,

and vegetables to California by airplane released more than

70,000 tons of C02. Secondly, agricultural trade leads to land

grabbing and the trade of virtual or embedded water. Approx-

imately a fifth of the global cropland area and water utiliza-

tion in the world is destined to the production of agricultural

products consumed abroad. This topic is particularly difficult

for countries facing water insecurity. [Graham et al. (2015)]

The impacts of climate change over agriculture will vary

greatly from one country to another; nevertheless, it is safe

to say that food security will become even more dependent

on technological advances and trade. Climate change might

lead to economic paradigm shifts as many countries that are

currently subject to cash crops will face great challenges to

maintain their average levels of production and some other

industrialized countries might be having better climatic con-

ditions for agriculture.
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2.4 AGRICULTURE TECHNOLOGIES AND TRENDS

The need for food security has led to the development of

multiple strategies ranging from extremely high-tech sys-

tems and bioengineering, to organic agriculture and perma-

culture. Recent technological developments such as drones

and sensors have made their way into agriculture in order to

increase efficiency and accuracy in the production process

whether it is out on the field, or inside a lab. One of such ini-

tiatives is the Open Agriculture (Open Ag) at MIT. The "Food

Computer" they created is "a controlled-environment agricul-

ture technology platform that uses robotic systems to con-

trol and monitor climate, energy, and plant growth inside a

specialized growing chamber." [Kocsis (2017)] The objective

is to control the set of conditions "as a climate recipe, and

each recipe produces unique results in the phenotypes of the

plants. Plants grown under different conditions may vary in

colour, size, texture growth rate, yield, flavour, and nutrient

density." [Magee(201 7)]

The Open Ag is basically automating a hydroponic farm

with open source hardware and software platforms for sen-

sor-controlled systems.

HYDROPONICS

Hydroponic farms grow vegetables in nutrient solutions in-

stead of soil. The production happens within a controlled en-

vironment, which means there is better protection against

severe weather conditions, plagues and pests. Among other

benefits, water and nutrients are conserved reducing the
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resources necessary to grow food and no nutrition pollution

is released into the environment because of the controlled

system. As for disadvantages, hydroponics requires a consid-

erable upfront investment and continue to have a high energy

consumption, which makes the produce more expensive.

This thesis stems from the conviction that it is highly unlikely

for even first world countries to switch all their agricultural

production to such high-tech systems regardless of how ef-

ficient they are, the necessary investment would be too big.

Most of the food will continue to be produced out on the field

for a long time. Making "outdoor" agriculture more effective

and resilient is the best bet for the foreseeable future.

GENETICALLY MODIFIED ORGANISMS (GMOs)

All in all, agricultural output has continued to increase over

the years as a result of intensification and expansion, still,

another plausible explanation for its growth is the use of ge-

netically engineered crops, which are more resilient to rising

temperatures, decreased water availability, flooding, incre-

menting salinity, and changing pathogen and insect threats.

In 2008, 30 genetically engineered crops were grown on al-

most 300 million acres in 25 countries, 15 of which were de-

veloping countries. [Ronald (2011)]

Among other benefits reported, there is an increased profit

for farmers, a boost in crop yields, reduction of water eutro-

phication caused by fertilizers and diminution of greenhouse

gas emissions resulting from the energy required to chemi-

cally synthesize fertilizers.
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After 14 years of cultivation and a total of 2 billion acres

planted, no adverse health has resulted from genetically en-

gineered crops, they are safe to eat. As for disadvantages,

biotech giants are "for profit" companies and the existence of

intellectual copyrights for GMOs has made them expensive

for farmers who have to continuously buy seeds as they are

not allowed to collects seeds and use them. It only makes

sense for a farmer to make the investment if the potential

benefits (increased yield) outweighs the losses (due to pests,

high temperatures, drought, floods, lack of nutrients etc.)

This thesis assumes that GMOs will continue to be used by

farmers who find it financially feasible, especially in the face

of climate change.

ORGANIC FOOD

Organic food has become a major trend in recent years. There

is a widespread belief that organic agricultural systems are

more sustainable. However, this system tends to obtain con-

siderably lower yields and make an inefficient use of land.

Conventional farming systems can match organic yields us-

ing only 50-70% of the farmland. Organic systems also tend

to be very labor intensive which leads to higher prices. [Foley

et al (2012)]
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3.1 REUSING WATER FOR AGRICULTURE

The World Water Day 2017 will have a focus on water reuse.

The Food and Agriculture Organization of the United Nations

(FAO) is incentivizing the reuse of wastewater for agricultural

use given that "if properly managed, wastewater can be used

safely to support crop production directly through irrigation

or indirectly by recharging aquifers." (2017)

Agriculture represents one of the most water intensive uses,

consuming up to 70% of the global freshwater; therefore, it

is reasonable to make use of this new resource that is re-

claimed water. However, reusing water for agricultural pur-

poses does come with a series of challenges, including esti-

mating demand, given the seasonality and quality.

There are many water reclamation projects worldwide, yet

there is one that particularly stands out. The Shafdan treat-

ment plant in Israel was selected by the UN along with other

thirty projects as a global role model for how to deal with

environmental problems. [Cuen (2012)]

The plant uses "the natural filtration qualities of sand in order

to improve the quality of sewage. After wastewater is purified

in an ordinary facility, it is recharged into the ground, where

it undergoes an additional, natural filtration in the sands of

Rishon Letzion and Yavne. This improves the quality of the

water such that it can ultimately be used safely for all forms

of irrigation." [Duke (2013)] This last purification process is

carried out by Mekorot, the national water company.
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The Dan Region Wastewater Treatment Plant (Shafdan) is

an inter-regional system that "collects, treats and reclaims

municipal wastewater in high density urban areas and in-

dustrial zones". [IGUDAN] Shafdan serves a population of ap-

proximately 2.5 million and it has become one of the largest

producers of water from a single source in Israel, next to the

National Water Carrier.

The treated wastewater is sent to the Negev Desert where the

problem of the water shortage has existed for many years.

With rainfall irregularity and shortage of potable water, re-

using treated wastewater for agricultural irrigation was nec-

essary.

Nowadays, Mekorot injects 130 million cubic meters of pu-

rified sewage water into an aquifer for final filtration and

pumps it back out after six months. This water accounts for

about a 70% of the water used for agriculture in the Negev.

The system is called Soil Aquifer Treatment (SAT), it has been

practiced since 1977 and it uses "the unsaturated zone above

the aquifer and the aquifer itself for advanced effluent treat-

ment, which removes a wide range of contaminants from the

recharged effluent." [Avraham et al. (2003, p.239)]

The effluent is recharged to the aquifer via four basins re-

charge zones built in areas of predominantly sandy soils.

"The following is a brief description of the Dan Region's SAT

system. Each recharge zone consists of several recharge ba-

sins which are divided into sub-basins. The operation of
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the recharge basins is intermittent, i.e., flooding periods al-

ternate with drying periods to maintain high infiltration rates

through the upper soil layer and to allow oxygen to penetrate

into the soil, thus enhancing and diversifying the soil purifica-

tion capacity. The recharged effluent gradually displaces the

native groundwater and moves towards a ring of recovery

wells surrounding the recharge basins. The recovery wells

pump the high-quality reclaimed water obtained after SAT to

a separate, non-potable conveyance system, which is used

only for unrestricted irrigation of agricultural crops. The zone

of the aquifer enclosed within the ring of recovery wells is

hydrologically separated from the rest of the aquifer, which is

not affected by the effluent recharge operation and continues

to supply potable water." [Avraham et al. (2003, p.240)]
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3.2 KEYLINE DESIGN

Keyline design was created by P.A. Yeomans in the 1950's

as a practical response to the unpredictable rain patterns in

Sydney, Australia. Yeomans was initially using soil conserva-

tion strategies created by the US Army Corp of Engineers but

quickly realized that there were deficiencies with water flow.

He, then, proposed landscape patterning to capture and store

rainwater in large ponds to keep farms "so lush and green

all year round, they would be virtually fireproof and drought-

proof." According to Yeomans flood rains should be banked

as "money" in the richer soils and behind the walls of farm

dams. [Collins and Doherty (2009)]

Keyline as described by Collins and Doherty (2009) is "A com-

prehensive design strategy for agricultural and urban devel-

opment based on fundamental, repeating land shapes that

have been created by water".

Yeomans combined the ever-repeating patterns of ridges and

valleys, with contour cultivation. He realized, that "off contour

cultivation", could reverse the natural flow and concentration

of water into valleys, and drift it to adjacent ridges. The con-

tour line, that runs through that point of a valley, where the

steepness of the valley floor increases is called "The Keyline".

Cultivating parallel to the Keyline, both above the line and be-

low it, produced off contour furrows, drifting water out of the

valley.

Yeomans created the Keyline Scale of Permanence based on

what he called the 'inseparable trinity of landscape design':
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climate, topography and water supply. He considered roads,

trees, buildings, fencing and soils to be more negotiable. The

system is based "firstly, on these generally constant features

of land shape, and, secondly, on the general subdivision of

land that can be made according to these natural shapes and

as disclosed by the various patterns of water flow." (1958)

The purpose of the plan is to maintain "as much water in the

soil from each rainfall as the soil can use for its own improve-

ment according to its particular state of development. If all

the rain that falls is needed, then all is conserved, and tech-

niques are provided to this end for the economical storage

and profitable use of this water. All surplus run-off is con-

served in farm dams of various kinds and for particular us-

ages." [Yeomans (1958)]

According to Yeomans (1958) the key components are:

-Fast development of fertile soil in a systematically designed

landscape. Over a period of three-years, four to six inches of

new topsoil are formed each year. This new topsoil stores

large quantities of water in the landscape.

- Design for the harvest, storage and distribution of water on

the landscape forms the foundation of the Keyline Plan.

- Run-off water is stored in Keyline dams. This water is later

released for rapid, gravity-powered flood-irrigation.

- Location of roads, forests and buildings is based on primary

water layout and topography.
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1. KEYLINE AND KEYPOINT

In Keytine design, every infrastructure component helps en-

sure the maintenance and renewal of the topsoil. Another

one of the ideals behind the Keyline plan is the importance

of sharing knowledge. Given that the system is based on the

study of climate and land shape, it is practically adaptable to

any type of agricultural land. [Yeomans (1958)]

The Keyline plan relates greatly to what Waldheim, Allen and

Corner propose. It draws from surface conditions and per-

formance to reimagine landscape. It proposes the use of

landscape as an ordering element, incorporating ecological

systems and keeping a fluid exchange between natural and

engineered systems. It basically, recommends that topogra-

phy, which is both a large and small scale system, be used as

infrastructure and the primary element or order.
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4.2 POPULATION AND WATER USE

According to the United States Census Bureau, California is the most pop-

ulous state in the country with an approximate population of 39,250,017
by the year 2016. Despite population growth, total urban water use has

been fatling. Even before the latest drought, per capita water use had de-

clined as a result of pricing incentives and water saving technologies. In

2015. drought conservation requirements managed to reduce per cepita

water use to 130 gallons per day according to the Public Policy Institute

of California.

With a limited water supply and unreliable dry season rainfall, water re-

use is drawing more attention. According to the Pacific Institute the cur-

rent recycled water use in California is 670,000 acre-feet per year with a

potential for additional water reuse of 1.2 million to 1.8 million acre-feet

per year.

Approximately a 64 percent of this potential water reuse is from resi-

dences. Commercial businesses and institutions would account for a 21%
and industry for a 15%.

Understanding wastewater as a potential source of water for agriculture,

the purpose in mapping residential water consumption was to have a

better idea of how much wastewater is being generated and where.

Summer 2014
State average 142 gallons

923,000,000 gallons

approximate residential water use in

summer 2014 in the Central Valley.

Daily residential use in gallons per c pita

MAGE SOURCE: M01A1 0roim mageon me NeW YVrk Osms
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5,102,502,210 gallons per day 2.5 milLion acre - feet approx per year po-
approximate residential water use in California. tential water reuse. This represents a 7.3% annual ag-

ricultural gross water use.
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4.3 INFRASTRUCTURE

California's water system serves more than 30 million people and pro-

vides irrigation to approximately 5,680,000 acres of farmland. It is consid-

ered the world's largest, most productive, and most controversial water

system according to Hundley (2001). On a yearly basis it manages over

40,000,000 acre feet of water. (Draper et al, 2004)

There are six main systems of aqueducts and infrastructure that trans-

port and distribute water in California: the State Water Project, the Cen-

tral Valley Project, the Colorado River delivery systems, the Los Angeles

Aqueduct, the Tuolumne River/Hetch Hetchy system, and the Mokelumne

Aqueduct.

These systems collect water both inside and outside the state to distrib-

ute it to water scarce areas in California. The supply system relies on 157
million acres of land spanning 8 states to collect, filter, and deliver water.

(The Nature Conservancy of California, 2012).

From this mapping analysis, it was clear that most on the areas experi-

encing overextraction and subsidence are located within the sector ir-

rigated by the CVP and SWP which can be interpreted as the result of a

deficit the between the amount of water supplied by the system and the

specific agricultural water needs of the area, leading farmers to ground-

water pumping.

Central Valley Project (CVP)
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State Water Project (SWP)
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Central Valley Project
The Central Valley Project (CVP) is a federal water management project under the supervision of the United States Bureau of Reclamation. Devised in 1933 to provide irrigation and municipa

water to California's Central Valley. The system regulates and stores water in reservoirs in the water-rich nortriern part of the state. and tiansports .t to the water- pooi San Joaqurn Vailey and
surroundings by a series of canals. aqueducts and pumping plants.

Sacramento Valley
Sacramento River

The Shasta Division provides municipal water supply as well
as irrigation of about 100,000 acres

Facility Year Notes

Shasta 1945 Primary water
Dam storage and power

generating facility
of the CVP

Provides irrigation
water to farmers
growing a variety
of permanent and
annual crops.

150.000 agricultur-
at acres,

Trinity River
The Division's purpose is to divert water from the Trinity Rivei
into the Sacramento River drainage dowstream of Sahsta Dar
to provide more flow and generate power in the process.

Facility

Trinity
Dam

Clear
creek
tunnel

Whiskeytown
dam

Spring Creek
Tunnel

Keswick
reservoir

Spring creek
debris dam

Year

1962

1963

1963

Notes

The second largest
CVP water-storage
reservoir, with
just over half the
capacity of Shasta

Generates I80 MW
of electricity.

Prevents acid mine
drainage from the
Iron Mountain Mine
from continuing
downstream and
contaminating the
river.

American River
The Division provides water supply for local settlements. and
the rest of the system. The dams are also a flood control mea-
sure.The division is further divided into three units: the Folsom.
Sly Park and Auburn-Folsom.

Facility

Folsom
Dam

Nimbus
Dam

Sly park dam

Camino Conduit
aqueduct

Camp Creek
Diversion Dam

Sugar Pine
Dam

Folsom
South Canal

Year

1959

1955

1955

1953

1979

1973

Notes

Primary water
storage compo-
nent. It stores
1.010.000 acre
feet and generates
200 MW

Generates 7.7 MW
and includes a
Fish Hatchery to
compensate for
the destruction of
the river.

San Joaquin Valley

Delta and canal system
Aqueducts and pumping plants that take wa-
ter from the Sacramento-San Joaquin Delta
to supply fa ms and cities

Facility Year Notes
Delta Cross 1951 intercepts
channel Sacramento

C.W. Bitt
Jones
Pumping
Plant

Delta-Men-
dots Canal

Contra Cos-
ta Canal

Clayton
canal
Ygnacio
canal
60

1951

1951

1948

River and
diverts it
south

Raises water
into the Del-
ta-Mendota
Canal

Travels
117 miles
southwards
to Mendota
Pool

Captures
freshwater
of the delta
distributing
water to
the Clayton
and Ygnacio
Canals

San Joaquin River
The CVP also has several dams on the San
Joaquin River in order to divert its water to
southern Cent al Valley aqued icts.

Facility Year Notes
Friant Dam 1942 Millerton

Lake provides
water storage
for San
Joaquin Valley
irrigators as
well as a di-
version point

Friant -
Kern Canal

Madera
canal

1951

1945

for canals.

sends water
southwards
to Bakersfield
on the Kern
River. supply-
ing irrigation
water to
Tulare

Takes water
northwards
to Madera
County, emp-
tying into the
Chowchitta
River

DATASOURCE U.S Bureau of ireciamation. Cotfrnva oepartmen of Water Reswrcis

Sta

Facility
New Melones
Dam

nislaus River

Year
1979

Notes
It can hold
nearly
2,400.000
acre feet
of water. It
stores water
during dry
periods and
releases it
downstream
to the
northern San
Joaquin Valle
according
to water
demand.

Offstream storage
and aqueducts

Storing and transporting water on the
foothills of the California :oast Ranges.

Facility Year Notes
San Luis 1968 Largest
Dam (or B.F. storage fa-
Sisk Dam) cility. holding

2.000.000
acre feet
of water.

O'Neill
Forebay

San Luis
Canal

The Coatinga
or Pleasant
Valley Canal

Los
Balias
Detenton
Dam

1967

1968 Carries both
CVP and SWP
water. With
a capacity
of 13.100. It
is one of the
largest irriga-
tion canals in
the US

Provides flood
control in the
Los Bafios
area.

eswc
Dam

Red Bluff
diversion
dam

Tehama
Cotusa
canal

Coming
Canal

Funks
dam

1964

1945



State Water Project
The California State Water Project (SWP). is a water management project supervised by the California Department of Water Resources. The SWP provides drinking water for more than 23 million
people and generates 6500 GWh of hydroelectric power every year. The SWR however. is the largest consumer of power in the state, using an average of 5100 GWh. Since 1960. the SWP has
built 21 dams and 700 miles of canals. pipelines and tunnets. It collects water from rivers in Northern California and redistributes it to the south. 70% of the water provided is used for urban
areas and industry in Southern California and San Francisco Bay Area. and 30% is used for irrigation in the Central Valley. To reach Southern California. the water must be pumped 2.882 feet
over the Tehachapi Mountains.

Feather River
The Feather River. a tributary of the Sacramento River. pro-
vides the primary watershed for the State Water Project.

Facility Year Notes

Antelope 1964 Has a maximum
capacity of
58.548.000 m3, and
a normal capacity
of 27.835.000 m3

Frenchman 1961 Rock-fill and
earthen dam 129
feet high, with a
length of 720 feet
at its crest. Normal
water storage in
the reservoir is
55.477 acre-feet

Davis 1966 Grizzly Valley Dam

Oroville Dam 1968 By volume, it is
the largest dam in
California and at
770 feet. it is the
tallest dam in the
United States. The
Oroville-Thermalito
Complex generates
approximately 2.2
billion kilowatt
hours per year, a
third of the total
power generated
by SWP.

Sacramento-San Joaquin River Delta

FaCility

N

B
R

S
P
P

S
A

orth Bay
Lqueduct

Clifton
Court
Forebay

lethany
eservoir

outh Bay
umping
lant

outh Bay
queduct

Lake Del
Vatte

Year

1988

1969

1967

1967

1962

1968

Notes

The aqueduct
delivers water to
clients in Napa and
Solano counties.

Serves as the
intake point of the
California Aque-
duct. and feeds
the Delta-Mendota
Canal to recharge
San Joaquin Valley
river systems.

Serves as a
forebay for South
Bay Pumping Plant
and a conveyance
facility

Delivers water to
Alameda County
since 1962 and
Santa Clara County
since 1965. I tcar-
ries a maximum
of 188.000 acre-ft
per year.

Serves as off-
stream storage
for the South Bay
Aqueduct. The take
capacity is 77.000
acre feet

The over
forniSW

Valley rele
west side

FaciLi

O'Neill
Forebay

San Luis
Reservoir

A.D.
Edmonsto
Pumping
Plant

California Aqueduct
400-mile aqueduct is the main feature of the Cali-
P The aqueduct that runs through the San Joaquin
ases water to irrigate 750,000 acres of land on the
of the valley.

n

Year

1967

1967

1974

Notes

Collects irregular
water releases
from the San Luis
Dam and William R.
Gianelli Powerplant

Shared by the SWP
and the federal
Central Valley Proj-
ect. Water can be
switched between
the California
Aqueduct and
Delta-Mendota
Canal to cope
with fluctuating
demands.

Main feature of
the SWP. It lifts
water 1.926 feet
(600 m) to cross
the Tehachapi
Mountains.

Coastal Branch
Built in 1994, it diverts about 48.000 acre-ft per year from
the California Aqueduct to San Luis Obispo and Santa Bar-
bara counties.

Central 1997
Coast Water
Authority
extension

Lake Cachuma 1953 Maximum
design capacity
of 205.000 acre-ft
(253.000.000 m3)

William E. Warne
Powerplant

Pyramid Lake

Angeles Tunnel

West Branch

1982

1973

1970 Final leg of the
west branch of
the California
Aqueduct

East Branch

Provides water for cities and farms in the Inland Empire,
Orange County, and other areas south of Los Angeles. Water
deliveries from the East Branch averaged 995.000 acre-ft per
year between 1995 and 2012.

Devil Canyon 1974
Powerplant

Largest -recovery
plant", or aqueduct
power plant. of the
SWP system

61
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4.4 HYDROLOGIC ELEMENTS

Average water use, statewide is approximately 50% environmental, 40%
agricultural, and 10% urban. Agriculture relies heavily on surface-water
diversions and groundwater, especially during droughts.(PPIC) A 25.58%
and a 43.05% of the Central Valley present overdraft and critical overdraft
respectively. This represents a 72% of the irrigated farmland in the Cen-
tral Valley.

Approximately, a sixth of the country's irrigated land is in the Central Val-
ley, and a fifth of the country's groundwater demand is supplied from its
aquifers. This excesive extraction is causing problems beyond declining
water levels. The compaction of aquifers caused by excessive groundwa-
ter pumping is the largest cause of subsidence in California. (USGS)

With almost half of the aquifer recharge areas (47.4%) devoted to agricul-
ture it's important to consider that they aquifers in the Central Valley are
not only facing overdraft but they are also being polluted by the seeping
of fertilizers and pesticides. The combination of overextraction and per-
colation of pollutants leads to higher levels of contamination within the
aquifer which could potentially be dangerous for communities relying on
groundwater for water supply.

Sacramento Valley pre-developmentSiWN.d
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Sacramento Valley post-development

IMAGE SOURCE; Grd.irr Avaibility ot rt Cenrtral V.ay Aquifer, Calirara USGS
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Average annual inflow, in thousands of acre feet per year

o Less than 100

0 100.1 to 500
o 500.1 to 1.000

o 1,000.1 to 2.000

o 2,000.1 to 3,000

O 3,000.1 to 4,000

8 4,000.1 
to 5,000

Greater than 5.000

Aquifers
- Balsins

Rivers

Lakes

Subsidence
Evidence of overdraft

Critical overdraft

Aquifer Discharge
N j Aquifer Recharge

01P Irrigated Agriculture
0

. Feather river

Yuba river
Bear river

American river

Mokelumne river

Calaveras river

% ote eStanisaus river
-- Tuolumne river

Xx Merced river

San Joaquin rir

110-oKings river

- Kaweah river

Los gatos river
-Ca-oTuie river

-Whit,

Kern river'

38.76% of the state of California
has aquifers underneath

416% of the Central Valley has Aquifer*
Recharge capacity.

10% of the urban areas in the stateA
)f California have been built over aquifer
recharge areas.
ATA SOURCE US >S Ca.tor a Dewrment of Waer ReIcu es 63
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4.5 SOIL

The central valley in California is the world's largest patch of Class 1 soil

which refers to capability class or suitability for most kinds of field crops.

(Bittman, 2012) Class 1 soils have slight limitations that restrict their use.

The taxonomic analysis done by the National Cooperative Soil Survey also

reveals that between Alfisols and Mollisols a 51.5% of the Central Valley

has very high fertile and productive soils. In addition, Entisols, Aridisols,

Histosols and Utisols, which make up for a 33.40% of the Central Valley,

can be highly productive with proper drainage/ irrigation and use of fer-

tilizers.

Utisots Emeptwols
2% 4

IncptsotsAtisoWs
16% 18%Vertisota

10% 4q

Vettizols % At

Central
California

AridsolsValley
9%

Molasl
29%

Entisols
i~hhh.- i32%MA

Entsols
27%
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Subsidence

Irrigated Agriculture

K [ Central Valley

g, Alfisols

Aridisols

Entisols

Histosals

Inseptisots

Mollisols
Uwtisais

Vertisols

AiDATASOUCE USG. Ntioal oopeahv Sat SuveyIN~s 6
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SOIL TAXONOMY
ORDERS

Alfisols

18% of state area

33% of the Central

Valley area

Andisols

1% of state area

0% of the Central

Valley area

AridisoLs

9% of state area

6% of the Central

Valley area

Entisols

32% of state area

27% of the Central

Valley area

Histosols

0.18% of state area

1 % of the Central

Valley area

Mollisols

18% of state area

19% of the Central

Valley area

Vertisols

4% of state area

10% of the Central

Valley area

66



Highly fertile and productive agricultural soils in which clays accumulate
below the surface. Alfisols are found in humid and subhumid climates.

Formed in volcanic materials, these are highly productive soils with
high water- and nutrient- holding capabilities. Andisols are usuallly
found in cool areas with moderate to high levels of precipitation.

Soils formed arid and semiarid environments where moisture is scarce
and restricts weathering and Leaching, resulting in the accumulation
of salts and limited subsurface development. Typically light in color
as there is little organic matter. The lack of moisture balance in these
soils inhibits eluviation. Calcification and salinization are important
soil forming processes acting in these soils. Soil horizons are weakly
developed and sodium is often high in concentration making them
alkaline. The coarse texture of these soils also makes it difficult to retain
moisture. They can be quite fertile with proper irrigation. If improperly
irrigated, a salt crust can form on the soil. Aridisols are commonly used
for grazing.

Commonly found in floodplains, mountains, and badland areas, where
erosion or deposition rates outpace rates of soil development. When
properly fertilized and irrigated, Entisols can be used in agriculture as
rangeland and grazing land. Intensive use is restricted by depth, clay
content, or water balance. Some Entisols can be intensively farmed, for
example, river alluvium Entisols.

Histosols Found on lake coastal areas, these are organic-rich soils where
poor drainage creates conditions of slow decomposition and peat
accumulates. Histosols can be highly productive farmland when
drained; however, they can decompose rapidly and subside dramatically.
They are also not stable for foundations or roadways.

Inceptisols Soils with moderate weathering and development. Usually found on
steep and young topography and over erosion- resistant bedrock.

MoLisols Highly productive agricultural soils with a very fertile, organic- rich
surface layer.

Uttisols Soils with subsurface clay accumulations and low native fertility. Often
red hued because of iron oxides. Ultisols are commonly found in humid
tropical and subtropical climates. They can be productive with additions
of fertilizer and lime.

Clayey soils with high shrink/swell capacity. During dry periods, these
soils can shrink and develop wide cracks. During wet periods, they
swell with moisture.

Alfisols

Andisols

Aridisols

Entisols

Vertisols



LAND SUBSIDENCE SIMULATION
25.45% of the Central Valley is experiencing subsidence as a result of

groundwater overdraft. The 5,200 mi2 affected by subsidence in the San

Joaquin Valley has been identified as the largest human alteration of the

Earth's surface. (USGS)
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4.6 CLIMATE

On April 7th, 2017 California Govervor Jerry Brown declared an end to

the state's drought emergency and lifted the emergency restrictions after

powerful storms increased precipitation in the area to far above average.

(USGS, 2017) But considering the true definition of drought, it is far from

over. Even in a wet year California's water is not enough to cover all the

state's demands, recharge overdrafted groundwater basins or overcome

the massive deficits suffered by ecosystems. (Gleick, 2017)

Recent changes in rain patterns have been declared an anomaly by NOAA,
which can be explained by ENSO (El Nifio/Southern Oscillation, the whole

El Niho & La Nihia cycle). Even with the changes in precipitation, tem-

perature continues to increase due to Climate Change and Global Warm-

ing. Temperature impacts, among other things, the demand for water by
crops, vegetation, and people. It especially impacts the ratio of snow to

rain that falls in the mountains playing a key role in worsening the scarci-

ty of water and devastating the snowpack. (USGS, 2017)

Another important aspect to consider is that, historically, the highest lev-

els of precipitation tend to happen outside of the Central Valley, far from

most of the farmland and, most importantly, far from aquifer recharge

areas. Without precipitation in this specific areas, aquifer recharge is very

limited.

JIYI STF I IM FREEZE

- --- - - - --- - ---- -----

77- 717

70

IM4



.1."

Central Vail

45% Cold s

43% Hot su

6% Cold des

4% Hot desE

1 % Warm s

1 % Hot sem

DATA SOURCE. USGS.NationalC

Under5

5 to 10
10to15

15to20

20 to 30

30 to 40

40 to 60

60 to 80

80 to 120

-- Above 120

Irrigated Agriculture

- - Central Valley

Aquifer Recharge

..-.- Balsins

Moderate Fire Hazard

High Fire Hazard
*-Very High Fire Hazard

Tundra

Dry Summer Subartic

Cold Summer Mediterranm
-- -- Warm Summer Mediterran

Hot Summer Mediterranea

- Cold Semi Arid

Hot Semi Arid

Cold Desert

Hot Desert

.ey-

emi arid- - -

miner mediterranean

ert-

mA,

ummer mediterranean 555

iarid ++:1++

~ooer so STYsure(Css 7

I

I



PRECIPITATION

Percent of Average Precipitation (%)

1/1/2005 - 6/29/2005

Percent of Average Precipitation (%)

10/1/2014 - 12/13/2014
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Percent of Average Precipitation (%)

1/1/2015 - 12/31/2015

IV

Percent of Average Precipitation (%)

7/1/2016 - 1/22/2017
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DROUGHT

Drought Level at second week of May 2012 Drought Level at second week of May 2013

'V

I

Moderate Drought Severe Drought Extreme Drought Exceptional Drought Moderate Drought Severe Drought Extreme Drought Exceptional Drought
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Drought Level at second week of May 2015
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Moderate Drought Severe Drought Extreme Drought Exceptionat Drought Moderate Drought Severe Drought Extreme Drought Exceptionat Drought

IMAGE SOURCE :US DROUGHT MONIT&

Drought Level at second week of May 2014



4.7 AGRICULTURE

California, the country's largest agricultural producer and exporter, pro-
duces over a third of the country's vegetables and two-thirds of the coun-
try's fruits and nuts. Its agricultural output was $46.7 billion in 2013, with
total U.S. output valued at $269.1 billion. Agriculture makes up just 2.2
percent of California's economy, but it is still the nation's green grocer,
and farming is still the main economic activity of the state's arid center.
(Norris, 2014).

The Central Valley, alone, is one of the most productive agricultural re-
gions in the world with more than 250 different crops and an estim-at-
ed value of $17 billion per year.(USGS) This irrigated agriculture relies
heavily on surface-water diversions and groundwater pumpage. Water
scarcity due to the recent drought has had a considerable impact on ag-
ricultural production. Farmers have been dealing with lower yields and
higher costs for additional groundwater pumping which caused a higher
percentage of cropland left for fallow.

A net water shortage of 1.6 million acre-feet was estimated to cause loss-
es of $810 million in crop revenue with additional groundwater pumping
costing up to $454 million. (Food Business News, 2014). As a result of
the drought, farmers have also switched to cash crops such as nuts that
unfortunately also have a large blue water footprint. However not all wa-
ter intensive crops bring in a large revenue and not all drought resistant
crops (lower water needs) have less potential for revenue. The relation-
ship between those two remains unclear as seen in upcoming maps and
figures. What is clear however is that demand and pricing are driving
most of the decisions made in agricultural production.

AGRICULTURE IN CALIFORNIA

0 z
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S Canals

FJ irrigation

Over extraction

Subsidence

Alfalfa

Almonds

Apples

Asparagus

Barley

Blueberries

Broccoli

Cabbage

Canola

Cantaloupes

Carrots

Cauliflower

Celery

Cherries

Citrus

Com
Cotton

Cucumbers

Dbi Crop BarleyfComn

DbI Crop Oats/Com

DbI Crop WinWhliCom

Dbi Crop WinWht/Cotion

Dbi Crop WinWhliSorghum

Dry Beans

Durum Wheat

Eggplants

Fallow/Idle Cropland

Garlic

Grapes

Greens

Hebs

Honeydew Melons

Misc Vegs & Fruits

Nectarines

olives
Onions
Oranges
Other Crops

Other Hay/Non Alfalfa

Other Tree Crops

Peaches

Pears

Peas
Pecans

Pistachios

Plums

Pomegranates

Pop or Om Corn

Potatoes

- Rice

Rye- Safflower

- Sorghum

= Spring Wheat

M Squash

- Strawberries

- Sugarbeets

.-I

79



Fruits

Grains

N u

Nut s

60.76%
19.55%
8.54%
1.99%
1.74%
1.74%
1.50%
1.10%
0.68%
0.64%
0.56%
0.51%
0.36%
0.18%
0.08%
0.05%
0.03%

1.656,842 Acres used for fruits

17.10% of the total farmland in California

1,758,047 Acres used for grains

18.15% of the total farmland in California

2,229,559 Acres used for nuts

23.02% of the total farmland in California

Grapes
Tomatoes

Oranges
Plums
Strawberries
Citrus
Pomegranates
Cantaloupes
Cherries
Watermelons
Other Tree Crops
Pears
Honeydew Melons
Peaches
Nectarines
Blueberries
Apples

31.61% Rice
27.24% Winter Wheat
9.92% Corn
6.40% Dbt Crop WinWht/Corn
5.97% oats
5.58% Barley
3.14% Triticale
2.89% Dbt Crop Oats/Corn
2.45% Durum Wheat
1.60% Rye
1.02% Spring Wheat
1.01% Sorghum
0.75% Dbl Crop WinWht/Sorghum
0.28% Sweet Corn
0.08% Dbt Crop Barley/Corn
0.04% Obt Crop WinWht/Cotton
0.02% Pop or Orn Corn

67.36% Almonds
19.19% Walnuts
13.38% Pistachios
0.06% Pecans
0.01% Turnips
0.01% Eggplants

go



Sugar 30,014 Acres used for sugar

0.30% of the total farmland in California

99.53% Sugarbeets
0.47% Sugarcane

Vegetables 148.521 Acres used for vegetables

1.53%of the total farmland in California

Fodder 1,419,550 Acres used for fodder

14.66% of the total farmland in California

77.66% Alfalfa
22.25% Other Hay
0.09% Vetch

23.92%
19.92%
18.23%
12.97%
12.62%
4.61%
3.71%
1.81%
1.16%
0.54%
0.39%
0.13%

Onions
Carrots
Olives
Greens
Garlic
Cucumbers
Broccoli
Squash
Cabbage
Cauliflower
Asparagus
Celery

81



Irrigated
Farmland

74.5% of the Central Valley is irrigated
67.52% of area used for agriculture
80.85% of total farmland in California
>61 different crops

19.40% Fallow/ Idle Cropland

17.21% Almonds

10.09% Alfalfa

9.87% Grapes

6.82% Rice

4.79% Winter Wheat

4.57% Walnuts

3.87% Tomatoes

3.34% Pistachios

2.96% Cotton

2.42% Hay

2.16% Corn

1.43% Oranges

0.96% Oats

Aquifer
Recharge

44% of the Central Valley is aquifer recharge.
47.40% of area used for agriculture
35.7% of total farmland in California
>57 different crops

23.12 % Almonds

18.65 % Fallow/ Idle Cropland

13.08 % Grapes

6.29 % Rice

6.16 % Walnuts

5.42 % Alfalfa

4.98 % Winter Wheat

4.10 % Pistachios

3.70 % Oranges

2.51 % Tomatoes

1.55 % Cotton

1.44% Hay

1.28 % Corn

0.88 % Oats
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Aquifer
Overdraft

A
Subsidence

I

68.6% of the Central Valey presents some level of
aquifer overdraft.

72% of Irrigitated farmland in the Central Valley
presents overdraft, which means that the water
needs in these areas are greater than the water
supplied.

77% of area used for agriculture
62% of total farmland in California
>56 different crops

21 % Fallow / Idle Cropland

15.94 % Almonds

13 % Rice

8.6 % Grapes

21 % Almonds

7.19 % Walnuts

6.68 % Alfalfa

3.0% Tomatoes

2.94% Pistachios

2.0% Corn

1.79% Cotton

1.76% Hay

1.67% Oranges

1.0 % Safflower

'ii

25.5% of the Central Valley presents land
subsidence
63% of area used for agriculture
30% of total farmland in California
x59 different crops

20.5 % Fallow / Idle Cropland'

18.97 % Almonds

9.7 % Alfalfa

8.46 % Grapes

7.26% Winteer Wheat

63.5 % Cotton

5.3 % Pistachios

5.17 % Tomatoes

3.07 % Corn

2.0 % Walnuts

1.25 % Safflower

1.04 % Barley

0.92 % Oranges

0.91 % Triricate

83
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Alfisols

13% of area used for agriculture
22.5% of total farmland in California
>54 different crops

Inceptisols

0.7% of area used for agriculture
1.12 % of total farmland in California
>43 different crops

Aridisols

6.6% of area used for agriculture
6.1% of total farmland in California
>54 different crops

Molisols

13% of area used for agriculture
23 % of total farmland in California
>56 different crops

84



Entisols

2'L

Y*': -W

11.5% of area used for agriculture
35% of total farmland in California
>53 different crops

Utisols

0.5% of area used for agriculture
0.1 % of total farmland in California
>55 different crops

I I* - a - - - I -

HIStOSOL

50.8% of area used for agriculture
0.88% of total farmland in California
>38 different crops

S

)

Vertisols

25% of area used for agriculture
9.5 % of total farmland in California
>53 different crops

85

DATA SOURCE: Cropscape from, USDA, National Cooperative SoSl Survey (NCSS)
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C-pId Semi Arid Cold Desert

K
K

'K>

N

27.9% of area used for agriculture
47 % of total farmland in California
>57 different crops

20.88% Almonds

19.57% Fallow / Idle Cropland

12.33% Grapes

8.64% Alfalfa

6.78% Winter Wheat

4.77% Pistachios

4.48% Cotton

4.17% Tomatoes

2.80% walnuts

2.51% Oranges

1.38% Corn

1.25% oats

1.11% Barley

0.95% Hay

86

6.26% of area used for agriculture
4.5 % of total farmland in California
>47 different crops

33.50% Almonds

30.31% Fallow / Idle Cropland

10.76% Pistachios

6.55% Alfalfa

3.64% Winter Wheat

2.84% Cotton

2.55% Grapes

1.40% Tomatoes

1.13% Pomegranates

0.95% Corn

0.88% Potatoes

0.66% Barley

0.62% Walnuts

0.56% Oranges
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4.6% of area used for agriculture
10.5 % of total farmland in California
>7 different crops

42% of area used for agriculture
31% of total farmland in California
>53 different crops

26.26% Fallow / Idle Cropland

24.25% Alfalfa

6.79% Hay

5.06% Grapes

4.31% Almonds

3.33% Durum Wheat

2.88% Sugarbeets

2.27% Pistachios

2.20% Oranges

2.16% Citrus

2.14% Cotton

1.93% onions

1.86% Greens

1.83% Carrots

19.84% Fallow / Idle Cropland

18.41% Rice

11.89% Almonds

9.87% Walnuts

8.72% Alfalfa

8.16% Grapes

4.21% Hay

3.64% Tomatoes

3.38% Winter Wheat

3.22% Corn

1.07% Safflower

0.98% Plums

0.91% Oats

0.89% Barley

Hot Desert Hot Summer
rTiediterranean
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AGRICULTURE
WATER FOOTPRINT
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CROP CATEORY

FIELD CROPS

FRUIT AND NUT

VEOETAILE, HERB, M MELON

96
94

Alfatta

Bartey
Beans. Dry Edible
Corn, grain
Corn, sweet
Cotton
Cotton Unt
Cottonseed

Hay
Ladino Clever Seed
Oats
Peppermint
Potatoes
Potatoes. Sweet
Rice
Rice. Sweet (short grain)
Safflower
Sorghum
Sugar Beets
Sunflower. non-vit
Sunflower. 06
Wheat

Atmond

Apples
Apricot s
Avocados
Blackberries
Blueberries
Cherries. sweet
Dates
Figs

Grapefruit
Grapes ) Vineyard
Grapes. Raisins
Grapes. Table
Grapes. Wine
Kiwirult
Kumquat
Lemons
Limes
Mandarins
Nectarines
Olives
Oranges
Peaches

Peaches. Clingstone
Peaches. Freestone
Pears
Pears. Bartlet
Pears. Other
Pecan
Persimmons
Pistachios
Plums

luots
Pomegranate
Prunes
Raspberries
Strawberries
Tangerines
Walnuts

Artichekes
Asparagus

eo peppers
Brecmonf
Brussels Sprout
Cabbage

Carrots
Cauliftower
Cetery

Chile / Chili peppers
Citantro

Cucumber
Dailkon
Eggplant
Escarole I Endive
Garlic
Kale
Lettsce. Head

Lettuce. Leaf
Lettuce, Romaine
Melons. Cantaloupe
Melons. Honeydew
Melons. Watermelon
Mushroom. Agaricus
Onions
Onions. Green iScallions)
Pumpkin
Snap beans
Spinach
Squash
Tomatoes
Watercress

WATER NEEDS

5.2 million acre-feet

2.2 mislion acre-fent

0.9 nittion acre-tent

0.1 million acre-fee

2.7 million acre-feet

0.1 mitlen acre-fest

0.1 million ecre-feet

1.6 mition acre-teeo

0.1 miltion acre-leet

21
WATER FOOTPRINT

BLUE WATER FOOTPRINT

79 m3/ton
125 m3/ton
81 m31ton

1306 m3/lon
2915 m3iton
432 m3/ton

181 m3i/ton
63 m3/ton
33 m3/ton
5 m3iton
341 m3/ton

938 m3/lon
103 m3/ton
26 mi/ton
148 m3/ton
299 m3/ton
342 m3/lon

3816 m3lton
133 m3/ton
502 m3/ton
283 m3/ten

334 m3/ton
531 m3/ton
1250 m3/ton
1595 m3/ton
85 m3/ton
97 mIlton
386 m3/bon

138 m3/ton
168 m3I/ton

152 m3/ton
152 m3/ten
118 m3/ton
188 m3/ton
499 m3i/ton
110 mI/non
18 m3/ton

94 m3/ton

7602 m3/ton
INI m3/ton

53 m3/ton
109 m3/ton
118 m3ftln
2451 m3)ton

242 m3/Ion
119 m3/ton

21 m3iton
21 m3/ton
26 m3/ton
28 m3/ton
21 m3/ton

42 m3/ton

42 m3/ton

33 m3/ton

81 mI/ton

28 m3ton

25 m3/ton

88 m31ton
44 m3/ton
24 m3/ton
54 m3/ton
14 m3/ton
24 m3/ton
63 m3)ton'

,is

6.9 tons/ecr
1.197 tons/acre
1.155 tons/ acre
3.988 tons/ acre
10.6 tons/ acre
1.608 tons / acre

5.79 tons / acre

0.925 tons) acre
0.040S tons / acre
22.008 tons / acre
19.04 tons / acre
7.9 tons I acre
3.575 tons / acre
1.05 tons) acre

44.7 tons/ acre
0.5 tons / acre
0.65 tons / acre
2.152 tons/ acre

1.83 tons per acre
5.2 tons per acre
4.16 tons per acre
3.77 tons per acre

SAS tons / acre
1.82 tons per acre
4.36 tons per acre
4A4 tons per acre
16 tons per acre
8 tons per acre
10.90 tons per acre
10.10 tons per acre
6.62 tons per acre
5.93 tos per acre

17.4 tons per acre

8.32 tons per acre
4.97 tons per acre
13.8 tons per acre
14.10 tons per acre
17.90 tons per acre
11.10 tes per acre
15.20 tons per acre
20.20 tons per acre
11.50 tens per acre

0.58 tons per acre
5.96 tons per acre

6.79 tons per acre
9.9 tons per acre
38.64 tons per acre
15.24 tons per acre
2.01 tons per acre

7.56 tons / acre
1A56 tons / acre
25.48 tons / acre
10.08 tons/ acre

23.8 tons / acre
17.808 tons / acre
10.08 tons / acre
34.72 tons / acre
21.28 tons/ acre

11.48 tons / acre

9.24 tons / acre

21.26 tons / acre
14.56 tons / acre
16.8 tons /acre

16.8 tans / acre
15.12 tons / acre
29.68 tons / acre

134. tons / acre
6.72 tons / acre
7.28 tons / acre
8.96 tons / acre

REVENJE
PRICE

$1.500 per harvested acre
$4.80 per bushel
S73.40 per cwt
$4.50 per bushel
$28 / cwt
$0.620 / pound

8284 / ton
$152 / ton

83.20 per bushet
$24.80 per pound
$13.50 per cwt
$27.50 per cwt
$20.10 per cmt

$24.40 per cwt

$45.60 per cwt
$34 per cwt
525 per cwt
$7.90 per bushel

Price $2.84 / pound
Price 80.278 / pound
price $1.020 / ton
price $1.4001 ton

Price $1.080 ) pound
Price S3.900 ) ton
price 51.560 / ton
price $724 / ton
price 816.87 / box
price S724 / ton
price $347 / ton
price S1.530 / ton
price 5679 / ton
price S1.340 ) ton

price S52.8 / box

price $913 / ton
price 894 / ton
price $14.31 / box
price $562 / ton
price $470 ton
price $680 / ton
price $513 / ton
price $503 / ton
price $567 / ton
price $2.18 / pound

Price S248 / pound
price $998 / ton

price 8693 / ton
Price $2.75 / pound
Price 546.50 / cut
price $45.20 ) box
price $1.620 / ton

Price 5870 / cwt
Price 5139 / cwt
Price $49 / cwt
Price $48.20 / ct

Price S24.50/ cwt
Price $32.70 / cwt
Price 859A0 / cwt
Price 825.10 / cut
Price $31.50 / cwt

Price 529.60 cwt

Price $76.70 / cwt

Price 830A0 / cwt
Price 859.10 / cwt
Price 137.50 / cwt
Price 817A0 / cut
Price $22.20 / cwt
Price 814.50 / cwt

Price S17*0 / cut
Price S70.90 / cwt
Price 44A0 / cwt
Price $34.50 / cwt

TOTAL REVENUE

7656000
75521600
42390000

159068000
156537600

TOTAL UTLMED PRHDUC71ON

5.451 (1.000 tons)
1.59S (1,000 bushels)
1.029 (1,000 cw)
P.420 (1.000 bushets)
5.6810.000 cwt)
526 (1.000 bates)

199 tos
10474320001 6.991 1.000 tons)

1920000
4017600

186408000

172975000
708143100

27907500

600 (1.000 bushels)
162 (1.000 pounds)
13.801 (1.000 cwt)
k.290 (1.000 cwt)
35.231 11.000 cwt)
0.646 (1.000 cw
128.100 (1.AN pounds)

898971420.4 1.104 (1.000 tons)
552800 1.820 (1.000 pounds)

9575892.75 2.900 (1.000 pounds)
146900500 18,595 (1.000 bushels)

5396000000 1.900.0001 1.000 pounds)
40310000 145.000.000 pounds
35190000 34.500 tons

27.400000 196.000 tons

116842000
2320S0000

65016000
21864800
64106000

4957224000
696429000

1736550000
2851695000

30954000

62.150 (1.000 pounds)
59.00 tons
43,600 tons
30.200 tens
3.500 bones (1,000 boxes)
6.847,000 tons
2.007,000 tons
1.135.000 tons
3.705.000 tons
23.100 tons

1014040000120.500 bes 11.000 boxes)

141515000
160026000

775602000
339785200
160082000
179520000
100035000
82995000
17010000

8432800

15.000 tons
179,000 tons
54.200 boxes (1.000 boxes)
604.600 tons
340.600 tons
264.000 tons
195.000 tons
165.000 tons
30.000 tons
3.960 (1.000 pounds)

669600000 270.000 (1.000 pounds)
104790000 105.000 tons

221067000
478225000

1855948500
980840000

976860000

319.000 tons
173.900 (1,000 pounds)
27.909 (1.000 cut)
21.700 boxes (1.000 boxes)
603.000 tens

80600400 91 (1.000 cwt)
32526000 234 (1.000 cwt)

367892000 7.508 (1.000 cwt)
1006416000 2080 (1.000 cwt)

143692500
638631000
34535160M
406118000
76356000

5.865 (1.000 cwl
19.530 (1.000 cwt)
5.814 (1.000 cuvl
16.180 (1.000 cwt)

2A24 (1.000 cwt)

21252800 7181 (1.000 cut)

305035900 3.977 (1.000 cut)

99924800C

703762800
714375000
144160000
64135800
79924000

26059200
37435200

189676800

29808000

12.870 (1.000 cwt)
11.908 (1.000 cwt)
19.050 (1.000 cwt)
.600)1.000 cwt)
.89 (1.000 cut)

5.512 (1.000 cwt)

18.765 (1,000 cwt)

1.464 (1.000 cwt)
528 (1.000 cwt)
6.272 (1.000 cwt)
164 1.000 cwt)
14.362.491.29 tons
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REUSE WATER

RESTORE SOIL MOISTURE

RELOCATE CROPS
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5.1 REUSE

Guidelines

- Can be used both in and out of the irrigation area as long as

there are no problems of overdraft or subsidence.

- Near urban centers with large residential water

consumption and wastewater treatment.

-Must be over aquifers or discharge.

- Good soil

- Lower precipitation

~~f%

-a,

*U.-

Population Residential water use

0 0r r

D j

Wlastewater treatment
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Precipitation

~W\ \

3

)

Aquifers Soil
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SITE SELECTION
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1,586,785 people

314,972,018 gallonS daily residential

water use

352,814 acre feet annualy

K

3,412,950 > x < 9,76iL

68,259
1,38 d 4,97id4ntia . " OWW"Y
116,384,974

76

1,214,450> x <3,881,382

24,289

4,129,130

60,872,700 > x < 253,553,181

1,217,454

269,737,427

10,337,050 > x < 18,318,206

206,741

19,487,454

, 87,650 > x < 3,437,510

25,753

3 3,656,92
\\"I da miw" hW e u n.U/diy

1,522,500 > x < 350,696
NW

W&Ia dAsy r"Wim#Wi .AtWr We a

4~ ~~~~~ 1dvt. v, g4 s~

4628,4

691,950 > x < 2,770,845

13, 9

2.947.7 - 6
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7.099 acres

5.5%

Saffloter
8% CROPS

fallow

18.013.60 m3

35% 10%
grapes grapes

hay alfalfa

733.528 acres

5.6%
Fallow

6%
hay

WATER
FOOTPRINT

26%
hay

2,950.101,363 m3

34% 6.5%
almonds hay

CROPS WATER
FOOTPRINT

urban areas within selected area

124,289
people

- 5.705,11I m3
approx water use per year

-c 4,558,386 m3
approx potential reuse

1.217,456
people

15%amonds

9% 17%grapes alfala

c 372,689,365 m3
approx water use per year

< 297,778.803 m3
approx potential reuse

25%
reuse

AG
WATER NEEDS

10%reuse

AG
WATER NEEDS

N
102,152 acres

5%
strawberries

CROPS

35%allow

39,821 acref

10%
barley

CROPS

170,A37 acres

7%
tomatoes

9%
wheat CROPS

9%
pistachios

25%
almonds

35,968 acru

8%
cotton

CROPS

32%
fallow

652,406 acres

5%
wheat

6%
sugarbeets

84,474.234 m3

47%
grapes

a a WATER
FOOTPRINT

206,741
people

4e
grapes

26%
strawberries

25.205,597 m3

510A 62%
grapes grapes

WATER
20 FOOTPRINT

420.980,783 m3
3%

tomatoes

17% WATER
pistachios FOOTPRINT

71.5%
almonds

130,120,212 m3

5%
cotton

WATER
FOOTPRINT

91%
alfalfa

1,569.081,356 m3

20%
alfalfa hay

CROPS
WATER

FOOTPRINT
72%
alfalfa

- 26,925,321 m3
approx water use per year

c 21,513,331 m3
approx potential reuse

30,450
people

-c 6.396.963 W3
approx water use per year

c 5,109,559 m3
approx potential reuse

25,753
people

c 5,052,682 m3
approx water use per year

- 4,037,092 m3
approx potential reuse

13,839
people

c 4,072.772 m3
approx water use per year

c 3,254.145 m3
approx potential reuse

68,259
people

.14,348,655 m3
approx water use per year

-11.464,576 m3
approx potential reuse

AG
WATER NEEDS

25%
muse

AG
WATER NEEDS

AG
WATER NEEDS

reuse

AG
WATER NEEDS

4

'I1
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urban areas within a 30 km radius urban areas within a 50 km radius

AG
WATER NEEDS

I
110%

reuse

1,308,149
people

410,428,858 m3
approx water use per year

c 327,932,657 m3
approx potential reuse

333,064
people

45,219,209 m3
approx water use per year

c 21,513,331 m3
approx potential reuse

11%
reuse

AG
WATER NEEDS

AG
WATER NEEDS

1,398,442
people

435,971,395 m3
approx water use per year

- 348,341,144 m3
approx potential reuse

42%reuse

60,459
people

I 74
-13,485,060 m3
approx water use per year

< 10,774,563 m3
approx potential reuse

142,805
people

41,499,629 m3
approx water use per year

- 33,158,203 m3
approx potential reuse

8%
reuse

AG
WATER NEEDS

765,918
people

c 201,062,058 m3
approx water use per year

- 160,648,584 m3
approx potential reuse

38%
AG reuse

WATER NEEDS

105

I 80,280
people

< 25.124,347 m3
approx water use per year

20,074,353 m3
approx potential reuse

12%
reuse

AG
WATER NEEDS

43%reuse
'WMAG

WATER NEEDS

90

urban areas within a 50 km radiusurban areas within a 30 km radius
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California has been using recycled water for over 100 years

now for different purposes including agriculture irrigation,

landscape irrigation, aquifer recharge, industrial and envi-

ronmental uses. In 2002, according to the California Depart-

ment of Water Resources, 46% of the recycled water in the

state was being used for agriculture.

Given the precedent, what this thesis proposes is to use the

existing infrastructure for wastewater management to stra-

tegicallly implement a Soil Aquifer Treatment (SAT) system in

areas with certain hydrological, geological and climatic condi-

tions. Based on this study the ideal conditions for this system

would be in areas with lower precipitation (under 15 inches

of rain), and high yield capacity soils (alfisols, mollisols, en-

tisols, histosols, aridisols and utisols). The area should also

be located over an aquifer because of the nature of the SAT

system and to minimize costs of building more infrastructure

to carry water.

A critical factor for this proposal is that it can only be imple-

mented in areas with certain proximity to urban centers (the

constant providers of wastewater). Another important factor

regarding hydrological resouces is that this system should

not be encouraged in areas with overdraft or sudsidence. Ar-

eas presenting these problems should restore groundwater

balance by using wastewater injection for an extended period

of time before considering implementing an SAT system for

irrigation.

To estimate potential reuse, each of these areas was ana-

lyzed individually considering the cities within the same area,

a 30 km radius and a 50 km radius.

106



In order to keep infrastructure investment to a minimum only

the cities which shared groundwater systems with the se-

lected area were considered. This should allow wastewater

to be seeped into the aquifer in one location and extracted a

few kilometers away, instead of building pipelines to trans-

port it. Using the existing injections wells for this would bring

costs to a bare minimum, however, infiltration basins such as

the ones used in Shafdan are strongly recommended since

the percolation process will give the water one additional

stage of treatment.

The specific population and residential water consumption

of each city was used to estimate total water consumption

in each area. The data used corresponds to the summer of

2014, a drought year. This shows the potential for water re-

use in a difficult scenario and where agriculture is demanding

the most water. This data was used to estimate the amount

of wastewater produced by each city. According to the EPA

(2006) between a 94% and 98% of the watewater used for

residential purposes is discharged as wastewater. This the-

sis works on the assumption that it is a 94% and that all this

wastewater is being captured a treated. After this, the poten-

tial for reuse was estimated using as a reference the statis-

tics from Shafdan which indicate that 85% of the wastewa-

ter treated can be reused. Using previously generated data

on water footprint per crop, the specific agricultural water

needs for each area were determined and compared to the

reuse potential. As seen on the previous graphs. The results

indicate that reuse is a viable option for some areas, some

others would need to extend to the second or third radius and

some would need to find water sources other than reuse.
107



As for implementation, the system was originally envisioned

as top to bottom approach as it would require the creation

of new reuse policies, especifically targeted to agricultur-

al reuse , and the creation of an enforcing entity potentially

within the existing California Department of Water resources

partnering with with the individual water agencies currently

managing each of the Water Districts included in the selected

areas.

Control of water use and enforcement of water restrictions

has long been a challenge for the state of California. There-

fore this part of the implementation process would be con-

sidered the most critical and perhaps the main reason why a

system like this hasn't been implemented yet.

As previously mentioned, when it comes to new infrastruc-

ture the main elements would be the recommended infiltra-

tion basins which have to be built near the existing waste-

water treatment plants. It is important to point out that the

system would still work by using the existing injection wells

instead of building the basins. The level of depuration, how-

ever, would not be the same.

As for making the argument in favor of reusing residential

wastewater instead of turning to other potential water sourc-

es such as desalination; reusing wastewater is less likely to

lead to salinization of the soil which is extremely difficult and

expensive to reverse.
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5.2 KEYLINE

Guidelines

- Outside of irrigation area or within irrigation in

areas presenting overdraft and/or subsidence.

- Can be used both with and without aquifers

underneath or discharge.

- Good soil

- +1- precipitation

Topography
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current state

contours

ridges and
valleys

keylines and
keypoints

dams

plowing

Crop: Almonds
Area: 365.31 acres

Current State
Usual yield: 1.83 ton/acre

Estimated yield: 668.51 tons
Estimated revenue: $2,214,832

Implementing KeyLine
Estimated yield: 851.73 - 982.76 tons

Estimated revenue: $ 2,821.834 - $ 3,255,962

114
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From the analysis, several areas were identified where mak-

ing a better use of precipitation should be considered the

main option to increase water availability. Some of this areas

are presenting overdraft or subsidence problems, some do

not have direct access to water infrastructure for irrigation,

and others do not have direct access to aquifers for ground-

water extraction.

From the case studies, this thesis suggests that a system like

Keyline design be implemented. The landscape based pat-

terning allows to capture and maintain in the soil as much

water from rainfall as possible. Excess water is collected in

large ponds and used later on for irrigation. Plowing for an off

contour cultivation reverses the natural flow and concentra-

tion of water into valleys, and drifts it to adjacent ridges mak-

ing water availability in the soil more consistent through the

farm. Having more water in the soil, in scenarios of scarcity,

will increase overall yields. Keyline has been deemed respon-

sible for incrementing yields between 30% and 50% in some

Farms in Australia. Using this data an alternative scenario

was created for an almond farm just outside of Porterville,

California. Using the Keyline system it was estimated that

even while loosing some area for the creation of the dams

and keeping the almond orchard within the same boundary,

yield and revenue would be higher than the current state.

For farms where changing plowing patterns is not financially

feasible, the recommendation would be to implement other

rainwater harvesting strategies such as check dams which

are commonly used in arid and semi arid regions such as

Rajasthan, India.
115
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As for implementation, this proposal can work both ways. As

a bottom up system, each farmer could implement Keyline

in their property simply by changing the plowing pattern and

building the retention ponds. It would require further analysis

for each individual case to determine if it is viable as a private

investment.

This proposal could also be implemented with a top-down

approach. Since plowing costs are the main restriction for

implementing this system, creating a subsidy for farmers to

apply it would be the most effective implementation strategy.

Subsidies have a long history of nudging agricultural produc-

tion in certain directions and therefore it is safe to assume

that it would have a similar effect on this case.

Applying precipitation retention strategies is in everyone's

best interest. Not only will higher levels of moisture in the

soil lead to higher yields, but it can also help as an aquifer

recharge strategy and reduce the posibility of fires.

Keyline and check dams are both highly reccommended for

the entire state of California but especially the areas selected

in this proposal.

116
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5.3 RELOCATII

Guidelines

- Considering

- Considering

- Considering

- Considering

soil taxonomy

plant hardiness

water needs

revenue

Revenue
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WP

Water needs Soil Plant Hardiness
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A

SOIL

The ideal soil - crop pairings where identified for

most of the crops analysed on this thesis.

The soil type classification system based on tex-

ture was chosen for this proposal because it was

the only one that established a clear relationship

between a specific soil type and a specific crop.

Picking the right crop for a specific soil involves

a more thorough analysis including nutrient

availability, this should be considered one of the

limitiations for this specific thesis.
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PLANT HARDINESS

Is a standard by which farmers can determine

what crops are more likely to thrive in a specif-

ic location. The plant hardiness zones are based

on temperature, indicating the average minimum

for each area. The USDA recently made this data

available for all states including California.

IV

Image source: USDA
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WATER FOOTPRINT

Given that water availability on a specific loca-

tion depends on a combination of precipitation,

amount of water carried by the CVP or SWP,

groundwater, water rights and overall water

costs, this was considered another [imitation

for this research. Instead, this thesis works on

the assumption that each farmer is aware of the

amount of water they have available and there-

fore this system focuses on providing informa-

tion on the water needed for each crop so farm-

ers can create water budgets to determine if a

crop is viable or not.

Water footprint scale (m3/acre/year)

W1
W2

W3

W4

W5
W6
W7

0 - 500

501 - 1,000

1,001 - 2,000

2,001 - 4,000

4,001 - 5,000

5,001 - 32,000

32,001 - 2,005,000

REVENUE

The revenue classification system works very

similarly to the water footprint system. It is

based on the collected data for revenue of each

crop for the year of 2015, sorted from smallest

to largest and divided into categories. The units

were changed $/acre to match the footprint and

to facilitate a quick calculation based on the area

avaible and the desired crop what is the potential

revenue. Revenue was left as the last step in the

system on purpose as the the other three vari-

ables should be considered more relevant when

choosing crops. Maximizing revenue is still a

posibility but within a set of more suitable crops.

R1
R2

R3

R4

R5
R6
R7

0 - 3,000

3,001 - 6,000

6,001 - 8,000

8,001 - 10,000

10,001 - 12,000

12,001 - 20,000

20,001 - 55,000

Revenue scale ($/acre/year)
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As for implementation, this proposal can work both ways. As

a bottom up system, used by individual farmers who want to

make better informed decisions and as top - bottom by plan-

ners how might want to restructure agriculture production by

nudging farmers into more suitable crops for their location

and water availability.

For this last approach, offering financial incentives for switch-

ing to better suited crops could prove succesful.

Another variable that should be added to this system is cur-

rent and projected relevance to the American diet, as a way to

shift into a more inward perspective to agricultural produc-

tion and trade and create greater resilience when it comes to

food security issues. Focusing on satisfying the national de-

mand first could potentially reduce prices for final consum-

ers by reducing transportation costs.
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As previously mentioned on this thesis, Climate Change and

Global Warming will continue to challenge agricultural pro-

duction all over the world. Water will be more scarce, re-

gardless of precipitation because of a continous increase in

temperature which intensifies evapotranspiration and reduc-

es soil moisture. As a result of this and many other factors,

yields are expected to be much lower making food more ex-

pensive. Current and future food security needs to become a

priority for planners and government officials.

Looking at the current agriculture paradigm the problem is

that we have forgotten that it is intrinsically natural. It de-

pends on the interaction of multiple natural systems. For

hundreds of years it has been forced to function under con-

ditions less than ideal, forcing us to develop infrastructure to

compensate for the things missing in order to meet demand

and maximize profit. What we have been left with is a sys-

tem that is not only over exploiting water but is also highly

vulnerable.

Agricultural production needs to be re-thought of based on

the specific natural systems, carrying capacity of the area

and future demand.
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