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ABSTRACT
Drawn from a trio of manuscripts, this dissertation evaluates the sustainability
contributions and implications of deploying underutilized spaces for alternative uses at
multiple scales: urban, regional and continental. The first paper congigeuse of
underutiized spaces at the urban scieurban agriculture (UA) to meet local
sustainability goals in Phoenix, Arizona. Through a-diiteen analysis, it demonstrates
UA canmeet 90% of annual demand for fresh produce, supply local prodad! food
deserts, reduce areas underserved by public parks bya®@displace >50,000 tons of
carbondioxide emissiondgrom buildings
The second papeonsidersnarginal agricultural land use for bioenergy crop cultivation
to meet futurdiquid fuels demand from cellulosic biofuels sustainably and profitably. At
a whdesale fuel price of $dallonsof-gasolineequivalent, 30 to 90.7 billion gallons of
cellulosic biofuels can be supplibg converting22 to 79.3 million hectares of marginal
lands h the Eatern UnitedStates (U.S.)Displacingmarginal cropland$9.4-13.7 million
hectaresyeduces stress amater resources by preserving soil moisture. This
displacemenis comparabldo existing land use for firgjeneration biofuels, limiting
food supply impactCoupled modehg revealspositivehydroclimate feedbacin
bioenergy crop yieldthatmoderagsthelandfootprint
The third paper examines the sustainability implications of expanding use of marginal
lands for corn cultivatiomn the Western Corn Belt,@ommercially important and
environmentally sensitive.S.region.Corn cultivation on lower quality lands, which

tend to overlap with marginal agricultural lands, is shown to be nimdgtimes more



sensitive to changes in crop pric@serefore corn cultivation disproportionately

expanded into these lands following price spikes.

Underutilized spaces can contribute towards sustainability at small and large scales in a
complementary fashion. While suiging fresh produce locally and delivering other

benefits in terms of energy use and public health, UA can also reduce pressures on
croplands and complement rarban food production. This complementarity can help
diversify agricultural land use for meegj other goals, like supplying biofuels. However,
understanding the role of market forces and economic linkages is critical to anticipate any

unintended consequences due to suatrganization of land use
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CHAPTER 1

INTRODUCTION
1.1Land use andustainabilitychallenges
People currently use about a quarter of the-lzesgked net primary production for food,
feed, fiber, timber and energy (Krausmann et al 2013). Land also provides biodiversity
and many other essential ecosystem services, likatiregulation.
Land usé land cover change is one of the most pervasiressors afheEar t h 6 s
physical resources and natural syst¢msner Il et al 2007)Deforestation, urbanization,
andthe expansion andtensification of agriculture have alegtthep | a nserfacg As a
result of human activities,overhr ee quar t er-Beelarfdareaameo Ear t hdés i
longer be considered wild (Ellis and Ramankutty 2008), and even remaining wild areas
are likely influenced by human beings (Sandersai 2002).Land us€ land cover
changeds alsolinked to almost all major environmental probletiiee land degradation
water pollutionandhabitat destructigres well asclimate changebecause land acts as a
source as well as a sifdr greenhouse gd§&HG) emissions
For examplesoils in croplands are estimated to be lost at a much faster rate than they are
formed (10 to 20 times under4titi systems to more than 100 times under conventional
tillage) (Montgomery 2007; IPCC 20)%Xxtensive and persientseasonahypoxia in
the Gulf of Mexico has been attributed to intensification of agriculture in the U.S.
Midwest (Donner and Kucharik 2008 and Van Meter et al 20d@Jexistence osimilar
Adead zonesoO have been do de(Daezaid&kdsenbeng, coast al
2008). Faster rates ofrbanization near protected areas fragment wildlife corridors,
reducing the effectiveness of efforts to prevent habitat loss (Radeloff et al RO1idg
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20072016, a estimated 23% of total anthropogeniegmhouse gas (GH@)nissions
wereattributable toAgriculture, Forestry and Other Land Use (AFOLU) (IPCC 2019).
Agriculture is the single biggest transformer of laloghd use land coverchange and

land usantensificationassociated with agriculturemains an important source of
economic growth and developmeWorldwide, the total production of cereal crops rose
by 240% (19642017)and cotton output rose by 130% (198113)due to expansion of
croplandsandyield improvementsprimarily as a result ahcreased use of agro
chemicalgIPCC 2019) Currently, more than orhird of global land use is for

agricultural purposes-@A0Stat2015): cropping (12%) and permanent pasture (25%). For
themaj ority of t he whesHaré 6f agriaultune m totalilardsared i 8 %)
more than 14%, and for a quarter, it is at least 50% (Figurelti@ated ayriculture is

also responsible for nearly 70% of freshwater consumptmtdwide (IPCC 2019).

Figurel.1.Share ofagricultual landuse by countryShare ofigricultural landas percent
of total land aredy country(2015. Source: FAOStat.



The followingtrendshighlight the sustainabilitychallengesssociated witthe use of
agricultural lands(i) the shifting ofagricultural lands to the tropics; (ii) population

growth, rising incomesandincreasingdemand for food, particularly animal protefii)

losses and waste along food supply chding;expansion of crofpased biofuetyv)
urbanizatiorand (V) telecainections in land uses a result of globalization

Theshare of agricultural lani total land(also cropland to total lan@ppeas to be
relativelystable worldwideHowever, nost developed countries have been experiencing

a decline in agriculturabihds since the 1960s, while in the developing and the least
developed countries, agricultural lands have been expanding (Fignlp2yticular,

significant expansion of agricultural lands has been documémteabpical regionswith
implications for fmd supply and the environme(fitoley et al 2011)Crop yields in the

tropics tend be lower (Gibbs et al 2008, Monfreda et al 2008, in the twenty years
between 198000, forest clearing was the source of @@ of the new agricultural

land createdh theseregionsa d di ng t o t h ebtprdangesng Babitatsamd b on d
adversely affecting many critical ecosystem services provided by these intact ecosystems
(Gibbs et al 2010).

The worl dés popul ation will omgevdham 9. 7 bil |l i o
anticipated doubling of food demand (Tilman et al 2011). This is accompanied by rising
incomes, which generally translates to higt@mmsumption ofinimal proteifGodfray et

al 2010, Tilman et al 2011), even thougls an inefficient meansfaleliveringfood

calories If current production and consumption trepeéssist nearly 1 billion hectares of

land could be cleared globally by 2050 to meet this demand (Tilman et al 2011).
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Production and distribution inefficienciesadt stages of food productietfirom harvest

to household consumptieimdicateapproximatelyonethird of all food produced

worldwideis lost or wastedThe corresponding land footpriist1.4 billion hectares

(2007) or 28% of all agricultural land used worldwid@airy and meaproductsare

responsible for nearly 80% of tHand impaci{FAO 2013)

The use of edible crops as biomasdlifpid fuelsproductionis a relativelynew

agricultural usef land (Casmly et al 2013, Rulli et al 2016). These figgtneration

biofuels fuels can be lesmrbon intensive substitutes for petrolebased liquid fuels,

which depends on several factors, including the underlying land used to grow the biomass
(Fargione et al 2(&). A period of rapid expansion of firgieneration biofuels buoyed by

policy support in the EU and the U.S. brought about unintended consequences associated
with food supply and land use (Golub et al 2013, Khanna and Crago 2012, Chen and
Khanna 2013). Dversion of productive croplands for biofuels effectively reduces net
calories available as food, but it could also shift cropping to other locations, which may
generate a carbon debt if previously uncropped lands are cleared, among other negative
environmetal consequencéSearchinger et al 2008pne of the largest such

displacements has taken place in the U.S., wherelmwed ethanol productiarses

aboutt hi rd of t he canaly copgdmndngto antenatedppof itg

cropland(9 million hectaresn 2011perMumm et al 2013

Meanwhi |l e, more than half of thd¢208)aanet 06s

proportion slated to increase 68%by 2050(UN 2018) The wor |l dés economi

energy use and emissions from elyange are concentratedaities (80%and 70%,
respectivelySeto et al 2017). Even though cities themselves represent a small portion
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(19%-3%) ofgloballand use I(ambin and Meyfroidt 2011 and Grimm et al 2p08

continued urban expansion in Asia and Afngd result in the loss of highly productive
croplandwith negative implicationsfar ood supply (Bren doéAmour et
These trends have increasingly global consequences due to growing international trade in
food and agricultural commodities (Lamkand Meyfroidt 2011) and global supply

chains that connect emerging expaoriented, landntensive industries in developing
countries with buyers in developed economies (Lenzen et al Zit#)arly, theland

footprint of citiesgoes beyond their areattent. The supply chains ftie resourceshat
support urban lifare increasingly complex and often traced to places outside of the
immediate regions and even countries where the cities are located. This has created

ft el econnect i ons on fonetions and ruralbardtusesdstant ur b a
localities(Seto et al 2012).

1.2 Sustainabléand management

Sustainable land managemgBLM) strategiesre needed tmitigatethe negative
consequence ahesestressorsnland use anébod supply Thegoal and the

challengé of SLM is to ensure food security for a growing population with as little new
land clearing for croplands as possible,cédfit useof existing agricultural lansifor

food, feedfiber, timber and energy, while maintaining the ldegn productivty of land

and its capabilityo provideecosystenservice§ FAO undatedFoley et al 2011

On the supply side, closing yield gaps and improvnggesourcginput usekfficiency

of existing agricultural lands are important SLM stratedsegh can be accomplished,

via precision agriculture methods for example, withmarhpletely resorting tthe

conventional intensification approaches that has led to the overuse of agrochemicals and

6



overdrawing of freshwater resources for irrigatiom. thedemand side, improving food
distribution and accesgould reduce posgtarvest crop losses and food waste. Shifting
diets away from graified dairy and meat sources would free up valuable jbased
calories to be directly consumed as food. Simildiiyiting the diversion of food crops
for nonfood purposes (bioenergwyould increase available food suppil of these
strategies are ultimately aimed at minimizing filieire expansion of agricultural land
use, particularly clearing of forests, anditing theenvironmental impacts of existing
agricultural land use.

Considering alternative productive uses foderutilized spaces (at the urban scale) and
marginal agricultural lands (at largiez.g. regional or continentagcales) can
complementhe® SLM strategies, which the focus of this dissertation.

Urban agriculture (UA) can address food security issues at-aaztg by increasing
local food supply (mainljrom fresh fruits and vegetables) and by improving food
distribution and access. Uzan also cuthe rate ofoodlosses and wastewhich is
substantiafor highly perishable fruits and vegetal@eBy shortening supply chains.
Whendeployed on underutilized urban spadgé can alsamprove land use efficiency
within cities.

At the regionhor continental scale nephasizinghe cultivation ofdedicated energy
crops on marginal lands for bioenergy purpasasmplishes tweustainability goals:
One, the substitution of bioenergy from food crops with that fromfaod crops. Two,
shifting erergy productioraway from the most productiveé croplands.

However this dissertation does not advocate for either assaedits-all SLM solutions
or suggestheseare thebest possibleisesof such underutilized spaces or marginal lands.
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Rather, thebjective is to demonstrate the applicability and viability of both in the U.S.
context, while also developing analytical frameworks to evaluate them in other
geographicsettings.

1.3Underutilized spaces and marginal lands

Underutilization suggestsrasourcé in this case, landl that is not used to its full
capacityor potential However, the notion of underutilization in the context of land can
be hard to describe, and mean different things to different people. Broadly, the difficulty
lies in theimplicationthat thee is an optimal use (or mix of uses) for a given piece of
landthat maximizes this potentjadnd with respect to that benchmark ¢ixéstingland

use can be improved uponthe land can be punhder an alternative uger mix of uses)
to deliverlargernetbenefitsto its owner The range of possibilities also includes the
optimal use being nense by humans (e.g. wilderness).

There are inherent challenges in estimatiregse nebenefits from current versus
alternative uses: most ciialy, this is because not all benefits and costs from a given
land use can be readily measured in monaiapther common unit (e.g., biophysical,
utility) terms Additionally, costs and benefitan accrue toear as well as distant
stakeholdersvho arenotthe owness of the land From a sustainability standpoint, the
numerousnd multiscale environmental functiod land resources can be difficult to
value even whethey arecategorizedintdi e cosystem serviceso (Saund
2016,Schroteret al2014). On the other handetermining thevalue of landbased on its
productive(economicluses icomparativelystraightforward especially in a market

economy as the U.S



Thus,without a full accounting of benefits and costs under the full spectrum of

alternative uses is difficult to establish the benchmark use against which the claim of
underutilization is made.

The term marginal land issed widely and conveniently describe land from both

economic and biophysical productivity perspectives,jtigtmainly economic in its
implications. In other words, the economiospects of land make it marginal along with

its physical characteristic®n marginallandéit he returns t o productio
meager or precari ouso0 Nokenpertaglyoywhatarae d Gal br ai t
marginal landsor more precisely land resources at the marggm change with time,

and in response to economic growth, demographic shifts, technology and policy changes
This is exemplified by thgradualshifting margin ofU.S. agricultural production

westward and abandonment of farmlands in the &astthe past 150 yeafBeterson

and Galbraith 1932, Campbell et al 2008)

Not all underutilized spaces / lands amnomicallymarginal(e.g. fallowed croplands)

Some lands conveniently labeled as marginal because of poor physical characteristics
(e.g. poor drainage, rocky, erodable, etc.) migih productive economic uses.

Sometimes, urban lots remain vacant and underutilized in the middle of booming city
centes with high rents; clearly there could be a zoning or remedial issue with the land,
but it is often the case that owners simply are waiting for rents to rise even further
(Titman 1985)Clarifying these distinctions outside the scope of this dissertatibut

would be important for designing and implementing successful SLM strategies

Research presented in this dissertatimodoes not addressyconceptual ambiguity
associated with the definition of marginal land or underutilized spandsjoes no

9



claim to resolve whether or nthte land or spaces are truly underutilized. For its
purposes, ifocuses narrowly ogeveral types of spaces tlaaé generally accepted as
underutilized with respect a dominant use type.

For examplecities exhibit a desity of settlemenanddevelopmenthatis more compact
than their outlying areas or rural arelmsthis setting, settlement and development is the
defacto benchmark land use amaderutilized spaces caxtend fromurbanbeacheso
wetlandsjncludecommunity gardens, parks, apériurbanfarmland, as well as

parking lots, abandoned buildings, empty lots, and inactive industrialBigehtionally,
however, underutilized spaces in an urban context have been associated with vacant
and/or abandonedt®or buildinggPagano and Bowman 200@&ven then, precise
definitions vary from one locality to anothi@iori 2004).

Focusing specifically on vacant lands and buildings in the U.S., Newman et al (2016, in
an update of Pagano and Bown28©0) survey 124 U.S. cities with populations
>100,000. They report, on average,7%6.of total urban area is made up of vacant land.
The estimates vary regionally (9.3% in the Northeast versus 23.5% in the South). At the
city-scale estimates reveal emavider discrepancy, with proportion of vacant land
ranging from <1% to more than 70% of total labdingthea u t hestimatéfor the
Northeast region (which is the most urbanized region of the th8.amount of vacant
lands in U.S. urban areas isoaib 2.6 million ha.

In this dissertation, the definition of underutilized spaces in an urban sstértended

to include rooftops and building fagades in additiotheounderutilizediacant parcels
Rooftops and building fagadeave been considedas potential suitable spaces i
applicationge.g., Clinton et al 2018 and Thomaier et al 20&),not necessarily

10



described as underutilizet@ihereare fewcountry or global scale estimates of urban
spaces associated withilding exteriorsone example is Clinton et al (20)1,8~vhich
estimates approximatell4 million ha oftotal available spacglobally from these
sourcesThe same studyggregating spaces from building exteriors with vacant areas,
estimateghe global potential areavailable for UA to range from million hato 11

million ha worldwide. According to the authorletU.S.is thelargest source of
(underutilized urban spaces for Ugvith 2 million ha of available spadkatrepresents
about 7% of total urban area in theS. (basedn Bigelow and Borchers 2017).

Other countryor globatscale studies on UA considdandd requirements, but not
necessarily the availability of (underutilized or othef)an spacefor UA. For instance,
Badami and Ramankutty (2014) estisnahat proportion of urban langlould need to be
used for UA for select countriés improve food security for the urban po@rhey report
1.3% of urban land area in the U.S. is needeidtellozzo et al (2015) estimate ene
third of global urban area witilineed to be used for UA to mebeexisting vegetable
demand of urban residents (>21 million ha). Thebo et al (2014) estimate existing
agricultural land use within urban and perban areas and report as much as 67 million
ha ofurbanland is currentlyused for cropping.

Descriptions of nderutilized land are variablén norturban settings tad-or example,
croplands can be considered underutilifembserved crop yield&ll short of the
physical/climatic potentidii.e.,thefi y i e | )dAlsg somabands are either not suitable
for agriculture-due to low soil productivity or other concerns that make it risky for
growing crops-or prone to degradation (Bouwman 200&h)d therefore deemed
marginal Marginal lands may also refer to abandoned gratied lands, wastelands, and
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otherwise idle lands. Abandoned lands were at some point used for agriculture or pasture,
but no longer in productive use (Field et al 2008). Degraded threlto soil erosion,
desertification, salinization, acidification can longemprovide ecosystem services

without aid or interventionThe physical and ecological characteristics of wastelands
make them afit for agriculture Lastly, idle lands can include all of the above in addition

to undevelope lands and conservati@ameas (Farrel et al 2008hdependent of their

physical state, marginal lands could also arise in response to changing economic
conditions, public policy, or land management practices (Wiegmann 2008). For example,
the process of urbanization createdeutilized agricultural lands at the urbawral

fringe (margin)as farming activity declines in anticipation of development.

Since aroun@008§ literature has commented on the potential of marginal lands to
support biofuels productiomsing biomass froman-crop feedstocks (e.g. Tilman et al

2006) Based ondrgescaleresource assessments estimate the size and distribution of
such landsthe scaleof marginallands isat least several hundred million hectassl

could be as high as a billion hectavesrldwide For the U.S., comparable estimates
indicate a range of 43 million ha to >100 million ha.

Independent of their potential for biomass energy agriculture, Hond@h991) estimated

500 million ha of degraded lands globalp% of which was in Africa, and the balance
distributed equally in Asia and Latin America. The source for these degraded lands were
areas identified as formerly tropical forests that remained undeveloped and not used for
agriculture. Using these degraldand estimates as a starting point, Tilman et al (2006)

calculate bioenergy could meet 25% to 35% of global energy needs.

12



Field et al (2008) focus on abandoned agriculturaldavitbse size they estimate to be
386 million ha globallywith £50% uncertaity). In their analysis, the authors use HYDE
database of historical land cover change from 1700 to 2000 to determine areas that were
once used for agricultuferopping and pasture), but not any londer initial estimate
(>700 million ha)is adjusted d@nwardsby removing lands that have since become
urbanized, reforested, arentback into agricultural use based on more recent land use
/land cover data from MODIS hey estimate the potential of biomass energy (content) to
be about 5% of global primaryergy consumption.

Campbédlet al (2008) refinghearea estimatesf abandoned agricultural landskeld et

al (2008) while also employing a global ecosystem model (CASA) for determining
biomass yieldsin this study, the available area is 4549 milion ha rangdand excludes
transitions betweearopandpasturg. The energy content of dry biomass harvested from
this land base is about8P6 of world primary energy demand, although sufficient to meet
energy needs in certain regions (e.g. Africa).

Caiet al (2011) use a rangeaéfinitions for marginal agricultural landis estimate the
potentialfor secondgeneratiorbiofuel productiorin Africa, Europe, Sailn America, and
China, India, andhe continental U.SThe lowend of estimated land availab$320

million haof land based othe narrowest definition of marginal lands (limited to
abandoned and degradempland and mixed crop andgetation land). Under the most
extensive marginal land designatiexjsting pasturelandgrassland, savanna, and
shrubland with marginal productivigrealsoincluded. Then, the total availaband
exceeds 1,100 million hglobally. (This is approximatel25% of existing agricultural

lands in the world). The authors estimate such landade cneet as much as 58% of the
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[then] current world liquid fuel consumptioBased on Cai et al (2011) analysis, the

availableland base in the U.S. varigm 43million hato 128 million ha.

Zumkehr and Campbell (2018)so emphasize the use of abametb croplands for

bioenergy purposesut focus on the U.S hey creatdistorical agriculturaland use

map for thecontinentall.S.combining recentensus data oagriculturalland use with a

simple land use change model applied backwards to estinstteidal croplandsat the

countyscale This studyestimats 45 million ha of abandoned croplands, whose

bioenergy potential can meet 4% to 30%Jd%. liquid fuel demand, under a range of

biomass yield assumptions.

1.4 Description of thehree paperandthe organization afhe dissertation

The three papers that constitute ttissertatiorare

1. Urban Agriculturebés Bounty: ContPaperbuti ons
1; Chapter 2 of the dissertatipn

2. Can Environmentally Sustainable Laddlization for Bioenergy Crops Support a
Cellulosic Biofuels Industry? (Paper 2; Chapter 3 of the dissertation), and

3. Role of land quality in corn acreage response to price and policy changes: evidence
from the Western Corn Belt (Paper 3; chapter 4 ofitegertation).

The study areas for all threapersare in the U.S a highly urbanized country with a

large agricultural sectom 2012, U.Sagricultural land usef approxmately422 million

harepresentedhore than 50% the total land usespitea steady declinen croplands

since 1958 (by 18%; Bigelow and Borchers 201The U.Salso makes uf0% of

world agrcultural land usgand is second only to Chin20(12 data froniFAOStat)
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More than 8% of U.S. population liven urban areagcompared t®5.3% for the world

UN 2018. Urban land use in the country is ab28t3 million ha 8% of the total land

use).It has nearly tripled since 1949 in response to economic and population growth

(Bigelow and Borchers 2017).

Below, | briefly describe the rearch objectives and summarize key features of each

paper. The papers are then presented in the order abGhapters 24. Chapter 5

provides a brief conclusion and outlines possible avenues of future research.

The first papeconducts a cityscaleanalysis to quantify benefits from Utar the City of

Phoenix, ArizonaThe paper adopts the dataven approach of Clinton et al (2018) in

guantifying these benefith.alsopd evel ops a fAdesired outcomesao
metrics to assesstheeflect eness of UA in meeting the city
in terms of local food supply, reducing energy and emissions from buildings, and

increasing green open spacele paper asks twkey research questian

1 Can UA be a tool to advance sustain&pidjoals in arid cities like Phoenix and

what tradeoffs exist with use of scarce water resources?

1 Can UA help meet urban sustainability goals in addition to food production?
The second papeooms out with a study a¢hatextends to the entire CONUBhe
objective of the paper is to demonstrate how the future demand faxalden liquid
fuels in the U.S. can be met with biofuels from sustainably grown energy crops, while
ensuring an economically viable biofuel industry. The analysis in this paper $amuse
the final (economic optimization) stage of a coupled hydroclireatsystereconomic
modeling approachSustainably grown energy crops @exennial grasses (miscanthus

or switchgrass) grown on marginal lar{tesed on gridded data from Cai et all P0to
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avoid competing with food crops grown on prime farmlands. The land base for biomass
supply is further restricted to eastern CONMEere rainrfed agriculture is feasible
(specifically, East of the 184UMeridian). The analysis also assesses the g

economic implications of placing an additional constraint on thelbiasé with regards

to soil moisture (over a 1gear period)Avoiding regions withsoil moisturdoss

prevents overuse glrface and groundater resource#\ novel feature of thentegrated
modeling framework involvethe use of modelebioenergy cropyields that reflect the
hydroclimaticfeedbackresultingfrom largescaleland conversion to bioenergy craps
Theprincipalquestios asked by Paper &re:

1 What isthe resource (lanidas@ and fuel price scenarios under which sufficient
biofuels are produced to meet the future,-ptectrifiable portion of U.S. liquid
fuels demand

1 What arethe output impastof land and wateiuse related constraintsposedo
ensure sustainabilityf thee biofuel®

The third papemvestigateshe expansion of corn cultivation the Western Corn Belt
(WCB) regionin response to changirmgop prices over a thredecade period (1986
2015) The WCB isa five-state region where concernave beemaised about conversion
of previouslyuncultivated(native)grasslands into corn cultivation following changes to
U.S. biofuel policy (e.g., Wright and/imberly 2013 and_ark et al 2015)It contains a
large share of themarginalagriculturallands identifiel by Cai et al (2011and isalso
home to ecologically sensitive areas, like the Prairie Pothole Region (FiRhain

research questions of this paper. are
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1 How hascorn cultivation expanded on loweersus highequality lands in
response to high coprice®
1 Hasthis price responsearied before and after the change in US biofuel paficy
2005?
If lower quality--more marginalless productivelandsmove in and out of corn
cultivationmore easilyn response to changimgop prices, this has impligans for
alternative uses of marginal lands (like bioenerggy environmentally vulnerable
marginal lands, higprices would generate larger environmental impacts, but small
output benefits.
The first two papers this dissertatiomre assessments wndixed economic conditions
representing snapshots in time, whereas the third paper allows (crop) prices to vary by
taking a historical view and conducting an analysis using panel data.
The researcin thisdissertatioris empirical in nature and utilissecondary datanost
of which is publicly availableThe land use data abeth GIS-based (e.g. USDA Crop
Data Layer gridded marginal land map from Cai et al (2011PAR, NAIP imagery
andsurvey or censubaseddata collected by thiederal government (USDA) as well as
parcetlevel cadastral data from local governmértiese data are complemented with
other spatially explicit datsourcegadministrative boundariespil maps, climate and

weather datamaps of industrial infrastruate, roads, and railways). Socioeconoic

otherdata i s sourced primarily from the U.

Survey
Paper 1 uses parcel and buildiegel data for the assessment of underutilized urban

spaces, and then aggregates thethéacensus block group level to permit neighborhood
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level analysis.Paper 2ises gridded marginal land map from Cai et al (2Q14m), map

of existing croplandérom USDA Crop Data Laygi30m), andgridded data fosimulated
biomassyields (10km)generatd by an ecosystem model (AGRBIS). The

optimization analysis is done at the-itx scale to fully represent spatial variation in
simulated biomass yieldBaper 3 primarily uses courligvel land use data for harvested
corn acreagéom the USDA but grogs the counties in the sample with respect to land
guality using 96m resolution data on soils. In this case, the advantage of elawety
data is the longer temporal coverage necessary for the analysis despite cbbeseg in
spatial resolutiothansatellitebased sources.

Thethree paperalsoemploydifferent methodologicapproacheand utilizedifferent
datasetsPaper 1 uses a datisiven framework that combines fine resolution GIS data
with socioeonomic and physical indicatorfaper 2 usesspatially explicit

optimization modeby Parker (2011%hat simulates a profinaximizingcellulosic

biofuel industry based asimulated biomass yieldproduct and input prices,
transportation costs, and other relevant constraints (such as techredameters).

Paper 3 uses a multivariate regression model to estimate the price respmrse of
acreagat countyscale Table 11 summarizes the key featurekthe three papers

1.5 Collaborations and publication status

Two of the papers in thdissertation are collaborative effqrted by the author of this
dissertation

Paper 1 is worloint with Michelle Stuhlmacher, Jordan P. Smith, Matei Georgescu
(School of Geographical Sciences and Urban Planning, Arizona State University) and
Nicholas dinton (Google, Inc.)It was published in Environmental Research Letters in
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September 201N(tps://doi.org/10.1088/1748326/ab428t | hada leadership rolat

all stages of this papdirom stug design to thg@ublication Specifically, I, M.

Stuhlmacher and M. Georgescu were responsiblstfioly desigrand developing the
city-scale framework substantiallyperformed thditerature reviewwith contributions

from J.P. SmithThe 2017 update Bhoenix, Arizonasacant lots assessment was led by
J.P. Smithwith M. Stuhlmacher and | perfming the GIS aggregatiaf parcel level

data toto block group levelM. Stuhlmacheand Iworked jointly onthe assessment of
availablebuilding spaces (rooftops and facades)urban agricultureising LIDAR data.

M. Stuhlmacher and | algointly undertookthe energy flux calculations involving

rooftops with and without urban agriculture substrhtellected thedata on suitable

crops caloriesfood losseswater useand other relevant datand conducted therop

ranking andood supply analysjsncluding the sensitivitie$ alsocollectedand analyzed
the socioeconomic dafa.g. on food deserts, energy use, demographics, inagad)in

the discussion. performed all analysis and manuscript revisions in response to feedback
from anonymous reviewerksubstantiallywrote the manuscriptwith all coauthors
takingpartin refining the finished produdnitially for journal submissin and later for

final publication purposes.

Paper 2 is collaborative work with Nathan Parker (School of Sustainability, Arizona State
University), Meng Wang, and Matei Georgescu (School of Geographical Sciences and
Urban Planning, Arizona State UnivaygiDr. Andrew VanLoocke, lowa State

University, and Dr. Justin Bagley (Carbon Lighthoude)s slated for submission for
publication during Spring 202This paper constitutes the final stage of a larger coupled
hydroclimateecosystereconomic modelingffort concerning futurecellulosic biofuel
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industry in the U.SIt summarizeshe economic modeling resulishich are obtained

using a spatialhexplicit optimization modelin this paper, M. Georgescu, N. Parker and

| worked on study design. | and Rarker developed scenarios for modelingpllected
analyzed, and processalil of thespatially-explicit input data used for the economic
optimization model, except for the simulated bioenergy crop yields. These were provided
by A. VanLoocke and J. B&y. Summaryresultsfrom hydroclimate simulations

relevant to theconomic modeling were provided by M. Wahgerformed the spatially
explicit biomass assessment that is at the core of the optimization model. | assisted N.
Parker in customizing the other soindels that feed into the economic optimization,
such as the network model of biomass transportatiorfiumhdistribution costs. N.

Parker conducted optimization runs, amadcessed and anakd all output from these
runs. As in Paper 1, | substantially wrote the manuscript, with valuable comments and
suggestions from M. Georgescu and N. Parker to impegpesition.

Paper 3which is a solauthored papewaspublished in Environmental Research

Communications in July 2019tfps://doi.org/10.1088/2516620/ab2c3f
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Table 11

Key featues of thehree papers included in the dissertation

Paper 1 Paper 2 Paper 3
. Can Environmentally Role of land quality in
Urban Agricul tU corn acreage response t

Sustainable Land Use for

Title Contributions to Phoenix's Bioeneray Crons Support a price and policy changes
Sustainability Goals gy ~rop bp evidence from the
Cellulosic Biofueldndustry?
Western Corn Belt
Economic optimization as
Method Datadriven assessment part of I.arger integrated GIS andmultlvarlaFe
hydroclimateecosystem regression analysis
economic modeling
Geographic| ~. . . Western Corn Belt (398
scope City of Phoenix, Arizona CONUS counties)
Spatial Census block group fi Ps efuadroms 6 at County
scale scale
;’Cearngoral Snapshot circa 2016/2017 Single year (2012) 19862015
Map of suitable marginal
lands for bioenergy crops i
Land use Cadastral data, NAIP imagery, | from [8] and USDA Crop USDA NASS survey dats
; on land use and acreage
data and LiDAR Data Layer (2012) for
. (countyyear)
competing land uses
(aggregated to 10 km pixel)
Metrics based on the desired
Dependent outcomes associated with local Agareqate profits to
var?able sustainability goals for local food cgllgulogsic bli%fuel industr Acreageplantedfor corn
systems, energy and buildings, y
and green open spaces
Locql _data on suitable crop yield Crop yields, input and Crop and input prices,
Key municipal water use, energy use . .
. . transportation costs, CRP rents;
independent and emissions, weather, land ; .
. . technology parameters, weather/climate and soil
variables values, population, and other ! .
. . i product prices quality
socioeconomic variables
Proportion / percentage delivere( Supply curves for cellulosic | Averageacreage
Outcome for the metrics described above | biofuels and configuration 0] response to crop prices
(dep. var.) biofuel industry for typical WCB county
Is outcome
spatially Yes Yes No
explicit?
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CHAPTER 2
URBAN AGRI CUBOUNREGOBITRIBUTIONS TO PHOENI X0 S

SUSTAINABILITY GOALS

ABSTRACT
With over half of the wor isddustingeadence iadicatign | i v i
that investments in urban sustainability can deliver high returns on socioeconomic and
environmental fronts. Current scholarship on urban agriculture (UA) reports a wide range of
benefits which have been shown to vary wiita scale and type of benefit examined. Notably,
most cityscale studies do not align benefits of UA with locally meaningful goals. We fill this
gap by conducting a citgcale analysis for Phoenix, the fifth largest city in the USA by
population and evalt@ these benefits based on their ability to contribute to select desired
outcomes specified in Phoenixés 2050 Sustaina
provision of green open space, and energy ange@@sions savings from buildings. We
consder three types of surfaces for UA deployn@enindeveloped vacant lots, flat rooftops, and
building facaded and find that the existing building stock provides 71% of available UA space
in the study area. The estimated total food supply from UA is 1830080oker year, providing
local produce in all existing food deserts of Phoenix, and meeting 90% of current annual
consumption of fresh produce based on national per capita consumption patterns. UA would also
add green open space and reduce by 60% the nuhbleick groups underserved by public
parks. Rooftop deployment of UA could reduce energy use in buildings and has the potential to

displace more than 50,000 tons of g@r year. Our work highlights the importance of
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combining a datariven framework wit local information to address plabased sustainability

goals and can be used as a template forscitye evaluations of UA in alternate settings.

2.1 Introduction

Globally, the proportion of urban dwellers is expected to increase from 55% to 68350y 2

(UN 2018). Cities occupy a s nB&), butgeaasgonsiblea o f
for most of the energy and resources used and emissions generated (Seto et al 2017; Grimm et al
2008). Today, largscale urbanization is a change processioing simultaneously in many

parts of the world (Seto et al 2017). However, the nature of these urban transitions and patterns
of urbanization varies from place to place, each with their particular challenges and
consequences (Cohen 2006 and Seto éd1)2 Although the growth of cities in Asia and

Africa involves loss of highly productiveropland with implications for global food production
(Bren doAmo,developed cites in Ro&HLAMErica and Europe have completed their
agrarian transitionThere, retrofitting existing building stock is a sustainability priority that will

lead to substantial reductions in energy use (Georgescu et al 2015; Guneralp et al 2017).
Therefore, it is important to identify the appropriate-Gitpale response for laieving

sustainability, which then needs to be complemented by an understanding of feedbacks and
interactions across scales.

Urban agriculture (UA) is one tool in a portfolio of measures for achieving urban sustainability
and making cities more resilie@ubbeling et al 2009; de Zeeuw et al 2011; de Zeeuw and
Dreschel 2015). It contributes to resilience by providing locally produced food and diversifying

existing food supply, creating alternative earning opportunities for residents (de Zeeuw et al
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2011 al Zezza and Tasciotti 2010). It serves as an opportunity to productively use increasingly
scarce urban water resources by reusing greywater, and redirecting household organic waste (de
Zeeuw et al 2011). Commaodities supplied through UA are distributesheia marketing chains,
potentially reducing transportation costs and associated emissions (Weber and Matthews 2008).
UA landscapes can act as urban habitats for wildlife (Goddard et al 2010).

There are risks and drawbacks associated with UA that mage¢de magnitude of benefits,

though these can be managed by testing, treatment, and use of appropriate management
practices. Food production can be inefficient with respect to-Esgke commercial agriculture
(Desrochers and Shimizu 2012). Plants gronwrcontaminated soils (Beniston and Lal 2012;

Meharg 2016) or in areas of high air pollution (Bell et al, 2011) reduce yields and pose health
and safety concerns. Other risks associated with UA involve the application of herbicides and
pesticides, and us# untreated manure or wastewater, and introduction of new pests and
diseases (Smit et al 2001).

Global studies (Clinton et al 2018, Martellozzo et al 2014) emphasize the scale of the UA
opportunity. In addition, quantifying the potential forlsenefits hat extend beyond merely
addressing food insecurity concerns (Clinton et al 2018) require-Ipteseel assessments to tailor

how UA can be used to achieve sustainability and contribute to resiliency in specific urban
contexts. In the process, it is essdribdocus on solutions that are consistent with plaased

desired outcomés" a s u st ai n aodbaf lrbam policymnakerk and ressddénts. These can
accelerate the transition towards urban resilience and reduce risks due to a lack of understanding

of the sociepolitical infrastructure (Eakin et al 2017). This makes sustainability science relevant

29



to city needs, constiqtsegrtr ewiobminendiagddlohiuo nle e
2007; Clark, 2007 and Seto et al 2017).

Here we quantifyUAd enef i ts for the City of Phoenix, AZ
framework by connecting UA with Phoenixds | oc
fifth largest and second fastest growing city in the U.S. by population (1.63 million people

2017 with 1.5% increase over 20260 1 7 ; U.S. Census Bureau, 2018a
allows for yeairound crop production with the aid of irrigation. Not unlike other Sunbelt cities,

however, urban population growth and climate change exacerhbstiegwaterresource

concerns for Phoenix (Georgescu et al 2013; Gober and Kirkwood, 2010). The overarching

guestion we address here is to what extent can UA be a tool to advance sustainability goals in

arid cities like Phoenix and what tradeoffs exigihwise of scarce water resources?

We adopt the datdriven approach introduced by Clinton et al (2018), which performed the first

global assessment of ecosystem benefits owing to UA deployment. Our work builds upon prior
city-scale assessments of UA (eAckerman et al 2014; CoDyre et al 2015; Haberman et al

2014; Mack et al 2017; McClintock et al 2013; Mendes et al 2008; Orsini et al 2014; Patel and
MacRae 2012; and Saha and Eckelman 2017) by extending analysis beyond food production. We
inquire whether broader range of locallyefined sustainability outcomes, in addition to food

production, could be attained, and if so to what extent, through UA adoption. The developed
framework is translatable to other cities and can be used as a template forcsiyrdeale

evaluations of UA as well as other urban sustainability solutions.

30



2.2 Materials and methods

2.2.1 Study area

Phoenix is the seat of Maricopa County and capitol of the state of Arizona, in southwestern USA

(Fig. 2.1A).0ur study areancludes all census block groups with LIDAR building footprint data

that intersect the administrative boundaries of Phoenix (Fig. 2.1B).
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Figure 2.1 Study area. (A) The location of City of Phoenix in relation to Maricopa County, state

of Ari zona,

Ari zonaos

neighboring

states

the city (blue); existing LIDAR buildings data coverage in metro Phoenbldnk group (red);
and the census block groups constituting the study area (green).
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Arizona is the sixth largest state in the U.S. by land area. Urban areas constitute 2% of land in
Arizona (compared to 3% across the U.S.), with Phoenix being the largastarea in the state.
Situated in the Salt River Valley in the Sonoran Desert, Phoenix is spread ovelrixély

square kilometer$(9 square miles). It has a subtropical desert climate with abundant sunshine
(85% of daytime hours) and receives ati2@B.2 mm of rainfall per year.

Agriculture has a long history in Phoenix. Evidence of irrigation canals and seasonal farming
predate modern settlement by over a thousand years. Modern Phoenix also has roots as an
agrarian community. The city originallpnsisted of a small urban core surrounded by farmland.
Since the 1940s, it has transitioned into a commercial and industrial center, resulting in the
current land use pattern observed: loss of farmland to development and vacant lots in the urban
core and long the periphery.

2.2.2 Desired outcomes and metrics

In 2016, the City of Phoenix adopted 2@50 Environmental Sustainability Go#adsvards

becoming a ASustai nabl ee De Kengrél Pl&iCity of Bhoenix, e n v i

2017a)The cityds current goals were developed
encompass buildings and energy use, clean air, water use, parks and open spaces, local food
systems, transportation, andst@management. Along with each goal are associated desired
long-term outcomes

We focus on three of these sustainability goals for which UA can help deliver the associated
desired outcomes. These are (1) local food systems, (2) open space provisi8hpaidilig

and energy use. We identify the delivery mechanism and associated metrics to evaluate the

effectiveness of UA in meeting these desired outcomes (Table 1). We then quantify these metrics
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https://www.phoenix.gov/sustainability/

on an aggregate city (study area) scale and analyze o tieem at the block group level to
pinpoint areas of the city that could benefit from prioritized deployment of UA. This method
considers the variations in available area for UA as well as resource and income disparities in

different parts of the city.

Table 2.1

How UA can contribute to Phoenix®b6s sustainabi

City of Phoenix

UA Delivery

_ Metrics
Mechanisms

2050 Sustainability Desired Outcomes™
Goals Category*

- Localfood supply from UA
Local Food - Total tons

Systems - Tons/census block
Help reduce food deserts - Tons/person

Ellmlnatln(g ff;)d deserts vialocal ?orgguctlon of - In block groups overlapping known food deserts
p. (% mile LILA tracts)
AR

- Total tons
- Tons per food desert
- Tons/person

Parks, Preserves .
- Increase in green space area (%)

and Open Spaces “Having all residents within a Create green open
g five-minute walk of a park or spaces by repurposing - Number of census blocks with public green
open space by adding new vacantlands as urban space that formerly had none (%)
parks or open space in farms or community P Y
‘ underserved areas.” (p.10) gardens - Increase in the 5-minute green open space

access zones (% area and population served)

Energy: Buildings

and Land Use - Avoided electricity use in buildings from added

insulation provided by rooftop deployment of UA
“Reduce carbon pollution from (MWh)

. L Create rooftop gardens
vehicles, buildings, and waste

that insulate buildings
by 80%-90%" (p.3
@ Y ’ o p-3) - Avoided CO, emissions as a result of reduced

building electricity use (metric tons)

Connects the City of Phoenixo6s sustainability
deployment of UA by identifying the specific delivery mechanism and metrics. (*) City of
Phoenix(2017a).

2.2.3 Available area estimation for UA
We focus on underutilized exterior spaces suitable for UA. Following Clinton et al (2018), we

consider three types of urban space available for UA: undeveloped (unpaved) vacant lots, flat
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rooftops, and butling fagcades (vertical growing spaces). Rooftop UA infrastructure involves a
substrate made up of specialized membranes and drainage barriers for growing vegetation on top
of buildings. The fagade format grows vegetation alongside exterior walls of lgsildising
infrastructure like trellises or cages to support plants. Both of these formats have been employed
in UA applications (Thomaier et al 2015). We exclude other forms of vertical UA within

buildings such as controlled environment agriculture (CEdodnan and Minner 2019) or
building-integrated agriculture (BIA; Gould and Caplow 2012).

Available area from vacant lots is based on a detailezhiiovy of all vacant propertybuilt,

paved lots, or undeveloped letsn Phoenix metro area compiled #2010 and 2017 following

Smith et al (2017). The available area from rooftops and vertical surfaces are derived using the
2014 (most recently available) LiDAR building footprint data for Phoenix. We do not consider
alternative land use patterns (beyond whatent data reflects) for assessing food supfige(
Supplemental Informatiosectiors 2.71 and2.7 5 for details.)

We derive total potential areaf/available for UA by aggregating areas for the three types of
spaces (i) at the block group leveldathen summing across block groups (1).

6 B B o 1)

where j denoteblock groups (N=910) in our study area and i demttetypes of spaces

considered for UA with 1=vacant lots, 2=rooftops, and 3=building fagades.

2.2.4 Local freh produce supply from UA
We identify 34 suitable crops consisting mostly of vegetables and fruits grown in Maricopa

County (2012 Census of Agriculture). Field crops (e.qg., alfalfa, cotton) or tree crops (e.g., citrus)
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are excluded because of potentiad@and time (crop growth) limitations under UA. We rank

the selected crops using three criteria on an ega@jhted basis: estimated water use (mfjiyym

historical yields (ton/ha), and supermarket retail prices from 2016 ($/ton).

Crops with higher yields, lower water use, and higher prices are preferred, and therefore ranked
higher. The combined preference for high yields, low water use (highest cost input) with high

retail prices in ranking crops is our proxy for profitability.

We next sort the 34 crops and form terciles of suitability: good, average, and poor. Planting area

is allocated proportional to suitability: e.dg
than those in the @poor oropgnreaalopationAkcéptfd A si t es
facades, which are limited to a subset of these crops (22 out of 34) since some crops are less

suitable for vertical cultivation. (Seai@plemental Information, sectié@7 1 for details.)

Total annual food supply from UA the sum of crop production at block group level (2):
Annual food supplyB | 27 AECEEAIT A 2

where A is the area in by type of UA space i (e.g. vacant lots) as described previously, and
each cr op0 s iwmapgtiorial to thveceal rgnk df all crops suitable for UA (3, 3.1).
7AECEOATHB 2 AT Borvacant and rooftops) (3)

7AECEOATMB 2 Al Bor building facades) (3.1)

2.2.5 Open green space provision
We consider any open green space provision by U/ tasisociated with the use of undeveloped
(unpaved) vacant lots (excluding rooftop/facade applications), and incremental to existing open

green spaces. In our analysis, existing green open spaces are limited to public parks. Block
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groups that have no publparks are considered underserved. When UA deployed on vacant lots
adds open green space to a previously underserved block group, we consider that block group no
longer underserved.

We compute vacant lot area that will be counted towards open greerpspasen in two

ways. First, we consider the impact of deploying all available vacant lots for UA, regardless of

lot size. Second, we place a lower limit on vacant lot size (5,8D@md prioritize UA

deployment on fewer but larger lots that could neasily incorporate parkke features. We

refer to these | arger vacant | ots (either on
Using this subsample of vacant sites, we further estimate how open green space provided by UA
can improve walkabty using buffer analysis (Se®upplemental Information, secti@na/ 1 for

detailg.

2.2.6 Energy savings and avoided emissions from buildings

Rooftop applications of UA can reduce the energy usage of and emissions from buildings via
improved insulatia. The UA substrate added on rooftops increases thermal resistava@€R

of roofs and reduces building energy use. We follow Clinton et al (2018), modifying it with

locally available data for Phoenix.

The difference between total kWh electricity ugéobe UA and after UA provides an estimate

of avoided building energy use. Using £€nission rates from power generation in Arizona, we

also derive corresponding estimates for avoided i@ to UA. Further methodological details

are provided ir{See Suplemental Information, sectiah71 and2.7 4 for details)
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2.3 Results and discussion

2.3.1 Potential area available for UA

In our study area, using 2017 data, we estimate a total of 7,230 hectares is available for UA,
representing 7.1% of the land araad 5% of total surface area (including surface area of
buildings). More than half (53%) of this total area is provided by rooftops, 29% by vacant lots,
and the remaining 18% from building facades. Thus, 71% of the total available area for UA is

suppliedby existing building stock (Table 2.2).

Table 2.2

Potential area available for UA by category

Category Total Count of Average| Count of ﬁ\é(iatrsage ;Zgr?n%;
available area potential| Share (%) units* | &rea (M) block bloclz by block
for UA area (ha) per unit* | groups** o y .
group group
(1) Vacant lots 2,096.3 28.9% 10,708 1,957.7 565 19 37,103
(2) Rooftops 3,821.9 52.8% 20,114 1,900.1 843 24 45,337
(3) Building 1,311.8|  18.1%| 432,493 30.4 907 477| 14,463
facades
7,230.0 100.0%

Summary statistics for available UA area in our study area by category: vacant lots, rooftops, and
building fagades (vertical). (Ynit corresponds to individual vacant lots for vacant lots; flat

rooftop buildings with roof area >464.51{%,000 f£) for rooftops. (**) Out of a total of 910

block groups in study area. The averages exclude block groups with no reported area for a given

category.
Grouped by type of space available for UA, our study area contains 10,708 individual
undeveloped vacant lotsyer 20,000 suitable rooftops with roof areas >4642%5)900 ft2),

which represents 35% of all flat rooftops by area, and more than 432,000 individual buildings.
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Not all block groups have all types of space available for UA: of the 910 block groups in our
study area, we document vacant lots in 565, suitable rooftops in 843, and buildings in 907, and
only one block group has no available UA area of any type.

The area of block groups ranges from 85.5 to over 6,500 hectares in Phoenix and affects the total
available area for UA. Controlling for size, the block groups with largest available area from
vacant lots are concentrated in southwestern Phoenix (Fig. 2.2A). Block groups with the greatest
rooftop area are found along the main commeiio@distrial corriars of the city (Fig. 2.2B).

The blockgroup distribution of UA area from facades (Fig. 2.2C) is correlated with the number

of individual buildings, and therefore favors more densely settled residential districts with

smaller lot sizes.

Compared to Clintoet al (2018), which completed a similar area assessment for UA at the

global scale, the contribution to total UA area from vacant lots is substantially lower (29% in
Phoenix vs. 80% globally), meaning that area from rooftops and fagades is higher (71% in
Phoenix vs. 20% globally). This is partly driven by the fsoale inputs used in area estimation,

highlighting the need for citgcale assessment.
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Potential area from vacant lots P ial area from rooftop
by block group by block group

Normalized by block group area, in quartiles Existing parks N Normalized by block group area, in quartiles Existing parks. I
I 3.5% to 36% (top quartiie) No value A I .15 to 34.6% of area (top quartile) No value A
I 13% 0 35% 1250,000 I 2% 10 6.1% of area 1:250,000
B 0.4% 10 1.3% B 1.1% 10 2.8% of area
< 0.4% (bottom quartile) <1.1% of area (bottom quartile)
Potential vertical area (from building facades) n Total potential area
by block group by block group

= i
Normalized by block group area, in quartiles Existing parks x Normalized by block group area, in quartiles Existing parks ,"\
I 25% o 3.9% (top quartile) No value I 10.6% to 37.7% (1op quartle) o
I 2% 0 25% 1250000 [ 645 w0 106% 1250000
B 16t02.1% P 4% t06.4%

< 1,6% (bottom quartile)

< 4% (bottom quartile)

Figure 2.2. Total potential area available for UA. Each panel depicts potential area by type
availabk for UA by quartiles of block groups normalized by block group area adjusted by
regional parks that are excluded from development. (A) Potential area from vacant lots; (B)
Potential area from rooftops; (C) Potential area from building facades (vericdljD) Total
potential area that is the sum of areas in A, B, and C.
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The total area for undevelopedcant lots in Phoenix decreased from 2010 to 2017 by 23%
following the economic recovery. Since we apply the same crop mix to all vacant lots available
for UA, this means the corresponding food supply would have been 23% higher in 2010.
Notably, the reduction in vacant lot area over this period is not uniformly observed across the
city. While the majority of block groups (N=345) experienced a reductiandevelopedacant

lot area, others increased (N=161) (Sepplemental Information, secti@n/ 5 for details.

2.3.2 Local fresh produce supply from UA

The total estimated food supply from UA pymary weight (raw weight inclusive of the weight

of ped, skin, pit, seed, and stem, depending on the iterh$2,983ons per year, 89% of which
comes from vegetables and the remainder from fruits. Food supply varies widely on a block
group basis, ranging from under 1 ton to more than 6,654 tons. The ashpuoduce correlates

with block group area, where larger block groups have, in general, more available area for UA
and therefore supply more output (Fig. 2.3A). Normalizing food supply by the available area for
UA produces a more compact distribution,giaug from 21.8 to 26.1 tons per ha of available

area (Fig. 2.3B), with a block group average of 24.4 ton/ha. Higher and lower output block
groups are clustered both in terms of absolute tons and on a tons/ha of available area basis (with
Mo r a n-8cere=113.1zp<0.00 and-gcore = 12.0 and p<0.00, respectively). Higher output

block groups are clustered in south Phoenix, and lower output ones tend to be in northern parts of
the city.

The average output estimated in our analysis (24.4 ton/ha) is congigterecent field data

from urban gardens with broadly comparable food baskets (ranging from 10 ton/ha in Paris from

Pourais et al 2015 to as much as 36.6 ton/ha in San Jose, California from Algert et al 2014). A
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survey of aggregate yields from commurotyhome food gardens in New Jersey reported 24.4
ton/ha to be the mode (Rabin et al 2012).

On a per capita basis, the food supply obtainable from UA is 125 kg/person. The median supply
at block group level is 68 kg/person, with block group means ranging@.25 kg/person/year

to over 1,000 kg/person/year. In densely populated residential neighborhoods there is generally
less area available for UA, which generates smaller per capita estimates. Conversely, some of the
larger block groups are less densabpplated, and thus have more area available. Not every

block group can produce meaningful amounts of fruits and vegetables from UA per person, and a
few block groups produce very large amounts (Fig. 2.3C).

Nationally, the per capita intake of noitrus fresh fruits and fresh vegetables is 138.7
kg/person/year (2016 figures on primary weight basis from USDA (2018a)). The estimated

output from UA can meet 90% of this demand for fresh produce.

More than 85% of Arizonans do not consume the recommended aafduurits and vegetables
(Lee-Kwan et al 2017). Therefore, UA can be an important pathway for provision of fresh

produce in areas where there is limited local supply (e.g. food deserts), and could supplement
consumption in other areas. UA can also satls#yincreased consumer interest in local foods,

based on economic evidence (willingnéspay that falls with the transport distance for food,;

Grebitus et al 2013).
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Total food supply (tons) Existing parks R Total food supply (ton/ha) Existing parks o

I 183.1 to 6654.4 tons (top quartile) I 253 to 26.1 ton/ha (top quartile) [ LiLA 172 mile block groups A
I 96.9 t0 1831 tons T I 24.8 to 25.3 tonha 1:250,000
58.5 10 96.9 tons 23810 24.8 tonlha
< 58.5 tons (bottom quartile) <23.8 ton/ha (bottom quartile)

Total per capita food supply (kg/person)

I 125.3 to 14,781 kg/person (top quartile) 88 >1,000 kg/person N

I 67.1 to 125.3 kg/person A
37.5 10 67.1 kg/person Existing parks 1:250,000
< 37.5 kg/person (bottom quartile) [] LILA 122 mile block groups

Figure 23. Total annual primary food supply from Wkd existing food desert\) By block

group quartiles in tons. (B) Same as (A) but quantities are normalized by hectare of total
potential area available for UA. (C) Per capita food supply from UA in kg/person terms. Outlier
block groups where output exceeds 1,000 kg per person atighigh. Known food deserts in
Phoenix identified as hathile LILA (low-income, lowaccess) census tracts are outlined in

black in (B) and (C).
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This is noteworthy because over half (51%) of the study area population lives in the 439 block
groups which oveap with known food deserts¢eSupplemental Information, secti@nr 4).

We estimate food supply from UA in all 439 of these block groups, constituting 55% (101,008

tons) of the total UA food suppl¥ig.3B). Notably, the per hectare food supply is dlgher in

these block groups by 0.4téns i gni fi cant based oXistatstiocdil&yn t est
P<0.00). Average food supply from UA is higher on a per capita basis, but this is driven by a few
large and sparsely populated block groups. $ilyy/, the group medians are not different (66
kg/person/year in food deserts vs. 69 kg/person/year kiauahdesert block groups). As Fig.

3C shows, some of the outlier block groups are food deserts.

The food desert block groups represent a segmd?tiaénicians with lower median household

incomes and more reliance on SNAP benefits compared tfondrdeserts. Residents also tend

to have lower rates of health insurance coverage, and experience higher rates unemployment.
Median home values are alsse r .  ( Al'l di fferences significant
X2 statistics of P<0.00). Prioritizing UA deployment in these block groups can therefore be an
important strategy to improve sustainability not just from a local food supply but also from a
community resilience standpoint. However, this requires a clearer understanding of

socioeconomic processes that might be at work. For example, the fact that we observe larger
vacant lots and lower home values in food deserts suggests an underlying dyhareic

vacancies might be related to lower home values (i.e., low returns for developers), while lower

home values might be related to other factors (such as higher crime rates), which in turn might be

influenced by high vacancy rates.
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UAandsaleofUAmduce in farmerso markets may increa:¢
(McCormack et al 2010). However, the direct health and other beneficial outcomes (such as

lower cost of purchased food) from eliminating food deserts are less clear because these are areas
where access and affordability of healthy food options both plaljealrow income residents in

food deserts either travel longer to supermarkets, or pay more for food at nearby convenience
stores (Ver Ploeg et al 200%or UA to be impactful, the cost bksh fruits and vegetables

supplied by UA in food desert areas needs to be cheaper than traveling to the nearest
supermarket. Allowing UAased food supply and Uyendors to be SNARIigible could

increase the opportunities for lemcome residents in &a deserts to benefit from UA.

Two sensitivities to this baseline analysis are also considered. One ranks our list of suitable crops
based on productivity alone, and the second with respect to national consumption patterns. While
food supply increasgby 16% and 6% respectively, for the high productivity and national
consumption pattern scenarios), so does watersegeSuppleental Informatiorsection2.72

for detailg. Thus, our baseline approach is more sustainable, albeit more conservative from a
supply standpoint.

We also convert our weightased analysis of food supply into calories. Under UA, less of the

highly consumed, calordense crops like potatoes are produced, compared to national
consumption patterns. As a result, UA food supply prewidic% fewer calories from fruits and
vegetables than the U.S. average (42 kcal/person/day vs. 92 kcal/person/day). However, on a
cup-equivalent basis, which is the metric for determining recommended daily intake levels, UA

food supply (1.40 cups/day) sagses the national average (1.38 cups/day) (U.S. Department of
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Health and Human Services and U.S. Department of Agriculture, 2015esSapplemental
Informationsection2.73 for detail3.

2.3.3 Open green space provision

There are 154 existing plubparks in Phoenix, covering about 12% of our study area (12,467
ha). Most are local community parks (N=144) and a few are large regional parks (e.g., the South
Mountain Preserve; N=10). The regional parks constitute the bulk of the public park #ea in t
city (90%), but are not within daily reach of most residents. The block groups adjacent to these
regional parks represent only 6% of the city population.

Most block groups in our study area (78%, N=713) do not have any public parks that residents
canaccess to on a ddg-day basis and are thus underserved. If all suitable vacant lots in our
inventory are developed as urban gardens, the number of block groups without any prior green
open space can be reduced by 433, decreasing the proportion of uetkebdéeck groups to

31% (Fig.2.4A), which will also expand total green open space to 14% of the study area.
Vacant sites (N=764), consisting of either individual or aggregated adjacent vacant parcels with
an area greater than 5,000 m2, constitute 85%aadnt lot area available in Phoenix. If the
deployment of UA is strategically prioritized for these larger vacant sites, the reduction in
number of underserved block groups is lower, though still substantial (N=2154Big.UA
applications in these Iger vacant sites can emphasize features like pathways that would
encourage interaction with residents. Note that if UA deployment is restricted to these vacant

sites alone, this would lower food supply from UA by 50%, concentrate benefits to fewer block

goups, and reduce UAOGs coverage of food deser:H
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- Ea
s
-——af w2
Block groups: Existing parks Block groups: Existing parks ;‘
I With existing parks With existing parks Large vacant sites (single or
With'added grean‘open - With anaeaggvp;n open space - ml::p‘e adjaoent ols > 5,000 1:250.000
space from UA from UA on large vacant sites 2
Underserved Underserved
" With UA
Impact at block group level W|tS:ut
(A) Full deployment (B) Prioritized deployment
Block groups with green open space 197 630 413
Underserved block groups 713 280 497
Previously underserved block groups with added 0 433 216
green open space from UA
Total green open space area (ha) 12,467 14,564 14,254
Green open space share in total study area 12.2% 14.3% 14.0%

Figure2.4. Green open space provision through vacant lot deployment for UA. (A) Block group
availability of green open space after full deployment of all available vadan{l) Block

group availability of green open space based on prioritized deployment of UA on vacant sites
>5,000 m2. Vacant sites highlighted in red. Both panels show block groups with existing parks;
block groups that gain green open space from UA; adénserved block groups using the same
color scheme.

Additionally, the walkability (to nearby parks or green open spaces) benefits from UA will
accrue mainly from the 764 vacant sites identified for strategic deployment (even if UA is
deployed fully throughout the study area). Based on existing parks, arendet 30% of our

study area is either green open space or withimiriute walking distance of such spaces using a
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