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Introduction 

 

There is both reason for concern and substantive cause for optimism about the future of 

water resources in the Southwest. Currently, watersheds are becoming dissected, aquifers 

depleted, and floodplains disconnected as academic nomenclature replaces ‘drought’ with the 

less ephemeral ‘aridification.’ However, as explored throughout this paper, Nature-based 

Solutions (NbS) like agroforestry, rotational grazing, and organic soil amendments could be 

applied to conserve water, protect ecosystems, promote adaptive food systems, and support 

resilience. Understanding regionally specific limitations and nuances is foundational to the 

process of testing and integrating NbS, which are inherently place-based methods. 

A research survey conducted in an arid region of Southwest Colorado gauged attitudes 

and limitations from agricultural producers about NbS, resources, and conservation. Through this 

project we hope to demonstrate how convergent research between academic institutions, local 

conservation entities, and agricultural producers can aid in informing adaptive transformation 

and pathways of communication between academic and non-academic sectors. The background, 

process, and results of this survey are detailed in Chapters 2 and 3. 

The Southwest has seen a temperature increase of almost 2°F in the last hundred years, 

with some areas seeing greater temperature increases as headwater snowpack becomes less 

certain (EPA, 2021). Changes in hydrology from deforestation, soil depletion, and reduced 

snowpack from soils raising albedo are threats to the forests, streams, and food producing lands 

of the Southwest. On a global scale, one third of all agricultural land has been deemed unusable 

due to soil degradation, mostly from overgrazing, chemical pesticides and fertilizers, heavy 

tillage, and land clearing (Rhodes, 2012). Chapter 4 will explore the effects of industrial 



 McCarthy 3 

agriculture on a global scale to provide reference for the importance of localized farms and food 

systems for watershed and forest health, resilience to climate change, and safer food and 

production. Smaller farms can be more easily optimized for climate resilience than industrial 

food production systems, so understanding pathways to adaptability for these operations is 

necessary. 

Even with modern climate challenges, the Southwest offers a landscape that has and can 

be tended for foods, medicines, and animal husbandry. Mindful integration of Traditional 

Ecological Knowledge (TEK) held by the Indigenous stewards of Southwest lands could be the 

most resilient and regionally adapted methods, but such knowledge should not be commodified. 

The region where the research survey was conducted is on the ancestral lands of Ute, Comanche, 

Arapaho, and Diné Nations. In Chapter One, Indigenous histories will be explored to provide an 

introductory background of the agricultural history of the region and honor the peoples to whom 

partnering with nature was and is a way of life.  

Reimagining, adapting, and localizing food systems could mitigate challenges from 

climatic and social changes, wherein unsustainable massive-scale industrial systems of farming 

won’t meet rising demand (Nabhan et al., 2020; Gremmen, 2022). Supporting conservation-

based production decreases reliance on emission-heavy distribution and virtual water, bringing 

individuals closer to food sources with minds, bodies, and wallets. Exploring the place of NbS 

that promote conservation like agroforestry and building soil organic matter is a step toward 

protecting the waterways that give the Southwest life. 
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______________________________________________________________________________ 

CHAPTER ONE 

The Interconnectedness Between Forestry, Agriculture, and TEK 

 

Defining Terms 

“Words without thought never to heaven go.” 

-Claudius, Shakespeare’s Hamlet 

 

 While there are many terms for sustainability-focused agriculture and agricultural 

methods, important nuances exist. For example, agroecology has more of a social focus than 

does regenerative agriculture. It’s foundational to use clear language and accessibly describe 

terms, especially given a goal of cross-disciplinary, convergent research that benefits 

communities. Considering the context of language is respectful to researcher, community, and 

reader. For example, ‘regenerative agriculture’ has been increasingly used by corporations like 

PepsiCo, and for rural communities, such language could represent the imminence of 

corporatization, and a loss of livelihood for small-scale growers who can’t compete with highly 

integrated and wealthy corporations. In an academic context, using terminology that doesn’t 

consider regional context could indicate epistemic misunderstandings on behalf of researchers. 

Furthermore, a feasible transition from conventional agriculture to regenerative methodology 

requires more than one leap, and implementing intermediary stops like conservation agriculture, 

focusing first on soil health and cover crops, could allow growers to experiment and integrate 

regenerative techniques like agroforestry and silviculture into current modes of production. 
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Below is a list of terms, some of which will be used in this paper, and others that are relevant to 

the topic but won’t be explored at length, with brief definitions.  

 

Agroecology- Processes and principles toward the transformation of global food systems based 

on localization, equity, participation, ecological restoration, and resilience (Tittonell et al., 2022). 

 

Agroforestry- Adding climatically adapted woody perennial trees and shrubs to livestock and 

crop systems, creating a complex, multistory system with parts capable of supporting each other 

through structure, nitrogen fixing, or shade (Elevitch et al., 2018). A tree-based subset of 

regenerative agriculture that focuses on both socio-economic and environmental objectives 

(Castle et al., 2022; Schoeneberger et al., 2017). 

 

Conservation Agriculture- Improving soil health through minimal disturbance and permanent 

cover while seeking to improve yields, retain water, and support ecosystem services (Dumanski 

et al., 2006). 

 

Ecological Resilience- The ability of an ecosystem to adapt to disturbance without altering 

structure and processes within a survivable threshold of modification (Holling, 1973).  

 

Food System- The network of production, processing, dispersal, consumption, and waste of 

agriculturally cultivated or harvested food products and the affected economic, social, and 

ecological environments (von Braun et al., 2021).  
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Nature-based Solutions (NbS)- Agricultural production solutions that mimic natural ecological 

systems: includes agroforestry, cover cropping, and development of healthier soil. 

 

Natural Climate Solutions- Improvements to the management of agricultural or natural land 

through conservation and restoration for carbon storage (Fargione et al., 2018). 

 

Permaculture- Coined by David Holmgren and Bill Mollison in the 1970’s, ‘permanent 

agriculture’ aims to create a self-perpetuating system of perennial plant systems using little to no 

inputs, mimicking natural ecosystems (Rhodes, 2012). 

 

Regenerative Agriculture- An adaptation to existing methods of food production that utilizes 

soil and land management to improve soil health, restore biodiversity and mitigate climate 

change, acknowledging farming and ranching as a holistic ecological system that relies on and 

exists within native ecosystems (Rhodes, 2012; Schreefel et al., 2020). Regenerative agriculture 

aims for closed nutrient loops, greater biodiversity, increased use of perennial crops, and reduced 

reliance on external resources (Elevitch et al., 2016). This method intends to improve ecosystem 

services on and around farmlands. 

 

Traditional Ecological Knowledge (TEK)- The traditional knowledge held by Indigenous 

Nations about the natural environment, and specifically the relationship between humans and the 

natural environment (Finn et al., 2017). 
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Forestry, Water, and Food Production 

(Why is this M.F. Paper About Agriculture and Perspectives of Ag Producers?) 

 

 In the Western U.S. forested land generates drinking water for almost 90% of people 

using public water, and over 90% of drinking water supply for cities like Portland, Oregon are 

supplied solely by forest sources (Liu et al., 2022). Forest management is watershed 

management, and the health of forests directly affects predictability and reliability of municipal 

water supplies. Globally, 70% of freshwater use is for farming while in parts of the West like 

California, agriculture represents 80% of developed water supply use (Cooley, 2015; 

Gebremariam et al., 2021). Water derived for agricultural use, especially in the Intermountain 

West, depends heavily on snowmelt from high elevation forests, which has been changing in 

response to climate changes (Qin et al., 2022).  

Snow cover across mountainous regions of California, Nevada, Utah, Arizona, and New 

Mexico typically remains for six months or longer, supplying a reservoir that gradually melts 

during the early growing season (Elias et al, 2016). Food producing communities rely on these 

headwaters to supply flows to bring irrigation water to streams or reservoirs and eventually 

ditches or pipes. The EPA saw a snow water equivalent decline of 93% in snow telemetry 

(SNOTEL) network sites measured across the Intermountain West from 1955 to 2022, with an 

average snow water equivalent reduction of 23% across site areas (EPA, 2022). Dust blown onto 

snow is an accelerant for snow melt, decreasing albedo, the amount of light the snow can reflect. 

Melt acceleration from dust has been measured to bring melt-out as much as 31 days earlier than 

modeled based on snow amounts (Fassnacht et al., 2022). 
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 Sustainable agriculture is food system adaptation and land and forest management. 

Directly, revenue from dairy and livestock ranching is often generated with the support of 

extensive forest rangelands, which could be managed responsibly as silvopasture systems, thus 

reducing fuel loads, and protecting from wildfire threat (Schoeneberger et al., 2017). Water used 

for irrigation makes its way to ecosystems through connected waterways, ephemeral flows, and 

soil water retention. Sometimes, nature’s life-giving systems are regarded as if they have very 

junior water rights—a questionable adjudication assignment. Alternative farming modalities like 

no-till, cover cropping, agroforestry, and soil building all have potential to increase biodiversity 

and connectivity of ecosystems. Understanding ag producers’ attitudes about conservation and 

what conservation methods are of high interest is as beneficial to longevity of farms and ranches 

as it is to forest and riparian/stream health. By targeting outreach and programs aligned with 

what producers are interested in, and engaging them in the process, time can be saved, and 

methods of production suited to changing climate and ecosystem wellbeing established. 

 Agroforestry, defined above, will be discussed at length in Chapter Four. Though it is a 

promising and sustainable growing system, the term could also be understood as a field of study, 

separate from forestry and agronomy. Expertise in how agricultural land management affects 

forest and stream health and, furthermore, how certain management practices can benefit 

ecosystems, is understudied, and needed. Productive land use doesn’t need to involve damage to 

the natural environment. Indigenous ways of growing food show that partnerships with nature 

could support subsistence agriculture that is ecologically neutral or beneficial, and uses patterns 

of nature, including forest structure, to grow food crops. 

 For example, the Three Sisters growing technique is an Indigenous method that uses the 

intercropping of beans, squash, and corn in mounds. The Three Sisters is reflective of nature-
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based food growing used in pre-colonial times and was the backbone of farming for North 

American Indigenous communities (Park et al., 2016). Each plant provides benefit for the others, 

with beans supplying nitrogen via nitrogen-fixing bacteria on roots, ground covering squash 

suppressing weeds and providing natural mulch to limit evaporation of water, and corn creating a 

trellis for beans (Ngapo et al., 2021). Furthermore, each food provides nutrients that others do 

not—corn is calorie-rich but missing essential nutrients, particularly amino acid lysine, which is 

found in beans and squash (Dunmire, 2004). The next section will explore more context about 

agriculture in the Southwest, through a very brief overview of pre- and post-colonial agricultural 

practices on the landscape. Before discussing the modern context and potential adaptations of 

agriculture in the Southwest, it’s necessary to acknowledge the surveyed region’s pre-colonial 

history of food growing and land management. Mindful and respectful integration of these 

practices could support adaptability and water conservation in the Southwest. 

 

Brief Histories of Agriculture in the Southwest:  

Acknowledging the Land’s Indigenous Stewards 

 

Pre-Colonial Agriculture in the Southwest 

 

Some origin stories of the Pueblo, Navajo, and Tohono O’odham peoples of the 

Southwest prominently include relations to food-producing plants (Guarino, 2021). Ancestral 

Puebloan peoples inhabited the southwestern United States prior to colonization for over a 

millennium, utilizing resources from pinyon juniper forests and eventually practicing subsistence 

agriculture especially during 1500 BC to AD 700 (Lentz et al., 2021). Crops of Indigenous 
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farmers in North America during this time included corn, domesticated in tropical Mesoamerica 

and carefully cultivated over thousands of years (Herr, 2009). Radiocarbon dating has indicated 

that domesticated corn was being grown in the Colorado Plateau by 2100 BC, where it was 

grown in a wide range of climates and elevations in current day Arizona and New Mexico 

(Merrill et al., 2009). During the Late Archaic period, corn in the desert Southwest was grown by 

Ancestral Puebloans through a system known as water table farming, or planting in floodplains 

of ephemeral streams where sandy soil retains surface level moisture throughout the growing 

season, eventually evolving to earthworks diverting water to fields to support higher populations 

(Dunmire, 2004). Stone check dams spanned arroyos collecting storm runoff, detriment, and 

fine-grained soil ideal for planting (Dunmire, 2004). These dams both collected nutritious soil 

and slowed the rapid pace of desert rainwater runoff or ephemeral waterways to allow water to 

permeate more effectively. 

Pre-colonial fields didn’t separate crop species into monocrops, but instead mixed 

companion plants onto mounds with troughs between rows, which created a water reservoir 

(Park et al, 2016). The aforementioned Three Sisters was more than an agricultural technique, 

but a culturally significant part of life that influenced customs, ceremonies, stories, and 

technology (Ngapo et al., 2021). In the Southwest region, a Navajo creation story features white 

corn as the oldest male ancestor and yellow corn as the most ancient female ancestor, indicating 

the deep spiritual significance of food producing plants in Indigenous cultures (Guarino, 2021). 

Corn was available in many varieties due to hybridization and selective breeding by Native 

peoples, and wild grasses were selected for edible seeds, with distribution of domesticated 

species used to track human dispersal pathways (Diehl, 2009; Park et al, 2016). Hohokam 

farmers of modern-day Southern Arizona cultivated little barley (Hordeum pusillum) which 
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relied on no supplemental water (Dunmire, 2004). Some Hohokam were also cultivating large-

scale agave on flood-farmed arroyos or hillside rock terraces (Dunmire, 2004). Symbiotic 

relationships existing within the natural environment were foundational to Indigenous food 

systems and ways of living. 

Some cultures like Hopi continue the tradition of nature-based farming today. 

Descendants of Ancestral Puebloans, Hopi grow desert-adapted varieties of corn using traditional 

methods and no supplemental irrigation, though climate change and contaminated groundwater 

on Reservations threaten this legacy (Carson et al., 2020). Utilizing Traditional Ecological 

Knowledge (TEK), Indigenous wisdom, and methods of biomimicry could bolster future 

agricultural growth and transition in the Southwest, just as the same methods supported 

Indigenous populations for millennia (Nabhan et al., 2020). Approximately 60% of modern 

global food supply is linked to New World species, with many originating in North America like 

squashes, pumpkins, and possibly beans (Park et al., 2016). Acknowledging the Native peoples 

who originally cultivated these species and inquiry of place-based Indigenous and post-colonial 

histories of arid regions of the U.S. is the first step in mindful integration of TEK and Nature-

based Solutions in modern day agriculture. 
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Post-Colonial Agriculture in the Southwest 

 

By the late 1500’s, Spanish colonizers were attempting to bring Old World crops and 

growing techniques to the Southwest (Hancock, 2022). Such methods were adapted to different 

climates and landscapes. Local Ancestral Puebloan peoples by this time had sparsely populated 

communities up to 100 miles apart (Mathers, 2019). Violent colonization by the Spanish further 

reduced Ancestral Puebloan presence in the region. This ultimately led to the Pueblo Revolt of 

1680, during which an organized alliance of Puebloan peoples forced the Spanish out of the area 

and led to years of forceful attempts by the Spanish to reconquer (Romero, 2020). Land 

dispossession eventually took hold across the region, severing Indigenous connections to tribal 

history, relations to nature, and dramatically changing pre-colonial ways of life (Randall & 

Curley, 2023). 

The Federal government enacted the Homestead Act in 1862 to supply land to colonial 

settlers for free, on the condition of five years of residency and agricultural cultivation on their 

land, granting approximately 10% of U.S. land to 1.6 million settler families and individuals 

(Edwards et al., 2017). Native tribes were pushed onto reservations after the 1851 Indian 

Appropriations Act was passed by Congress, partly to allot the federal government with land to 

support expansion policies (Randall & Curley, 2023). This led to immeasurable changes for 

Native people’s connection to “land-as-culture,” the food systems supported by ancestral land, 

and ultimately resulted in resounding physical and social health detriments for communities 

(Guarino, 2021). A modern food item common to the Southwest symbolizes this era; fry bread, 

which was made by utilizing nutritionally barren rations given by the U.S. government during 

forced relocation (Park et al., 2016). The severance from land-as-culture to land-as-cultivated 
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was fast, and further intensified by the loss of TEK as younger generations chose career paths 

that didn’t require traditional, place-based knowledge sharing from older generations 

(Schoeneberger et al., 2017). This is only a brief overview of the effects endured by Native 

communities, and not representative of the nuanced, ongoing challenges. Such an overview 

should be considered, however, before discussing nature-based solutions that are rooted in TEK 

of Indigenous people. 

 After colonization of the Southwest was underway, settlers practiced subsistence farming 

often in isolation; limited by canyon walls, climate, and soil quality, supplementing income by 

hunting furs like beaver (Freeman, 1953). The adjustment, especially without understanding of 

the landscape or established food growing traditions, was arduous. Interest in dryland farming in 

the early 20th century brought cash crops like potatoes and pinto beans to the area, which could 

be cultivated without irrigation (Dishman, 2008). Brought by advances in large irrigation 

systems, genetic modification technology, and increasingly modern farm equipment, large-scale 

farming in the Southwest has become, in some areas, a reality. In others, small- and medium- 

scale family-owned farms persist. Livestock production accounts for about 70% of farming sales 

in New Mexico and Utah and 40% in Arizona, with many crops raised for livestock grown on the 

same land (Steele et al., 2018). More than half of high-value specialty crops in the U.S. are 

grown in in the Southwest, dependent on irrigation and sensitive to temperature extremes and 

irregular hydrology (Schoeneberger et al., 2017). In Colorado two million acres of wheat is 

cultivated, a top commodity in the state, though 80% of it is exported, second only to beef 

exports (CO Department of Agriculture; Coleman, 2012). 

 As snowpack declines leading to reduced water availability and streamflow peaks earlier 

in the year, modern day farmers are experiencing less reliable hydrology (Elias et al., 2016, 
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Overpeck & Udall, 2020). In 2013, many farmers using irrigation in New Mexico received 3 

inches of surface irrigation water per acre compared to the usual 2 acre-feet (Ward, 2014). 

Especially for junior water rights holders, understanding how to capture or slow rainwater and 

optimize water retention of soils, as was done in pre-colonial agriculture, could be a step toward 

combatting a difficult, rapidly intensifying situation. Utilizing TEK-rooted, nature-based 

practices like agroforestry could provide shade to soils and livestock, reducing evaporation of 

water from soils and exposure to high winds.  

Agriculture has shaped the tale of human history in the Southwest, and climate change 

poses challenges to mainstream methods of farming on the landscape. It is, however, an 

opportunity for innovation and adaptation to change. Prior to colonial settlement, desert food 

systems were adapted to regional climates and systems like the Three Sisters optimized water 

use, soil ecology, and limited space. Respectfully integrating modern technology and TEK could 

aid in climate adaptability for agricultural and ecological systems. Integrating TEK into modern 

agricultural practices should be considered with respect for these histories. The next section will 

outline a survey created to understand perspectives of modern farmers on the Southwest 

landscape, to gauge interest in nature-based and TEK-rooted solutions like agroforestry. This 

very brief, introductory overview of some of these histories is included to provide background 

and acknowledge the peoples to whom the surveyed region is ancestral land, including the Ute, 

Arapaho, Comanche and Diné, as well as Ancestral Puebloans.  
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______________________________________________________________________________ 

CHAPTER TWO 

Research Survey Background 

 

In Soils as in Neighbors 

 

 Believing that they could understand the universe solely on logic, without experiment, 

ancient Greek philosophers proposed that plants gleaned all necessary elements from the soils 

they grew in (Rhodes, 2012). This was true as a generalization but left out important 

intermediary players. Protozoa, bacteria, insects, rodents, and fungi living at the top foot of soil 

could equal 11 tons per acre and are the creators and digesters of the mineral particles needed by 

plant roots (Bane, 2012). Fertile soil is a cornerstone of all ecosystems—to ensure survival, 

every animal and plant species depend on soil or that which grows in soil (Pimentel et al., 1997).  

Building fertile, healthy soils is necessary for crop and livestock resilience. Of the 

elements that contribute to the conditions of agriculture like climate, water, landform and 

vegetation, soil is one of the easiest to modify (Bane, 2012). Bare, sun-exposed soils or those 

dependent on chemical fertilizers are dangerous for water quality from runoff and can lead to 

topsoil loss. By either abandoning tilling practices or focusing on rebuilding soil communities 

post-till, producers can increase water percolation and retention, allow for clean runoff water, 

and even sequester carbon (Elevitch et al., 2018). Adding compost or manure to soils can support 

ecosystem services by harboring diversity in invertebrate and microbial communities that 

increase nutrient cycling (Kremen & Miles, 2012). Other soil amendments, like biochar, could 

help improve soil porosity especially in clay soils common to the Southwest (Rasa et al., 2018). 
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Biochar is an example of TEK and integrating it in modern agriculture could lead to a low-cost 

soil amendment while honoring traditional ways of growing food.  

Along with water retention properties, organic material content in soil is a major indicator 

of its productivity, and acts as an adhesive that maintains soil structure, allowing air and water to 

pass through while increasing moisture-holding capacity (Sampson, 1981). This structure is 

severely damaged by cultivation and tilling, with organic material losses of about 35% each time 

soil is cultivated unless organic material is proactively added (Sampson, 1981). Though evidence 

about no-till practices aiding in carbon capture is mixed, it does improve nutrient cycling, 

improves water infiltration while reducing evaporation, reduces erosion, and can conserve water 

(Ongle et al., 2019).  Limiting or eliminating tillage of soils to build communities of organisms 

and organic material increases productivity and resilience, yet ploughing is usually a part of food 

cultivation.  

Within communities, too, connection increases resilience. Increased resilience within 

communities can aid in more positive responses to political, socioeconomic, and environmental 

changes (Faulkner et al., 2018). Social capital is foundational and refers to connections based on 

trust and community norms that allow for cooperation leading to mutual benefit (Krasny, 2020). 

This includes environmental protection, as social capital can influence environmental behaviors 

and collective action toward a cause (Krasny, 2020). Increasing social capital through 

community engagement, outreach, and education can be compared to adding organic material to 

soils—increasing connectivity, building resilience, and contributing to environmental benefit. 

Imagining communities with ideological no-till practices could encourage increased social 

capital and more adaptability to change. 
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Filter Bubbles and the Importance of Understanding Perspectives 

 

  Breaking out of filter bubbles to share ideas with community members with diverse 

perspectives is one facet of resilient system building for both crops and neighborhoods. Filter 

bubbles are media-based algorithmic systems that considerably limit how often individuals 

encounter information counter to their beliefs and attitudes, effectively eliminating productive 

exchange of ideas, instead encouraging exclusivity and ideological polarization (Kaluža, 2021). 

Filter bubbles extend beyond the Internet, creating social environments where people feel 

dramatically separate from each other due to seemingly opposing values. This is a step beyond 

the idea that humans are separate from ecological systems and nature, which has contributed to 

damaged landscapes, pollution, and planetary scale changes to climatic patterns. As of writing, 

the notion of anthropogenic climate change is disputed, mostly by oil conglomerates who have 

been aware of the climate crisis for almost half a century (Hall, 2015). This has led to differences 

in belief about anthropogenic climate change, and serious beliefs about character attributes 

projected to “opposing” viewpoints. This needn’t be the case. Experiencing community with 

other people is a step closer to experiencing community with the natural world. Breaking out of 

filter bubbles, both on and offline, could lead to more comprehensive solutions to resource 

challenges.  

While an online survey is a small step into holistically understanding ideas and attitudes, 

it is one of many. The convergent project development was conducted during workshops aimed 

at community-based watershed management and, specifically, conflict around water, hosted by a 

consensus builder and local conservation districts. These workshops allowed individuals with 

different stakes in the watershed to share ideas openly. In the end, statements given over several 
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3-day workshops contributed to a revised local river management plan. Agricultural producers 

often couldn’t attend 3 full-day workshops, but it was important to conservation districts that 

their perspectives were included in the plan. In collaboration with conservation district staff, this 

began the process of collaboratively constructing a survey instrument for agricultural producers 

about conservation perspectives and limitations. This survey took about 10-15 minutes to 

complete and focused on conservation practices including agroforestry methods like windbreak 

tree planting, perspectives, limitations to implementation, and climate challenges. The goal of 

this survey and the work of the conservation districts was to promote more consistent flows for 

an over-adjudicated river, floodplain connectivity to benefit surrounding forests, community 

cohesion and contribution, and support for farms and ranches in the area.  
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______________________________________________________________________________ 

CHAPTER THREE 

 

Conservation Perspectives of Agricultural Producers in a San Juan River Headwater 

Community of Southwest Colorado 

 

Abstract 

The Southwest region of the U.S. is integrated into local and widespread food systems, 

and establishing modes of adaptability to local, regional, and even global events is critical. For 

this work, producers in a San Juan River headwaters county in Southwest Colorado participated 

in a convergent research survey developed collaboratively with community partners. The 

objective of data collection was to inform conservation districts, local policy, and future 

research. The survey addressed perceptions about soil degradation, water laws, effects of climate, 

and ways to ease barriers to Nature-based Solutions (NbS). Respondents identified water 

availability and climate changes as most negatively affecting operations and had interest in 

agroforestry methods like windbreak trees and drought-resistant crops. Organic soil building was 

identified as already being used by almost half of respondents. Cost was selected as the leading 

perceived barrier to implementing nature-based agricultural solutions, with over half of 

respondents identifying that programs to subsidize or eliminate cost would improve willingness 

to try conservation methods. Focusing on soil building could serve as an introduction to NbS, 

and producers already utilizing this NbS could help establish regional protocols. The health of a 

community’s watershed determines its wellbeing, especially in rural communities reliant on 
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functioning ecosystem services. We hope to contribute this model for wider applications in other 

regions to uncover place-based solutions to resource challenges. 

 

1. Introduction 

 

Navigating supported implementation of increasingly sustainable agricultural practices 

necessitates collaboration with a diverse range of stakeholders and a synthesis of community-

rooted and research-based approaches. Understanding how convergent academic partnerships 

with non-academic organizations and communities could support adaptation to climate change 

while integrating and honoring the knowledge of agricultural producers, community members, 

Traditional Ecological Knowledge (TEK), generational ecological knowledge, and ecosystem 

services and systems are all themes of convergent processes. Alongside climate models and 

analyses, individuals whose livelihoods are being affected by aridification should be an integral 

part of finding solutions to complex and evolving challenges of food production in the 

Southwest. Maintaining a locally sourced food supply while reducing the contribution of 

irrigation on hydrologic unpredictability and reductions in stream and river flows necessitates 

diverse partnerships and regionally informed solutions.  

Such solutions to aridification related challenges could be nature-based, mimicking 

adaptable ecological systems, and have roots in Indigenous food production and TEK, with some 

of the oldest agricultural traditions in North America having been in the modern-day Four 

Corners region (Dunmore, 2004). Nature-based agricultural practices utilize patterns of ecology 

while minimizing reliance on inputs like heavy irrigation and fertilizer application. Silvicultural 

techniques can be incorporated to protect crops from high winds with productive native-adapted 
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trees (Gold & Garrett, 2009). Enriching soil with organic material reduces the need for 

fertilizers, and agroforestry practices like alley cropping reduce 

potential for runoff of topsoil into waterways (Elevitch et al., 

2018). To comprehensively understand hurdles to integrating 

these practices, engaging with producers about place-based 

needs, observations, and limitations is foundational.  

 Convergent solutions are needed to ensure the 

resilience of farms for community wellbeing and food system 

security as data show trends of changing hydrology in the 

Intermountain West (Overpeck & Udall, 2020). Southwest 

Colorado is one of many regions experiencing increased aridification due to climate change 

(MacDonnell, 2021). Those with junior water rights to Dolores’ McPhee reservoir in the Four 

Corners region received as little as 10% of adjudicated water during the 2021 growing season 

(Outcalt, 2021). The effects of 2021 on the Ute Mountain Ute Tribe Farm and Ranch Enterprise 

are shown in Figure 1. Dolores’ Water Conservancy District had to impose penalties for water 

overuse, and the Dolores River lost a valuable rainbow trout fishery (Southwestern Water 

Conservancy District, 2022). Ecological and hydrological systems, Southwest Colorado’s place 

in the food system, and community wellbeing are all affected by aridification. The water 

adjudication system of prior appropriation, almost 150 years old, is being stressed by this 

pressure too. 

Fostering adaptability is beneficial, especially for small and medium-scale agricultural 

operations. Allowing agricultural producers to self-select adaptive methods that are of most 

interest could streamline efforts to connecting growers with resources and partnerships that aid in 

Fig. 1. The effects of 2021’s water 

year; dry fields at Ute Mountain 

Ute Tribe Farm and Ranch 

Enterprise in Towaoc, near Four 

Corners in CO. Photo: Corey 

Robinson, Colorado Sun. 
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implementation. In the county surveyed, agriculture is dispersed and represented by small and 

medium-scale family farms. About 80% of the county’s population is white, about 14% Native 

American, and about 13%  Latino. In one watershed that was of particular interest to partnering 

conservation districts, the river is dynamic and responds quickly to changes in temperature as 

snow melts, changing flows rapidly over 12- and 24-hour time periods, supplying over 50 

irrigation ditches to water rights holders. The river is small and, unfortunately, over-

appropriated. Understanding what regenerative or conservation-based methods growers in this 

watershed are interested in could contribute to improved flows for this waterway. Building 

pathways for discourse between agricultural producers and academics is symbiotic and could 

contribute to food system resilience and uncover commonalities rooted in land ethic from diverse 

stakeholders.  

 

2. Methods & Materials 

 

2.1 Survey Development 

The survey was developed through a collaborative process with partnering conservation 

districts to ensure that data ultimately met the needs of community-based projects, and the 

surveyed population was limited to agricultural producers in one rural county of Southwest 

Colorado. Objectives and goals were identified, taking into consideration uses for local policy 

and academic research. During the development of the survey, there was a gradient of questions 

primarily for conservation district purposes or shared objectives. Some questions, including Q7 

about synthetic fertilizer use, were requested by conservation district staff to meet their data 

needs. The development of questions was a process that included literature review and meetings 
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with conservation district employees. Coordinators at conservation districts provided insight to 

ensure clarity of questions, ideal survey length, neutral wording, and how to implement a local 

business-driven incentive. The perspectives and contributions of conservation district staff was 

extremely helpful, given extensive experience working with agricultural producers in the region, 

understanding of ecological nuances, and integration with the community. Conservation districts 

requested that their exact location be kept anonymous for uses outside of direct community 

outreach and internal NAU and Transformation Network meetings and correspondence. This 

aligned with the project’s goals to be guided by the highest benefit of the watershed and 

community, as a convergent effort.  

During the development of the survey, conservation districts hosted workshops to address 

watershed management policy that engaged local individuals and groups, including water rights 

holders and community members. The goal of these workshops was to create a plan for a river 

that is diverted for irrigation in the area, but that has been experiencing reduced flows. The 

creation of this river management plan informed topics included in the survey, and an 

overarching goal was for data to contribute to this plan and represent perceptions of agricultural 

producers in the area whose schedules couldn’t accommodate long time commitments. Engaging 

farmers and ranchers while considering schedule limitations, especially during early irrigation 

and growing season, was an objective.  

2.2 Survey Design 

The survey instrument took 10-15 minutes to complete, with 16 questions including an 

open-ended final question for questions, comments, and suggestions. The paper version of the 

survey is included in Appendix A. To reduce survey length, as many multiple-choice questions 

as possible were molded into Likert scales. The survey was made available via Qualtrics and on 



 McCarthy 26 

paper by mail to accommodate any respondents without computer access. Survey recruitment 

was achieved through posters in local businesses with QR codes to the Qualtrics survey, emails 

from conservation districts to listservs, and distribution of paper surveys at meetings and events 

for farmers and ranchers. Producers in the small river watershed involved in the river 

management were targeted, with a higher volume of emails, posters, flyers, and community 

engagement taking place in that area. A five-dollar incentive to a local coffee shop was offered. 

Partnering with a local business was important to align with the project’s goals of community 

benefit and focus. Data was collected in rural Southwest Colorado during Summer 2024, and 

most surveys were taken online via Qualtrics.  

During data collection, an automated system (“bots”) took the survey ostensibly due to 

the advertised incentive to a local coffee shop. By utilizing IP address data and analysis of 

response times/quality the data was conservatively cleaned and bot responses removed. This 

process is outlined at length in Appendix C.  

 

3. Results  

 

3.1 Demographic Results 

In total, the survey had 60 respondents, 33 in the small, targeted watershed with less 

irrigators/producers. The total number of producers has been omitted as it may identify the 

region where the survey was distributed, but as seen in Figure 2, the scales of production of 

respondents is relatively low, which is accurately representative of the region, where agriculture 

is widely dispersed. The coded average of was 2.4, meaning the average farm size was about 20-

79 acres.  
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Acres (Scale of Production) Code Values: 

 

1=1-19 acres 

2=20-79 acres (average) 

3=80-119 acres 

4=120+ acres 

 

Figure 3 outlines the distribution of the top six uses for agricultural land in the surveyed 

county. The dataset used for the distribution chart is from the USDA National Agricultural 

Statistics Service (NASS) CroplandCROS Data Layer. This raster is published each year with 

annually updated satellite data, not farmer-reported data (USDA, NASS). This data does not 

include land use for livestock, which is significant, as 62% of survey responses identified 

producing livestock. In the region, forage and hay is often grown on the same land or in the same 

region, with imported hay being less common.  

USDA’s CroplandCROS raster data identified the sixth most common use for agricultural 

land in 2023 was fallow or idle cropland. 64% of agricultural land in the region is used for alfalfa 

or other hay, with ‘other hay’ representing other legume species grown for hay. 51% of survey 

respondents identified growing alfalfa or other hay. 
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Fig. 2. Acres cultivated by respondents, illustrating the scale of 

production in the surveyed county of Southwest Colorado. Results 

from survey Q2. 

Fig. 3. Most grown agricultural products in the county surveyed in Southwest 

Colorado as measured by USDA CroplandCROS, NASS raster data. 
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3.2 Methods of Highest Interest 

Understanding what methods are of interest and are already being used by producers in the 

county was gauged with a Likert scale on Question 9. Nearly half (45%) of respondents to the 

question identified already adding organic material to soil, and 41% of respondents identified 

already using rotational grazing. As shown in Figure 4, the highest ‘extremely interested’ 

methods were agroforestry methods windbreak and/or shade trees (34% of respondents) and 

drought-resistant crops (31% of respondents).  

 

 

3.3 Perceived Barriers and Methods to Increase Willingness 

To gauge climate-related challenges, producers were asked about how their production has 

been negatively affected by water availability, soil quality, and temperature or weather changes. 

Water availability and temperature and weather changes are related and received similar 

response rates. As shown in percentages in Figure 5, 42 out of 53 respondents identified water 

Fig. 4. Likert scale response results to Q9: How interested would you be in utilizing each of 

these methods on your land?  
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availability as a challenge, while 39 out of 52 identified temperature and weather changes as 

challenges. Almost half of respondents identified soil quality as a challenge.  

 Methods respondents identified to ease strain and increase willingness are shown in 

Figure 6. 60% of those who responded identified programs to subsidize or eliminate cost, and 

58% identified workshops or training. 56% of survey respondents selected access to equipment, 

and the fourth highest selection (44% of respondents) was technical assistance. 

 

 

 

Fig. 5. Percentage of respondents who selected water availability, temperature and 

weather changes, and soil quality, respectively, as negatively affecting production. 
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3.4 Statistical Analyses  

 Using data from questions 2 and 13-15 (shown in Figure 6), statistical analyses were 

conducted to search for significant correlations (p-value <0.05) between variables. Scale of 

production and satisfaction with community resources were selected as potential moderating 

variables. Before searching for significance between variables to test for moderation or 

mediation between variables, each variable was quantified in Figure 8. ‘Acres’ had an average 

response value of 2.4, indicating that respondents operated on an average production area of 20-

79 acres. ‘Community resources’ had an average value of 3.4 indicated a 68% overall 

satisfaction with community resources by respondents. ‘Irrigation’ had an average response 

value of 2.96, meaning a 59% rate of satisfaction with current irrigation equipment. ‘Water 

rights’ had an average response value of 4.1, indicating an 82% rate of familiarity of water 

rights. 

0 5 10 15 20 25 30 35

Other (please specify)

Not interested

Technical assistance

Seed and materials

Access to equipment

Other ag producers also trying new methods

Need more details

Workshops or training

Programs to subsidize or eliminate cost

Number of Respondents

Survey Selections to Increase Willingness to Try New 

Methods

Fig. 6. Responses to Question 10: Would you feel willing to try new methods if there 

were (select all that apply). 
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In Figure 9, scale of production (acres) represents the independent variable while satisfaction 

with irrigation equipment (irrigation), familiarity with water rights (water rights) and satisfaction 

with community resources (community resources) were tested as a dependent variable. There 

was no statistically significant correlation between acres and irrigation or water rights, but the p-

value between acres and community resources was 0.00948, indicating a significant correlation, 

shown in Figure 9. Community resources was then tested as an independent variable, with acres, 

irrigation, and water rights as the dependent variable, to search for significant correlations. All 

varieties of these variables as compared to satisfaction with community resources proved to be 

statistically positively correlated, as shown in Figure 10. Those who responded with more 

satisfaction with community resources produced at a larger scale, identified a better familiarity 

with their water rights, and were more satisfied with their irrigation equipment. 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Questions 2 and 13-15. Selections from these questions were used for 

statistical analyses in R Studio. Sample from paper version of survey. 
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Variable Average Min Max Std. Dev. Std. Err. 

Acres  2.4 1 4 1.212056079 0.167170237 

Community 

Resources 

3.4 1 5 1.188652989 0.164836512 

Irrigation 2.96 1 5 1.30868371 0.18507583 

Water Rights 4.1 1 5 1.08339161 0.16150249 

 

 

Variables 

Compared via 

Linear Regression 

Standard 

Error 

P-Value Statistical 

Significance (p-

value <0.05) 

Slope 

Community 

Resources, Irrigation 

0.1227 0.00645 Yes 

 

0.349926072 

Community 

Resources, Water 

Rights 

0.3302 0.0462 Yes 0.330201342 

Community 

Resources, Acres 

0.3810      0.00948 Yes 0.364001146 

 

 

 

Variables 

Compared via 

Linear Regression 

Standard 

Error 

P-Value Statistical 

Significance (p-

value <0.05) 

Slope 

Acres, Irrigation 0.2091      0.111639 No 0.209389907 

Acres, Water Rights 0.2435 0.146 No 0.241197183 

Acres, Community 

Resources 

0.3810      0.00948 Yes 0.364001146 

Fig. 10. Variables analyzed in linear model analysis comparing satisfaction with community 

resources to satisfaction with irrigation equipment, familiarity with water rights, and acres 

(scale of production). 

 

Fig. 9. Variables analyzed in linear model analysis comparing acres (scale of production), with 

satisfaction with irrigation equipment, familiarity with water rights, and satisfaction with 

community resources, respectively. 

 

Fig. 8. Average, minimum, maximum, standard deviation, and standard error values for 

variables represented in questions 13-16. 
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Discussion 

 

Engaging local food producers about self-identified interests and concerns promotes a 

nuanced approach to supporting adoption of regenerative methods to bolster adaptability of 

growers to a changing climate and encouraging land management conducive to functioning 

ecosystem services. Furthermore, engaging with local entities for a convergent survey creation 

process can produce regionally informed and locally beneficial data. The goal of this anonymous 

survey was to understand agricultural producers’ perceived limitations to, and preferences and 

perceptions about conservation topics including Nature-based Solutions (NbS) like agroforestry. 

Uncovering nature-based practices currently being utilized was an objective, especially because 

there are several multi-generational farms and ranches in the region, which likely hold 

generational ecological knowledge. Generally, results showed that producers in this area are 

invested in water conservation and interested in methods like agroforestry (windbreak trees) and 

drought-resistant crops. Out of 53 respondents to a question about values, 34 selected conserving 

water and water retention of soil as ‘extremely important,’ and no respondents selected ‘not 

important at all,’ which is a promising indicator for conservation in the surveyed region. 

Focusing on adding organic material to soil or rotational grazing, both identified as 

already being used, could serve as a gateway to further NbS and processes of developing 

regional protocols for growers interested in implementation or tailor financial support programs. 

Rotational grazing focuses on optimizing grazing pressure on forage plants by moving livestock 

methodically to improve soil health, increase nutrition available to livestock, and maximize 

forage plant yields (Baronti et al., 2022). Using soil organic matter as an amendment can 

increase nutrient availability in soils (Gerke, 2022). Building soil organic carbon through nature-
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based land management can mitigate soil degradation, often a costly issue, and aid in water 

retention (Jordon et al., 2021).  

 In the survey, 24 out of 54 respondents identified already adding organic material to soil, 

and 22 out of 54 respondents identified already practicing rotational grazing. These are useful 

data to support potential producer-to-producer knowledge sharing in the surveyed region. In 

general, social relations and contexts are foundational to knowledge practices for agricultural 

producers (Thomas et al., 2020). Supporting this inherent framework of idea sharing could 

bolster adaptability to drought years and changing climate, as growers with knowledge of 

regionally specific rotational grazing practices share methods with interested producers. While 

water availability (79% response rate) and temperature and weather changes (72% response rate) 

were overwhelmingly identified by respondents as negatively affecting production, soil quality 

(47% response rate) was selected considerably less. This could be reflective of producers already 

using adaptive practices like rotational grazing and adding soil organic material as an 

amendment on fields.  

Out of 60 total responses, nearly all respondents utilized the online Qualtrics version of 

the survey, which could indicate that a younger cohort of producers responded. Nearly ¼ of the 

county surveyed is 65 or older. Though 2022 Pew Research indicates that 75% of U.S. seniors 

over the age of 65 report using the Internet, a percentage which has been increasing year over 

year, this is considerably less than the 98% of 30–49-year-old Americans that are online (Pew 

Research Center, 2022). While this correlation can’t be fully tested as age demographic data 

wasn’t collected, it’s useful to consider how this could affect response rates. Finding outreach 

methods that encourage responses from a diverse age range is important for a dataset that is 

representative of multi-generational perspectives. 



 McCarthy 36 

 Statistical analyses conducted to compare scale of production, understanding of water 

rights, satisfaction of irrigation equipment, and satisfaction with community resources showed 

that ‘community resources’ was significantly positively correlated when compared in a linear 

analysis to the other three variables tested. Those who responded with higher satisfaction with 

community resources produced at a larger scale, identified better understanding of their water 

rights, and were more satisfied with irrigation equipment. 

This result suggests that community resources is a moderating variable to scale of 

production, satisfaction with irrigation equipment, and understanding of water rights. 

Comprehensive understanding of individual water rights is necessary, as the adjudication system 

is complicated, and misunderstandings could cause conflict among rights holders. The 

statistically significant correlation between scale of production and community resource 

satisfaction could suggest that those with more at stake take advantage of community resources 

at a higher rate. For larger scale producers, relative to the average reported production size of 20-

79 acres in the surveyed area, this result proves that community outreach in the region is 

contributing to positive outcomes, measurably, in terms of irrigation equipment satisfaction and 

understanding of water rights. Not all agricultural products require large scale land use though, 

as in the cases of tomato and apple production (Poore & Nemeck, 2018). This correlation also 

could indicate that smaller scale producers don’t feel as accommodated or represented by 

community programs. Supporting small-scale production could aid in creating a foundation for a 

shortened supply chain, limiting how much virtual water is exported. Supporting a wide variety 

of sustainably, locally produced commodities can help aid in rural community coherence and 

limit distribution costs for growers (Anggaeni et al., 2022). 
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Conserving water in the Southwest is not a straightforward process in part due to water 

adjudication policy limitations and restrictions. In three watersheds in Colorado, C.R.S. § 37-92-

305(3)(c) has been passed, an amendment protecting water rights if a rights holder chooses to 

allot some adjudicated water to land fallowing, water banking, or conservation (FindLaw, 2022). 

In the remaining four Colorado watersheds, water users may not use adjudicated water for 

conservation uses, and “use-it-or-lose-it” is the paradigm, meaning the full water right must be 

used to uphold it. The region surveyed is in one of the watersheds where C.R.S. § 37-92-

305(3)(c) hasn’t been implemented, so is limited in terms of how much water can be used for 

return flows to waterways or other conservation purposes. This policy challenge poses a 

significant roadblock to achieving buy-in from producers wanting to implement regenerative or 

conservation-based practices. Despite this limitation, understanding perspectives of agricultural 

producers and what regenerative methods are of highest interest will hopefully aid in expediting 

the C.R.S. § 37-92-305(3)(c) amendment, a goal of local conservation districts. 

In Figure 3 describing most common uses for agricultural land in the area identified by 

USDA NASS raster data, fallowing is the sixth highest use. This could be interpreted in a few 

ways. Fallowing programs exist in the Southwest, incentivizing producers to fallow land for one 

or more growing seasons for conservation purposes. This could mean focusing irrigation water 

on other fields or, in places where policy protections are in place, reallocate water for 

conservation (Koch et al., 2021). Fallowed land, especially without the addition of agroforestry 

practices like windbreak trees that limit erosion, can contribute to dust on snow, a major 

contributor to changes in headwater snow melt hydrology.  

Melt events in this region, as measured by SNOTEL telemetry sites across headwater 

snowpack locations, are occuring up to a month earlier than projected based on snow amounts, 
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partly to dust on snow lowering snow’s albedo and causing faster, earlier melt events (EPA, 

2022; Fassnacht et al., 2022). Dust mitigation is an important and complex challenge in the 

Southwest, and understanding where and why land is being fallowed could inform mitigation 

strategies. These could include agroforestry to reduce wind erosion and planting cover crops to 

protect soil biodiversity and health (Jose et al., 2022; Elevitch et al., 2018; O’Connell et al., 

2014). In the region surveyed, windbreak trees were of the highest interest, with a 33% response 

rate of ‘extremely interested’ on a Likert scale. Rotational grazing is another mitigation tool for 

soil erosion, which can occur from soil compaction due to overgrazing that encourages weed 

growth while killing forage plants and harming soil health (Baronti et al., 2022). Offering 

information sessions, training, and financial programs to implement mitigation methods could 

aid in limiting erosion of soil, limiting wind-carried dust loads on high elevation snowpack. 

For small- and medium- scale producers, water adjudication laws limiting conservation 

uses and limitations identified in the survey like cost and access to training are significant 

barriers to transformation. Water use for alfalfa irrigation accounts for a significant amount of 

Colorado River water use. A 2024 water use accounting report listed cattle feed crops as 

consuming 90% of total water used by irrigated agriculture in the Upper Basin, more than three 

times the combined consumption of commercial, municipal, and industrial uses (Richter et al., 

2024). Also, the global alfalfa hay market has grown immensely due to increasing demand for 

dairy (Research and Markets, 2018). 2023 USDA NASS raster data identified 64% of 

agricultural land in the surveyed county as being used for alfalfa or other legume crops cultivated 

for hay, and 51% of survey respondents identified growing alfalfa or other hay. 

As restrictions on alfalfa cultivation start being imposed in other parts of the world, like 

the 2019 ban in Saudi Arabia, exporting the crop will become more lucrative and in demand 
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(Research and Markets, 2018). Protecting increasingly arid landscapes like the Southwest will 

rely on supported transition based on convergent methodology. The top three means identified by 

respondents to increase willingness to try new methods were programs to subsidize or eliminate 

cost (60%), workshops or training (58%), and access to equipment (56%). Support for programs 

like these, along with policy amendments to allow for conservation use of adjudicated water, 

could support increased flows in the Colorado Basin, where 52% of all Colorado River water is 

used for agriculture, representing 74% of direct human use (Richter et al., 2024). Implementing 

convergent research surveys to gauge perspectives, challenges, and preferences of agricultural 

producers is a preliminary step in protecting the Southwest’s part in the food system and the 

waterways that give it life.  

In a written response, one respondent said, “If we aren’t taking care of the land, we aren’t 

making a living, period that’s it.” The same respondent also said, “We have no problem with 

saving the environment, but it is being pushed at us around every corner.” This illustrates the 

need for sustainability efforts that go beyond encouraging growers to be environmentally 

friendly, but instead works with communities to offer regionally relevant training and programs 

that support a transition to increasingly adaptive practices like NbS. Integrating researched 

methods into on-the-ground transformation requires community-rooted inquiry. Convergent 

research focuses on innovation and solutions to complex issues by bringing together people from 

many backgrounds, disciplines, and ways of life (Wilson, 2019). Much like diversity supports 

resilience in ecological systems, diverse perspectives can produce more adaptive, 

comprehensive, and regionally informed climate solutions. 
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When asked by Chris Outcalt of Colorado Sun how drought has impacted the Ute 

Mountain Ute Tribe, one of three tribes in the Ute Nation Indigenous to the Colorado Plateau, 

Tribal Chairman Manuel Heart said: 

 

“Eventually, what’s projected is the drought is going to get a little bit worse than what it 

is. We need to look at it now. Not 20 years down the road. Time is of the essence.” 
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______________________________________________________________________________ 

CHAPTER FOUR 

Alternatives and Implications 

 

Agroforestry: Integrating Forest Wisdom into Agricultural Systems  

 

In the research survey of agricultural producers in San Juan a headwater-dependent 

community of Southwest Colorado, the practice most selected as ‘extremely interested’ (18 

selections) in a Likert scale gauging interest in utilizing different methods was windbreak and/or 

shade trees. Using trees to help mitigate effects of radiation from the sun and high wind events is 

one outcome of agroforestry. Alley cropping could provide shade and windbreak to farms and 

ranches trying to find solutions to such challenges, while offering a secondary crop of valuable 

or productive trees adapted to the region. Alley cropping, which gained the most traction during 

the Dust Bowl, involves planting rows of trees between crops, reducing runoff, soil erosion, 

increasing efficiency of nutrient uptake, sequestering carbon, and improving biodiversity (Jose et 

al., 2022; Elevitch et al., 2018). Trees can provide a buffer from runoff of fertilizer or topsoil, 

protecting waterways (Elevitch et al., 2018). Alley cropping can also mitigate winds if used as a 

windbreak or shelterbelt, creating a shaded microclimate (Gold & Garrett, 2009). Integrating 

natural ecosystem functions works with, instead of against, the landscape to solve challenges 

(Stojanovic, 2019). As climate change adds increased extreme weather events that can threaten 

topsoil, water retention of soil, and wellbeing of livestock, agroforestry offers a suite of solutions 

to build resilience on small and medium-scale agricultural operations. 
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For millennia, Native peoples across modern North America have practiced Indigenous 

methods of what’s now identified as landscape-scale agroforestry (Rossier & Lake, 2014). 

Researchers have found edible plant hyperdominance (greater abundance and more extensive 

ranges) in the eastern Amazon of South America originally from polyculture agroforestry 4,500 

years ago, proving the ability of such systems to endure without active management. (Maezumi 

et al, 2018). Before the Middle Ages in Europe, food crops were produced on cleared and burned 

plots with trees planted with or following harvest (King, 1968). In recent history, agroforestry 

planting as shelter belts and windbreak trees were done in Canada and the U.S., especially during 

the Dust Bowl in response to extreme topsoil loss (Jose et al, 2022). Unfortunately, more 

widespread uses of agroforestry strategies have decreased significantly as forestry and 

agricultural management research fractured into separate infrastructures, though an increased 

interest and understanding of agroforestry practices has occurred in the last 40 years (Shibu et al, 

2022). Linking these research silos to consider holistic landscape management could support 

increased understanding between natural and agricultural ecosystems.  

Considering cultivated land as a continuation of an ecosystem is a hallmark of NbS like 

agroforestry. After all, agriculture depends on ecosystem services ranging from hydrological 

function to the abundance of pollinator species, which is becoming more scarce. In the last two 

decades, some species of bumble bee have declined by 96%, and species important for 

pollinating crops are declining in many regions of North America (Nabhan, 2013). The 

importance of pollination in agricultural systems can’t be understated, but agroforestry practices 

could generate biodiversity to support pollinator host species and support pollinator abundance 

needed for food production (Schoeneberger et al., 2017). Pollinators are typically three times 

more abundant in fields that are sheltered from wind than those that are exposed (Williams & 



 McCarthy 43 

Wilson, 1970). Therefore, integrating windbreak trees could protect pollinators while 

encouraging increased pollinator presence in crop fields. Additionally, areas under and around 

windbreak trees could be managed to encourage pollinator insects by establishing plant species 

attractive to bees and other pollinators. Alongside pollinator insects, livestock species could 

benefit from protection from cold or harsh winds. Windbreak trees can be managed to produce 

timber crops, particularly hardwood species like oak (Quercus) and walnut (Junglans) (Brandle 

et al., 2022).  

The benefits of agroforestry stand in contrast to high deforestation and forest disturbance 

rates associated with intensive conventional agriculture (Kadoya et al., 2022). Increasing overall 

diversity of crops could improve food security outcomes, as monocultures are less resilient and 

prone to severe degradation from pests and extreme heat (Nabhan et al., 2020). The still-

detectable edible landscape started by Indigenous peoples of the eastern Amazon 4,500 years ago 

utilized low-severity fire management, closed-canopy spaces for planting, limited land clearing, 

and management of multiple annual crops, all of which led to food system resilience despite 

social and climatic changes (Maezumi et al., 2018). Integrating forest structures in agricultural 

practices to mimic ecological strategies could do have the same benefit today. While many of 

these methods might not be applicable to large-scale operations, the next section will discuss the 

broad importance of localizing food systems in place of ecologically damaging industrial-scale 

agriculture.  

Along with environmental protection, support and benefit to human wellbeing is an 

important part of agroforestry (Nabhan et al., 2020; Shibu et al., 2022). Prioritizing a healthy 

agroecological system could have positive ripple effects in societal, environmental, and 

production spheres. Social forestry, or forest management by communities, can be promoted by 
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agroforestry. This is being shown across Southeast Asia, where more than 7.3 million households 

are engaging with social forestry as of 2019, many of those having once relied on now-degraded 

nearby forests to support their livelihoods (Willmott et al., 2023). Increasing agrobiodiversity for 

forests used for products like oil palm or cocoa leads also to diversified and more secure income, 

livestock fodder, and food security (Willmott et al., 2023; Pratiwi & Suzuki, 2019). A diversified 

farm system can be ecologically identified by multiple intercropped species, planting of non-

food species, and genetic diversity in livestock and crop species (Kremen & Miles, 2012).  

Diversifying pasture and croplands in the U.S. could prove to have holistic benefits while 

increasing crop resilience.  

Silvopasture combines livestock, forage, and tree planting. Adding trees to historically 

deforested farm and rangelands can allow forage crops to reestablish, provide shade for animals, 

abate winds, and create an integrated system managed for both forest health and grazing (Gold & 

Garrett, 2009). Natural forest systems have evolved over millions of years to optimize efficiency, 

and agronomic design could only benefit from tapping into such systems (Gremmen, 2022). A 

study in the U.S. southern-Midwest showed that, compared to conventional methods, 

silvopastures led to lower temperatures for soil and livestock, more soil organic carbon, and 

higher water content, both benefitting animal welfare and improving soil quality (Amorim et al., 

2023). Finding nature-based methods like silvopasture to regulate farmlands as temperatures rise 

and climatic patterns change will aid in reducing potential vulnerabilities of soil, crops, and 

livestock. 

Agroforestry involves a degree of uncertainty and experimental trial-and-error on behalf 

of the agricultural producer. Lag between initial implementation and when producers see 

improvement using NbS is likely, especially in the case of tree-based methods. Technical 
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assistance from Federal and State conservation programs could improve access to design 

methods and financial support as needed to aid in transition (Schoeneberger et al., 2017). Any 

agroforestry practices applied to farmlands should be carefully considered based on regional 

climate. Ultimately, just because technology is nature-based doesn’t mean it is necessarily good 

for a particular landscape, and land managers should consider this ‘natural fallacy’ when viewing 

the bigger picture of environmental and agricultural transition toward Nature-based Solutions 

(Gremmen, 2022). Such considerations could be achieved through active engagement with other 

producers, community members, and academic institutions (Dumanski et al., 2006).  

Sharing ideas and understanding challenges could ease conflict, improve outcomes, and 

lead to more comprehensive solutions. Usually, producers can’t easily implement new systems 

while managing operations but could benefit from input about solutions from private or 

academic organizations focused on conservation or agronomy. Academic institutions can create 

regionally adapted and informed strategies for adaptation while monitoring rates of success of 

different adaptation strategies like agroforestry (Schoeneberger et al., 2017). Sharing functions of 

agroforestry and how those functions support adaptation and mitigation, as shown in Figure 11, 

could increase understanding among agricultural producers. Community members who hold 

stake in waterways may offer insight that is less production-focused but paints a nuanced picture 

of why conservation is important. Methods like windbreaks, silvopasture, and diversifying crop 

systems may help to increase sovereignty from external inputs, water crises, and even mitigate 

the intensity of effects of climate change on farmers and ranchers in the Southwest U.S. and 

around the globe.  
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Drought-Tolerant and Climate Adapted Crop Species 

 

In the research survey conducted in Southwest Colorado, the method that had the second 

most selections of ‘extremely interested’ (16 selections) was drought resistant crops. There is an 

opportunity to prove the profitability, feasibility, and water saving potential of plant species 

adapted to desert conditions. All crop species have unique temperature and water thresholds, and 

growing seasons are determined by these boundaries (Walthall et al., 2012). While some 

commonly grown crops like wheat and soybean have reduced ability to photosynthesize due to 

Fig. 11. Functions of agroforestry that aid in climate change adaptation and mitigation 

(Schoeneberger et al., 2017). 
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heat in desert climates, arid adapted species have adapted over millions of years to cope with 

high temperatures (Nabhan et al., 2020). Implementing arid adapted species as small pilot plots 

within existing agricultural fields could help test outcomes of different species in Southwest 

Colorado and other desert regions of the U.S. Southwest. Understanding the feasibility of 

growing crops in specific regions is warranted, and further investigation through academic 

research and partnership programs could contribute to transformation from less arid adapted 

crops dependent on temperate, predictable climate and consistent irrigation. This especially 

crucial as crop yields are being threatened by climate change, which is accelerating expansion of 

drylands in the Southwest (Nabhan et al., 2020).  

Drought and dryland-adapted crop varieties could be immediately feasible to pilot plots 

within larger operations, growers not contractually or financially bound to growing certain crops, 

and those receiving State or Federal funding from programs promoting conservation. Otherwise, 

permaculture farms, academic institutions, and hobby farms could create protocols through trial 

and error to provide insight to growers who may not have the flexibility to try new crops. There 

are a few species that could be of interest in arid climates of the Southwest, with varying uses. 

Ultimately, food produced is guided by demand, so any change in species grown would rely on 

food markets to also begin transformation toward arid adapted, less common food items. 

Revitalizing local food systems to encourage dietary choices that benefit individual and 

community ecosystem wellbeing is an adaptive strategy worth campaigning for. 

One drought-resistant crop, the commonly grown cereal grain sorghum (Sorghum 

bicolor), can use 8 inches of water per harvest season, compared to the average 21 inches used 

by high-yielding corn crops (Scott & Dreiling, 2019). A self-pollinated plant, sorghum 

pollination isn’t negatively affected by drought, and waxy coatings on leaves serve as protection 
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and a means of mitigating water loss (Carter et al, 1989). Sorghum can produce higher amounts 

of grain per unit of water as compared to corn or soybeans which illustrates its potential value as 

an efficient crop in arid regions, where it could replace less water efficient forage crops like 

alfalfa (Rees & Irmak, 2012). Though often a feed crop in the U.S., sorghum is utilized for 

human consumption in other parts of the world, is gluten free, and contains more fat and protein 

than corn (Rice & Curtis, 2021). Integrating sorghum into U.S. food markets would be needed to 

truly increase demand for the grain, but raising awareness about its nutritional benefit could 

stoke buyer interest. 

The legume chickpea (Cicer arientinum) is another drought tolerant species originally 

from southeastern Turkey and Syria (Walia & Chen, 2020). Chickpea has a deep tap root 

allowing for drought tolerance by using water deep in the ground, high nutritional value, and 

nitrogen fixing root nodules (Arif et al., 2020). Its nitrogen fixing properties could particularly be 

helpful in the case of degraded soils, regenerating depleted nutrients and improving soil 

biodiversity, supporting connectivity of important microbial communities in the wider 

ecosystem. Using legume species in a rotational crop system reduces weeds and improves soil 

tilth to aid with root penetration of future crops, too (Walia & Chen, 2020). Cicer arientinum is a 

cool season plant, with a tolerance for hotter temperatures at the end of its life cycle which could 

be an effective option in mountainous regions of the Southwest where growing seasons often 

begin later (Karalija et al., 2022). Chickpea is an indeterminate grower, allowing for longer 

growing seasons if summer weather patterns remain temperate (Rice & Curtis, 2021). In a 

research study comparing chickpea seed size to climatic adaptations, it was found that Desi type 

variants with smaller seeds matured more quickly and had higher yields in dry years (Walia et 

al., 2020).  
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Crops like chickpea are most efficiently watered using buried irrigation lines, and prefer 

well-draining, sandy, loam soils (Light et al., 2018, Walia & Chen, 2020). Buried irrigation 

allows the root zone to receive water more directly, reduce evapotranspiration, and improve 

water usage effectiveness by over 20% (Wang et al., 2021). Between 2007 and 2017, gravity 

irrigation in the Southwest declined by 12%, while use of drip irrigation systems increased by 

71%, a promising trajectory for adaptation in the region (Mpanga & Idowu, 2020). Though 

farmers have cited complications like irrigation tape maintenance and startup costs (Wagner & 

McVicker, 2015), improving technology to ease such hurdles is a step toward sustainability of 

the Southwest’s role in food production. 

In hotter desert lowlands, options like yucca, agave, mesquite and amaranth could be 

considered, with most supporting insulin metabolism, potentially helping mitigate health effects 

of type 2 diabetes, cited as the most expensive nutritionally related disease in the region (Nabhan 

et al., 2020). The species has been introduced in 129 hot and semi-arid countries for its many 

services, but unfortunately some species like the fast-growing subspecies Prosopis juliflora have 

become prolific invasive species in parts of the world and even contribute to high rates of pollen 

allergy (Hussain et al., 2020). Mesquite was used by early cattle ranchers in Texas for livestock 

feed, and after overgrazing of grasslands and fertilization of mesquite by manure, surface root 

systems of the tree inhibited regrowth of grasses (Archer et al., 1995). Ranchers in Texas still 

battle with mesquite, which continues to propagate over grasslands and create densities over 

10,000 stems ha-1, leaving little or no forage grass (Felker et al., 2013). Any notion of 

introducing mesquite as a crop species would require significant ecological assessment of 

potential risk for overly prolific growth. In areas like Texas where mesquite has become a 

nuisance species, it is unlikely to transform it into a crop species, even with less prolifically 
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growing subspecies, due to its reputation. Such regional contexts should be considered when 

planning drought-resistant crop species. 

Mesquite was once a food staple for Indigenous 

communities in the Americas and the Indian peninsula, 

producing sweet flour with high sucrose and fiber content 

(Felker et al., 2013). The flour, made from crushing pods, can 

be eaten without cooking, and kept indefinitely (Smith, 1932). 

Mesquite is a nitrogen fixing leguminous tree and could offer 

agroforestry options like shade for livestock, especially 

because of the plant’s preferred temperatures, growing fastest 

in soil temperatures between 80- and 90-degrees F (Lyons & 

Rector, 2009). Nabhan et al. outline a plant-based arid-

adapted agroecosystem with mesquite that could include a 

shaded “understory of cacti, herbaceous perennials, and 

ephemeral annuals irrigated by active and passive rainwater 

harvesting systems” (Nabhan et al., 2020). The tree can 

tolerate highly alkaline soils, able to live in soluble salt 

content ranging from 0.54% and 1.0% and a pH up to 9.5-

10.0 (Ellsworth et al., 2018). Mesquite, which represents 44 Prosopis (Fabaceae) species has 

edible pods and can be used for fodder (Meyer, 1984, Ellsworth, 2018). Examples of the 

diversity of mesquite pods is shown in Figure 12.  

 Mesquite, even in its native range, must be managed carefully, but its ability to grow so 

prolifically in desert environments is supportive of its potential as a food crop in water scarce 

Fig. 12. Prosopis pods of various 

species from around the world, showing 

wide variety. (A) and (B) from U.S. 

California, (C) (E) (F) and (G) from 

Argentina, (D) from Baja California, (H) 

from New Mexico, (I) from Chile, (J) 

from south Texas, and (K) from Senegal, 

Africa. Photo by Taylor & Francis Ltd, 

from Felker et al 2013. 
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regions. Limiting overgrazing of grasses to establish grasslands and then utilizing mesquite only 

as a monitored alley crop could be an outlet for its use. In recent years, some preparations of 

mesquite pods have begun finding their way into the U.S. food system and work from the USDA 

Western Regional Research Center has suggested uses of mesquite flour that are both useful and 

nutritious (Felker et al., 2013).  

Without irrigation, Hopi farmers grew food crops in Arizona for over 2,000 years, 

utilizing less than 10 inches of precipitation annually (Kuzdas, 2019). This legacy supports the 

possibility of dryland farming of arid-adapted crops in the Southwest, with scalability being a 

main hurdle to overcome. As water resources become less consistent and irrigation not promised, 

especially to junior water rights holders, food growing operations will need to adapt. Proactively 

piloting arid-adapted crops like sorghum, mesquite or chickpea and experimenting with drip 

irrigation or other conservative watering regimes is the best way to ensure resilience of food 

production in the Southwest, and ultimately support higher instream flows with less irrigation 

diversion. Academic institutions can support this transition by researching new irrigation 

technology, a topic that producers in rural Colorado identified as of interest. Connecting with 

communities that self-identify interest in such methods could increase chances of success. For 

researchers, supporting adaptability could include continuing to uncover the most productive 

variants for regional climates while collaborating with food producers to fill gaps of knowledge 

inherent between farmer and academic. 
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Bringing it All Back Home: 

The Importance of Adaptive Small-Scale Agriculture and Why ‘Big Ag’ Won’t Work 

 

Outlining the effects of industrial scale agriculture can help contextualize the importance 

of supporting smaller, community-integrated farms with a connection to land ethic. Furthermore, 

it’s important to separate small-scale producers from the outsized negative effects of industrial-

scale agriculture. In the Southwest, water conservation in agriculture is a necessity, and 

implementation of lower water-use methods is needed to preserve flows to within the Colorado 

Basin. This is much more feasible than retrofitting hugely consumptive, industrial-scale 

agricultural operations. Massive scales of production support cheaper food products and allow 

for increased accessibility to food but are unsafe by many micro- and macro-scale metrics—

creating a complex an urgent challenge. 

As it became predominant in the U.S. the 1950’s, industrial scale agriculture didn’t come 

about solely for the maximization of corporate profits, though that certainly has been one effect 

(Lam et al., 2016). Despite these farming methods only existing for about 70 years, modern diets 

reflect industrialized production of cereal grains, and a reduction in vegetables, nuts, and fruits 

(Rhodes, 2012). Since this form of agriculture has allowed for low-priced commodities to be 

produced at a massive scale, developing countries have had more access to well-stocked grocery 

stores (Boody & DeVore, 2006). At the same time, human population and therefore need for 

food is growing at a rapid rate, with demand being projected to double between 2012 and 2050 

(Kremen & Miles, 2012). Though the cost of food may be subsidized by industrial scale 

agriculture, the environmental cost is incredibly high. As mentioned earlier in this text, 

monocrops are less resilient to climate change than nature-based or more diverse systems and 
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have negative impacts on soil health. To maximize profits and productivity, food is grown as 

pesticide and fertilizer-dependent monocrops and livestock in confined animal feeding 

operations (CAFOs) that create huge amounts of waste in “manure lagoons” (Wartman, 2012). A 

huge portion of these become runoff into waterways and even contribute to air pollution (Boody 

& DeVore, 2006).  

Fertilizer runoff, particularly nitrogen and phosphorous, contribute to eutrophication 

(excessive richness of nutrients in waterways) that causes toxic algae blooms and “dead zones” 

in waterways from low dissolved oxygen (Conley et al., 2009). These algae blooms can have 

devastating effects on ecosystems, like the 2018 Karenia brevis bloom in Florida, initiated by 

agricultural and urban runoff and increased temperatures (Dobson et al., 2019). Karenia brevis 

releases brevotoxins that are dangerous to human health and caused significant fish kill, along 

with seabird, sea turtle, and manatee deaths (Dobson et al., 2019). In the Chesapeake Bay, 

cyanotoxins from cyanobacteria blooms have caused bird and fish kill events, along with human 

health events, leading to persistent beach closures on the shores of North America’s largest 

estuary (Tango & Butler, 2008).  

Intensive, industrial-scale agriculture is also changing, fracturing, and damaging forest 

ecosystems on a global scale (Kadoya et al., 2022). The threat to forest health is significant and 

alternatives like agroforestry that contribute to improvements in biodiversity should be 
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considered for mitigation. Current agricultural practices account for ten percent of global 

greenhouse gases, and 38% of Earth’s landmass is used for agriculture, so agricultural land 

management changes could be profound for 

forests and ecosystems (Stojanovic, 2019). The 

food system, including post-farm processing and 

distribution, accounts for 26% of total 

greenhouse gases (Poore & Nemecek, 2018). 

The distribution of this footprint is broken down 

in Figure 13. A quarter of emissions from food 

production end up as food waste, either from 

losses in the supply chain or by consumers 

(Gustavsson et al., 2013). Localizing food systems 

and supporting sustainable scales of agriculture 

could be a step towards limiting these emissions and losses. Shortening food chains could also 

limit virtual water, or that which is used in one region and exported to another. Furthermore, 

small-scale food producers shouldn’t have to compete or pay monopolies like Walmart that 

control about 1/4th of all groceries sold in the U.S. (Wartman, 2012).   

Agriculture with a scale driven solely by commodity requires complicated responses to 

initiate environmentally beneficial change, necessitating weighing global supply chain demand 

and ecosystem services (Kremen & Miles, 2012). On the other hand, small-scale agriculture 

driven by a desire to support ecosystem services and ensure long-term sustainability of food 

systems has more flexibility in initiating beneficial change. Maximizing and subsidizing 

practices that are already ecologically sound is more straightforward than retrofitting 

Fig. 13. Food’s environmental impact. 

Data: Poore & Nemeck, 2018. Image: 

Ritchie, 2022. 
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sustainability to industrial, extractive operations whose function is inherently different from 

natural dynamics. Focus needs to be placed on supporting localized, community-based food 

systems.  

In the county surveyed, no industrial-scale agriculture exists, only small and medium 

sized farms and ranches. Production is family-owned, and often multi-generational, with land 

management practices passed from one generation to the next. An over-adjudicated river in the 

region surveyed will benefit from water conservation, and land ethic should always be a central 

tenet of land management. ‘Industrial agriculture’ referred to here can be imagined as a single, 

genetically modified crop spanning thousands of acres, massive and possibly automated farm 

equipment, seeds that are patented and illegal to grow elsewhere, farm workers with gas masks 

to protect from myriad chemicals, and class action lawsuits in the billions. These are elements of 

corporatized, industrial scale agriculture.  

The process of food production by industrial agriculture is damaging to the environment, 

and the foods produced similarly dangerous to human health. Foods grown industrially, as 

opposed to on small-scale or organic farms, are less healthy and pose risks by exposing 

consumers to pesticides, growth hormones, and even foodborne illnesses from unsanitary factory 

practices and lacking regulation (Wartman, 2012). These illnesses include malnutrition, 

immunodeficiency, malaria, chronic disease, and occupational injury and poor health (Hawkes & 

Ruel, 2006). Sources include agrochemicals like pesticides and antibiotics used for livestock, 

mycotoxins from poor post-harvest practices, and potentially unregulated genetically modified 

foods (Bhat, 2008). Pesticide residue can be measured in a disturbing number of common foods 

and beverages like fruit juices, animal feed, cooked meals, wine, and even water (Nicolopoulou-
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Stamati et al., 2016). Though some pesticides have been banned due to health implications, 

consumers shouldn’t have to serve as test subjects ahead of regulatory policy. 

Changing this dangerous, unsustainable system is not a straightforward process. Most 

industrial food production is under the control of a few powerful corporations, who make small-

scale farming increasingly difficult by producing low-cost food (Wartman, 2012). These 

corporations enjoy extremely integrated production chains that make it easier to distribute food 

than smaller, less powerful farms (Lam et al., 2016). However, USDA has guidelines for farms 

of all scales for reducing emissions, including “stabilized” fertilizers that result in less runoff, 

and some guidelines some topics explored in this paper, like cover cropping in the winter, 

utilizing no-till to reduce fossil fuel use by farm equipment, and realizing the potential of soil as 

a carbon sink to neutralize past emissions (Parton et al., 2011).  

Organic material to fertilize fields need not be from faraway factories or supply stores but 

can be sourced locally. In Southern Arizona, about $200 million per year is spent by agricultural 

producers for inputs to food producing operations, while $300 million is sold as forage and other 

products, meaning that external inputs consume 2/3 of the value of food produced (Nabhan, 

2013). In the research survey conducted in Southwest Colorado, 38% of respondents indicated 

applying synthetic fertilizer as needed, and 16% indicated applying synthetic fertilizer yearly. In 

some cases, food production systems can become reliant on expensive inputs that require 

consistent application to provide consistent nutrition to crops. Instead of relying on inputs 

shipped from far away, compost or other organic material can be sourced locally to promote soil 

health and water retention.  

Though not accessible to all consumers, those who can afford to support local or organic 

farms can use their dollars to begin the shift toward a consumer-driven food system that’s safe 
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and sustainable. For agricultural producers, understanding how to take advantage of methods that 

are better for their respective watersheds and utilizing conservation-minded practices like 

agroforestry could support this shift, though industrial-scale producers should be held 

accountable for outsized contributions to land degradation and greenhouse gas emissions. As 

shown in Figure 14, sustainable agriculture seeks to empower communities through value 

addition, protection of ecosystem services, improvements to livelihoods, and adaptive 

governance. Through community-rooted convergent research efforts, feasible solutions can be 

implemented and tested to increase adaptability of food systems in the Southwest. 

 

 

  

Conclusion  

 

 Warming temperatures and less predictable hydrology are already impacting food 

producers in the Southwest and finding ways to integrate Nature-based Solutions (NbS) can 

support adaptability and resilience especially during dry, hot years. While challenges continue to 

evolve as the U.S. Southwest experiences aridification, allowing agricultural producers to 

identify adaptive methods that are of interest is a first step in successful implementation. 

Utilizing convergent research methodology, a survey of agricultural producers in a San Juan 

Fig. 14. Principles of sustainable agriculture. From the Food and Agriculture Organization of 

the UN. 
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headwaters region of Southwest Colorado produced results that can help inform local entities as 

well as academic institutions. Understanding limitations to implementation could inform federal 

and state organizations about how best to support producers seeking to implement Nature-based 

Solutions. Integrating land ethic as a foundational framework to food production systems, 

including NbS like agroforestry, can promote adaptive agricultural systems. 

Community-scale agriculture and forestry management issues call for community-scale 

response and action, like focusing on improving livelihoods while creating pathways to 

transform operations to biodiversity-friendly production (Kadoya et al., 2022). Engaging with 

producers through outreach should include both economic and ecosystem benefits and 

implications (Schoeneberger et al., 2017). Increasing access to programs to subsidize or 

eliminate cost was selected by 60% of survey respondents to increase willingness to try NbS. 

Agroforestry methods like windbreak and shade trees and drought-tolerant crops were identified 

as of the highest interest. Understanding climate challenges should be balanced with 

implementing solutions, and through convergent methods, finding ways to grow food in a 

changing world. 

 

______________________________________________________________________________ 
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Afterword 

 Food can be viewed as a production item, a commodity, a necessity. An exchange, a 

point of contention: as per grade school biology, a vehicle for cellular energy. A product to be 

grown somewhere, measured, weighed, paid for, digested, and forgotten. Food can be a scarce 

resource; nutritious foods are not distributed fairly. Food can also be a facilitator of warm family 

reunions—a grandmother’s cookie recipe, familiar and comforting. Food is multi-dimensional, 

ideological, and deeply sacred: a manifestation of the entanglement between human ingenuity 

and nature’s wisdom. As confusing as it is miraculous. Whole careers can be spent studying the 

relationships between food systems and the economy, or human evolution, or global politics. The 

very cells of our bodies are constructed from nutrients inherent in our planet’s soil and rains from 

our atmosphere. Some people recognize the spiritual domain of agriculture and respect nature’s 

role in cultivating crops. The shift from reverence to commodification has not happened 

everywhere.   

Food, and the way we grow it, carries a deep truth: how we care for our bodies and 

communities reflects how we care for our environment. Even in climate-controlled buildings and 

vehicles, in cities and paved paradises, we are as deeply connected to the symbiotic nature of our 

biome as ever. There’s no boundary separating our bodies and the planet. What we consume can 

poison or heal us, and this is as true for our gut microbiota as for ecosystems. Humans exist 

within, not separately from, the vast network of plant, animal, and fungal life. This means that 

regeneration of soil and plant communities extends to rehabilitation of human communities, too.  

The opportunity for integration of the frenetic pace of industry is ripe for restorative 

advancement. Industrial growth has beneficially furthered our species’ potential, but it’s taken a 

devastatingly expensive toll on our relations and host planet. One can expect accountability 
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without devoting too much cognitive disk space, arguably a non-renewable resource, to 

overthinking about this reality. 

Growing up on Maryland’s Chesapeake Bay showed the wide-ranging effects intensive 

agriculture can have on ecosystems. Fertilizer runoff led to dangerous algal blooms and bacterial 

outbreaks, closing beaches, and even harming bodies of immune-compromised watermen and 

women in my community, sickening our beloved estuary and those who worked on it. As a 

young person I gravitated toward books and documentaries about food systems—my mom 

reminds me that she still can’t buy white sugar due to my intense lobbying after watching Food 

Inc. Learning about agriculture, consciously or not, helped contextualize this confusing lived 

experience. I understood early on that few corporations had iron fist control over seeds, 

pesticides, and methods of food production. What an insurmountable force, and a painful reality, 

that most of the food at my neighborhood grocery store was grown with a sole, insidious 

intention: greed. Even at a time when modern science showed us the importance of nutrient-rich 

diets, it seemed the appetites of corporate bank accounts had won. Getting unbleached sugar, as 

far as I was concerned, was the least we could do.   

Some years have passed since being introduced to the corporate realm of agriculture. 

Becoming acquainted with permaculture, the power of local farms, regenerative agriculture, and 

Traditional Ecological Knowledge (TEK) in recent years has allowed me to reimagine the 

current food system as a substrate for community empowerment and connection. Generally, from 

where seems dismal and hopeless are beacons of hope. Re-learning how to work with the land 

instead of against it honors Indigenous wisdom and can heal some of the damage our planet has 

endured in the name of industrial progress. Even at an individual level, there’s something about 

getting to know the soil in your backyard that feels empowering, like a quiet protest. 
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I once heard a rancher ask another if he’d heard about integrated grazing in orchard 

systems. “You’re talking about letting the animals in the orchard? I think I’ve tried that once or 

twice, by accident,” he said, laughing. I’ve seen how quickly a few unplanned llamas can 

defoliate fruit trees. Without context, especially after a lifetime of conventional food growing, 

some nature-based solutions can seem a bit strange. With intention, though, animals have the 

potential to till and fertilize soils, keep invasive species at bay, and enrich food production. There 

aren’t many large-scale applications yet, but family farmers could benefit from mimicking nature 

and ecological systems. 

The Southwest region, notoriously defined by conflict and stress over water resources, is 

ripe for integration and implementation of such methods. When Indigenous people were 

displaced, wisdom of food growing and spiritual connection to these valleys was lost, too. 

Partnering with nature is a return to the notion of connected wisdom, and Indigenous food 

growing methods may well prove to be the most resilient and climate adapted. Terms like 

‘permaculture’ and ‘regenerative agriculture’ are, in my view, a sort of rebranding of how food 

was grown before European agricultural models were applied to unfamiliar landscapes. It’s 

necessary to acknowledge and hold this fact. The excitement of new technology and ideas could 

distract from the reality that mitigating climate change will involve re-learning and integrating 

some very old, sometimes ancient, ways of living and growing food.   

“I used to think the top environmental problems were biodiversity loss, ecosystem collapse, and 

climate change. But I was wrong. The top environmental problems are  

selfishness, greed, and apathy. … to deal with those issues we need a spiritual and  

cultural transformation – and we scientists do not know how to do that.” 

 

-Gus Speth, former Dean of the School of Forestry & Environmental Studies at Yale 
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Appendix A. Full Research Survey 

Montezuma County Agriculture Survey 

Your responses will help inform the Mancos Stream Management Plan, Conservation District 

planning for funding toward ag programs, and a research project. Please see attached 

information. Thank you for your time and contribution. 

1. How many years have you been an agricultural producer?  

 0-5 years         6-14 years      15-19 years      20 or more years 

2. How many total acres of land do you produce on?  

 1-19 acres     20-79 acres    80-119 acres   120 or more acres 

3. Where do you get water to support your production? Select as many as apply. 

 Reservoir          Stream Ditch          Well Water          Prefer not to say 

 Other (Please Specify): _____________________ _______________________ _____ 

 

4. Are you in the Mancos watershed? 

 Yes      No      Unsure      Prefer not to say 

5. During your time producing in the area, has your production been negatively affected by: 

Water availability?  Yes |  No |  Unsure 

Soil quality?  Yes |  No |  Unsure 

Temperature/weather changes?   Yes |  No |  Unsure 

6. What do you produce? Select as many as apply. 

  Livestock     Alfalfa or Other Hay        Winter Wheat 

    Vegetables     Fruit (Orchard)      Dry Beans        

   Other (Please Specify): ____________________ __________________ 
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7. Do you use synthetic fertilizer on your crops? 

 Yes, yearly              Yes, as needed          No longer use            Never used   

8. How important are each of these topics to you? Check one box for each. 

 Extremely 

Important 

Somewhat 

Important 

Neutral/ 

Unsure 

Somewhat 

Not 

Important 

Not 

Important 

At All 

Quality of 

Crops and/or 

Livestock 

     

Water 

Retention of 

Soil 

     

Production 

Cost   

Savings 

     

Nature and 

Wildlife  

     

Knowledge 

of Water 

Rights 

     

Watershed 

Health 

     

Working 

With 

Community 

     

Erosion 

Control 

     

Sustainability      

Conserving 

Water 
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9. How interested would you be in utilizing each of these methods on your land? Check one 

box for each. 

 Already 

Using 

Extremely 

Interested 

Somewhat 

Interested 

Neutral/ 

Unsure 

Somewhat 

Not 

Interested  

Not 

Interested 

At All 

Rotational 

Grazing 

      

Adding 

organic 

material to 

soil 

      

Cover 

Cropping 

      

Drip 

Irrigation 

      

Dryland 

Crops 

      

No-Till       

Greenhouses       

Drought-

Resistant 

Crops 

      

Working 

with other ag 

producers 

      

Windbreak 

and/or shade 

trees 

      

 

Intercropping       

Please list any other conservation practices you use or are interested in: 

 

______________________________________________________________________________ 
 
______________________________________________________________________________ 
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10. Would you feel willing to try new methods if there were (select all that apply): 

 Programs to subsidize/eliminate cost   Workshops or training      Need more details 

  Other ag producers also trying new methods          Access to equipment   

                  Seed and materials        Technical assistance       Not interested 

 Other (Please Specify):_____________________ ___________________________ _______ 

11. Do you currently use methods to conserve water on your land? 

 Yes, always have    Yes, started recently   No, but used to    No, never   

 No, but would like to start 

Please list water conservation method(s):_________________________________ ___________ 

_____________________________________________________________________________  

12. Would you like to see more information being shared about (select all that apply): 

 Colorado Water Law   How to use irrigation systems   New irrigation technology 

  Methods to conserve water    Incorporating ditch users into a ditch company    

   None of these 

13. How satisfied are you with community resources available to you?   

Not At All Satisfied        1  2  3  4  5             Very Satisfied 

14. How satisfied are you with your current irrigation equipment (diversions, headgates etc.)?   

Not At All Satisfied        1  2  3  4  5             Very Satisfied 

15. How familiar are you with the water rights on your land?   

Not At All Familiar        1  2  3  4  5             Very Familiar 

16. Do you have questions, comments, or suggestions? Feel free to attach a separate sheet. 

 
______________________________________________________________________________ 
 
______________________________________________________________________________ 
 
 

 

Thank you for participating. Please email your preferred mailing address to 

sgm254@nau.edu to claim your $5 Gift Certificate to Fahrenheit Coffee. 
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Appendix B.  

Survey Results 

 

Likert Scale Results 

Q8: How important are each of these topics to you? Check one box for each. 

 

Q9: How interested would you be in utilizing each of these methods on your land? Check 

one box for each. 
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Multiple-Choice Results 

Format: Selection, percentage of respondents, total respondents. 

Q1: How many years have you been an agricultural producer? 
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Q2: How many total acres of land do you produce on?

 

Q3: Where do you get water to support production? Select as many as apply.

 

Q4: Are you in the [omitted] watershed?

 

Q5: During your time producing in the area, has your production been negatively affected by 

water availability?
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Q6: During your time producing in the area, has your production been negatively affected by soil 

quality? 

 

Q7: During your time producing in the area, has your production been negatively affected by 

temperature or weather changes?

 

Q8: What do you produce? Select as many as apply.

 

Q9: Do you use synthetic fertilizer on your crops?
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Q10: How important are each of these topics to you?

 

 

Q11: How interested would you be in utilizing each of these methods on your land?
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Q12: Would you feel more willing to try new methods if there were (select all that apply).

 

 

Q13: Do you currently use methods to conserve water on your land?
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Q14: Would you like to see more information being shared about (select all that apply).

 

Written Results 

All responses submitted in questions where typed (Qualtrics) or written (paper survey) responses 

were available. 

 

Q3: Where do you get water to support production? (Location-identifying responses omitted) 

 

Q8: What do you produce? 



 McCarthy 75 

 

 

Q12: Please list any other conservation practices you use or are interested in. 
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Q16: Do you have any questions, comments, or suggestions? (Location-identifying 

responses omitted) 
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Appendix C. Bot Response Mitigation 

 

While the survey was open, after the second recruitment email was sent from partnering 

Conservation Districts, several clear bot responses were identified. This was the protocol for 

managing these responses and ensuring all responses were from the region, beginning when the 

responses began to be recorded. 

Initial Mitigation 

1. Identify bot responses were being recorded through daily Qualtrics response 

overview. Over 100 responses were recorded in a single day after a second email 

recruitment, which was highly unlikely for this region. 

2. Close survey immediately, check to ensure security measures offered through 

Qualtrics were on. 

3. Add a CAPTCHA to beginning of survey. 

4. Reopen survey. 
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5. Despite all security measures being on and a CAPTCHA added, bots continued to 

submit responses. 

6. Qualtrics version of survey was permanently shut down to avoid future non-local 

responses. The final weeks of recruitment encouraged respondents to utilize paper 

surveys. 

Post-Data Collection 

1. Identify ‘blocks’ of responses, often several taken around the same time, usually during 

odd hours like late at night or very early morning in the survey region (MDT). 

2. Scan responses for duplicate written answers or written answers which were not relevant 

to agriculture or other survey topics. 

3. Finally, utilize generalized IP address data to identify responses that were recorded 

outside of the U.S. Southwest.  

4. Label responses as high-, medium-, and low-confidence, outlined below.  

Confidence 

Level 

Criteria Strategy 

High 1. Respondent’s generalized IP 

address within U.S. SW 

2. Written responses coherent 

and relevant to survey topics 

3. Survey completed in normal 

amount of time 

Keep all high-confidence 

responses. 
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Medium 1. Either no written responses 

OR written responses were 

somewhat relevant 

2. Generalized IP address was in 

the U.S. 

Consult with Conservation 

Districts, thoroughly scan 

response for any criteria 

included in low-

confidence response. 

Remove any responses 

with criteria included in 

low-confidence response.  

Low 1. Written responses completely 

irrelevant or incoherent 

2. Generalized IP address was 

outside the U.S. 

Bot response, remove 

from dataset. 

 

5. Delete responses that met low-confidence criteria. 

6. Meet with Conservation Districts and NAU TN team to discuss handful of medium-

priority responses and scan for any low-confidence criteria. 

7. Keep original dataset for records, utilize cleaned dataset for future work. 

 

 

 

 

 

 

 

 



 McCarthy 81 

Literature Cited  

Anggraeni, E. W., Handayati, Y., & Novani, S. (2022). Improving Local Food Systems through  

the Coordination of Agriculture Supply Chain Actors. Sustainability, 14(6), 3281.  

https://doi.org/10.3390/su14063281 

Amorim, H. C., Ashworth, A. J., O’Brien, P. L., Thomas, A. L., Runkle, B. R., & Philipp, D. 

(2023). Temperate Silvopastures provide greater ecosystem services than conventional 

pasture systems. Scientific Reports, 13(1). doi:10.1038/s41598-023-45960-0  

Archer S, Schimel DS, Holland EA (1995). Mechanisms of shrubland expansion: land use,  

climate or CO2? Climate Change, 29: 91-99. 

Arif, A., Parveen, N., Waheed, M. Q., Atif, R. M., Waqar, I., & Shah, T. M. (2021). A  

Comparative Study for Assessing the Drought-Tolerance of Chickpea Under  

Varying Natural Growth Environments. Frontiers in Plant Science, 11, 607869.  

https://doi.org/10.3389/fpls.2020.607869 

Baronti, S., Ungaro, F., Maienza, A. et al (2022). Rotational pasture management to increase the  

sustainability of mountain livestock farms in the Alpine region. Regional Environmental 

Change 22, 50. https://doi.org/10.1007/s10113-022-01896-1 

Bhat R. V. (2008). Human health problems associated with current agricultural food  

production. Asia Pacific Journal of Clinical Nutrition, 17 Suppl 1, 91–94. 

Boody, G., & DeVore, B. (2006). Redesigning Agriculture. BioScience, 56(10), 839–845.  

https://doi.org/10.1641/0006-3568(2006)56[839:ra]2.0.co;2 

Brandle, J. R., Takle, E., Zhou, X. (2022). Windbreak practices. North American Agroforestry.  

In Garrett, H., Jose, S. et al (Eds.), North American Agroforestry (3rd ed. pp. 7-15). John  

Wiley & Sons, Inc. 

https://doi.org/10.3389/fpls.2020.607869
https://doi.org/10.1007/s10113-022-01896-1
https://doi.org/10.1641/0006-3568(2006)56%5b839:ra%5d2.0.co;2


 McCarthy 82 

Carter, P.R., Hicks, D.R., Oplinger, E.S., Doll, J.D., Bundy, L.G., Schuler, R.T., &  

Holmes, B.J. (1989, November). Grain sorghum(milo). Alternative Field  

Crops Manual, University of Wisconsin Extension and University of  

Minnesota Extension. https://hort.purdue.edu/newcrop/afcm/sorghum.html 

Carson, R.T., Hanemann, W.M. & Whittington, D. (2020). The Existence Value of a Distinctive  

Native American Culture: Survival of the Hopi Reservation. Environmental Resource 

Economics 75, 931–951. https://doi.org/10.1007/s10640-020-00412-5 

Castle, S.E., Miller, D.C., Merten, N. et al. (2022). Evidence for the impacts of agroforestry on  

ecosystem services and human well-being in high-income countries: a systematic map.  

Environmemtal Evidence, 11, 10. https://doi.org/10.1186/s13750-022-00260-4  

CO Department of Agriculture (N.d.). Retrieved from  

https://ag.colorado.gov/sites/ag/files/documents/Colorado%20Agriculture%20Brochure.p

 df 

Coleman, C. (2012). Grown in Colorado. Water Education Colorado.  

https://www.watereducationcolorado.org/publications-and-radio/headwaters- 

magazine/grown-in-colorado/grown-in-colorado/ 

Conley, D. J., Paerl, H. W., Howarth, R. W., Boesch, D. F., Seitzinger, S. P., Havens, K. E.,  

Lancelot, C., & Likens, G. E. (2009). Controlling Eutrophication: Nitrogen and  

Phosphorus. Science, 323(5917), 1014–1015. http://www.jstor.org/stable/20403108 

Cooley, H. (2015, April). California agricultural water use: key background  

information. Pacific Institute.  

https://pacinst.org/wp-content/uploads/2015/04/CA-Ag-Water-Use.pdf 

 

https://hort.purdue.edu/newcrop/afcm/sorghum.html
https://doi.org/10.1186/s13750-022-00260-4
https://ag.colorado.gov/sites/ag/files/documents/Colorado%20Agriculture%20Brochure.p
https://ag.colorado.gov/sites/ag/files/documents/Colorado%20Agriculture%20Brochure.p
https://www.watereducationcolorado.org/publications-and-radio/headwaters-
https://pacinst.org/wp-content/uploads/2015/04/CA-Ag-Water-Use.pdf


 McCarthy 83 

Diehl, Michael W. (Winter 2009). "Early Agricultural Period Food Provisioning and  

Foraging." Archaeology Southwest, Vol. 23, NO. 1. 

Dishman, L. (2008, February 1). The River of Sorrows: The History of the Lower  

Dolores River Valley (Chapter 2).  

https://www.nps.gov/parkhistory/online_books/rmr/river_of_sorrows/chap2.ht 

m#6 

Dobson, A., Feldman, A., Nation, M., & Laux, K. (2019). Red Tide: Harmful algal blooms and  

global climate change. The Science Teacher, 87(1), 35–41. 

https://www.jstor.org/stable/26899186 

Dumanski, J., Peiretti R., Benetis J., McGarry D. & C. Pieri. (2006). The paradigm of  

conservation agriculture. Proc. World Assoc. Soil and Water Conserv., P1: 58-64. 

Edwards, R., Friefeld, J. K., and Wingo, R. S. (2017). Homesteading the Plains:  

Toward a New History. University of Nebraska Press, Lincoln, Nebraska. 

Elevitch, C., Mazaroli, D., & Ragone, D. (2018). Agroforestry Standards for Regenerative 

Agriculture. Sustainability, 10(9), 3337. doi: 10.3390/su10093337 

Elias, E., Rango, A., Smith, R., Maxwell, C., Steele, C. and Havstad, K. (2016),  

Climate Change, Agriculture and Water Resources in the Southwestern United  

States. Journal of Contemporary Water Research & Education, 158: 46-61.  

https://doi.org/10.1111/j.1936-704X.2016.03218.x 

Ellsworth SW, Crandall PG, Lingbeck JM, O’Bryan CA. (2018). Perspective on the control of  

invasive mesquite trees and possible alternative uses. iForest 11: 577-585. - doi:  

10.3832/ifor2456-011 

 

https://www.nps.gov/parkhistory/online_books/rmr/river_of_sorrows/chap2.ht
https://www.jstor.org/stable/26899186
https://doi.org/10.1111/j.1936-704X.2016.03218.x


 McCarthy 84 

EPA. Climate Change Indicators: Snowpack. (2022, July). U.S. Environmental  

Protection Agency (EPA).  

https://www.epa.gov/climate-indicators/climate-change-indicators-snowpack 

FAO. (2018). Transforming food and agriculture to achieve the SDGs: 20 interconnected actions  

to guide decision-makers. Rome: FAO 

Fassnacht SR, Duncan CR, Pfohl AKD, Webb RW, Derry JE, Sanford WE, Reimanis DC,  

Doskocil LG. (2022). Drivers of Dust-Enhanced Snowpack Melt-Out and Streamflow  

Timing. Hydrology, 9(3):47. https://doi.org/10.3390/hydrology9030047 

Fargione, J. E., et al. (2018), Natural climate solutions for the United States. Scientific Advances, 

4. https://doi.org/10.1126/sciadv.aat1869 

Faulkner, L., Brown, K., & Quinn, T. (2018). Analyzing community resilience as an emergent  

property of dynamic social-ecological systems. Ecology and Society, 23(1). 

https://www.jstor.org/stable/26799048 

Felker P, Takeoka G, Dao L (2013). Pod mesocarp flour of North and South American species of  

leguminous tree Prosopis (mesquite): composition and food applications. Food Reviews  

International, 29: 49-66. 

FindLaw Staff. (2022). Colorado Revised Statutes Title 37. Water and Irrigation § 37-92-305.  

Standards with respect to rulings of the referee and decisions of the water judge— 

definitions. https://codes.findlaw.com/co/title-37-water-and-irrigation/co-rev-st-sect-37- 

 92-305/ 

Finn, S., Herne, M., & Castille, D. (2017). The Value of Traditional Ecological Knowledge for  

the Environmental Health Sciences and Biomedical Research. Environmental Health 

Perspectives, 125(8), 085006. https://doi.org/10.1289/EHP858 

https://www.epa.gov/climate-indicators/climate-change-indicators-snowpack
https://doi.org/10.3390/hydrology9030047
https://www.jstor.org/stable/26799048
https://codes.findlaw.com/co/title-37-water-and-irrigation/co-rev-st-sect-37-92-305/


 McCarthy 85 

Freeman, Ira S. (1953). A History of Montezuma County Colorado. Boulder,  

Colorado: Johnson Publishing Co. p. 55. 

Gebremariam, F. T., Habtu, S., Yazew, E., & Teklu, B. (2021). The water footprint of  

irrigation-supplemented cotton and mung-bean crops in northern Ethiopia.  

Heliyon, 7(4). https://doi.org/10.1016/j.heliyon.2021.e06822 

Gerke, J. (2022). The Central Role of Soil Organic Matter in Soil Fertility and Carbon Storage.  

Soil Systems, 6(2), 33. https://doi.org/10.3390/soilsystems6020033 

Gold, M.A.; Garrett, H.E. (2009).  Agroforestry nomenclature, concepts, and practices. In North  

American Agroforestry: An Integrated Science and Practice, 2nd ed.; American Society  

of Agronomy: Madison, WI, USA; pp. 45–56. 

Guarino, J. (2021). Tribal Food Sovereignty in the American Southwest. Journal of Food Law &  

Policy, 11(1). Retrieved from https://scholarworks.uark.edu/jflp/vol11/iss1/7 

Gustavsson, G., Cederberg, C., Sonesson, U., Emanuelsson, A. (2013). The methodology of  

the FAO study: ‘Global food losses and food waste—extent, causes and prevention’  

- FAO, 2011. Swedish Institute for Food and Biotechnology (SIK) report 857, SIK. 

Hancock, J.F. (2022). Advance of Spanish Agriculture in Colonial America. In: World  

Agriculture Before and After 1492. Springer, Cham.  

https://doi.org/10.1007/978-3-031-15523-9_6 

Hall, S. (2024). Exxon knew about climate change almost 40 years ago. Retrieved from 

https://www.scientificamerican.com/article/exxon-knew-about-climate-change-almost-40-

years-ago/  

 

https://doi.org/10.1016/j.heliyon.2021.e06822
https://doi.org/10.3390/soilsystems6020033
https://scholarworks.uark.edu/jflp/vol11/iss1/7
https://doi.org/10.1007/978-3-031-15523-9_6
https://www.scientificamerican.com/article/exxon-knew-about-climate-change-almost-40-years-ago/
https://www.scientificamerican.com/article/exxon-knew-about-climate-change-almost-40-years-ago/


 McCarthy 86 

Hawkes, C., & Ruel, M. (2006). The links between agriculture and health: an intersectoral  

opportunity to improve the health and livelihoods of the poor. Bulletin of the World  

Health Organization, 84(12), 984–990. https://doi.org/10.2471/blt.05.025650 

Holling, C.S. (1973). Resilience and the stability of ecological systems. Annual Review of  

Ecology and Systematics, 4, 1-23. 

Hussain MI, Shackleton RT, El-Keblawy A, Del Mar Trigo Pérez M, González L. Invasive  

Mesquite (Prosopis juliflora), an Allergy and Health Challenge. Plants (Basel). 2020 Jan  

22;9(2):141. doi: 10.3390/plants9020141. PMID: 31979176; PMCID: PMC7076653. 

Jordon, M., Smith, P., Long, P., Bürkner, P., Petrokofsky, G., & Willis, K. (2021). Can 

Regenerative Agriculture Increase National Soil Carbon Stocks? Simulated Country-Scale 

Adoption of Reduced Tillage, Cover Cropping, and Ley-Arable Integration Using Rothc-

26.3. SSRN Electronic Journal. doi: 10.2139/ssrn.3981241 

Kadoya, T., Takeuchi, Y., Shinoda, Y. et al. (2022). Shifting agriculture is the dominant driver of  

forest disturbance in threatened forest species’ ranges. Communications Earth and 

 Environment 3, 108. https://doi.org/10.1038/s43247-022-00434-5 

Krasny, M. E. (2020). Social Capital. In Advancing Environmental Education Practice (pp. 173– 

181). Cornell University Press. http://www.jstor.org/stable/10.7591/j.ctv310vjmw.18 

Jernej Kaluža (2022) Habitual Generation of Filter Bubbles: Why is Algorithmic Personalisation  

Problematic for the Democratic Public Sphere?, Javnost - The Public, 29:3, 267- 

283, DOI: 10.1080/13183222.2021.2003052 

 

 

 

https://doi.org/10.1038/s43247-022-00434-5
http://www.jstor.org/stable/10.7591/j.ctv310vjmw.18
https://doi.org/10.1080/13183222.2021.2003052


 McCarthy 87 

Jose, S., Garrett, H., Gold, M., Lassoie, J. Buck, et al. (2022). Agroforestry as an Integrated,  

Multifunctional Land Use Management Strategy. In Garrett, H., Shibu, J. et al (Eds.),  

North American Agroforestry (3rd ed. pp. 7-15). John Wiley & Sons, Inc. 

Karalija, E.; Vergata, C.; Basso, M.F.; Negussu, M.; Zaccai, M.; Grossi-de-Sa, M.F.;  

Martinelli, F. (2022). Chickpeas’ Tolerance of Drought and Heat: Current Knowledge  

and Next Steps. Agronomy, 12, 2248. https://doi.org/10.3390/  

agronomy12102248 

Kilroy-Ewbank, L. (2015, August 9). "Mesa Verde." Smarthistory.  

https://smarthistory.org/mesa-verde-cliff-dwellings/. 

King, K.F.S. 1968. Agri-Silviculture. Bulletin No. 1, Department of Forestry, University of  

Ibadan, Nigeria. 

Kremen, C., & Miles, A. (2012). Ecosystem Services in Biologically Diversified versus  

Conventional Farming Systems: Benefits, Externalities, and Trade-Offs. Ecology and  

Society, 17(4). http://www.jstor.org/stable/26269237 

Kuzdas, C. (2019, December 20). What 2,000 years of traditional Hopi farming in the  

arid Southwest can teach about resilience. Environmental Defense Fund.  

https://blogs.edf.org/growingreturns/2019/12/20/hopi-farming-resilience-south 

west/ 

Lam, Y., Fry, J. P., Hu, E., Kim, B. F., Nachman, K.E. (2016). Industrial Food Animal  

Production in Low- and Middle- Income Countries: A Landscape Assessment. Johns  

Hopkins Center for a Livable Future. https://clf.jhsph.edu/sites/default/files/2019- 

01/IFAP-in-low-and-middle-income-countries-a-landscape-assessment.pdf 

 

https://smarthistory.org/mesa-verde-cliff-dwellings/
http://www.jstor.org/stable/26269237
https://blogs.edf.org/growingreturns/2019/12/20/hopi-farming-resilience-south


 McCarthy 88 

Lentz DL, Slotten V, Dunning NP, Jones JG, Scarborough VL, McCool J-P, et al.  

(2021) Ecosystem impacts by the Ancestral Puebloans of Chaco Canyon, New  

Mexico, USA. PLoS ONE, 16(10): e0258369.  

https://doi.org/10.1371/journal.pone.0258369 

Light, S., Leinfelder-Miles, M., Long, R. Clark, N., & Stewart, D., (2018). Sample  

costs to produce garbanzo beans. University of California – Davis Extension.  

https://coststudyfiles.ucdavis.edu/uploads/cs_public/8c/23/8c232c39-e3b8-4f1 

2-ac02- 911cb4602cc2/2018garbanzobeansacvalfinaldraft22018.pdf 

Liu, N. G., Dobbs, R., Caldwell, P. V., Miniat, C., Sun, G., Duan, K., … Carlson, C. P. (2022). 

Quantifying the role of National Forest system and other forested lands in providing 

surface drinking water supply for the conterminous United States. U.S. Department of 

Agriculture, Forest Service. doi:10.2737/wo-gtr-100  

Lyons, R. K., & Rector, B. (2009, May). Mesquite Ecology and Management. Texas  

A&M Agrilife Extension.  

http://counties.agrilife.org/gillespie/files/2013/02/Mesquite-Ecology-and-Man 

agement.pdf 

MacDonnell, L. (2021). The Law of the Colorado River: Coping with Severe Sustained  

Drought, Part II.  

Maezumi, S.Y., Alves, D., Robinson, M. et al. (2018). The legacy of 4,500 years of polyculture  

agroforestry in the eastern Amazon. Nature Plants. 4, 540–547.  

https://doi.org/10.1038/s41477-018-0205-y 

 

 

https://doi.org/10.1371/journal.pone.0258369
https://coststudyfiles.ucdavis.edu/uploads/cs_public/8c/23/8c232c39-e3b8-4f1
http://counties.agrilife.org/gillespie/files/2013/02/Mesquite-Ecology-and-Management.pd
http://counties.agrilife.org/gillespie/files/2013/02/Mesquite-Ecology-and-Management.pd


 McCarthy 89 

Mathers, C. (2019). "War and Peace in the Sixteenth-Century Southwest:  

Objected-Oriented Approaches to Native-European Encounters and  

Trajectories". In Material Encounters and Indigenous Transformations in the  

Early Colonial Americas. Leiden, The Netherlands: Brill.  

https://doi.org/10.1163/9789004273689_015 

Merrill, W. L., Hard, R. J., Mabry, J. B., Fritz, G. J., Adams, K. R., Roney, J. R., &  

MacWilliams, A. C. (2009). The diffusion of maize to the southwestern United  

States and its impact. Proceedings of the National Academy of Sciences,  

106(50), 21019–21026.  

Meyer, D (1984) Processing, utilization, and economics of mesquite pods. Swiss Federal  

Institute of Technology, Zurich, 159p. https://doi.org/10.1073/pnas.0906075106 

Mpanga, Isaac & Idowu, O.. (August 2020). A Decade of Irrigation Water use trends  

in Southwest USA: The Role of Irrigation Technology, Best Management  

Practices, and Outreach Education Programs.  

https://www.researchgate.net/publication/343531876_A_Decade_of_Irrigation 

_Water_use_trends_in_Southwest_USA_The_Role_of_Irrigation_Technology 

_Best_Management_Practices_and_Outreach_Education_Programs 

Nabhan, GP, Riordan, EC, Monti, L, et al (2020). An Aridamerican model for agriculture in  

a hotter, water scarce world. Plants, People, Planet. 627– 639. 

Ngapo, T. M., Bilodeau, P., Arcand, Y., Charles, M. T., Diederichsen, A., Germain, I., … 

Gariépy, S. (2021). Historical Indigenous food preparation using produce of the three 

sisters intercropping system. Foods, 10(3), 524. doi:10.3390/foods10030524  

https://doi.org/10.1073/pnas.0906075106
https://www.researchgate.net/publication/343531876_A_Decade_of_Irrigation_Water_us
https://www.researchgate.net/publication/343531876_A_Decade_of_Irrigation_Water_us


 McCarthy 90 

O’Connell, S., Grossman, J. M., Hoyt, G. D., Shi, W., Bowen, S., Marticorena, D. C., Fager, K.  

L., & Creamer, N. G. (2015). A survey of cover crop practices and perceptions of  

sustainable farmers in North Carolina and the surrounding region. Renewable Agriculture 

and Food Systems, 30(6), 550–562. https://www.jstor.org/stable/26346612 

Ogle, S.M., Alsaker, C., Baldock, J. et al. (2019). Climate and Soil Characteristics Determine  

Where No-Till Management Can Store Carbon in Soils and Mitigate Greenhouse Gas  

Emissions. Science Reports, 9, 11665. https://doi.org/10.1038/s41598-019-47861-7 

Outcalt, C. (2022, April 4). Some drought-punished farmers in SW Colorado survived 2021 on  

10% of their normal water supply. KSUT Public Radio. 

Outcalt, C. (2022, September 8). The Ute Mountain Ute can’t access their Colorado River water  

rights. Here’s how the tribal chairman is trying to change that. Colorado Sun. 

https://coloradosun.com/2022/06/11/ute-mountain-ute-colorado-river-tribal-chairman/ 

Overpeck, J. T., & Udall, B. (2020). Climate change and the aridification of North  

America. Proceedings of the National Academy of Sciences, 117 (22), 11856 

11858.  

Park, S., Hongu, N., & Daily, J. W. (2016). Native American Foods: History, culture, and 

influence on modern diets. Journal of Ethnic Foods, 3(3), 171–177. 

doi:10.1016/j.jef.2016.08.001  

Parton, W. J., Del Grosso, S. J., Marx, E., Swan, A.L. (2011). Agriculture’s Role in Cutting  

Greenhouse Gas Emissions. Issues in Science and Technology. 27(4), 29-32.  

https://www.jstor.org/stable/43315512 

 

 

https://www.jstor.org/stable/26346612
https://www.jstor.org/stable/43315512


 McCarthy 91 

Pew Research Center. (2022). Share of those 65 and older who are tech users has grown  

in the past decade. https://www.pewresearch.org/short-reads/2022/01/13/share- 

of-those-65-and-older-who-are-tech-users-has-grown-in-the-past-decade/ 

Pimentel, D., Wilson, C., McCullum, C., Huang, R., Dwen, P., Flack, J., Tran, Q., Saltman, T., &  

Cliff, B. (1997). Economic and Environmental Benefits of  

Biodiversity. BioScience, 47(11), 747–757. https://doi.org/10.2307/1313097 

Plassin, S., Koch, J., Wilson, M., Neal, K., Friedman, J. R., Paladino, S., & Worden, J. (2021).  

Multi-scale fallow land dynamics in a water-scarce basin of the U.S. Southwest. Journal  

of Land Use Science, 16(3), 291–312. https://doi.org/10.1080/1747423X.2021.1928310 

Poore, J., & Nemecek, T. (2018). Reducing food’s environmental impacts through producers and  

consumers. Science, 360(6392), 987-992. 

Ayu Pratiwi & Aya Suzuki (2019) Reducing Agricultural Income Vulnerabilities through 

Agroforestry Training: Evidence from a Randomised Field Experiment in 

Indonesia. Bulletin of Indonesian Economic Studies, 55:1, 83-

116, DOI: 10.1080/00074918.2018.1530726 

Qin, Y., Hong, C., Zhao, H. et al. (2022). Snowmelt risk telecouplings for irrigated 

agriculture. Nature. Climate Change, 12, 1007–1015. https://doi.org/10.1038/s41558-022-

01509-z 

Ramankutty, N.,  A. T. Evan,  C. Monfreda, and  J. A. Foley (2008),  Farming the planet: 1. 

Geographic distribution of global agricultural lands in the year 2000, Global 

Biogeochemistry Cycles,  22, GB1003, doi:10.1029/2007GB002952. 

Rasa K., Heikkinen J., Hannula M., Arstila K., Kulju S. & Hyväluoma J (2018). 

 How and why does willow biochar increase a clay soil water retention capacity?  

https://www.pewresearch.org/short-reads/2022/01/13/share-
https://doi.org/10.2307/1313097
https://doi.org/10.1080/00074918.2018.1530726
https://doi.org/10.1038/s41558-022-01509-z
https://doi.org/10.1038/s41558-022-01509-z
https://doi.org/10.1029/2007GB002952


 McCarthy 92 

 Biomass and Bioenergy. 119. 346-353.  

 https://doi.org/10.1016/j.biombioe.2018.10.004. 

Rees, J., Irmak, S. (2012, May 15). Crop Water Use Comparison of Rainfed Corn,  

Sorghum, and Soybean from 2009 to 2011. University of Nebraska-Lincoln.  

Cropwatch.  

https://cropwatch.unl.edu/crop-water-use-comparison-rainfed-corn-sorghum-a 

nd-soybean 

-2009-2011 

Research and Markets. (2018). Global Alfalfa Hay Market 2018-2023: Saudi Arabia Imports Is  

Projected to Grow at a Maximum Rate, Due to the Country’s Banning of Forage Crops  

Production in 2019. Cision PR Newswire, November 8.  

https://www.researchandmarkets.com/reports/4520188/alfalfa-hay-market-share-analysis- 

industry?w=5 

Rhodes, C. J. (2012). Feeding and healing the world: through regenerative agriculture and  

permaculture. Science Progress, 95(4), 345–446.  

http://www.jstor.org/stable/43425784 

Rice, E., & Curtis, K. (2021, April). Drought-Tolerant Options for Southwest  

Agriculture: Grasses, Grains and Legumes. Utah State University. Applied  

Economics.  

https://extension.usu.edu/apec/files/Drought-TolSWAgGrains.pdf 

Richter, B.D., Lamsal, G., Marston, L. et al. (2024).  New water accounting reveals why the  

Colorado River no longer reaches the sea. Communications Earth and Environment, 5, 

134. https://doi.org/10.1038/s43247-024-01291-0 

https://doi.org/10.1016/j.biombioe.2018.10.004
https://cropwatch.unl.edu/crop-water-use-comparison-rainfed-corn-sorghum-and-soybean
https://cropwatch.unl.edu/crop-water-use-comparison-rainfed-corn-sorghum-and-soybean
https://www.researchandmarkets.com/reports/4520188/alfalfa-hay-market-share-analysis-
https://extension.usu.edu/apec/files/Drought-TolSWAgGrains.pdf
https://doi.org/10.1038/s43247-024-01291-0


 McCarthy 93 

Romero, S. (2020, September 27). Why New Mexico's 1680 pueblo revolt is echoing  

in 2020 protests.  

https://www.nytimes.com/2020/09/27/us/pueblo-revolt-native-american-protes 

ts.html 

Rossier, C. & Lake, F. (2014). Indigenous traditional ecological knowledge in agroforestry  

(Agroforestry Notes 44). Lincoln, NE. 

Sampson, R. N. (1981). Farmland or wasteland: A time to choose. Rodale Press. Emmaus, PA. 

Schreefel, L., Schulte, R. P. O., de Boer, I. J. M., Schrijver, A. P., & van Zanten, H. H. E.  

(2020). Regenerative agriculture – the soil is the base. Global Food Security, 26,  

100404. 

Schoeneberger, M.M.; Bentrup, G.; Patel-Weynand, T. (2017). Agroforestry: Enhancing 

Resiliency in U.S. Agricultural Landscapes under Changing Conditions; General Technical 

Report WO-96; U.S. Department of Agriculture, Forest Service: Washington, DC, USA. 

Scott, K., & Dreiling, L. (2019). 3 factors to boost sorghum yields. High  

Plains Journal.  

https://www.hpj.com/dreiling/factors-to-boost-sorghum-yields/article_1213a4c 

5-4143-5abf-a4f3-b79671bb3e5d.html 

Strawhacker, C. (2017). O’odham Irrigated Agriculture Response to Colonization on  

the Middle Gila River, Southern Arizona. In J. G. Douglass & W. M. Graves  

(Eds.), New Mexico and the Pimería Alta: The Colonial Period in the  

American Southwest (pp. 331–352). University Press of Colorado.  

http://www.jstor.org/stable/j.ctt1mmftg6.20 

 

https://www.nytimes.com/2020/09/27/us/pueblo-revolt-native-american-protests.html
https://www.nytimes.com/2020/09/27/us/pueblo-revolt-native-american-protests.html
https://www.hpj.com/dreiling/factors-to-boost-sorghum-yields/article_1213a4c5-4143-5abf-a4f3-b79671bb3e5d.html
https://www.hpj.com/dreiling/factors-to-boost-sorghum-yields/article_1213a4c5-4143-5abf-a4f3-b79671bb3e5d.html
http://www.jstor.org/stable/j.ctt1mmftg6.20


 McCarthy 94 

Steele, C., Reyes, J., Elias, E. et al. (2018). Cascading impacts of climate change on  

southwestern US cropland agriculture. Climatic Change, 148, 437–450.  

https://doi.org/10.1007/s10584-018-2220-4 

Sterling, G. (2019). From the dean’s desk. Retrieved from 

https://reflections.yale.edu/article/crucified-creation-green-faith-rising/dean-s-desk  

Southwestern Water Conservancy District (2022). Ongoing Drought.  

https://swwcd.org/drought-in-sw-colorado/ 

Tango, P. J., & Butler, W. (2008). Cyanotoxins in Tidal Waters of Chesapeake  

Bay. Northeastern Naturalist, 15(3), 403–416. http://www.jstor.org/stable/25177122 

Tittonnel, P., El Mutjar, V. Gelix, G. et al. (2022). Regenerative agriculture- agroecology 

without politics? Frontiers in Sustainable Food Systems, 6. 

https://doi.org/10.3389/fsufs.2022.844261 

United States Department of Agriculture (USDA) National Agricultural Statistics Service  

(NASS). (2024, January 31). Cropland Data Layer. USDA NASS Marketing and  

Information Services Office, Washington, D.C. https://croplandcros.scinet.usda.gov/ 

von Braun, J., Afsana, K., Fresco, L.O. et al. (2021). Food system concepts and definitions for  

science and political action. Nat Food 2, 748–750.  

Williams, R.R., & Wilson, D. (1970). Toward regulated cropping. London: Grower Books. 

Willmott, A., Willmott, M., Grass, I., Lusiana, B., & Cotter, M. (2023). Harnessing the socio-

ecological benefits of agroforestry diversification in social forestry with functional and 

phylogenetic tools. Environmental Development, 47, 100881. 

doi:10.1016/j.envdev.2023.100881  

https://doi.org/10.1007/s10584-018-2220-4
https://swwcd.org/drought-in-sw-colorado/
https://doi.org/10.3389/fsufs.2022.844261
https://croplandcros.scinet.usda.gov/


 McCarthy 95 

Wagner, D., & McVicker, N. (2015). How one California alfalfa farmer cut his  

water use in half. KPBS Public Media. Retrieved December 6, 2022, from 

https://www.kpbs.org/news/science-technology/2015/07/03/how-one-californi 

a-alfalfa-farmer-cut-his-water-us 

Walia, M and Chen, C 2020, Potential of Chickpeas as a New Crop for Nevada, Extension,  

University of Nevada, Reno, FS-20-27 

Walia, M. K., Mohammed, Y. A., Franck, W. L., and Chen, C. 2020 Evaluation of early seedling  

development of chickpea and its relation to seed yield. Agrosystems, Geosciences &  

Environment, 3(1) e20005. https://doi.org/10.1002/agg2.20005. 

Walthall, C.J.; Hatfield, J.; Backlund, P. [et al.]. 2012. Climate change and agriculture in the 

United States: effects and adaptation. Tech. Bull. 1935. Washington, DC: U.S. Department 

of Agriculture. 186 p. 

https://www.usda.gov/sites/default/files/documents/CC%20and%20Agriculture%20Report

%20(02-04-2013)b.pdf 

Wang, F. et al. (2021) ‘Grain yields and evapotranspiration dynamics of drip-irrigated maize 

under high plant density across arid to semi-humid climates’, Agricultural Water 

Management, 247, p. 106726. doi:10.1016/j.agwat.2020.106726.  

Ward, F. A. (2014).  Economic impacts on irrigated agriculture of water conservation  

programs in drought. Journal of Hydrology, 508. 114-127. ISSN 0022-1694. 

https://doi.org/10.1016/j.jhydrol.2013.10.024. 

Wartman, K. (2012). FOOD FIGHT: The Politics of the Food Industry. New Labor  

Forum, 21(3), 74–79. http://www.jstor.org/stable/43681903 

 

https://www.kpbs.org/news/science-technology/2015/07/03/how-one-california-alfalfa-farmer-cut-his-water-us
https://www.kpbs.org/news/science-technology/2015/07/03/how-one-california-alfalfa-farmer-cut-his-water-us
https://doi.org/10.1002/agg2.20005
https://www.usda.gov/sites/default/files/documents/CC%20and%20Agriculture%20Report%20(02-04-2013)b.pdf
https://www.usda.gov/sites/default/files/documents/CC%20and%20Agriculture%20Report%20(02-04-2013)b.pdf
https://doi.org/10.1016/j.jhydrol.2013.10.024
http://www.jstor.org/stable/43681903


 McCarthy 96 

Wilson, N. (2019). On the Road to Convergence Research. BioScience, 69(8), 587-593.  

https://www.jstor.org/stable/26756402 


