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ABSTRACT 
A number of complex sustainable development challenges beset the 21st century. Central among 

them are how to address climatic, landscape, and human driven impacts on water resources in a 

manner that adequately supports both environmental health and human prosperity.  Dryland 

water resources management, in both rural and urban contexts, underscores how complex this 

challenge is due to human and natural processes coupling into social-ecological systems to exert 

reciprocal feedbacks upon another. Addressing this challenge requires tools to assess and 

understand social and ecological interlinkages so that institutional and technological 

interventions to improve water governance and management can be identified. Results, analysis, 

and discussion from three dryland studies (Appendices A, B, and C) located in rural and urban 

Sonoran Desert locations, reinforce how complex are the challenges and pressing is the need for 

solutions in social-ecological systems. We also find and show that collaborative decision-making 

between institutions and stakeholders is the primary mechanism whereby humans are able to 

respond to with programs, policies, and actions able to deal with the dual pressure on water 

resources posed by climate change and heightened demand while reconciling economic 

efficiency, social equity, and environmental sustainability. Social-ecological assessment and 

response are two parts of the adaptive management process, and are both specific components of 

the three presented studies. Each study’s social-ecological assessment shows that vulnerability is 

not homogenous, and defined spatio-temporally, as well as by socio-demographics. This finding 

is an additional challenge to effective response, management, and mitigation of climate change, 

landscape change, and water insecurity. In particular: Appendix A uses the water-energy nexus 

and case examples from Tajikistan and Mexico, to show that (a) poorly articulated multi-tiered 

institutional arrangements coupled with failure to generate truly participatory interaction of 
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stakeholders lead to water insecurity, (b) the livelihoods of vulnerable populations are threatened 

when users experience water insecurity that is created or exacerbated when tiered- institutions 

neglect users’ signals by failure to respond with actions that promote sound resource 

management or mitigate livelihood threats, and (c) water and livelihood security would be 

improved by adaptive actions targeted at user-defined causes of water insecurity and 

coordination between local resource users and institutions at multiple levels. Appendix B uses an 

interdisciplinary set of methods to show that rangeland productivity, surface-water reaches, and 

aquifers in Sonora, Mexico’s Río San Miguel Watershed are reduced to critical levels, agrarian 

livelihoods endangered, and within this dynamic that downstream locations are less resilient and 

water secure than operations upstream. Partnerships and cooperation amongst ranchers, sub-

watersheds, and institutions are amongst the management and policy interventions available to 

prepare for or mitigate the developing social-ecological crisis in the watershed. Appendix C 

looks at challenges and potential solutions to documented disparity in participation between low-

income versus median- income households in rainwater harvesting (RWH) programs in Tucson, 

Arizona to show that (a) Hispanic minority, low- income communities experience a 

disproportionate lack of tree canopy and higher urban temperatures compared to residents of 

other areas of the city, (b) both social and ecological factors are at cause for the inequitable, 

imbalanced racial/ethnic distribution of high heat risk in the city, and (c) that tiered-institutions, 

namely, NGOs and focal points historically embedded in socio-ecologically vulnerable 

communities, are key to developing and mediating greening and sustainable urban development 

processes to address the challenge. The lessons learned from the three studies highlight barriers, 

challenges, and best-practices that are valuable for sustainable water management, climate 
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adaptation, and development in other groundwater-reliant economies, rural-urban dryland 

systems, climatic regions, or natural resource regimes. 
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CHAPTER 1: INTRODUCTION – COUPLED 

SOCIAL-ECOLOGICAL DRYLAND SYSTEMS 
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I. Explanation of identified challenges, their context, and 
significance  
  

 Climate change and heightened demands on resources from modernizing economies are 

amongst the real-world pressures that raise the need for improved decision-making in natural 

resources management (Rockström et al., 2014; Moss et al., 2013; Lim et al., 2005). Governance 

that comprises decisions and actions aimed at mitigating complications from scarcity or 

decreasing quantity and quality need to model how human and ecological variables link together 

in order to shape ecosystem function, natural resource properties and human well-being 

(Sivapalan et al., 2014; Gallopín, 2006; Lim et al., 2005). Theories on resilience (Gunderson et 

al., 2010), panarchy (Gunderson & Holling, 2002) and coupled natural-human systems (CNH) 

(Berkes & Folke, 1998) have increasingly been employed to answer questions about how to 

better understand vulnerability (Adger, 2006), change, decisions and management of systems 

that are driven by coupled interactions between social and ecological variables (i.e. a social-

ecological system (SES)) (Sivapalan et al., 2014; Ostrom, 2009; Berkes & Folke, 1998). While 

the use of these theories in combination is nascent, the present call is to synthesize and combine 

these theories’ arguments and methods into new, hybrid, transdiciplinary frameworks and 

protocols for improving awareness about the role human activities have in driving multiple 

interacting effects that cascade through the Earth at the planetary scale (e.g. Galaz et al., 2012; 

Rockström et al., 2009; Brooks et al., 2005). This must be done: (a) for local or regional systems 

in order to derive tangible "globally consistent and expandable systems-analytical frameworks" 

(Jonas et al., 2014, p.407); (b) to be able to facilitate specific, local, decisions about how social 

and/or ecological change affect resource stewardship (Smit & Wandel, 2006; Burton et al., 

2005); and (c) to understand what adaptive management means for a particular whole coupled 
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system, and its effects at larger, supra scales  (Dearing et al 2014; Jonas et al, 2014).  

 An additional set of characteristics has come to define scientific frameworks aimed at 

addressing complex environmental change. These characteristics arise from integration between 

the social and ecological sciences, as well as applying these disciplinary hybrids to decision-

making systems. Scientific frameworks useful at understanding drivers, impacts and responses to 

environmental change have increasingly become integrated across a vast spectrum of scientific 

disciplines (e.g. social, physical, environmental, engineering) and aimed at better bridging the 

science-policy divide (Scott et al., 2012) via approaches that focus on multiple nested, scales 

(Ostrom, 2009); adaptive management (Lim et al., 2005); and stakeholder participation (Orr, 

2015).  Furthermore, context-aware (i.e. a location's climate, topography, cultural morays, 

institutional capacity), ground-up approaches are recommended in order to avoid problems from 

panaceas, the universal, inappropriate application of practices to diverse contexts (Lee, 2015; 

Pahl-Wostl et al., 2012; Ostrom, 2007; Yohe &Tol, 2002).     

 Driving the multi-faceted evolution of science aimed at managing environmental change 

is the attitude that it is an ethical imperative that science, especially publicly funded science, 

support the understanding, design and implementation of solutions for societal problems (Lemos, 

2015; Meyer, 2011). Hence, the challenge for scientific frameworks meant to address complex, 

coupled natural-human environmental change is two-fold. Scholarship must fulfill the traditional 

role of the art — testing, validating, and proving theoretical assumptions — but also 

increasingly, improve and define scalable strategies, analytical methods, and best-management 

practices via useful, usable and actionable knowledge (Lemos, 2015).   

My research on water management in arid-region riparian corridors in the Sonoran Desert 

is within, and additive to, the aforementioned tradition of environmental change research that 
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both, “does” and expands the body of scientific knowledge. By grounding the area of focus 

within a specific climatic and geographical region (the Sonoran Desert) and resource area 

(water), and employing an interdisciplinary, mixed-methods, iterative approach to data 

collection, I am able to prove that my research tests positive for: useable (Lemos, 2015), specific 

(Eakin & Lemos, 2006), validated on the ground with people (Preston, 2015), translational and 

participatory (Orr, 2015; Smit & Wandel, 2006; Conde & Lonsdale, 2005), repeatable, and 

scalable in a manner that enriches the local portfolio of solutions as well as theory and 

knowledge at supra- and meta-levels. The specific path my research travels in order to ameliorate 

scientific frameworks is the call to "build a science for dryland development" via study of 

coupled human-ecological systems and the livelihoods of human populations (Reynolds et al., 

2007).  

To this end I collaborate with interdisciplinary teams to employ a range of methods in 

situ, remotely, via secondary data sources, and with stakeholders to answer questions about how 

a location’s water resources management affects its environment and human communities, and 

vice-versa — i.e. its coupled natural-human system. Our selected research questions and 

methods are formulated and selected in order to ground resilience (Walker & Salt, 2006) 

panarchy (Gunderson & Holling, 2002), and social-ecological systems (Walker et al., 2004) 

theories within stakeholder perspectives from a particular study region so that research lessons 

and outcomes are practical and useful for regional water resources governance. There is an acute 

need in the world’s drylands to understand how regional water management imperils or aids 

environmental or human health —and the social-ecological system as a whole — in order to 

develop a portfolio of practical interventions for adapting to or mitigating negative changes. To 

accomplish this my research takes place in (a) a rural, Mexican watershed whose primary 
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economic activity, agriculture, occurs within the riparian corridor and (b) an urbanized United 

States watershed whose riparian systems have largely been eroded by 20th century groundwater 

pumping. Both are nested sub-systems located within the North American Sonoran Desert. 

Stakeholder engagement, remote sensing, and geographic information systems are the common 

techniques used to assess the past and present conditions, changes, and key thresholds for each 

study area’s environmental and human systems. Given the social-ecological systems assessed 

status, linkages between water users and tiered-institutions (i.e. laws, policies, and organizations 

that operate across jurisdictions) are used to assess current and future opportunities or 

interventions to balance human and environmental water needs, as well as elicit other positive 

social-ecological gains.  

Sub-section A of this section provides the context for the water security challenges faced 

by dryland social-ecological systems and defines the need for the direction taken by my research. 

Sub-Section B of this section defines a pathway whereby we are able to address water security 

challenges, and the route my research uses to arrive at useful, practical solutions and 

interventions. Sub-Section C of this section synthesizes challenges and solutions identified in the 

previous sections into the overarching research questions that define my dissertation and set the 

stage for the book chapter in Appendix A and manuscripts in Appendices B and C. Section II of 

Chapter 1 defines the Sonoran Desert’s social and ecological conditions, then parses the study 

area according to the dissertation’s relevant, nested subsystems: riparian corridors (Sub-Section 

A), rural rangelands (Sub-Section B), and an urbanized city, Tucson, AZ USA (Sub-Section C). 

Section III explains the remainder of the dissertation format and relationship of the appended 

manuscripts to the dissertation. Chapter 2 briefly introduces the book chapter and manuscripts 

found in Appendix A and Appendices A and B, respectively, as well background on their 
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genesis, rationale, and relevance to dissertation as a whole. Chapter 3 concludes the dissertation 

and presents study findings (Section I), their policy significance (Section II), future research 

directions (Section III).  

A. Water resources and urban-rural land use in coupled social-
ecological dryland systems 

 

The decision to focus on water as the core, primary resource in order to derive 

conclusions about, inter alia, system states, other resources or policy arguments, stems from 

water's actual role as essential to life on Earth. Humans, biota, plants, ecosystems, and many 

earth-system processes are unable to live, exist, function, and proceed without water access and 

use (e.g. Rockström et al., 2014; D'Odorico et al., 2010; Breshears et al., 2005; MEA, 2005c). 

The current call is to improve our understanding of water as a constrained resource and the 

management decisions that affect human prosperity by couching our investigations within 

resilience, panarchy and coupled natural-human system frameworks (Rockström et al., 2014). 

Within the call to better govern and manage water resources because they are crucial to 

ecosystems that influence human well-being (Rockström et al., 2014) are knowledge gaps about 

the quantity, quality, crucial functioning, social-ecological interactions, and multi-level, -

institution approaches to decisions (i.e. governance, management)1 about water resources at 

scales smaller than planetary and Earth's largest-river basin scales (e.g. local, meso-scales versus 

largest) (Vörösmarty et al., 2010). Improving the body of knowledge on water resilience for 

human prosperity via place-based, thematically focused (e.g. economic activity, climate, land-

																																																								
1	"Governance" is the patterns of interaction by actors with conflicting objectives and the instruments chosen to steer 
social and environmental processes in a particular policy area (Galaz et al., 2008). "Management" brings together 
existing knowledge from diverse sources into new perspectives for practice (Westley et al, 2011). It follows then, 
that "resource management" is the activity of analyzing, monitoring, developing and implementing measures to keep 
the state of a resource within desirable bounds (Pahl-Wostl, 2009). 
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cover type) case examples because they are "promising approaches that include multi-level 

governance that allows for the emergence of local, bottom-up processes while framing them for 

global sustainability" (Rockström et al., 2014, p.245) will improve the usability of the research 

generated, as well as provide important nuance to arguments about the state of the resource and 

its governance and management at the planetary scale.   

 

Defining coupled natural-human/social-ecological system dynamics 

 Viewing the world in the context of social-ecological systems (Berkes & Folke, 1998) 

acknowledges that humans and environment are fundamentally interwoven. Humans, like other 

living organisms, are agents within and connected to Earth's ecosystems: they couple with a 

priori environmental processes (biological and physical) to reciprocally interact with these 

processes in a manner that determines the form, function and stability of the other, and the SES 

as a whole (Andereis et al., 2004). These interactions can have positive or negative results for the 

coupled system, or for individual human (societal) and environmental (ecological, biophysical) 

sub-components (Ostrom, 2009), in a manner that vulnerability, resilience, and adaptive capacity 

are affected (Gallopín, 2006; Adger, 2000). Nested, reciprocally interacting social and ecological 

systems (Figure 1) of different temporal and spatial dimensions can be grouped into four primary 

sub-systems (resource systems, resource units, governance systems, and users) and second-level 

subsystem variables (Ostrom, 2009). In effect, both social and ecological components must 

simultaneously be accounted for across temporal and spatial scales because their dynamic 

interplay is a matter-of-fact property of the Earth system. Accurately linking human and 

environmental dynamics is essential for crafting adaptive interventions to complex problems that 

degrade human or environmental health, well-being, and prosperity. In particular, governance, 
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management, and institutions are key to facilitating human stewardship of resource systems, and 

other interactions or outcomes related to users’ sustainable resource use (Ostrom, 2007).  

 
Figure 1. A Framework for analyzing the link between social and ecological systems for 

resilience and sustainability. Adapted from: (Berkes & Folke, 1998)   
 

 Resilience was originally used to describe change in ecosystems (Holling, 1973) and is 

the ability of a system to absorb disturbances and persist, despite variability, until the capacity of 

the system to adapt is not exceeded and a change occurs (e.g. Gunderson et al., 2010; Briske et 

al., 2006; Westoby et al., 1989). Due to changes in the level of controlling system and sub-

system variables, different system states or systems can emerge. Resilience, however, is a matter 

of degree, and never a matter of complete immunity towards disturbance and stress (Duit et al., 

2010) because a system's sub-variables are continually in a dynamic state of stress and 
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reorganization, but the systems itself has yet to cross the thresholds that would cause a 

transformation of the entire system. Resilience in human communities is the capability to 

respond to unanticipated changes in values, the economy, society and the environment (Gross 

2009) in order to arrest or mitigate degradation in human well-being or ecological function. The 

reason to resist ecological degradation is because ecosystem insecurity often engenders 

biophysical changes that lead to reduced ecological productivity and other undesirable states 

(Rockström et al., 2009; Folke et al., 2005). The concept of resilience in social-ecological 

systems is even more complex in physical and moral structure: change may be amenable to 

humans, but harmful ecologically, or vice-versa. However, human and natural systems are 

interlinked and coupled, and at some point a threshold is crossed so that negative environmental 

change also becomes consequential for humans, or vice versa. Because human and natural 

systems are fundamentally interwoven across spatial and temporal scales, nested factors (social 

or ecological), if destabilized, can combine to rapidly threaten resilience within subsystems at 

local, meso- and macro-scales to produce surprises, unpredictable results, or sudden changes in 

condition, and to the point that entire social-ecological system integrity is threatened and system 

characteristics lost (Peters et al., 2004). 

Resilience, therefore, is important for both ecological and social systems - one cannot be 

managed in isolation from the other. A resilience theory that fails to consider reciprocal impacts 

for humans and environment does not meet the test to qualify as a true resilience theory.  

Resilience in social-ecological systems should be interpreted as (a) the capacity for adaptive 

changes to the interaction between society and the ecosystem to be made in response to changing 

pressures and shocks and (b) in a manner that the integrity of ecosystems and communities are 

protected from external forces that lead to resource and well-being degradation, especially key 
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resources that without them basic social-ecological system processes cannot occur. Climate 

change, resource exploitation, land-use change, human migration, and population growth 

combine with water governance, institutional arrangements, societal values and development 

paths to threaten ecosystem and human water security, and ultimately, the persistence of robust 

social-ecological systems (see, Figure 2) (e.g. D'Odorico et al., 2010; Molle, 2009; Morehouse et 

al., 2008; Safriel and Adeel, 2008; Zimmerman et al., 2008; MEA, 2005a; Vörösmarty et al., 

2000). In a dynamic, changing, multiple-outcome reality, adaptive actions are how humans 

respond to change operationalize arresting threats to social-ecological system resilience. There is 

a priority need to understand how to make our arid systems more resilient, especially in regards 

to sustainable governance and management of land and water resources.  
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Figure 2. Current status of several global stressors on water resources and examples of the 
relationships between individual stressors. As found in: Zimmerman et al., 2008, Table 
2. 
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Socio-ecological system dynamics in drylands: water resources and land use 

Drylands are 41% of Earth’s total land area, home to more than 38% of the total global 

population in 2000, roughly 2.47 billion people — 90% of whom live in developing countries — 

and contain 44% of all cultivated systems worldwide (Koohafkan & Stewart, 2008; MEAa, 

2005). Furthermore, much of the world’s rangelands, 54.7% of the Earth’s land surface, are 

located in dryland climates, where 80.7% of total rangeland area, or 44.1% of Earth’s land 

surface, is used by humans for agriculture and livestock (Engler et al., 2018). 

Drylands are highly sensitive to change and disturbances to core ecological and 

socioeconomic processes can produce negative changes. In drylands water resources and 

hydrological processes are the central drivers of robust social and ecosystem function. However, 

precipitation is scarce, often unpredictable, evapotranspiration high, and soils sensitive to 

degradation. Dryland social-ecological systems are particularly vulnerable to negative, 

potentially irreversible, change because these eco-zones are exposed to high population pressures 

relative to limited, sensitive resources and an inherently water-scarce climate (Reynolds et al., 

2007). In drylands water scarcity constrains socioeconomic development and determines strength 

and vibrancy of ecosystem function. Human decisions or environmental changes are of 

consequence to the other and in turn have implications for the capacity of eco-hydro systems to 

support particular types of economies and communities over time. Management and governance 

in dryland social-ecological systems, as in other climates, requires knowledge of inherent 

ecosystem processes as well as those processes inherent to political, cultural, and economic 

systems. 

Water security for human and environment in the face of 21st century pressures and 

changes is a “wicked problem" (Brown, 2010) of particular concern to for arid-region 
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populations and ecosystems. Dryland water resources are expected to be further constrained due 

to changes in climate, landscape and demand (Curl et al., 2014; IPCC, 2014; Overpeck & Udall, 

2010). The consequences and complications from these changes are more acute and rapid in arid 

SES because these systems have less buffer capacity (i.e. resilience) to withstand changes from 

increased water limitations and, thereby ultimately, maintain a prosperous Anthropocence system 

state (Sivapalan et al., 2014). Globally humans are entering into an era of water scarcity that is 

leading to groundwater depletion, low or non-existent river flows, and jeopardizes the health of 

vital aquatic systems (Postel, 2000). Arid and semi-arid lands in particular are susceptible to 

negative change as a result of climate change causing drought-type conditions that alter rainfall 

timing, spatial extent, amount and temperature patterns in a manner that constrains water 

resources and leads to landscape-scale changes (Garfin et al., 2013). 

 Landscape change caused by land-use and climate change threatens ecosystem functions 

important to human well-being and other living organisms (MEA, 2005b). Human activities (e.g. 

urbanization, deforestation) and demand for resources (e.g. water, fossil fuels, rangelands) have 

fundamentally altered ecosystems across the globe to such an extent that processes fundamental 

to the water cycle and freshwater availability have also been affected at macro, meso and local 

scales. Vegetation, a core ecological component of the hydrologic cycle, is expected to die-off 

globally (Allen et al., 2010) and regionally (Breshears et al., 2005) in response to climate 

change-type drought. Drought-type changes in the hydrological cycle cause landscape changes 

related to reduced biomass, cover and functional-group diversity provided by native, locally-

adapted plants. Less plant cover modifies key hydrological processes, causing (a) less efficient 

use of water within the landscape due to higher evapotranspiration, lower vapor pressures, higher 

temperatures and (b) reduced available soil moisture, infiltration and rainfall potential 
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(D'Odorico et al. 2010). Fluctuations within an arid-zone landscape, especially regarding 

composition, ecosystem services, precipitation and moisture is normal (Briske 2003; Tiffen & 

Mortimore 2002), but a persistent reduction in ecohydrological services and ecosystem function 

over an extended period constitutes desertification (MEA 2005). Desertification is difficult to 

reverse and highly desertified landscapes can have critical implications for human well-being 

and livelihood. The tenuous status of dryland biota and human populations due to modern 

pressures on land and water resources makes understanding what landscape-scale and human-

environmental relationship changes are taking place all the more important and pressing. 

Desertification from agricultural land-use is viewed as a pressing land management issue 

because many dryland human communities relied on a rural agrarian livelihood (Orr et al., 2017; 

MEA, 2005).  

 Also, driving landscape-scale change and pressure on water resources is the global land 

use trend towards expanding urban areas. All the world’s population growth from 2018-2050 is 

expected to be urban and primarily driven by: rural-urban migration and land use change from 

the geographic expansion of urban settlements annexing rural localities (UNDP, 2018). Across 

the entire USA developed area is expected to increase by 79% by 2029 and much of the growth 

is expected to occur in areas relatively stressed with respect to human-environmental actions 

(e.g. sensitive watersheds, riparian areas, water supplies) (Alig et al., 2004). Rapid urbanization 

and early-21st century economic development compete against each other for water resources, 

heighten demand for freshwater and contribute in concert to the creation of a water-scarce world 

(Scott et al., 2013; Hightower & Pierce, 2008). Urbanization and industrialization, as does 

agriculture, have a profound negative effect on groundwater resources (Foster, 2001). 

Urbanization also has a negative, drought-type impact on an urban area's regional climate and 
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energy and water processes that increases as urban area expands due to the urban heat island 

effect (Arnfield, 2003). Primary causes of the urban heat island are the paved, impermeable area 

sand decreased vegetative biomass that accompanies this type of land conversion. Urban heat 

island causes increased evapotranspiration, temperature, changes in surrounding biotic 

communities and, potentially, altered rainfall patterns (Sexton et al., 2013; Menke et al., 2011) 

Humans are complicit in landscape-scale changes as their land-uses trend towards increased 

urbanization that has impacts on regional land productivity, temperature and hydrologic 

processes. 

B. Linking social-ecological systems with institutions to build capacity, 

resilience, and adaptive water security 
 Human resource use has always stood at the intersection of ecosystem function and 

services, to the extent that governance and management also stand firmly at this intersection 

(Figure  3). Reciprocal feedback between humans (i.e. via use and management) and 

environment (i.e. via changes in resource quality and availability) has always been the 

fundamental condition whereby societies justify managing both human decisions and 

environment conditions for the purpose of sustaining desirable states and mitigating risks to 

undesirable change. Good governance is the process of engaging in sustainable stewardship. 

Hence investigating and monitoring the status of a resource or ecosystem cannot be separated 

from the human decisions, drivers and uses that depend on said resource. Resource use is 

fundamental to human existence, however, use and prosperity do not exist in stasis nor 

equilibrium (Scott & Buechler, 2013). Environmental factors and human factors, in concert or 

independent of another, can disrupt or amend system conditions. Bad stewardship is the failure to 

mitigate, adapt or forestall drivers and trends that bring about negative changes (e.g. Lee et al., 
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2015a; Diamond, 2005; Fiege, 1999; Ponting, 1991). These failures of management and 

stewardship, especially in relation to human resources use, have led to ecosystem collapses, and 

ultimately, social collapses (Diamond, 2005; Fiege, 1999; Ponting, 1991). Alternatively, 

successful adaptive management actions have prevented ecosystem or social collapse (Scott et 

al., 2013; Diamond, 2005; Olsson et al., 2004; Berkes et al., 2000; Berkes & Folke, 1998). 

Panarchy theory tells us it is possible to presume we can elicit future, desirable outcomes via 

decision-making linked to institutional (laws, policies and organizations), collective, and 

individual actions. Just as environmental systems are comprised of multiple, nested, interlinked 

temporal and spatial scales, so too are institutions, a type of human system. Institutions become 

tiered when they interlink across jurisdictions and sectors, and an important tool for social-

ecological system governance, management, and stewardship. 

 

Grounded meta-theory: panarchy and scenario planning   

 Presupposed within panarchy theory (Gunderson & Holling, 2002) is the operation of a 

system and its interrelated elements along a temporal path (e.g. fast and slow variables) that 

fundamentally requires construction of a particular system's past and present (i.e. modeling) in 

order to construct a cycle that describes the system's change over time (Downing & Patwardhan, 

2005; Jones & Boer, 2005) (see, Figure 3). The past and present are the a priori knowable, 

measurable components of the panarchy cycle. The past and present of a particular system 

formulate into (a) an important set of elements that are understood to drive certain types of 

change within the system and (b) a baseline context for understanding patterns and magnitude of 

past, present and future change. The panarchy cycle (Figure 4), however, is incomplete without 

the "future" (i.e. the uncertain, but conditional and probabilistic options that can manifest at a 
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forthcoming time). The past and present affect the future. The past in conjunction with the 

present create existing knowledge that has the capacity to inform planning, adaptive 

management, and decisions about what ought to be.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Coupled natural-human interactions and feedbacks entail resources governance and 
management. 

  

In the Anthropocene human and environment are coupled, interacting Earth-system components primarily 
responsible for contemporary local-, meso- and global-change. Earth’s “environment” component can be reduced 
and defined via specific sub-components (e.g. functioning ecosystems) and subsequent concepts nested within a 
particular sub-component (e.g. ecosystem services). Equally, the “human” component can be reduced and defined 
via specific, nested processes (e.g. human resource use) and sub-systems (e.g. resource governance) and supporting 
underlying patterns (e.g. resource management). While human resource use does not automatically entail 
governance, management nor their effective practice, it can be argued that an ontological reduction of 
“environment” into “ecosystem function” and “ecosystem services” presumes a parallel cognition that measures 
must be implemented in order to keep the state of a resource within desirable bounds (i.e. governance and 
management). The premise of the parallel cognition that resources must be governed and managed is that sustained 
human well-being is reliant on doing so. Therefore, reciprocal feedbacks between humans (i.e. via use and 
management) and environment (i.e. via changes in resource quality and availability) has always been the 
fundamental condition whereby societies justify managing both human decisions and environment conditions for 
the purpose of sustaining desirable states and mitigating risks to undesirable change. 
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Figure 4. Illustrated panarchy, a theory to describe and model system change over time. As 

found in: Gunderson & Holling, 2002. 
 
 
 



	34	

 Panarchy theory claims that system change and transformation is normative and occurs 

according to a generalizable set of states (they are: "growth", "conservation", "release", 

"reorganization"). Change is inevitable; a new future is always on the horizon - this is the 

universal nature of all systems (e.g. Edburg et al., 2012; Briske et al., 2006; Briske et al., 2005; 

Peters et al., 2004). However, when panarchy is coupled with SES theory (Folke, 2006), human 

agency, the result of decision-making and iterative actions, becomes part of the equation of 

variables that drive system change and transformation. When arguments that couple scientific 

research to stewardship is paired with the supposition that past and present human action is 

amongst the drivers of system change, the role research can play in order to influence human 

agency (i.e. decisions, governance, management) aimed at desirable futures becomes an 

important end in-itself and point of praxis (Brooks & Adger, 2005). Decision systems and 

stewardship are derivatives from human agency, and research has the capacity to affect decision 

and stewardship outcomes. Therefore, properly directed research, via stewardship and human 

agency, becomes one of the fundamental drivers that are presumed to cause and elicit movement 

between systems states, and ultimately, transformation from one system to another.  

 It is important to highlight that pairing panarchy theory with SES theory presupposes 

human agency, and therefore, agency via teleology, entails environmental governance. This 

deductive relationship undergirds the importance of the call for scholarship that makes a 

difference for stewardship and scholarship able to improve response to complex, coupled 

natural-human environmental change. Furthermore, the supposition that future outcomes are 

influenced by decision-making according to science and knowledge is a fundamental, inherent 

assumption within my research, and prescribes outcomes beyond scholarship that typically focus 

around descriptions and reportage of the past. Instead the purposes of my research questions, 
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employed theories and protocols, are to pose and answer research questions that inform us about 

what has happened, what is happening, and also foretell and map-out useable, specific future 

development paths that can be elicited via adaptive management and decision-making amongst 

users and institutions (Figure 5). In this instance the use of scenarios to manage for future 

resilience is a novel, additive component that evolves the state of the art. In essence scenarios are 

a vehicle used in the overall process of institutional tiering and cooperative policymaking. It is 

within the "future" context that panarchy gains ‘useful’ value. In order to fully model the 

panarchy cycle, the future must be amongst the component states that complete the cycle.  

 Scenario construction in order to determine alternative futures for changing landscapes is 

one well-tested method to model (i.e. hypothesize about) the "future" in a manner that is useful 

for decision-makers (Steinitz et al., 2005). Although the actual future is unknowable or any one 

vision about it completely accurate, a set of alternative options can be used to encompass a 

spectrum of possibilities (Scott et al 2012). A scenario is "an outline of events" (Steinitz et al., 

2005, p.1) that allows decision-makers and stakeholders to, based off past and current choices, 

policies and ecosystem states, construct a narrative in order to get a sense of what might come to 

characterize a hypothetical future. When analyzed as a simultaneous set and in the context of the 

others, these hypothetical futures can aid planning by foretelling potential benefits, consequences 

or outcomes from current policy options, decisions and ecosystem states, while also aiding 

identification of practices, policies or decisions needed to achieve a particular future (Steinitz et 

al., 2005). In effect, each scenario translates into an outline of events within a panarchy cycle. 

Therefore each scenario is a type of case example about the past, present and future that, via 

postulation, allows us to, in the present, investigate and guide future outcomes in a manner that is 

valuable for resource planning, governance and management (Malone & Rovere, 2005). This is 
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known as adaptive management: a management process that uses the past, present and future to 

identify uncertainties, then address those uncertainties via methodologies able to resolve those 

uncertainties in order to both learn about and change a system, especially via management, 

institutional flexibility and new interventions (Holling, 1978; Walters, 1986; Lee, 1993; Habron, 

2003). 

 Embedded within the employ of academic, scientific frameworks on resilience, panarchy, 

and social-ecological systems, are suppositions that both ecological and social subsystem 

processes and principles are attributes that define difference, similarity and desirability amongst 

distinctive system states over time. In essence subsystem processes and principles allow us to 

define different scenarios and rank, or establish hierarchy, amongst them.  Some ecological 

examples of sub-system processes and principles are: rainfall interception (Savenije, 2004), 

photosynthesis (Lambers et al., 2008), the role of the Chapman Cycle in ozone formation, or 

water balance in rangelands (Wilcox et al., 2003). Inherent to any social process or principle is 

the moral argument about why a process or principle ought to exist, be pursued or condoned. 

Moral and ethical conditions can be seen as the basic, elemental building blocks of any social 

subsystem process or principle.  Some examples of social subsystem processes and principles 

are: equity, well-being, livelihood security (UNCED, 1992a; UNCED, 1992b), development as 

freedom (Sen, 1999), and 'safe-operating' space (Rockström et al., 2009). Coupled social-

ecological subsystem processes and principles are the basis, and should be understood as the 

argument, for 'ecosystem services' (MEA, 2005b), or why ecosystem health is important for 

human well-being.   
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Figure 5. Comparing known past and present coupled natural-human systems change to 
scenarios about future, yet-to-happen changes. 

  

Figure 5A is adapted by the Bureau of Reclamantion for use in their Colorado River Basin Water Supply and 
Demand Study (Bureau of Reclamation, 2012, p.SR-13) in order to illustrate the scenario planning process used to 
evaluate the Colorado River system. The scenario planning process involved: (a) identifying key forces that would 
likely drive future resource (i.e. water) supply and demand; (b) ranking the driving forces by their relative 
importance and uncertainty; (c) using the most highly uncertain and important drivers to describe how resource 
supply and demand might evolve in the future; (d) quantify individual scenario “storylines” in order to assess 
future system reliability, inform development of option and strategies to resolve imbalances between supply and 
demand. 
 
The “historical supply and use” section of Figure 5B is constructed using actual quantitative data to illustrate the 
change undergone by each respective variable (e.g. water supply and water use), and, more generally, that change 
is an inherent property to any system. Per the method outlined in Figure 5B, it is possible to quantitatively define 
multiple different scenarios. “Projected future supply and demand” represent the quantitative range of plausible 
future outcomes, the shaded, varied range a contrast to the defined, lines illustrating historical known 
measurements. The shaded area for each variable is the set of possible trajectories whose likelihood of occurring 
are dependent on how human decisions and actions couple with environmental factors to affect the system’s 
trajectory.  
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Hence, change, while inevitable, does not have a pre-determined outcome; a particular 

future is not ordained or obligated, rather it exists as a set of yet-to-happen scenarios (Figure 5). 

Human agency via informed decision-making, management and governance can mitigate 

undesirable change or defray probabilities that a particular outcome will occur. Human agency 

can impact temporal and spatial components of the panarchy cycle, and the actual, future system 

transformation (i.e. "reorganization," see Figure 4) itself by delaying the onset or altering the 

probable occurrence of a particular outcome (e.g. Bryan et al, 2011; Davis & White, 2013). 

Therefore, grounded panarchy theory requires the creation of practical, useable scenarios. 

Creating usable scenarios requires participation from stakeholders to inform scenario parameters, 

as well as indicating preference, and ultimately, implementation. Researchers can have a role in 

the scenario planning process, especially if it unfolds as an iterative science-policy dialogue 

(Scott et al., 2012 & 2013). Beyond understanding what constitutes desirable and undesirable 

change are also the types of social, ecological, and technological interventions, mechanisms, 

tools, and procedures needed to deliver desired outcomes. Institutions, especially when tiered 

across jurisdictions, sectors, and with users, are central to adapting scenarios into tangible, real-

world outcomes and on-the-ground, in situ implementation.  

     

Multi-stakeholder natural resource governance in social-ecological systems: from panarchy 

to adaptive management 

Adaptive management first emerged from ecosystem theory and management (Holling, 

1978) and is the framework whereby adaptive actions can be applied at ecosystem, community 

or landscape scales. The goals of adaptive management are meant to be open ended in order to 

accommodate multiple goals perspectives and unique, place-specific characteristics (Brugger & 
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Crimmins, 2015; Folke et al., 2002). In the context of social-ecological resilience, however, the 

purpose of adaptive management is to maintain or restore the Holocene characteristics (cite) of 

the overarching ecological system, and in order to do so nested systems (typically, social) are 

available to undergo change driven by human decisions and actions. Adaptive management is the 

capacity for societies at any spatial scale to use institutions, collective action, social coordination, 

governance, monitoring, learning, and flexible planning to shape a social-ecological system into 

a desired state in response to changing conditions and disturbances (Folke et al., 2005). Chapin et 

al. (2010) has three "ecosystem stewardship" strategies that help refine how adaptive 

management should operate in order to arrest degradation (Cowie et al., 2011). They are: (a) 

reduce vulnerability to expected changes, (b) foster resilience to sustain desirable conditions in 

the face of perturbations and uncertainty, and (c) transform from undesirable trajectories when 

opportunities emerge. Adaptive management, however, has been met with challenges when 

practitioners and policy makers struggle to apply it in practice due to the difficulty of coping 

with complexity and uncertainties (Rijke et al., 2012). The constraints are: (a) ambiguous 

purposes and objectives about what should be achieved with governance; (b) unclear contextual 

conditions in which governance takes place; and (c) uncertainty around the effectiveness of 

different governance strategies. In addition to these complications or perhaps their cause, 

sustainable management impediments are entrenched within the broader social-political 

framework where decisions are made, and hence institutions are of central importance to 

successful environmental governance (Scott & Pasqualetti, 2010; Brown et al., 2006). 

 Similarly, complications such as tradeoffs, dissimilar interests, cultural, legal and 

infrastructural disparities in the Arid Americas were successfully overcome by an adaptive water 

management definitions based on: acknowledging the political nature of decision making; water 
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security as an end goal; using the science-policy process to plan interactively for societal, 

ecosystem and hydroclimatic uncertainties; initiation of responsive action; and iteratively assess 

water security outcomes in society and ecosystem resilience terms (Scott et al., 2013). These 

actions were aided by provision of feasible and politically practicable actions and opportunities 

to respond to real problems and challenges. Adaptive management to implement scenarios 

requires human, political, and economic capital. In other words, human interactions mediated by 

inter-personal relationships or institutional processes are required to make decisions about 

outcomes and interventions (De Stefano & Hernandez-Mora, 2018; Reiter et al., 2018; Westley 

et al., 2011; Armitage et al., 2009; Ostrom, 2007; Anderies et al., 2004). Within this context, 

participation among a range of stakeholders (e.g. the public, organizations, neighborhoods, 

agency and elected officials, inter alia) is essential for achieving urban greening (Janse & 

Konijnendijk, 2007), land management (Whitfield & Reed, 2012; Berkes & Folke, 1998), water 

security and governance (Mott & Megdal, 2016; Lemos, 2015; Scott et al., 2013), socio-

economic development (Reynolds et al., 2007), and climate change adaptation (Conde & 

Lonsdale, 2005; Lemos & Morehouse, 2005), especially in regards to crafting robust menus of 

solutions, cohesive action, equity, capacity building, and better-functioning, more sustainable 

outcomes. Hence, we acknowledge that participation and engagement are not without 

complications (i.e. procedural complexity and time requirement) (Mott & Megdal, 2016) nor a 

panacea (Pahl-Wostl et al., 2012), but we assert that participation (Bailey & Grossardt, 2010; 

Arnstein, 1969) also ought to be best practice for environmental governance and adaptive 

management in social-ecological systems. The Upper San Pedro Partnership and the bi-National 

Colorado River Commission are examples of how multi-stakeholder participation and inclusion 

have been used to overcome conflicts and challenges to dryland water security (Scott et al., 
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2012; Browning-Aiken et al., 2004; Varady et al., 2000). 

C. Research questions and methods used  

In order to strengthen arid lands resource science and arrive at specific, place-based 

assessments about how to build resilience in the face of multi-scalar environmental change, I use 

the following research questions to focus and guide my inquiry:  

• What constitutes a water management innovation and how are they assessed?  

To this end: 

• How do water management innovations impact arid-region communities, and these changes, 

in-turn, feedback to affect the coupled system as a whole? According to what social 

characteristics can we deem the innovation beneficial or maladaptive, and for whom? Does 

the net change across all characteristics improve arid-region resilience?  

• How do water management innovations impact arid-region ecosystems, and these changes, 

in-turn, feedback to affect the coupled system as a whole? Is an innovation beneficial or 

maladaptive, and for what particular parts of the ecosystem is this the case? Does the net 

change across the whole ecosystem improve arid-region resilience 

• Given a coupled natural-human analysis of resilience for a particular arid-region, what 

specific adaptations, policies, innovations, or practices for improving resilience emerge from 

this assessment? 

 The Arid Lands Resources Sciences program is one of the UofA's Graduate 

Interdisciplinary Programs, and as such requires its PhDs to operate where traditional disciplines 

interface and employ mixed-methods to facilitate cutting edge research. My research uses this 

interdisciplinary mandate to investigate problems, resources, and how to account for and use 

interlinkages to adaptive advantage in coupled natural-human systems. As such, my research 
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methodology is characterized by a mixed-methods approach by drawing on protocols from both 

the social and ecological sciences, then combining them to derive novel, usable, nuanced 

analysis about the state of the resource and its governance and management.  

 I have adapted and combined the following methodological frameworks to accommodate 

and direct the set of mixed-methods needed to assess water resources and management in social-

ecological systems. Agroecosystem analysis (Conway & McCracken, 1990; Conway, 1985) is 

well-suited to analyze social and ecological components because it emphasizes assessment of 

components within both the livelihood and farming system, and how these components affect the 

agroecosystem as a whole. Stakeholder engagement via interviews, mapping exercises, and 

workshops are used to answer questions about community changes and impacts over time and in 

response to specific innovations. Remote sensing is used to answer questions about landscape 

and vegetation change, and stakeholder engagement techniques are also used to confirm 

remotely sensed data or uncover other ecological changes. Participatory rapid rural appraisal 

(Welch et al., 1996) is an approach able to accommodate a variety of social and physical science 

methods The specific methods used in each study are detailed in Appendices A, B, and C, 

respectively.

  



	 43	

II. Study region: Rural-urban social-ecological systems in 

the Sonoran Desert 

 Selected coupled natural-human resources systems from rural and urban areas in the 

Sonoran Desert are modeled via an interdisciplinary set of methods in order to present lessons 

about improving adaptive capacity and resilience through ground-up, multi-level, tiered 

processes, and that they are transferable to other drylands or resource systems, in general. 

 Although all located in the Sonoran Desert, my research sites are not in the same area, 

country, industry, state of development, landscape or river basin (Figure 6). They do, however, 

share common environmental traits - arid, riparian, ecological corridor - and social-ecological 

histories (Scott and Buechler 2013). Due to their particular characteristics each research site is an 

analogue - a scenario - of any other Sonoran Desert riparian corridor. My selected sites, Rayón, 

Sonora, Mexico and Tucson, Arizona, USA, are analogous to each other because they share 

common environmental and social traits and histories (Logan, 2002; Phillips & Comus, 2000; 

West, 1993; Pfefferkorn, 1989). Due to these commonalities and same geomorphic point of 

origin each field site is part of the overall Sonoran Desert narrative timeline, and a nested sub-

system within this narrative that, although operating at different rates of development, has 

lessons for and about the other's present, hypothetical future, alternative scenarios, and the 

decisions and adaptations involved with managing for resilient, safe outcomes (Figure 7).  

 Although Tucson is located in the Santa Cruz River watershed, its population larger, its 

land cover primarily urban, and its perennial rivers dry and riparian areas eroded (Webb et al., 

2014), land-uses related to irrigated agriculture and ranching predominated prior to Tucson's 

current urbanized state (Logan, 2002). Rayón is located in the Rio San Miguel watershed, is 
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sparsely populated, rural, still relies on irrigated agriculture and ranching, and, until recently, its 

river still dominated by perennial flows. As a social-ecological system current Rayón is 

analogous to the rural, agricultural Tucson of 130-plus years ago, and just like 18th century 

Tucson, Rayón is being shaped by the same drivers (e.g. groundwater use, increased access to 

national or international markets, population increases) that led to Tucson's loss of perennial  
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Figure 6. Map of Sonoran Desert study sites used in dissertation  
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Figure 7. Panarchy model of social-ecological change in the Sonoran Desert across multiple 

temporal and spatial scales. 

Rural Rayón and urban Tucson are connected by their shared ecological, geomorphic and land-use histories. 
However, where these histories diverge and become alternative futures for each river basin, there are lessons to 
be learned for each and, more generally, water resources and their management in arid-region riparian corridors.  
	
The compendium of the Sonoran Desert system as a network of nested sub-systems is the panarchy and defined 
by: i. Sonoran Desert (largest system); iia.Santa Cruz watershed (meso system); iib. Rio San Miguel (meso 
system); iiia. Tucson, AZ (local system); iiiv. Rayón, SON (local system); iv. Scenarios and futures for a 
changing social-ecological system; v. X - new, unknown system within Sonoran Desert geographic area. 
 
Coupled natural-human system change in the Sonoran Desert can be defined via a dependent variable. In this 
instance, landscape change understood via conversion to rural to urban (y-axis). Trends, drivers, variations and 
concurrent changes in attributes other than human landscape conversion are organized and analyzed via the 
independent variable, time (x-axis). Types and rates of changes within the Sonoran Desert can be understood 
according to the panarchy model (sub-figure (i)), and component, nested sub-systems (sub-figures (ii) and (iii)). 
(i) The Sonoran Desert is the parent system and largest and therefore hosts a multitude of sub-systems whose 
function (a) can also be modeled via the panarchy cycle and (b) affect the condition of the larger, parent system 
(e.g. the Sonoran Desert). (ii) The Santa Cruz watershed (iia) and the Rió San Miguel watershed (iib) are meso-
scale Sonoran Desert sub-systems that extrude from different points along the Sonoran Desert’s “conservation” 
phase. Although Santa Cruz and Rió San Miguel subsystems exist independently of another, they (a) share 
historical traits that are the cause of common attributes and (b) contribute to the overall resilience of their parent 
system, the Sonoran Desert. (iii) Within each watershed or meso-scale system are smaller, “local” subsystems 
(e.g. Tucson, AZ USA (iiia) and Rayón, SON MX (iiiv) that can also be described by their individual coupled 
ecosystem and human interactions and dynamics. Although smaller in scale, local subsystems like meso-scale 
systems, are nested within the larger, geographically-defined parent system. 
 
The presented timeline represents a development path that other riparian systems in the Sonoran Desert can also 
emulate because panarchy theory properties and respective social-ecological system (SES) attributes are 
transitive between nested and parent systems. Therefore questions that lead to better understanding of a 
particular Sonoran Desert social-ecological sub-system also has lessons about change and management in the 
Sonoran Desert, generally and at specific scales or locations. These same lessons can be transferred via the same 
transitive property to teach us about drivers and trends that affect other: arid social-ecological systems; arid-
region riparian corridors; water resources, in general; and resource management in social-ecological systems. 
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Figure 8. Lessons from the Sonoran Desert are also translatable as lessons about our planet and 

how we manage and govern our future 
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river flows and tree die-off (Logan, 2002). Rural Rayón and urban Tucson are connected by their 

shared ecological, geomorphic and land-use histories. However, where these histories diverge 

and become alternative futures for each river basin, there are lessons to be learned for each and, 

more generally, water resources and their management in arid-region riparian corridors (Figure 

7). The compendium of the Sonoran Desert system as a network of nested sub-systems is the 

panarchy (Figure 7) that allows me to unite different sites and activities into a common 

dissertation theme. These sites and my actions, although localized to different locations within 

the Sonoran Desert, are in effect one in the same. Just as lessons and knowledge from the 

Sonoran Desert - a sub-system of Earth's planetary panarchy - are also translatable as lessons 

about our planet and how we manage for our future (Figure 8). 

 

Sonoran Desert climate and geography 

The Sonoran Desert is the hottest of the four North American deserts (Weiss & Overpeck 

2005). To wit: the western Lower Colorado River Valley sub-division experiences summer 

temperatures above 49°C (120°F), less than 76mm average annual rainfall, and areas that have 

gone thirty six-months without rain (Dimmit, 2000). The Sonoran Desert, however, is 

physiographically and climatically diverse. The region's seven diverse sub-divisions boast some 

2000 plant species (legume trees and large columnar cacti amongst them), 550 vertebrate 

species, and thousands of invertebrate species that have spread themselves over a desert that 

hosts all seven of the worlds biomes and elevations that range from seal-level coasts to 2900 

meter mountaintops (Dimmit, 2000). Topography and climate collectively shape the Sonoran 

Desert's precipitation regimes and patterns: the desert's southern third is a horse latitude desert, 

the northern two-thirds are a rain shadow desert. Generally speaking, and going west to east, the 
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region averages 76 to 400mm of rain per year (Ingram, 2000). Most uniquely the desert is the 

westernmost target for the North American Monsoon, resulting in a bi-seasonal precipitation 

pattern that produces winter and summer rainfall. North Pacific frontal storms are responsible for 

occasional, but widespread, gentle winter rain (December to March) in the desert's northwestern 

two-thirds. The summer monsoon (July to mid-September) brings surges of wet tropical air and 

localized deluges to the southeastern two-thirds. The Pacific Decadal Oscillation (PDO) and El 

Niño Southern Oscillation (ENSO) combine to drive the cyclical switching between wet and dry 

periods, strong or weak monsoons, and other alternations to temperature and precipitation 

patterns (Comrie & Broyles, 2002; Adams & Comrie, 1997). Although the Sonoran Desert can 

be described as "lush", the region's evaporative demand exceeds precipitation because on an 

annual basis, the potential for the atmosphere to evaporate water is always greater than the 

amount of precipitation delivered (Lauenroth and Bradford 2009). 

The Sonoran Desert’s climate is changing. Weather stations distributed within the region 

have revealed that future climatic patterns will be characterized by a general warming trend and 

fewer days with freezing temperatures (Garfin et al., 2013; Weis et al., 2009; Weiss and 

Overpeck, 2005). Warming regional temperatures are expected to increase drought frequency 

and to reduce mountain snowpack accumulation to critical effect on river streamflow volumes 

(Garfin et al., 2013). These climatic changes the equilibrium of the desert’s social-ecological 

systems. 

 

Sonoran Desert human populations and institutions 

 Although at present the Sonoran Desert is bifurcated by the USA-Mexico border, the 

region, in addition to common topography and climate, is also delineated by its shared human 
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development history. However, despite analogues between human and environmental systems, it 

is important to describe the institutional differences within the region in order to contextualize 

the region's water-food systems, and their lessons for policy, management and adaptation in 

other agricultural systems. Arguably the inception of modern USA-Mexico geopolitics and 

institutional differentiation, then integration, in the Sonoran Desert began in 1853 with the 

Gadsden Purchase that codified current international boundaries, and concurrent rights of 

restriction and access to resources, goods and services.  

 Although rules of water management and rights to use differ between the two countries, 

there are general similarities that characterize water use in both the USA and Mexican sections 

of the Sonoran Desert. Irrigation canals filled by surface waters predominated the early 20th 

century and earlier, but as the region aged into the 21st century, groundwater resources became 

the dominant fuel for agricultural production.  Paralleling increased groundwater use in 

agriculture is: expanded production (e.g. varietals, surface area); increased growing seasons per 

year; desiccation of surface waters; salinization from saltwater incursion; and severe 

groundwater declines or overall loss (Scott 2011, Moreno-Vazquez 2006). Growing urban 

populations reliant on groundwater pumping have dewatered perennial rivers’ urban reaches and 

depleted underground aquifers. Prior appropriation ("first in time, first in right") can be used to 

characterize water rights in the western US, while in Mexico centralized administrative 

allocation of water has been the norm (Lutz-Ley & Scott 2015). Institutional differences by 

country have shaped how each country's Sonoran Desert section has managed water use and 

sought to adapt to water resource changes. Despite shared geomorphic, topographic, climatic, 

and cultural traits, the Sonoran Desert is physically and institutionally bifurcated by the USA-

Mexico border that controls the flow of goods, services, and people between each country. The 
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North American Free Trade Agreement (NAFTA) was ratified by both countries in 1992 and is 

the framework of, inter alia, rules, customs, and tariffs that regulate the exchange of agricultural 

products and food-stuffs across the USA-Mexico border. Accompanying increased groundwater 

use, international market integration, and agricultural intensification is population growth, 

particularly in the region's most urbanized cities. Modern population growth is both a driver and 

result of the agriculture-water-globalization nexus enumerated in parcel above. 

 Water scarcity in the region is also driven by competing demands and uses by different 

sectors and activities. Of concern is the competition between agriculture and urban centers whose 

growing populations and industries demand larger and larger shares of already constrained water 

resources. The Sonoran Desert overlays one of the most dynamic transboundary regions of the 

world (Scott and Buechler 2013). It supports the livelihoods and lifestyles of more than 9.7 

million residents in Arizona and Sonora as well as numerous visitors, tourists, and others. 

Population concentrates in four major fast-growing urban centers ranging from around half to 

three million people (Hermosillo and Ciudad Obregon in Sonora, and Phoenix and Tucson in 

Arizona), and secondarily in several mid-sized cities (some of them border twin cities, such as 

Ambos Nogales), and hundreds[ Is this number accurate?] of rural communities that rely on 

resources within the arid-region to support rural economies via livestock, farming, and mining. 

However, due to water scarcity driven by both natural and social dynamics, agricultural activities 

and population centers notably depend on over-extraction of groundwater, which threatens the 

long-term sustainability of the food-water regional system. 

A. Dryland riparian corridors in the Sonoran Desert 
 Beginning with the region's Amerindian societies, canal irrigation of surface waters near 

arable land formed the basis of the region's food security and economy (3500 BCE— 1600s) 
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(Fish, 2004). Surface irrigation combined with Spanish-introduced wheat to become the basis of 

food security and economy for Jesuits and other subjects of the Spanish crown (late 1600s–

1800s) (Nabhan, 1986) and, later, the United States Army and westward migrants to California 

(1800s) (Logan, 2002). Then, later, groundwater extraction and international capital connected 

the region to any international investor or consumer who used North American railroads as part 

of their supply chain (early 1900s) (Sheridan, 1995; Sheridan, 1988). The "Green Revolution," 

symbolized by Dr. Norman Borlaug2, began in Ciudad Obregon, Mexico, and continues today in 

the surrounding Yaqui Valley.  

 In each of these examples the scale, intensity of cultivation, and export of agrarian goods 

became larger, more extensive, and global. While the history of Sonoran Desert agriculture, and 

its natural connection to water use, is millennia long, the transition from small-scale to large-

scale agriculture has been rapid, recent. However, the sustainability of the region's agricultural 

development is undermined by environmental and institutional externalities that result from the 

agricultural intensification process itself, as wells as broader extra-regional processes. Climate 

change and overallocation of declining water resources combine with externalities from modern 

agrarian intensification to threaten regional livelihood, identity, and the region's capacity to 

remain involved in bi-national and global food security. Appendix B presents a specific example 

of how multi-scalar human and environmental processes combine to elicit, rural, agrarian water 

scarcity in a manner that undermines coupled natural-human stability so that both human and 

ecological systems are threatened. This example modernizes our understandings about the 

severity and extent of impacts from climate-landscape changes whose development began in the 

																																																								
2	In the 1940s the Rockefeller Foundation worked with the Mexican government to establish a research station 

whose goal was to increase wheat production. Borlaug was the research station's director. 
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latter half of the 20th century, and matured with severe consequences for future generations 

within a period of one-to-two present generations.  

 Accompanying rural landscape changes driven by changing environmental and human 

conditions, especially in regards to insecure water resources, are growing populations in rapidly 

urbanizing areas. Population growth in combination with landscape and climate change has 

served to increase temperatures and constrain water resources in the Sonoran Desert’s largest 

cities (i.e. Phoenix and Tucson, AZ USA; Hermosillo, SON, MX) (Overpeck & Udall, 2010). 

Historical populations in the Sonoran Desert’s population centers selected their respective 

locations for the amenities, namely, water, provided by the riparian ecosystem found there, and 

owe their present prosperity to the same Earth-system processes (e.g. mountain-front recharge of 

groundwater aquifers) that established flourishing riparian ecosystems at those locations. 

However, agriculture, then proceeding urbanization, has left these riparian landscapes changed, 

if not non-existent or only traces of their most robust ecosystem function remaining (Logan, 

2002). In place of riparian vegetation and natural sinks for water infiltration are impermeable 

surfaces that limit reestablishment of historical riparian features, or as is most often the case, 

riparian for urban landscape is not a one-to-one replacement. Instead, disappearing riparian 

vegetation is most often a result of human economic systems de-watering the landscape, and 

leading to tree die-off (e.g. Appendix B), proceeded by contemporary conversion of these areas 

into modern, urban hardscapes.  

 Compounding consequences and the need to restore tree-cover as a feature of urban 

Sonoran Desert social-ecological systems are global climate change and urbanization. Especially 

pernicious are when global climate change and urbanization, two human-driven environmental 

changes, couple together to exacerbate and amplify temperature increases inherent to each 
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processes (Pincetl et al., 2013; Luber & McGeehin, 2008; Wilby, 2007).  Higher urban 

temperatures, namely through the urban heat island effect (UHI) (Oke,1982) stresses both 

environmental and human function (Zhao et al., 2016; Tzoulas et al., 2007) and (b) a major 

driver of high water and carbon footprints (Phelan et al., 2015). The process of urbanization itself 

complicates using Earth or human engineered processes to adapt to or mitigate impacts from 

coupled climate-landscape change. Urban ecosystem processes, such as powering cities via fossil 

fuels (Rosenfeld, et al., 1998), multiply greenhouse gases that drive anthropogenic climate 

change, or, such as from vegetation loss due to urbanization, alter terrestrial conditions in a 

manner that surface temperatures increase (Imhoff et al., 2010).  Urban greening is one method 

to restore riparian-type features and functions in order to mitigate local impacts from climate-

landscape change on humans (e.g. heat vulnerability) and wildlife (e.g. habitat loss for migrating 

species, and contribute to the global Earth system’s overall capacity to sequester atmospheric 

carbon. Although public green space in drylands can reduce household water use (Halper et al., 

2015) and increase property values (Bark et al., 2009), the challenge for dryland urban greening 

is how to increase greening in an already water-limited environment. Rain- and stormwater 

capture and storage are techniques used to increase greening, especially in combination with 

xeric vegetation, while limiting reliance and demand-increases on potable resources from 

irrigation for greened landscapes (Yoklic et al., 2005). Although prescribing a solution is 

straightforward, its implementation and achievement require a diverse set of interconnected 

physical, environmental, institutional, and social elements to be identified, applied and 

distributed equitably across a heterogeneous geographic area. Dryland urban greening efforts in 

Tucson, AZ (Appendix C) show that processes as well as defined outcomes are required to 

change contemporary urban areas into landscapes that better balance human uses with increased 
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ecological functions. In particular, Appendix C focuses on how tiered-institutions (Lee et al., 

2015; Scott et al., 2011; Westley et al., 2011) and contingent multi-scalar, participatory, 

collaborative, dialectical, stakeholder processes (Scott et al., 2013 & 2012) indeed work for 

accomplishing policies aimed at building climate adaptation (Conde & Lonsdale, 2005; Lemos & 

Morehouse, 2005), adaptive capacity (Dilling et al., 2015), and resilience (Folke et al., 2002) via 

urban greening and other social or environmental gains.  

B. Rural Sonoran Desert rangelands  
 Rural Sonoran Desert rangelands are defined by a semi-arid climate, mild winters, but hot 

summers, and, due to the North American monsoon, an annual bi-modal, winter-summer, 

precipitation pattern with high temporal, spatial, and volumetric variability (Comrie & Broyles, 

2002; Comrie & Glenn, 1998)]. As is also the case for Basin and Range deserts in western North 

America, although annual precipitation is dominated by summer rainfall from the North 

American Monsoon (i.e. 60-67% of the watershed’s annual precipitation), winter precipitation 

from headwater and upland sub-basins is primarily responsible for groundwater recharge (i.e.  

69% of annual Río San Miguel recharge) (Neff, 2015). Temperature and precipitation in the 

watershed also vary along a north-south gradient, where on average cooler temperature and 

higher rainfall prevails in upstream compared to downstream locations. The main effect from this 

gradient is that buffelgrass, planted by ranchers to support Sonora’s predominant economic 

activity, ranching, is limited by cooler temperature to areas south of Opodepe-town in the middle 

sub-watershed and lower. Although desert cacti-scrublands dominate the landscape, seasonal, 

intermittent, narrow, tributaries (arroyos) support mesquite stands (prosopsis veluntia) and the 

wider, deeper riparian areas support cottonwoods (Populus fremonti), desert willow (Chilopsis 

linearis), and mesquite. These verdant valleys and riparian areas are where the watershed’s 
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historic and contemporary populations have settled. 

Agriculture, specifically ranching calf-cow operations, is Sonora, Mexico’s primary source 

of rural employment. In 1986, ranching was the state’s major employer, the primary land use on 

84% of the state’s territory, responsible for 25% of the state’s total agricultural production, and 

the focus of the Sonoran governments 1986-1991 State Development Plan (Gobierno de Sonora, 

1985).  This plan sought to reduce rural poverty and achieve other development gains via 

intensifying agricultural production in order to meet increased demand created by concurrent 

efforts to integrate global markets with Sonoran agriculture. These efforts preceded the North 

American Free Trade Agreement (NAFTA), ratified by both countries in 1992, and entered into 

force in 1994, that formalized many of the 1985-1991 plan’s goals through market and customs 

reforms that catalyzed economic growth, diversification and intensification in the state, and in 

the process became key elements in pre- and post-modernization SES changes. Post-NAFTA, 

Sonora has since become Mexico’s largest agricultural exporter, exporting $1.27 billion USD in 

2011, and cattle responsible for 7% of that total (Cite Lutz-Ley et al., 2018). These economic 

changes have taken place in a landscape that, in the words of an agriculture ministry official, is 

limited because “there is more land than water; the problem is water.” The natural aridity that 

defines the study area limits naturally available forage to certain areas, as well as the overall 

landscape’s general vegetative productivity. The natural limits placed on the Sonoran landscape 

by its dryland climate are responsible for some of the earliest, modern human-driven landscape 

scale changes that saw buffelgrass come to dominate the desert cacti-scrublands that also double 

as natural rangelands (agostadero) when they provide grass forage in response to seasonal 

precipitation (Búrquez & Martínez-Yrízar, 1997). This has only become a more dominant 

practice since internationalization of agriculture markets (Búrquez & Martínez-Yrízar, 1997).  
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 Further exacerbating grazing pressures on the landscape is the condition that the 

rangelands have been, and continue to be overstocked; there are more cattle than productive land 

to support them. In 1986, the average stocking rate for Sonora was 11.81 ha. per animal 

(Gobierno de Sonora, 1985); in 2010 in the Río San Miguel watershed, 12 ha. per animal 

(Navarro, 2019). The recommended stocking rate is 27 ha. per animal. In order to mitigate the 

problem of herds requiring more forage than the rangeland is able to provide, the Sonoran 

government  promoted increased hydraulic infrastructure (i.e. groundwater wells) and improved 

water efficiency from technification (e.g. cemented canals), believing they would permit both 

increasing production on existing lands, put new lands into production, and prevent 

overexploitation of water resources (Gobierno de Sonora, 1985). The Sonoran government’s 

promotion and reliance on groundwater irrigated agriculture as the solution to aridity and 

increased agricultural productivity became more intensive post-NAFTA (Búrquez & Martínez-

Yrízar, 1997). In the Río San Miguel watershed, forage grown from irrigated agriculture came to 

replace other cultivars as a means to compensate for less rangeland forage available than is 

required by cattle. To wit, agriculture and ranching operations account for approximately 97% of 

groundwater use in each of the watershed’s four main municipalities, Cucurpe, Opodepe, Rayón, 

and San Miguel de Horcasitas (CONAGUA, 2014), and fodder cultigens account for 75% of all 

crops in the watershed (Navarro, 2019). As we will show post-NAFTA environmental change 

and economic development have combined to pernicious effect on land, water, and livelihood in 

the watershed. 

 Like Sonora, Mexico, ranching and livestock operations in the US section of the Sonoran 

Desert are important to economy, and also subject to modern climate-landscape change 

pressures, as well as a large consumer of water resources (Joyce et al., 2013; Polley et al., 2013).  
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The United States, however, focuses on high-quality, grain-fed beef production for domestic and 

export into the global market. As such the USA is the world's largest producer of beef and its 

second largest beef exporter (USDA, 2015) . In the Sonoran Desert, Arizona is USA region 

responsible contributor to overall the overall USA domestic and global beef market. The sale, 

breeding, and stocking of livestock in Arizona are approximately 40% of the state's agricultural 

total agricultural sales (USDA, 2014) . The percent total that livestock sales account for out of all 

the state's agricultural sales can be further subdivided into sales from calf-cow, feedlots, and 

other cattle associated with the slaughter market  (18.8%) and bovine dairy products (20.4%). In 

2012 the two bovine livestock sub-sectors each accounted for $700 million and $762 million, 

respectively. In 2012 Arizona had 4,215 operations that specialized in beef production (21% of 

all farms), and of this number 4,201 were categorized as beef-cattle ranching (cow-calf) 

operations while 14 were classified as feedlots (USDA, 2014). Arizona feedlots are large. The 

feed yards' general capacity is 35,000 to 150,000 head of cattle, where in 2014 six had more than 

16,000 head, and two at the 150,000 head holding capacity (Kerna et al., 2014).  Hence, using 

73% of the state's total land area, while also accounting for 98% of Arizona's total agricultural 

land, grazing is the predominant land use in Arizona (Kerna et al., 2014). Hence the state's cattle 

calf inventory, valued at more than $1 billion, is placed at risk by prolonged drought and weather 

extremes (Kerna et al., 2014) .  

The Arizona beef industry, however, is larger than just cow-calf and feedlot operations, 

extending to slaughter, leather making, and purchases from other sectors of the Arizona 

economy. Excluding cows for milk production, these aspects of the beef industry contributed 

$1.7 billion to the Arizona economy. The Arizona beef industry, however, begins with calf-cow 

operations (i.e. cattle are born and raised by being calved on range or pastureland), and these 
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operations are not limited only to the Arizona section of the Sonoran Desert. In general, cattle 

raised for export in Mexico represent, on average, over half of total U.S. cattle imports, as the 

United States has the comparative advantage in feeding cattle (Peel et al., 2011). In Arizona, this 

means that feedlots source feeder cattle from outside the state, and become increasingly reliant 

on Mexican feeder calves to stock their yards. In 2014 15% of feeder cattle to feed lots came 

from Arizona (Kerna et al., 2014). Since NAFTA's adoption Mexican feeder cattle have 

accounted for 5-10% of the USA cattle feed inventory (Kerna et al., 2014). In turn, however, 

Mexico imports the largest quantities of U.S. beef and beef products of all U.S. beef trading 

partners (Peel et al., 2011). 

C. Tucson, Arizona, United States of America 
Tucson, Arizona USA (32°13′18″N 110°55′35″W) is the principal urban area and population 

center nested within the Pima County, Arizona administrative subdivision. The City of Tucson 

has a population of 527,586 (US Census, 2016) inhabitants and its greater metropolitan statistical 

area a population of 1,003,338 (US Census, 2016). The City of Tucson is governed and 

administered by elected officials and bureaucrats that comprise both the county’s regional 

planning and policy organization, the Pima Association of Governments (PAG), and the city’s 

own administrative sub-divisions overseen by an elected mayor and council. The City of 

Tucson’s mayor and council do not govern metropolitan Tucson, the larger geographic entity, the 

City, like its adjacent suburbs and towns, are nested within. Governance in the metropolitan area 

is, as is the case for Tucson, performed by each suburb or township’s elected mayor and council, 

who like the City of Tucson, are members of the PAG. The US Census Bureau has classified the 

Tucson, AZ Metropolitan Statistical Area as occupying the same geographic dimensions and 

areas (divisions and townships) as Pima County, AZ. Population growth in combination with 
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landscape and climate change have served to increase temperatures and constrain water resources 

in the metropolitan area (Overpeck & Udall, 2010).  

 

Climate and topography 

 Tucson is located 104 km (64 miles) north of the USA-Mexico border in the upper 

portion of the Sonoran Desert. The millions of years long ‘basin and range disturbance” is 

responsible for a desert topography veined by rivers, plentiful subsurface basins that hold 

groundwater, and mountain ranges whose peaks grasp moist Pacific Ocean air and bring it 

inland, delivering  winter and summer precipitation via Pacific Ocean frontal storms and the 

North American Monsoon, respectively (Sheppard et al. 2002; Adams and Comrie 1997). The 

city has a semiarid climate with temperatures of 58°F (14.4°C) (hi: 71° (21.7°C); low: 44° 

(6.7°C)) and total average precipitation of 4.76” (12.1cm) in the ‘cool season’ (Oct.-Mar.) and 

82°F (27.8°C) (hi: 96° (35.6°C); low: 68° (20°C)) and 6.36” (16.2cm) in the ‘warm season’ 

(Apr.-Sept.), respectively (Western Regional Climate Center, 2016).  Although the Sonoran 

Desert can be described as ‘lush’, the region’s evaporative demand exceeds precipitation because 

on an annual basis the potential for the atmosphere to evaporate water is always greater than the 

amount of precipitation delivered (Lauenroth & Bradford, 2009).  

High variability in inter-annual precipitation volumes are the result of events produced by 

dynamic interactions between Pacific Ocean atmospheric and oceanic conditions (i.e. the Pacific 

Decadal Oscillation and El Niño Southern Oscillation) (Griffin et al., 2013). The frequency of 

these events also vary at decadal scales, producing long-term drought periods that can last for 

decades (Griffin et al., 2013; Woodhouse, 2004; Sheppard et al., 2002), and in rare cases, 

centuries (Routson et al., 2011; Woodhouse et al., 2010; Cook, 2004; Woodhouse et al., 2004; 
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Woodhouse et al., 2010; Woodhouse & Overpeck, 1998). Since the late-1990s Arizona continues 

to experience the most severe drought observed in the instrumental record (Garfin et al., 2013). 

Tucson, like the rest of the US Southwest, has experienced increased warming since the mid-

twentieth century (Garfin et al., 2013)]. For instance, in Tucson the decadal averages from 1951 

to 2010 for the average number of ≥100° F days per year has increased from 40 to 62, and the 

annual average of days ≤32°F has decreased from 17 to 11 (NWS, 2019). The 3.6°F (2°C) 

temperature increase above rural levels in Tucson’s urban core caused by the urban heat island 

effect (Comrie, 2000) was accompanied by increases in (a) urban area (DiBari, 2007) and (b) a 

178% increase in Pima County’s population between 1970 and 2010 (PAG n.d.). Furthermore, 

increased aridity by the 21st-century’s end is projected for the US Southwest due to: temperature 

increases of 5.4-10.8°F (3-6°C); more frequent, longer, warmer droughts; and individual 

precipitation and flood events will become more intense (Garfin et al., 2013; Overpeck & Udall, 

2010; Hoerling & Eischeid, 2007; Seager et al., 2007). These future conditions will result in 

severe water resources stress and deficits, as well as make management of available precipitation 

and stormwater even more important.  

Hydrology and water resources management 

 Fossil groundwater served as Tucson’s primary water resource, but since 1996 it has been 

supplemented with the city’s 144,172 acre-foot/year allotment of Colorado River water delivered 

by the 336-mile Central Arizona Project canal, whereupon it is recharged into Tucson’s central 

well-fields in order to replenish the aquifer. Tucson Basin aquifers are naturally replenished from 

ephemeral water drainages that recharge via (a) porous streambeds and (b) runoff and sub-

surface drainage down the three mountain ranges that surround and valley the basin and city 

below (i.e. mountain-front recharge). Although the city’s two main rivers, the Rillito and Santa 
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Cruz, and their reaches have lost their perennial surface water flows and accompanying bosques 

due to aquifer drawdown from early 20th-century mechanized groundwater pumping to supply 

Tucson’s growing population (Logan, 2002), these natural recharge processes are sufficient to 

support limited riparian ecosystems within the basin’s canyons and washes that rift through 

urban and suburban areas on the valley floor. Threats to ecosystems (Graham, 2007), agriculture 

(Lutz-Ley et al., 2018), and urban populations from groundwater overdraft in Arizona led the 

Arizona Legislature to enact the Groundwater Management Act in 1980 that regulates 

groundwater use in five active management areas (AMAs) that contained over 80% of the state’s 

population, over 50% of its water use, 70% of its groundwater overdraft, but only 23% of its land 

area (Jacobs & Holway, 2004). The AMAs are governed by ‘safe-yield’ whereby groundwater 

withdrawals are equal to recharge - both natural and artificial - by 2025. To meet this goal the 

Tucson AMA began relying on ‘alternative supplies’, including inter alia CAP deliveries, 

reclaimed water, and area rainfall (Megdal, 2007), to the extent that, through both supply and 

demand management, long-term groundwater-level declines have stabilized or reversed since 

2000 (Carruth et al., 2018). While the institutional process of supplying and managing Tucson’s 

water operates at the scale of the Colorado River basin, the City of Tucson’s water utility, 

Tucson Water, supplies 71.6% of Pima County’s population (Tucson Water, 2012) or 72% of its 

total municipal water demand/use (COT, 2009), and is the institution responsible for direct 

management of the City of Tucson’s potable water resources. Although on average 39% of the 

total municipal water delivered by the utility, regardless of municipal customer classification, is 

used outdoors (e.g. for irrigation), single-family residences account for the majority of the 

utility’s accounts (89%), demand/use (56%), and on average 45% of a household’s delivered 

water is used outdoors (COT, 2009).    
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In 1998 groundwater accounted for 85% of the utility’s potable supply. However, in 2017 

Colorado River water was instead responsible for 85% of potable supply (Tucson Water, 2018) 

and is expected to continue as the primary asset that provides the utility the capacity to assure 

water until 2050 (Tucson Water, 2012). However, 20th century climatic changes in the Colorado 

River basin (i.e. impacts from warming temperatures) imperil future supplies of Colorado River 

water due to conditions that drive increased drought and aridity in the basin, resulting in (Udall 

& Overpeck, 2017) decreased  snowpack (Pederson et al., 2011) and runoff (Woodhouse & 

Pederson, 2018), and streamflow, predicted to decrease by at least 20% come mid-century (Udall 

& Overpeck, 2017). These environmental changes, combined with growing populations, will 

further constrain water supplies on the already over-allocated river (Woodhouse et al., 2006), and 

regional water resources, in general. Therefore, given human and environmental pressures on 

water resources in addition to an arid climate, urban greening to mitigate local urban heat island, 

climate change, broadly, and, in general, as an improvement to urban livability in Tucson (COT, 

2013) is a ‘wicked problem’ (Brown, 2010).  Rainwater harvesting (Phillips, 2005) and rebates 

are amongst the ways the City has sought to achieve its urban greening goals while also 

mitigating increased demands on potable supplies caused by irrigation to increase urban 

vegetation. However, as we will show, these general, non-targeted policies in-and-of-themselves 

are unable to redress challenges that result from urban heterogeneity and inequality in a manner 

sufficient to achieve city-wide urban greening and climate adaptation goals. 
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III. Explanation of the Dissertation Format  
The preceding sections explain and situate my dissertation within the theories and 

concepts used to describe past, present, and future social-ecological systems states, as well as 

define why we must pursue some changes and mitigate others. The main body of the dissertation 

and results of my efforts is contained within three appendices (A,B, and C). Data for each 

manuscript was collected during my work as (a) a graduate research assistant at the UofA’s 

Udall Center for Studies in Public Policy in support of the National Science Foundation’s 

Dynamics of Coupled Natural and Human Systems Program, DEB-1010495  “Strengthening 

Resilience of Arid Region Riparian Corridors: Ecohydrology and Decision-Making in the 

Sonoran and San Pedro Watersheds” (Fall 2011 to Summer 2014) and (b) Ward 1 

Councilwoman Regina Romero’s appointee to the City of Tucson’s Citizens Water Advisory 

Committee (March 2015 - December 2019) and supported by a UofA College of Science-

Graduate Interdisciplinary Programs graduate teaching assistant for the Laboratory of Tree-Ring 

Research’s course, “Intro to Global Change” (Spring 2015 - Fall 2018). An Arid Lands 

Resource Sciences graduate fellowship began my matriculation at the university, and was also 

the terms that brought this dissertation to completion. The University of Arizona’s Arizona 

Remote Sensing Center provided technical support for my minor in Remote Sensing and Spatial 

Analysis. 

A. Relationship of the Appended Manuscripts and Contributions of the 

Author 
 All three manuscripts respond to a call for building a science for dryland development 

(Reynolds, 2007) and demonstrate methods and analytical heuristics that ought to become best-

practices in the water management toolbox. I am the lead author on each manuscript and while I 
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received considerable assistance from each of my co-authors to execute research protocols, I am 

responsible for defining research questions, directing the research agenda, selecting protocols 

and methods for data acquisition, and synching their scholarly innovations with on-the-ground 

application for environment and stakeholders. On one hand each manuscript is an example about 

21st century patterns that endanger water resources for human and environmental uses. On the 

other hand the manuscripts, especially those found in Appendices B and C, provide new, 

specific, not-contained in literature facts about the social and environmental challenges facing 

rural and urban Sonoran Desert socio-ecological systems. On an existential level, the 

manuscripts should remind us that inclusive, participatory, collaborative, equitable stewardship 

of Earth’s social and ecological processes does work; and recommit us to its importance in order 

to ensure it remains within how we govern our shared, common-pool resources.    

 In Appendix A the energy-water nexus and case examples from Tajikistan and Mexico are 

used to define a mechanism that shows poorly articulated multi-tiered institutional arrangements 

coupled with failure to generate truly participatory interaction of stakeholders leads to water 

insecurity. The chapter is published as a book chapter in, Sustainability of Integrated Water 

Resources Management.  As lead author I led identification of theoretical background, literature 

review of lessons learned from the water-energy nexus for tiered-institutions, application for 

integrated water management in study areas, chapter structure, author to 85% of the chapter’s 

content, and administration of the manuscript’s publication.  

 Appendix B combines stakeholder interviews, secondary data, participatory geographic 

information systems, and remote sensing to both: (a) normalize across key social and ecological 

variables in order to create an index that models and tells us about positive and negative coupled 

natural-human change over time in the Río San Miguel Watershed, Sonora, MX; and (b) use the 
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data collection process to develop scenarios with ranchers in order to aid their management and 

decision-making. As in Appendix A’s study, I led selection of research questions, research 

design, theoretical background, methods used, and wrote all manuscript content. Although a 

number of investigations concurrently took place in the watershed, I directed the research design 

(content, agenda, and survey instruments) for the annual workshops (especially as it related to 

integration with similar workshops with the Upper San Pedro Partnership in Sierra Vista, 

Arizona USA and integration of multiple researchers’ needs into workshop structure). From this 

interdisciplinary, bi-national team I was the first to embed myself in the Rayón community 

during summer 2012, and while I worked with co-authors to organize follow-up visits and data 

acquisition, I was the lead for research design and purpose of visit. Conceptual design for data 

analysis was made in consultation with my co-authors, but I am responsible for protocol design, 

administration, and execution to analyze collected data.  

 Appendix C combines remote sensing, geographic information systems, and analysis of 

holistic water resources reuse to achieve dryland urban greening in Tucson, AZ.  Research 

design and analysis is based on my embedded, in situ participation in the process to create the 

city’s Neighborhood Stormwater Harvesting and Low-Income Rainwater Harvesting programs 

due to my role as the Ward 1 Council Office’s appointee to the City of Tucson’s Citizens’ Water 

Advisory Committee. I am responsible for the theoretical framework used to present the process 

and analysis of US Census and remote sensing data. Councilwoman Regina Romero’s Ward 1 

Council Office and her Chief of Staff, Steven Arnquist initiated the programs’ creation, in 

response to constituent complaints, but the process completed due to cooperative efforts from 

multiple governmental and civic organizations and their focal points. Namely, staff in Tucson 

Water’s Conservation Office, especially Candice Rupprecht and director, Timothy Thomure, 



	 67	

elected officials and staff from the city’s other ward offices, and focal points from the 

participating non-governmental organizations (Sonoran Environmental Research Institute, the 

Community Food Bank of Southern Arizona, and Tucson Clean & Beautiful, Inc.’s Treed for 

Tucson, primarily). My analysis of urban surface temperatures and tree canopy would not have 

been possible without previous work by US Bureau of Reclamation’s Eve Halper and Pima 

Associations of Governments’ Josh Pope and Mead Mier, respectively. I am responsible for 

writing and drafting the manuscript.
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CHAPTER 2: PRESENT STUDY
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I. Appendix A:  Integrating Local Users and Multitiered 

Institutions into the IWRM Process 
Published as: 
 
Lee, Ryan H., Lauren Herwehe, and Christopher A. Scott. 2015a. “Integrating Local Users 
and Multitiered Institutions into the IWRM Process.” In Sustainability of Integrated Water 
Resources Management, edited by Shimelis Gebriye Setegn and Maria Concepcion Donoso, 
365–86. Cham: Springer International Publishing. http://link.springer.com/10.1007/978-3-
319-12194-9_20. 
 
Abstract 
  

Participation among stakeholders and tiered institutions in a collaborative policymaking 

process is essential to IWRM's stated goals of securing water for people in a manner 

that reconciles economic efficiency, social equity, and environ- mental sustainability. 

Using the energy-water nexus and case examples from Tajikistan and Mexico, we 

define a mechanism by showing that poorly articulated multi-tiered institutional 

arrangements coupled with failure to generate truly participatory interaction of 

stakeholders lead to water insecurity. In the case examples, we found that the 

livelihoods of vulnerable populations are threatened when users experience water 

insecurity that is created or exacerbated when tiered institutions neglect users' signals by 

failure to respond with actions that promote sound resource management or mitigate 

livelihood threats. Water and livelihood security would be improved by adaptive actions 

targeted at user-defined causes of water insecurity and coordination between local 

resource users and institutions at multiple levels. Our results are a diagnostic tool that 

can be used to identify one cause that, among a possible multitude, contributes to water 

insecurity. Institutions and decision-making among stakeholders will be an explicit 

component of the human capacity to respond with programs, policies, and actions able 

to deal with the dual pressure on water resources posed by climate change and 

heightened demand while reconciling economic efficiency, social equity, and 

environmental sustainability. Institutions that operate at the intersection of local users 

and state and non-state actors have the greatest chance of inducing IWRM solutions if 

the tiered nature of linkages is expressly accounted for and used to adaptive advantage. 
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 The full, published book chapter is found in Appendix A of the dissertation. The 

chapter’s conception and collaboration between authors began during the National Science 

Foundation’s Pan-American Advanced Studies Institute, “Adaptive Water-Energy Management 

in the Arid Americas” (La Serena, Chile), convened by Dr. Christopher Scott with me providing 

organizational support. Participants and lecturers were primarily from North, Central, and South 

America. The books editor, Dr. Shimelis Setgen, was both an attendee and lecturer and 

announced a call for book chapter authors. Chapter authors convened and submitted a book 

chapter proposal that was accepted by Dr. Setgen; the manuscript for the book chapter was 

completed after the institute, upon authors’ return to Tucson, AZ. The chapter lays for the 

groundwork for the dissertation as whole. Namely, the need for a systems thinking, adaptive 

approach to water insecurity challenges. Institutions that operate at the intersection of local users 

and state and non-state actors have the greatest chance of inducing IWRM solutions if the tiered 

nature of linkages (local level, meso-level, and macro-level) is expressly accounted for and used 

for adaptive advantage. 
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II. Appendix B: Spatio-temporal dynamics of climate 

change, land degradation, and water insecurity in an arid 

rangeland: the Río San Miguel Watershed, Sonora, 

Mexico 
(This manuscript is written for submission to: Journal of Arid Environments) 

Abstract 

Rangelands are complex social-ecological systems (SES) commonly used to support 

ranching and other agrarian livelihoods. Common to Earth’s drylands, rangelands are 

susceptible to drought, desertification, and land degradation from both climatic and 

human activities. In the arid Americas ranching communities are often located in 

watersheds and rely on local riparian resources (e.g. surface- and ground-water) to 

support husbandry. However, anthropogenic climate change in combination with 

intensified agriculture integrated into international markets degrade both landscape and 

water resources. In Sonora, Mexico’s Río San Miguel Watershed we find via an 

interdisciplinary set of methods that rangeland productivity, surface-water reaches, and 

aquifers are reduced to critical levels, agrarian livelihoods endangered, and within this 

dynamic that downstream locations are less resilient and water secure than operations 

upstream. This spatio-temporal dynamic to water insecurity is due both to (a) 

latitudinal-based climatic changes and (b) upstream water groundwater pumping 

activity. Participatory rapid rural appraisal and agro-ecosystem analysis tell us how 

climate, landscape, water, and ranching operation dynamics are interrelated and affect 

SES morphology and resilience across time, operations, and sub-watersheds. Weather 

station data from three watersheds are partitioned into 30-year normal periods and via 
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the standard precipitation index we find that since the 1970s there are more 100+°F 

days per year, drought periods are longer and more frequent, winter rainfall is less, and 

the North American Monsoon begins later in summer. Classified satellite images show 

that landscape changes, especially in riparian areas, and in the context of desertification 

and livelihood loss, result from climate change and groundwater pumping, and 

accompany aquifer depletion along the downstream-upstream gradient. Partnerships and 

cooperation amongst ranchers, sub-watersheds, and institutions are amongst the 

management and policy interventions available to prepare for or mitigate the developing 

social-ecological crisis in the watershed. Lessons from Mexico’s Río San Miguel 

Watershed are relevant for other drylands, agrarian systems, and groundwater-reliant 

economies, especially as the specter of long- term global climate change and water 

insecurity looms large for many of the Earth’s social- ecological systems. 

 

The full manuscript is found in Appendix B of the dissertation. The manuscript’s genesis 

begun in direct support of the National Science Foundation’s Coupled Natural-Human Systems 

research program (DEB-1010495 Strengthening Resilience of Arid Region Riparian Corridors: 

Ecohydrology and Decision-Making in the Sonora and San Pedro Watersheds. The research 

design came as a direct result of a recognized need for contemporary research that explicitly and 

intentionally integrates data collection on both social and ecological systems throughout the 

entire process in order to test hypotheses about feedbacks between each system. Often social and 

ecological interlinkages are shown in theory, rather than proved in the results, or not done so in a 

robust, methodological manner inclusive to both social and biophysical protocols necessary for a 

true coupled natural-human system approach. Core within this observation is the need to include 
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stakeholder perspectives to accurately understand the situation on-the-ground and its 

implications for the stakeholders themselves. Informed by participatory rapid rural appraisal 

(Loader & Amartya, 1999; Chambers, 1994; Conway & McKracken, 1990), agroecosystem 

analysis (Conway, 1985), and mornings in Mexico, the process to arrive at results is truly 

iterative and adaptive to both researcher and stakeholder knowledge gaps. In situ data collection 

took place over a three-year period (2012-2015) during a series of multiple, annual visits, the 

longest of which was two-months long (summer 2012). As much as was feasible, in situ data 

collection was meant to also be valuable to watershed residents, the annual workshops informing 

invitees about overall watershed processes, and adaption of the USA drought preparation 

workshop into Spanish are the foremost examples. The chapter shows just how complicated, but 

necessary, are solutions to human and environmental well-being in coupled natural-human 

systems. Namely how critical is the level of water insecurity for vulnerable, rural dryland 

communities, and the need to derive and implement adaptive management and institutional 

interventions that increase capacity within users or their connectivity with one another or to 

institutions via participation and cooperation are recommended responses to prepare for or 

protect against rangeland degradation from climate and aquifer changes. 
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III. Appendix C: Social-Ecological Justice and Dryland 

Urban Greening in Tucson, Arizona, USA 
(This manuscript is written for submission to: Regional Environmental Change) 

Abstract: 

A number of sustainable development challenges beset the 21st century. Central among 

them is urbanization and the concomitant need to mitigate high heat risks from climate 

change and the urban heat island effect. Remediation is possible via urban greening 

paired with green infrastructure. Although maximization of benefits from 

implementation requires city-wide participation in collective efforts, the most 

vulnerable citizens are often excluded from greening – green infrastructure resources, 

processes, and efforts. This paper addresses challenges and potential solutions to 

documented disparity in participation between low-income versus median- income 

households in rainwater harvesting (RWH) programs in Tucson, Arizona. Despite the 

need and existing incentives offered for increased neighborhood-scale adoption of 

RWH to help achieve city-wide goals for increased greening to address heat risk, 

Hispanic minority, low- income communities are underrepresented participants in the 

city’s incentive programs and greening efforts. These same communities also 

experience a disproportionate lack of tree canopy and higher urban temperatures 

compared to residents of other areas of the city. Both social and ecological factors are at 

cause for the inequitable, imbalanced racial/ethnic distribution of high heat risk in the 

city. The primary barrier is financial: given households’ low-incomes, system 

implementation costs are too expensive. This paper describes and discusses the process 

that brought low-income RWH programs to fruition, and what the lessons from this 



	 75	

process are for urban greening, environmental justice, water security, climate 

adaptation, and natural resources management, in general. We show that tiered-

institutions are key to developing and mediating greening and sustainable urban 

development processes to address the challenge. Namely, NGOs and focal points 

historically embedded in socio-ecologically vulnerable communities are often excluded 

from resources and decision-making even though they are best equipped to intervene 

and redress localized challenges as opportunities for social and ecological gains. 

Targeted funding and improved institutional linkages via participation, inclusiveness 

and cooperation are necessary to redress social-ecological inequity in these 

communities, as well as to serve as the basis of programs for achieving city-scale 

greening and stormwater capture. The lessons learned highlight barriers, challenges, and 

best-practices that are valuable for both climate adaptation and development in drylands 

or other climatic regions. 

 

The full manuscript is found in Appendix C of the dissertation. This paper’s conception is 

based upon my work with the City of Tucson’s Ward 1 Council office as their appointee to the 

City of Tucson’s Citizens Water Advisory Committee and Conservation and Education 

Subcommittee. The paper is focused on the process to identify, craft, then make the city’s “Low-

Income Rainwater Harvesting” and “Neighborhood Stormwater Capture” programs publicly 

available. The process began with discussions in the councilwoman’s office about the disparity 

in participation between low-income Hispanic households versus participation by median-

income and above households in Tucson’s Rainwater Harvesting Rebate, the lack of RWH 

adoption by low-income households, in general, and the need for increased neighborhood-scale 
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adoption in order to achieve city-wide goals for increased greening, especially via water 

harvesting, and as directed by the city’s voter-approved General Plan. This chapter builds upon 

the groundwork laid in Appendix A about collaborative policymaking and water security in 

social-ecological systems. This chapter shows how cooperation and collaboration between 

tiered-institutions and local users is operationalized to adaptive social and ecological benefit, 

especially to achieve such gains in the most vulnerable communities. As in Appendix B it also 

uses participatory and geographic information systems to guide and present salient, usable 

information for scientists and decision-makers about the temporal and spatial scale of social-

ecological changes in an arid-region riparian corridor, and in a manner that spatio-temporally 

identifies the most and least vulnerable. Based on this assessment, social and technological 

interventions are defined via a science-policy-public dialogue inclusive to the most vulnerable 

stakeholders, ultimately linking the social-ecological assessment with adaptive management 

interventions achieved through collaborative policy-making between users and tiered-

institutions.  
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CHAPTER 3: RESULTS AND CONCLUSIONS
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I. Findings of the study 
 
 Appendix A demonstrates the importance of coordination between local resource users 

and institutions at multiple levels in order to facilitate a collaborative policymaking process 

aimed at identifying and implementing short- and long- term adaptive actions to manage water, 

environment, and livelihood security. The chapter’s case examples show that under a range of 

conditions (from arid to water abundant), poorly articulated integration between users and tiered 

institutions can limit IWRM development, fail to mitigate threats caused by water scarcity, and 

compound livelihood degradation by causing scarcity itself. Under the discordant integration 

presented by each case, short-term coping actions were curtailed or nonexistent, and desperately 

needed long-term, cross-scale adaptive strategies and policies were, given each case’s present 

institutional condition, impossible. Though the presented cases are regional, the outcomes from 

failure to mitigate livelihood degradation due to water scarcity are real, even in water-rich areas, 

and particularly troubling given that climate change and increased competition and demand for 

water are predicted to become more prevalent among the Earth’s communities. Localized 

instances of global-change-type symptoms and water scarcity may one day become standard 

meso- and macro-scale conditions. 

 Appendix B presents a rural, agrarian, dryland watershed whose social and ecological 

systems are coupled and, due to this interconnectivity and recent decadal-scale changes, are in 

critical condition. Since the late-1960s climate in the watershed has progressively become more 

arid, droughts more frequent and intense, as the mean global temperature has increased. There 

are more 100+° F days per year, the length of time between ‘wet’ periods longer, increased 

wintertime drought due to weakening winter rains, and later starts to the summertime monsoon 
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season. Results from these changes are: declining forage and rangeland productivity; dead wells 

and dried surface-water reaches; and riparian die-off. Social changes have also combined with 

climatic changes to augment its impacts and quicken the rate social and ecological resources, 

namely aquifers, are driven to critical levels in the Río San Miguel Watershed. Although 

mechanized groundwater wells have been in the watershed since the 1950s, and the drying of 

surface-water reaches first noted by ranchers in the 1970s, the key threshold for the watershed’s 

current critical state is mid-1990s agricultural internationalization and intensification via 

Mexico’s entrance into NAFTA and associated reforms. In the short-term increased access to 

global-markets and groundwater pumping rights to support larger herds was, arguably, 

successful as development policy for poverty reduction. However, twenty-five years later, these 

initial gains, without adaptive reforms, appear unsustainable long-term. Within 1 to 2 generations 

from the first introduction of mechanized pumps in the watershed, aquifers, largely due to 1990s 

policy and ranching operation changes combined with climate change, are drying because 

withdrawal exceeds recharge and supply. Ultimately endangering the watershed’s centuries-old 

use of ranching for livelihood. Small-scale infrastructure (i.e. communal, mechanized pumps 

used for irrigation) is simultaneously a development and climate adaptation tool in acute, short-

term instances, but due to widespread access and overuse is a long-term threat to water security. 

Likewise, riparian zones resources (e.g. deep depth-to-groundwater) have also been key to 

ranchers’ capacity to buffer against droughts, climate and rangeland changes, but their sustained, 

long-term overuse threatens riparian composition, health, persistence, and the well-being of 

wildlife — and humans — that rely on them. 

 Sustained reliance on groundwater to develop intensified agriculture in the watershed, 

then buffer it against climate change, has desiccated aquifers to critical levels, ultimately 
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reducing ecosystem and rancher resilience to the extent that riparian corridors, rangelands, and 

agrarian livelihoods are in danger. Furthermore, resilience and hazard are not distributed equally: 

(a) small-holder operations have the least resources to buffer against changes; (b) surface-water 

operations have less adaptive capacity and resilience than operations with groundwater access; 

(c) operations and sub-watersheds lowest in latitude and downstream are the least water secure, 

most at risk, and first to experience climatic, hydrologic, and interrelated changes. The latter is 

concerning. Small-scale groundwater irrigation pumps — a key tool for rural development 

programs and resource to mitigate droughts — alongside, climate change and agricultural 

intensification, must also be considered a primary source of rangeland disequilibrium. That 

upstream use actively contributes to making downstream operations worse-off, especially when 

downstream locations are likely experiencing the harshest effects of climate change-type drought 

and most in-need for groundwater use to buffer against impacts, only makes the conundrum of 

how to balance groundwater infrastructure as tool and threat, especially in the context of pro- 

poor development and sustainable livelihood, more complicated. Adaptive management and 

institutional interventions that increase capacity within users or their connectivity with one 

another or to institutions via participation and cooperation are recommended responses to 

prepare for or protect against rangeland degradation from climate and aquifer changes. 

 In Appendix C we look at how climate change and urbanization combine to constrain 

resources, biodiversity, ecosystem processes, or exacerbate environmental problems are among 

the 21st century’s pressing challenges. The challenge becomes more complex when 20th century 

harms, problems, social inequalities, and resource limitations continue into the 21st and make this 

century’s challenges more complicated and difficult to solve. Adapting to or mitigating impacts 

and damages from these challenges requires both technological and social interventions in 
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environmental and human systems for the mutual sustainability of the other. In drylands, urban 

greening coupled with green infrastructure and implemented by a variety of stakeholders is one 

such intervention. However, greening, like urban sustainability, and climate adaptation, are also 

social-ecological justice challenges. Although all citizens have an equal stake in governance and 

protection from harm, vulnerability is not homogenous. Disproportional harm, inequality, and 

unjust distribution of social and ecological benefits, resources, and development do exist within 

societies and can be grouped spatially, demographically, and over time. As we presented, 

environmental goals such as UHI mitigation via tree agglomeration cannot be achieved without 

also achieving gains within low-income, historically marginalized populations — i.e. the most 

vulnerable — and vice-versa. Namely, tiered-institutions and the science-policy-public dialogue 

must be expanded to include stakeholders from vulnerable communities. These stakeholders are 

typically excluded and (a) due to historical and contemporary internal challenges and external 

factors, are overlooked, de-prioritized, excluded, or unable to access Tucson’s overall greening – 

green infrastructure efforts and programs; (b) the barriers to participation are higher for 

households in the Liberty District due to a nexus of economic, institutional, and capacity reasons, 

of which income and demographics are the fundamental parameters; (c) overcoming these 

barriers requires understanding that they exist, then having the political will, institutional 

capacity, and resources to target institutional, economic, demographic, cultural, language, and 

other internal barriers specific within particular urban area communities, and (d) local, 

historically embedded organizations and community leaders are well suited to develop the 

knowledge, solutions, strategies to overcome these barriers to achieve developmental and 

environmental gains. Cooperation, engagement, and inclusion are key sub-principles to 

expanding tiered-institutions and science-public-policy dialogues in the manner presented above. 
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Hence, sustainable urban livability requires addressing both environmental and social challenges. 

Integrated resources management, as well as cooperation, inclusion and integration among 

institutions and citizens, are a framework whereby measures, solutions, and interventions are 

both remedial and adaptive to past, present, and future social- ecological conditions to improve 

resilience, reduce vulnerability, inequity, and disproportionate harm. Arid-region, urban greening 

– green infrastructure efforts, especially in the context of social-ecological justice, in Tucson, AZ 

is one such example about urbanization’s challenges and solutions. 
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II. Policy significance 

Water security is predicted to be one of the most pressing resource challenges of our 

time, and all management strategies – institutional and technical – must be on the table in order 

to mitigate the threats water scarcity poses to humans and the environment. Adaptive 

management is a specific mechanism that can be used to evaluate potential causes of water 

insecurity and aid practitioners when they seek to overcome water management challenges. 

Coordination between local users and tiered institutions to facilitate collaborative policymaking 

is not a panacea; rather it is a diagnostic tool that can be used to identify one cause that, among a 

possible multitude, contributes to water insecurity. Ecological and social issues are intrinsically 

interwoven to form a complex pattern of challenges to livelihood and environmental security as 

well as potential policy and management options suited to support livelihood and ecosystems. 

Institutions and decision-making among all stakeholders must be an explicit component 

of our capacity to respond with programs, policies, and actions able to deal with the pressure on 

water resources posed by climate change, land use, and heightened demand while also 

reconciling economic efficiency, social equity, and environmental sustainability. Cohesion and 

cooperation between local users and tiered institutions is one institutional mechanism of many 

that can, and ought to, be used. In the short and long term, collaborative policymaking between 

local users, especially the most vulnerable, and tiered institutions will best ensure that adaptive 

strategies and interventions are able to deliver on their promises and remain a sustainable 

alternative to business-as- usual-caused water governance failures. 

  The specific mechanisms by which water security impacts economics, equity, and 

environment are a general class of problem that concerns people today and in the next decades 

will continue to need to be addressed.  Addressing water scarcity and its impacts is a process and 
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will require continual evaluation and fundamental restructuring of how stakeholders and 

institutions create collaborative policymaking and remain cohesive throughout the process. 

Collaborative policymaking is faced with social and geographical challenges that threaten its 

implementation as a means to create alternatives to business as usual. There are no simple, clear-

cut answers or protocols to prevent business as usual nor some formula based on a combination 

of actions that will cause water insecurity to disappear. However, as I show, we should continue 

to pursue participatory and collaborative processes. In the cases presented, exclusion and 

dissonance between local resource users and tiered institutions caused real failures that have real 

impacts on people’s lives. We suggest that this should renew and strengthen our commitment to 

participation and the collaborative process and that evaluating and facilitating coordination 

between local users, especially the most vulnerable and tiered institutions – in particular those 

responsible for administering at basin, district, and municipal levels – is a good place to start. 

 In sum, we have raised the need for a systems thinking, adaptive approach to water 

insecurity challenges. Institutions that operate at the intersection of local users and state and non-

state actors have the greatest chance of inducing integrated water resources management 

solutions if the tiered nature of linkages (local level, meso-level, and macro-level) is expressly 

accounted for and used for adaptive advantage. Although focused on drylands, this dissertation’s 

examples also have lessons about best-practices and tools for climate adaptation, natural 

resources management, and environmental and development equity in other climates.  
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III. Future research directions  
 
 I have argued that freshwater is the most fundamental of those resources necessary to 

human survival and prosperity - be it through direct consumption or indirectly via ecosystem 

services from water-supported environments - and against the backdrop of 21st century climate 

change and demand, is predicted to become more constrained (IPCC, 2014). As water becomes 

more constrained ecosystems (MEA, 2005a), households (Hutchinson, 1998), landscapes 

(Vicente-Serrano et al., 2013), societies (Scott et al., 2015; Rockström et al., 2014;) – social-

ecological systems (McClaran & Wei, 2014; Fiege, 199;) – become more vulnerable as the 

process unfolds over time. For example, in Appendix B I show that crisis is the concrete case for 

many families in the Río San Miguel Watershed. Lessons about the crisis’ causes and responses 

are relevant to other dryland rangelands, agrarian economies, and watersheds defined at regional 

— and as climate change-type droughts become more severe and widespread — national and 

international scales (Figure 8). 

 I follow Appendix A’s lessons with Appendix C, and show that integrating across 

institutions, stakeholders, purposes, environmental and development goals to improve livability 

and quality of life is a framework that provides a tangible approach to solving complex social-

ecological problems across nested urban scales, or broader. However, I also show the daunting 

enormity of the 21st century climate change-urbanization challenge for all Earth’s regions. 

Beyond just the amount of economic and human resources needed from all sectors, is also the 

amount of time and sustained commitment required until tangible outcomes or effects become 

mainstreamed from technological interventions, let alone necessary concomitant behavioral 

changes. Tucson, in Appendix C, has been proactive, but even with forty-plus years of greening 

– green infrastructure efforts, the city still has challenges to surmount, despite impacts from 
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undesirable environmental changes pressing closer each passing year. This, among other 

presented lessons from my dissertation can be used to adaptive benefit and spur collective action 

in other regions. 

 Hence, my dissertation’s presented lessons and the methods used to derive them have 

application for Earth’s other dryland areas, climates, and social-ecological systems. The research 

questions and methods can be used to assess other rural or urban dryland areas. For example, a 

number of rural dryland populations rely on riparian zones for livelihood, and are very likely to 

face the same climatic, landscape, and water dynamics that are shaping water insecurity in the 

Río San Miguel Watershed. Understanding these dynamics is important to defining the regional, 

context-relevant interventions available to peoples in these watersheds. Lessons and similar 

methods used to improve greening in Tucson, AZ can be applied to other urban areas, especially 

those in the Sonoran Desert, such as Hermosillo, Mexico, or other drylands. The interdisciplinary 

methods used to assess each study area’s social-ecological system are protocols that show how to 

integrate stakeholder and environmental systems while also delivering climate, landscape, and 

development outcomes. My dissertations presented lessons and methods ought to be added to the 

science for dryland development’s portfolio, especially in regards to developing context-

appropriate, region-specific, culturally-relevant best-management practices. The role 

participation and collaboration have in interlinking decision-making across institutions and 

stakeholders to successfully derive outcomes, deliver policies, and couple social and 

environmental gains is valuable for more than just dryland climates and water resources 

(Brugger & Crimmins, 2015). Tiered-institutional processes are valuable for other climates, 

regions, jurisdictional scales, resources, and governance of social-ecological systems, in general. 

Assessing knowledge and data gaps is the first step required to begin social-ecological 
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assessment and identification of relevant interventions in these climatic, geographical, and 

cultural contexts.  

 Therefore my current and future research interests are about how we use science to 

improve fair, just stewardship of Earth's human and environmental systems via understanding 

impacts, changes, consequences and benefits from technological or institutional actions. Coupled 

natural-human/social-ecological systems, panarchy, resilience, ‘safe-operating space’ 

(Rockström et al., 2009), risk, vulnerability, adaptive management, scenarios, and related, 

derivative concepts are the theories that comprise the philosophical framework that undergirds 

my dissertation research, and give direction and context about why my work ought to be 

significant. Water is at the core and the item whose gravity centers the framework's orbit. The 

presented dissertation case studies are as much a description of a ‘system state,’ as they are an 

offering of (a) a method to analyze or diagnose system ailments and/or (b) a interdisciplinary 

procedure that can be employed for the purpose of building a research location's adaptive 

capacity or system well-being. As I have shown, the latter is amongst the broader impacts 

whereby the outputs from my research focus and methods become, ‘useable.’ Especially 

regarding the critical need for researchers and practitioners to assist both humans and 

environment to adapt to climate change impacts, and work with people to mitigate its 

anthropogenic causes in manners that are fair and just.
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Chapter 20� Integrating Local Users and Multitiered 
Institutions into the IWRM Process 

Ryan H. Lee, Lauren Herwehe, and Christopher A. Scott 

Abstract Participation among stakeholders and tiered institutions in a collabora- tive 
policymaking process is essential to IWRM’s stated goals of securing water for people in 
a manner that reconciles economic efficiency, social equity, and environ- mental 
sustainability. Using the energy-water nexus and case examples from Tajikistan and 
Mexico, we define a mechanism by showing that poorly articulated multitiered 
institutional arrangements coupled with failure to generate truly partic- ipatory interaction 
of stakeholders lead to water insecurity. In the case examples, we found that the 
livelihoods of vulnerable populations are threatened when users experience water 
insecurity that is created or exacerbated when tiered institutions neglect users’ signals by 
failure to respond with actions that promote sound resource management or mitigate 
livelihood threats. Water and livelihood security would be improved by adaptive actions 
targeted at user-defined causes of water insecurity and coordination between local 
resource users and institutions at multiple levels. Our results are a diagnostic tool that can 
be used to identify one cause that, among a possible multitude, contributes to water 
insecurity. Institutions and decision-making among stakeholders will be an explicit 
component of the human capacity to respond with programs, policies, and actions able to 
deal with the dual pressure on water resources posed by climate change and heightened 
demand while reconciling economic efficiency, social equity, and environmental 
sustainability. Institutions that operate at the intersection of local users and state and non-
state actors have the greatest chance of inducing IWRM solutions if the tiered nature of 
linkages is expressly accounted for and used to adaptive advantage. 
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20.1 Introduction 

In the twenty-first century, freshwater resources are becoming increasingly 
constrained as demand for water increases and drought diminishes supply (Overpeck and 
Udall 2010; Hoerling and Kumar 2003; IPCC 2001a; Easterling et al. 2000). Climate 
change is predicted to negatively alter global (IPCC 2001b) and basin (Setegn et al. 2011) 
hydrologic cycles, stream flows, and water availabil- ity. Rapid urbanization and modern 
economic development compete against each other for water resources, heighten demand 
for freshwater, and contribute in combination to the creation of a water-scarce world 
(Scott et al. 2013; Hightower and Pierce 2008). Integrated water resources management 
(IWRM) is “a process, which promotes the coordinated development and management of 
water, land and related resources in order to maximize the resultant economic and social 
welfare in an equitable manner without compromising the sustainability of vital 
ecosystems” and emphasizes integrated, basin-wide governance and public participation 
(Global Water Partnership 2000). IWRM is viewed as the water management and gover- 
nance paradigm best suited for “securing water for people” while reconciling economic 
efficiency, social equity, and environmental sustainability (Global Water Partnership 
2000). 

The major challenge faced by IWRM is its effective implementation in the field 
(Rahaman and Varis 2005). There is no clear consensus on how to weigh priorities or 
ensure their realization (Molle et al. 2008). IWRM lacks a “universal blueprint” and is 
instead articulated as a set of principles to be put into practice. In some respects this is a 
strength of the paradigm but also risks that deficient or untargeted applications of the 
principles leave IWRM to become an empty buzzword used to pursue business as usual 
(Molle 2008a) or a panacea that fails to remedy problems by virtue of a misdiagnosis that 
obscures and ignores particular solutions or aspects of the IWRM process (Ostrom 2007). 
When IWRM is oriented toward technical outcomes (optimality/water productivity, 
adequacy of supply, irrigation efficiency, and meso- and macroscale impacts) while 
ignoring the “enabling environment,” it risks falling short of the paradigm’s intentions, 
covering for business as usual or failing to diagnose local-scale consequences and 
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impacts (Mehta 2008). 

This chapter will focus on how government and communities should shape the 
enabling environment, the vertical (e.g., local- to mesoscale, user to government) or 
horizontal (e.g., user to user, organization to organization) arrangements, and the 
interplay among multitiered institutions (laws, policies, and organizations that operate 
across jurisdictional levels). The enabling environment is the institutional capacity to 
actually achieve IWRM’s stated goals, particularly “securing water for people” which can 
be understood as reducing vulnerability due to resource access or scarcity. Participation is 
a core IWRM principle that affects the enabling environment, is “more than 
consultation,” and is put into practice when “stake- holders at all levels of the social 
structure have an impact on decisions at different levels of water management (Global 
Water Partnership 2000, p.16). The emphasis on participation as a core IWRM principle 
is important, but without defining a specific mechanism to generate truly participatory 
interaction among stakeholders, the principle is at risk of becoming an empty buzzword 
and the opportunity to induce IWRM solutions lost. This chapter will justify why 
participation is impor- tant to any well-built IWRM architecture by (a) using the water-
energy nexus as a vehicle to define a specific participation mechanism and understand the 
importance of user inclusion and (b) providing evidence that insecurity results when 
mesoscale governance institutions (state, regional) are unlinked or unresponsive to 
feedbacks from vulnerable local water users within the institution’s jurisdiction. 

20.1.1 The Water-Energy Nexus Is an IWRM Paradigm with Lessons 
About Water Governance, Institutions, and the Participatory Approach 

Analysis of river-basin management reveals that governance is inherently a polit- 
ical process and about access to, and the allocation of, a contested and scarce resource 
(Molle 2008b, 2009). The political process can be responsible for socially constructed 
scarcity, business as usual, and exclusion. Little improvement for water governance is 
possible without rebalancing decision-making power and the empowerment of the 
community at large. Therefore, participation in IWRM, like community-based 
conservation, can be understood as governance that starts from the ground up and 
involves networks and linkages across various levels of organi- zation (Berkes 2007). 
Linkages across networks and various levels of organization are a good foundation but do 
not advance our understanding much beyond the description articulated by the Global 
Water Partnership nor of how participation functions as an actual mechanism to fulfill 
IWRM goals. The challenge is to build upon this foundation and become more 
descriptive and focused in our understand- ing of integration between users and 
institutions so that we are able to diagnose water governance failures according to 
symptoms. To do this we need to know what participation and IWRM mean for local 
resource users. 

Studies into the water-energy nexus provide a convenient vehicle to travel beyond 
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the foundation laid by statements about integration across resources, sec- tors, and 
institutions in order to reach a useful, multidimensional framework that will support 
efforts at structured analysis of water governance case studies. The energy-water nexus is 
a variant of IWRM: it views energy and water as inextricably linked because energy 
supply involves the use of water, while water supply requires energy. As the concept has 
grown from an operational tool used for optimizing resource use according to input-
output to a joint-resource management and policy paradigm, it has been found that 
policy, decision-making, and institutional 

 
Fig. 20.1 Feedback loop between users and multitiered institutions 

 

relationships play an important role in the effectiveness of joint energy-water 
management and governance. Conceptually the energy-water nexus is concerned with 
integration across resources (energy and water), but in order to shape policy and 
decisions that impact economic and environmental security, the energy-water nexus must 
involve coordination of multitiered institutional arrangements (Scott et al. 2011). With 
respect to coupled energy-water management, institutions across horizontal and vertical 
scales must be sufficiently connected to another in order to coordinate synchronous 
governance that brings water management and policy closer in line with energy policy. 
Central to synchronous governance are multitiered institutions and the extent to which 
they are able to manage and respond to local environments, impacts, and users (Fig. 
20.1), i.e., “reconcile spatial scales.” In a multitiered institutional system, resource users 
are within the jurisdiction of local, regional, state, and federal authorities. While it is 
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possible that an individual can responsibly manage a resource themselves, it is typical 
that governance defaults to an institution found within the tiered arrangement of laws, 
policies, and organiza- tions. Individual users, however, experience scarcity, lack of 
access, and practices that influence demand. User experiences are scaled horizontally 
when the experi- ence becomes a pattern across multiple users and therefore a feedback 
that ought to be scaled vertically and registered at higher institutional tiers in order to 
invoke an adaptive response – a change in governance, management, or policy. The 
adaptive response by a local, regional, or federal authority is transmitted downward 
through the multitiered institutional arrangements and back to resource users in order to 
correct or mitigate against their experience of scarcity or misuse, thereby complet- ing the 
feedback loop. 

Participation in IWRM is concerned with (a) coordination of tiered institutions and 
also (b) how stakeholder involvement enables the emergence, generation, and 
implementation of adaptive actions that preserve the security of core resources and in 
turn promote the well-being within human communities. In the energy-water nexus, this 
second institutional dimension is termed collaborative policymaking and involves public 
decision-makers, private initiative, and a range of stakeholders. It is with this second 
dimension, collaborative policymaking, that we begin to move into the internal 
mechanics of how participation, users, and management interact in order to elicit adaptive 
actions and resource governance across scales, sectors, and institutions. Collaborative 
policymaking is needed in order to counter special interest group’s influence over energy 
and water policy or effectively create and implement policy (Scott and Pasqualetti 2010). 
The range of participating stake- holders and their degree of participation have important 
equity implications. For example, in many basins in the United States, water is delivered 
under legally binding agreements or withdrawn under issued permits, and making water 
available to the energy sector would likely decrease water availability for another sector, 
such as agriculture (Carter 2010). Trade-offs with equity implications can even occur 
within the same sector: a federal program in Sonora, Mexico, which aimed to improve 
electrical and water-use efficiency by sharing the cost to upgrade electrical and irrigation 
technologies has been largely ineffective because the program’s criteria favor large 
commercial growers to the exclusion of small-scale farmers (Scott and Pasqualetti 2010). 

These examples from the water-energy nexus reveal that, like property rights among 
resource users (Schlager and Ostrom 1992), the policymaking process can also produce 
situations of unequal exclusion, alienation, access, and withdrawal (Fig. 20.2). In the 
IWRM process, participation by all resource users in creating policy outcomes, regardless 
of position and associated bundle of rights, is crucial to water governance. Exclusion, 
alienation, access, and withdrawal affect the function and effectiveness of the multitiered 
institutions that have jurisdiction over a partic- ular basin. Water is fundamental to life 
and livelihood and all stakeholders within a basin are water resource users. All require, de 
facto, rights of access and with- drawal. However, for environmental, climatic, proximity, 
or institutional reasons, access and withdrawal among users are unequal to the point that 
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some users experience scarcity and therefore livelihood insecurity. Livelihood insecurity 
due to differences in access underscores the necessity to involve all water users in the 
creation and management of water policy. According to societal and environmental 
determinants of scarcity and access, users can be categorized according to the strength of 
their connection to multitiered institutions (i.e., likelihood of institu- tional response to 
their signal, strength of involvement in collaborative policymaking) and the water 
resource (i.e., water security, experience of scarcity, vulnerability due to changes in 
climate and water availability). Users in Tier One, with best access to water resources and 
institutions, are the most secure. Users in Tier Two experience a weak-strong connection 
to water resources, and institutions (strong water, weak institution/weak water, strong 
institution) are less secure than users found in Tier One. Users in Tier Three are the most 
vulnerable and insecure because they have weak access to water resources and ability to 
invoke an institu- tional response or participate in setting policy outcomes. “Securing 
water for people” in a manner that reconciles economic efficiency, social equity, and 
environmental sustainability requires users from all three tiers to participate in the 
collaborative, feedback-response policymaking process. 
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Fig. 20.2 Basin water users grouped according to strength of connection to water resource and 
tiered institutions 

20.1.2 Diagnosing a Cause of Water Scarcity: Exclusion of Local 
Resource Users from Collaborative Policymaking 

Insights from the water-energy nexus have led us through the rather vast, formless 
“enabling environment” into a foundation and structure built by linkages, political 
processes, multitiered institutional arrangements, collaborative policymaking, and 
internal processes about feedback-response loops, user exclusion, and access. However, 
we have not yet arrived at an actual mechanism that can be used to justify participation’s 
importance or diagnose causes of water insecurity. The energy-water nexus leads us to 
the mechanism we seek by reconsidering the feedback-response loop between users and 
multitiered institutions and combining it with our insights about users who have weak 
access to resources and collaborative policymaking. Specifically, we consider what 
happens when linkages with users, multitiered institutions, and collaborative 
policymaking processes fail to material- ize or function. 
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A feedback loop between users and multitiered institutions is the basic process 
whereby governance between polity and citizenry is supposed to function. This same 
feedback-response process is also responsible for coordinating multitiered institutions in 
a manner that aims to reconcile local needs with meso- or macroscale institutions by 
bringing local-scale signals (e.g., scarcity, access, mismanagement) and policy objectives 
in line with one another. Institutional arrangements can produce positive as well as 
negative results for environmental governance (Young et al. 2008), and in order to derive 
an actual mechanism whereby IWRM can prove effective at addressing water problems, 
we are interested in the negative results – what causes failure in multitiered institutional 
systems? In the energy- water nexus, user needs and practices are not always congruent 
or in agreement with regional, national, or global policy strategies and objectives, nor is 
there always a clear path regarding meso- or macroscale responses. In the arid southwest 
United States, individual consumer practices raise carbon emissions and water 
consumption and act against national climate mitigation efforts because rising 
temperatures and variable water availability increase per capita water and energy 
consumption for cooling, irrigation, and other uses (Scott et al. 2011). In the United 
States in general, regional and local scales of water resources and how they are managed 
often complicate federal water-related actions, especially complicating matters when 
energy’s water demand must also be considered (Carter 2010). In these examples local 
practices compromise or complicate meso- or macroscale management efforts. However, 
what happens when the opposite is true: meso- or macroscale institutions are incapable of 
responding to local signals as well as at fault for water insecurity among users. For 
example, in the United States, local adoption of new technologies that can reduce energy 
production’s freshwater use is hindered by irregular coordination between federal 
institutions, the United States Geological Survey and Energy Information Administration, 
especially in regard to compilation and dissemination of water-energy data to 
policymakers and industry analysts (Mittal 2009). 

Both failure to respond to feedbacks and institutionally caused scarcity have not been 
linked into an actual IWRM mechanism that can be used to direct specific courses of 
action among researchers, policymakers, and practitioners. In order for IWRM to succeed 
and break from business as usual, the components for action must exist in place and be 
cohesive in a manner that produces adaptive action or a blueprint that provides specific, 
mechanistic instructions that permit us to evaluate what is missing and potential cause of 
dysfunction. Institutional failure to respond can be caused by user exclusion from 
collaborative policymaking and ultimately precludes the emergence, generation, and 
implementation of adaptive actions. IWRM is business as usual when participation is 
biased, unequal, and exclusive, especially when implementation excludes or ignores 
vulnerable users who have weak access to water and influence over policy setting. A 
diagnostic mechanism to evaluate water insecurity takes shape when unequal, exclusive 
participation and weak feedback-response loops that produce institution-caused scarcity 
or non-useful responses are evaluated in connection with the most vulnerable users within 
a basin. Therefore, one mechanism that causes water resource management to become 
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integrated among stakeholders in a manner that reduces water insecurity is when a 
basin’s most vulnerable users are sufficiently linked with meso- and macroscale 
institutions so that (a) tiered institutions respond to user-defined expe- riences of scarcity, 
livelihood insecurity, and other threats to well-being and (b) management and policy 
outcomes from tiered institutions result from collabo- ration and consensus among all 
basin users. Hence, participation happens in practice, not just theory, when signals from a 
basin’s most vulnerable users are linked and received by tiered institutions in order to 
generate collaborative, con- sensual responses. 

20.2 Two Case Studies: Methodology 

Participation is important because the livelihoods of vulnerable populations are 
threatened when users experience water insecurity which is created or exacerbated when 
tiered institutions neglect users’ signals or respond to feedbacks with actions that fail to 
promote sound resource management for sustained livelihoods. The participatory 
approach defined by specific mechanisms is required in order to diagnose for and 
ultimately correct these particular system failures. Without inte- gration between users 
and tiered institutions (by sector and scale), attempts to develop IWRM are truncated at 
specific scales or administrative levels. Two case studies, one from a water-rich region in 
Khatlon province, Tajikistan, and another from an arid region in Sonora, Mexico, will be 
presented to support these claims. These case studies will demonstrate that water 
management issues and IWRM implementation challenges are larger than just the water-
energy problem or inte- gration across resources and instead extend into policy setting, 
institutions, and decision-making. 

Both presented case studies tell a story about the challenges posed to IWRM to 
promote social-ecological security when resource users and tiered institutions fail to 
integrate in a manner that produces adaptive actions that mitigate livelihood insecurity 
due to water scarcity. Although research in Khatlon province, Tajikistan, and Sonora 
state, Mexico, was conducted independently, the methods used in each case study are 
similar in their focus on water users in the context of variable or scarce supply, 
organizational forms, and vertical and horizontal linkages (as outlined above) and tiered 
institutions and local resource users that are not sufficiently integrated to enable adaptive 
actions that reduce water insecurity. The two case studies address, as introduced by the 
water-energy nexus, the conceptual focus of this chapter: that without concerted emphasis 
on integration between local resource users and tiered institutions in order to enable 
adaptive actions, attempts to  
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Fig. 20.3 Study area districts within the Khatlon province, Tajikistan (Feed the Future 2012) 

 
develop IWRM are truncated at specific spatial or administrative scales. The case from 
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four districts within the Khatlon province, Tajikistan (Fig. 20.3), contributes to the policy 
and institutional dimensions of the water-energy nexus while also grounding the 
theoretical IWRM participation problem highlighted above with an actual process that 
leads to institution-caused scarcity. The second case Rayón, Sonora, Mexico (Fig. 20.4), 
moves us away from the water-energy nexus vehicle and instead illustrates complications 
between local resource users and tiered insti- tutions under global-change-type drought. 
Both cases deal with agrarian commu- nities and illustrate that policy setting, institutions, 
and decision-making must also be considered when seeking water management solutions 
and overcoming IWRM implementation challenges. 

In both cases chain-referral (i.e., “snowball”) and convenience sampling were used 
to recruit survey respondents in order to administer semi-structured inter- views. Follow-
up interviews with key respondents were used to add depth to survey results in both 
cases. In Tajikistan 79 total respondents from four different districts (Shahrituz, 
Qabodion, Jilikul, and Qumsangin) were surveyed using four different sets of interview 
questions, each targeted at four stakeholder types: Water Users Association leaders, 
Water User Association members, farmers not members of Water User Associations, and 
provincial mayors. In Rayón, Sonora, Mexico, a total of 15 respondents were surveyed 
who held roles ranging from elected or appointed officials to community leaders. 
Numerous follow-up interviews were conducted with key respondents, commonly long-
standing appointed officials or community leaders. In order to standardize across 
responses from the two cases, a common vocabulary will be used to describe survey 
results. The word “few” will be used when specific results are found in 1–20 % of all 
responses for that particular case study. The word “some” will be used to characterize 
specific results from 21–50 % of all responses, the word “most” to characterize 51–70 % 
of all responses, “majority” to characterize 71–99 % of all responses, and “all” when a 
particular result is found in 100 % of all responses. 
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Fig. 20.4 Location of Rayón, Sonora, Mexico 
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20.3 The Water-Rich Case: Khatlon, Tajikistan 

Four districts (khukumats) located within the Khatlon province (oblast) in 
southern Tajikistan comprise the study area for this case. Like the majority of Tajikistan’s 
land area, Khatlon is classified as semiarid with an average annual precipitation of 140 
mm (Yang et al. 2006; Abdullaev and Akbarzaheh 2010). However, situated within the 
Vakhsh and Kofarnion River basins, it possesses significant amounts of available surface 
water. Tajikistan itself is characterized by an abundance of water, with 55 % of the Aral 
Sea basin’s total flow originating within its borders (Melikyan and Ghukassyan 2011). 
With 12,706 m3 per capita, the country’s renewable water resources far exceed the UN 
definition of water scarcity (1,000 m3 per capita) (Varis and Rahman 2008; United 
Nations Economic Commission for Europe 2007). Only 7 % of Tajikistan’s land area is 
arable because the mountains that serve as the headwaters for the country’s vast water 
resources cover the other 93 % of the country’s land area. (Melikyan and Ghukassyan 
2011). Despite limited arable land, 75 % of the population in Tajikistan is employed in 
agriculture (USAID 2012). Most of the country’s agricultural activity occurs in the 
lowlands of Khatlon, which possesses 49 % of Tajikistan’s total sown area and accounts 
for 45 % of the nation’s agricultural gross domestic product (Zvi and Sedik 2008). Of 
Tajikistan’s total 7.6 million population in 2008, 2.6 million live in Khatlon (World Bank 
2013). Contributing two-thirds of the nation’s total harvest, Khatlon province is 
Tajikistan’s main cotton grower (World Bank 2013). In addition to cotton, farmers in the 
study area grow wheat and, to a lesser extent, vegetables and orchards. 

Central Asia’s abundant water resources were an important cog in the former 
Soviet Union’s economic engine. The region’s water resources and climate pro- vided an 
ideal environment for growing cotton on collective farms (kolkhozes) and state farms 
(sodhozes), large enterprises that consisted of many specialized workers on any single 
farm. The collapse of the Soviet Union began a transition of collective and state farms 
into dekhan farms, midsized privately owned farms that average 20 ha and account for 60 
% of all agricultural land in Tajikistan. Individuals who had previously played only a 
specialized role in the agricultural system became responsible for all aspects of farm 
management, in particular, allocating water resources and maintaining irrigation 
infrastructure. Both are tasks that were previ- ously managed by centralized state entities. 
In the late 1990s, the World Bank, the US Agency for International Development 
(USAID), and the Asia Development Bank began funding and facilitating the creation of 
Water User Associations (WUAs) as a method of assisting farmers with the shift to 
decentralized water management and encouraging user participation3 (Lam 2010). WUAs 

																																																								
3	All Water User Associations that were surveyed in the Khatlon province were created by Winrock 
International/USAID’s Water Users Association Support Program and Family Farming Program between 
2005 and 2011. 
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primarily function to serve the water management needs of the country’s dekhan farms 
(Lam 2010). Donor organizations focused their resources on organizing farmers at the 
grassroots level. As such, while much attention was given to the internal structure and 
organization of WUAs themselves, the broader federal-, state-, and district- level 
institutional environments in which WUAs function under remained unchanged. In this 
manner, WUAs were created without coherence or coordination among farmers, WUAs, 
donors, and state and federal institutions so that tiered institutional water management 
policies could be brought into line with local practices and WUA strategies. This is an 
example of failure to coordinate between institutional scales and, as demonstrated below, 
leads to interagency mismanagement of resources core to local resource users’ livelihood. 

Most of the irrigation infrastructure found within the four Khatlon districts are in 
poor condition and have not been repaired since before the Soviet Union’s collapse. 
Pumps, installed as early as the 1960s, either break regularly or are permanently broken. 
The large cement-lined canals built in the Soviet era are found broken and cracked, and 
the dirt canals are filled with silt and vegetation and require excavation in order to restore 
their function. A few farmers and WUA chairmen explained that excavating dirt canals 
requires heavy equipment that is near impossible to find. For the majority of respondents, 
the lack of financial resources to fix irrigation infra- structure and disagreement between 
farmers and government regarding who is responsible for repairing irrigation 
infrastructure are at the foundation of impedi- ments that prevent seasonal crop irrigation 
and therefore jeopardize livelihoods. For most respondents the poor condition of 
irrigation infrastructure had a stronger influence on water reliability than environmental 
or management factors. A major- ity of farmers responded that they experience water 
shortages during the irrigation season and have lost crops due to water shortage, and in 
general water delivery is highly unpredictable. Irrigation infrastructure from the Soviet 
era was built and geographically organized for singular, centrally managed, large-scale 
farms, not the smaller, individually managed farms that are now characteristic of 
Tajikistan. The condition and spatial arrangement of irrigation infrastructure have led to a 
host of contemporary problems related to water use, access, management, competition for 
water resources, salinization, waterlogging, and erosion. These problems have led to 
inequitable and unpredictable supply of water resources. In order to combat poor water 
access due to decaying, unsatisfactorily arranged infrastructure, a few WUA chairmen 
reported that farmers have broken and removed gates in order to receive more water than 
their neighbor and that new irrigation instruments were stolen. A majority of farmers 
responded that competition for water resources is the cause of conflicts with other 
farmers. Access and scarcity have limited the capacity of farmers to devise or undertake 
adaptive actions. All responded that if water access is more predictable, they would 
diversify the types of crops they grow. The above concerns voiced by famers regarding 
the poor physical condition of infrastructure are the types of feedbacks from local users 
that tiered institutions should use to inform a response and tailor policies aimed at 
mitigating livelihood insecurity. 
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Water shortage and unpredictable delivery are caused by the physical condition of 
infrastructure as well as institutional factors. Integration between water users, WUAs, and 
state organizations is disorganized and leads to livelihood insecurity by causing weak 
water access and delivery among Khatlon farmers. Khatlon farmers in the four districts 
surveyed pay two separate water-use fees: an annual irrigation service fee paid to the 
Vodhoz (district water department created during the Soviet era) and an annual, biannual, 
or monthly WUA membership fee. All irrigation infrastructures are owned by the 
Vodhoz. The majority of farmers, WUA chairmen, and municipal officials responded that 
their district’s water department has the most power over water access in a community. 
The majority of farmers noted that the Vodhoz actually offers nothing in the way of 
infrastructure repair in return for paid irrigation service fees. Key respondents report that 
livelihood insecurity is height- ened because most farmers are unable to pay their 
irrigation service fee and are therefore fiscally in debt to their district’s Vodhoz. The 
Vodhoz’s failure to reprieve farmers’ weak access to water while concurrently causing 
farmers to become indebted is an institutional failure that also fouls farmers’ relationship 
with another tiered institution, the WUA. Key respondents reported that farmers are 
hesitant to pay WUA membership fees because they already pay a fee to their Vodhoz 
and do not receive any benefit in return. WUA chairmen, WUA members, and municipal 
officials explained repeatedly that WUAs are ineffective because they do not have 
adequate financial resources to fix and maintain irrigation infrastructure. Most farmers 
replied that either they do not pay their WUA fee or pay it but do not receive any benefit 
from paying. Often WUAs are unable to regulate water resources sufficiently so that only 
farmers that pay their membership fees receive water. A few WUA chairmen reported 
that they did not cut off water access to farmers who did not pay their WUA membership 
fee because without water, those farmers would lose their crop and be placed further into 
debt. Farmers are often already in debt to private investors and suppliers and therefore 
without liquid capital to actually pay for water. Attempts at coordination between WUAs 
and their Vodhozes in order to address weak and unpredictable access to water resources 
among farmers have failed. A few WUA chairmen were unsuccessful with their requests 
that their Vodhozes transfer responsibility for infrastructure repair and fee collection to 
each chairman’s WUA. In instances where responsibility for irrigation service fee 
collection was transferred to a WUA, the WUA was taken to court over debts owed to 
their Vodhoz. The issue of livelihood insecurity due to water fees not improving water 
access in Khatlon province is an example of poorly articulated tiered institutions failing 
to receive or respond to feedbacks generated by local water users. The lack of adaptive 
responses targeted at these user-defined causes of water insecurity is the product of 
malfunctioning within the feedback-response loop. This loop undergirds the collaborative 
policymaking process and requires participation from both secure and insecure users in 
order to function properly. Poorly articulated multitiered institutional arrangements 
coupled with failure to truly engage a range of Khatlon stakeholders in the policymaking 
process serve to erode farmer livelihood and the capacity of provincial water institutions. 
This is illustrated in greater depth below. 
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Farmers in the four Khatlon districts are drowning in a cycle of debt. Often unable 
to repay investors and suppliers, farmers are forced to meet their debt obligation by re-
upping at a higher debt burden with the same investor or supplier, plunging them deeper 
into a debt cycle. Some farmers do not pay their WUA membership fees because they 
view it as another financial contract that only serves to plunge them further into debt. 
Livelihood insecurity caused by weak water access and debt between farmers and tiered 
institutions is exacerbated when state organi- zations are indebted to another state 
organization. In an example of broken coor- dination between water and energy 
management institutions, a few municipal mayors and WUA chairmen reported their 
Vodhoz uses collected irrigation service fees to pay off the department’s debt to the 
district energy department. Without debt payments the energy department will stop 
electricity service to the water depart- ment, and farmers will be unable to irrigate with 
electric pumps. A few farmers reported having irrigation water only a few months per 
year because their Vodhoz was indebted, and electricity rationing in the region 
constrained access to water resources. In other instances, a few farmers reported paying 
both an irrigation service fee to their Vodhoz and a pump-operation fee to their district 
energy department. In another example of dissonance between local resource users and 
tiered institutions, one WUA chairman reported that their regional WUA normally 
collects electricity fees for the region, but in 2012 the Vodhoz collected them instead. 

The creation of livelihood insecurity and weak access to irrigation water in Khatlon’s 
four provinces is twofold: (a) eroding anachronistic irrigation infrastruc- ture 
mechanically restricts water access and (b) discord between energy and water resource 
agencies institutionally restricts water access because interagency debt causes disruption 
in electrical service and, ultimately, water delivery. Attempts to improve livelihood 
security by renovating irrigation infrastructure are obstructed because the funds that a 
Vodhoz should use for this purpose are instead used to service the debt to the district 
energy department. Unfortunately the feedback loop between local users and tiered 
institutions in Khatlon province’s four districts only serves to compound problems by 
passing the consequences of debt burden onto local farmers instead of enabling the 
emergence, generation, and implementation of adaptive actions able to repair 
infrastructure, improve water access, and reduce insecurity. Tiered institutions in the 
Khatlon province’s four districts are creating water scarcity where it need not exist. The 
plight of local users has not generated an adaptive response nor has an effort been made 
to alleviate the dual pressures on livelihood caused by infrastructural and institutional 
failure. Admitting institutional failure and then including WUA members and chairmen 
in the dialogue regarding reforms to reconcile user and interagency discord might enable 
both users and agencies to escape from the circle of debt that threatens to drown them. 

20.4 The Arid Region Case: Rayón, Sonora, Mexico 

Rayón, Sonora (29.7170� N, 110.5830� W), is found in the Mexican portion of the 
Sonoran Desert and is located in a narrow valley alongside the once perennially flowing 
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Rio San Miguel, a tributary to the larger Río Sonora. The Sonoran Desert’s precipitation 
pattern is regulated by the North American Monsoon, resulting in a bimodal precipitation 
distribution that produces winter and summer rainfall. The intensity of precipitation and 
drought brought by the North American Monsoon is determined by dynamic interaction 
between Pacific basin atmospheric and oceanic conditions (Loik et al. 2004; Comrie and 
Glenn 1998; Leathers et al. 1991). The Pacific Decadal Oscillation (PDO) and El Ni~no 
Southern Oscillation (ENSO) combine to drive the cyclical switching between wet and 
dry periods, strong or weak monsoons, and other alternations to temperature and 
precipitation patterns. Rainfall volume and timing are variable, especially at fine spatial 
scales (Comrie and Broyles 2002), but generally winter precipitation is widespread and 
associated with frontal systems, while summer rainfall from thunderstorms is each year’s 
precipitation maximum and more localized and intense (Sheppard et al. 2002; Adams and 
Comrie 1997). The reason precipitation timing and volume are variable in the Sonoran 
Desert is because its topography is also highly complex with mountain ranges, 
landscapes, and elevation changes. Rayón is located west of the Sierra Madre Occidental, 
and the majority of ranchers report that the clouds that bring the summer monsoons arrive 
through the valley from the southeasterly direction, confirming NA Monsoon models 
(Fawcett et al. 2002; Adams and Comrie 1997). As is common of arid zones, evaporative 
demand exceeds precip- itation because on an annual basis, the potential for the 
atmosphere to evaporate water is always greater than the amount of precipitation 
delivered (Lauenroth and Bradford 2009). 

Rayón has approximately 1,500 residents (Secretaria de Gobernación 2013), and 
the primary economic activity is ranching interspersed with a few who farm non-pasture 
crops. Most are smallholders farming on 5 ha or less, while others are able to support 
stocking rates of 600 cattle or more. Since its founding in 1628, agriculture has been the 
town’s primary economic activity, relying on seasonal rains and the Rio San Miguel’s 
surface waters to water and flood irrigate their crops. In the mid-twentieth century, diesel 
and then electric pumps were permitted access to groundwater by drilling wells. In 2012 
groundwater and surface water are used to grow crops or pasture. Farmers and ranchers 
in Rayón use dirt canals, cement-lined canals, tube/pipe, or some combination of each to 
deliver irrigation water to their parcels. The majority of ranchers responded that the 
climate has changed in the past years. Results varied, but ranchers report the time range 
for their observed climatic change is anywhere from 40 to 2 years prior to the 2012 
monsoon. The majority of reported changes are similar to those expected to result from 
climate change: less annual precipitation, increased temperatures, and tree die-off. 
Global-change-type drought and, as alleged by one key respondent, overpumping 
groundwater by users upstream of Rayón’s municipality have combined to cause 
landscape and hydraulic changes that in turn negatively impact livelihood. The San 
Miguel River located within the Rayón municipality first ran dry when the uppermost 
reach lost perennial surface water flow in 1970. The section at the town’s entrance, 
whose reputation among ranchers and townspeople is that this section has the shallowest 
depth-to- bedrock level within the entire municipality, causing subsurface flows to be 
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pushed toward the surface and transformed into surface flows, went dry for the first time 
in anyone’s memory in 2010. In 2012 the entire reach within the Rayón municipality was 
without flow and a key respondent and another respondent who previously served as 
president of the surface water users’ association,4 reported that many of the surface water-
fed fields went unplanted that year. A key respondent and former head of the town’s 
potable water rated each individual well in the municipality according to its water level 
after the 2012 summer monsoon. According to this rating system, 69 % of the 
municipality’s wells do not have enough water for the next growing season because they 
are dry (21 %) or have water but not enough to last an entire season (48 %). After the 
2013 summer monsoon, the same respondent estimates the number of wells without 
enough water for the next growing season to be higher than the previous year, closer to 
75–80 %. It is normal that well water levels fluctuate throughout the year – dropping 
during times of use and then recuperating after summer or winter rains. One respondent 
noted that declines in naturally available forage led to clearing mesquite forests in order 
to plant pasture crops to supplement cattle herds. Another key respondent noted that in 
2012, his rain-fed buffel grass field yielded plants half their normal size. Two key 
respondents, “field judges” responsible for permitting cattle movements in and out of the 
municipality,5 and a state agriculture official (SAGARPA),6 citing drought, noted that 
cattle stocking rates have gradually decreased over the past 6 years. 

The causes of water scarcity due to drought in Rayón are likely both human and 
naturally caused. Responses from tiered institutions, however, are relatively muted and 
do little to allay the fears of a majority of those interviewed that the sustained drought 
will lead to livelihood loss. The National Water Commission (CONAGUA) is responsible 
for permitting new wells and deepening existing ones in addition to education programs 
about consumption, conservation, and compliance. Some responded that CONAGUA 
regulation has generally had a positive effect on water management, but one key 
respondent, a “field judge,” noted that the problem is not water use in Rayón but instead 
the combined water use of the entire Rio San Miguel watershed causing the water table to 
drop. The “field judge” elaborated and explained the mechanism whereby combined 
water use within the watershed becomes a problem, especially for downstream users – 
upstream more and more wells are being drilled and at deeper levels. The agricultural 

																																																								
4	The surface water users’ association is formally known as the Ray�on ejido. An ejido is a system of 
communal agricultural property rights unique to Mexico and given to a group of people (typically 
landless farmers) by the Mexican government. The system was created by the Consti- tution of 1917 and 
eliminated as a constitutional right in 1991. 

5	These federally appointed officials are officially termed Juez de Campo or “Field Judge.” 

6	Secretariat of Agriculture, Livestock, Rural Development, Fisheries, and Food is a unit of Mexico’s 
Federal Executive branch. 
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ministry, SAGARPA, is the organization that ranchers contact when they are 
experiencing water scarcity. SAGARPA has a drought support program in place, but 
discussions with both “field judges” and the former head of potable water revealed that 
ranchers view this program as largely ineffective. Ranchers must wait until they are 
actively experiencing drought before they can apply, often finding they will not receive 
any support or the support they do receive is for actions that, at the earliest, will not have 
any effect until the next year. The application process and late or undelivered funds can 
further delay program benefits (Acuña 2013). 

All ranchers in Rayón belong to a ranching association and in times of drought 
turn to the ranching association for immediate assistance because the response is quicker 
and actions are more effective at relieving pressures on livelihood. SAGARPA officials 
at the regional office hold the view that ranchers in Rayón are experiencing an 
agricultural drought – the stocking rates are too high for available resources and need to 
be lowered. The majority of Rayón ranchers counter that they are experiencing 
hydrological drought: the average stocking rate in the municipality is relatively small, 
32.79, the median, 17, even smaller (SAGARPA 2010), and to alleviate drought, most 
ranchers view improved water supply or techniques to more efficiently use available 
supply as essential. 

Ranchers have experienced sustained symptoms of global-change-type drought 
(less precipitation, higher temperatures, tree die-off, perennial river drying) and drought 
caused by overextended resources (depleted wells, not enough surface water). In the 
context of feedbacks between resource users and tiered institutions, ranchers’ responses 
indicate that tiered institutions, e.g., CONAGUA and SAGARPA, have failed to address 
the real problem of drought and water scarcity in Rayón with institutional actions. The 
dissonance between SAGARPA officials and ranchers regarding the cause of drought 
(agricultural vs. hydrological) illus- trates the disconnect between water users and tiered 
institutions and how this situation fails to elicit a programmatic, long-term plan to 
mitigate drought impacts on livelihood among ranchers with high, medium, and small 
stocking rates. The observation by the “field judge” that the cause of drought is due to 
combined groundwater use throughout the Rio San Miguel basin indicates a need to 
manage water resources in a coherent, basin-wide manner, an institutional action that has 
yet to emerge. Seemingly because feedbacks between local users and tiered insti- tutions 
go unregistered and vulnerable, downstream users are not consulted or asked to 
participate in designing programs meant to mitigate vulnerability caused by global-
change-type drought or overuse. A coherent, basin-wide response is further hindered by 
dissonance and failed institutional coordination between the agricultural (SAGARPA) 
and water (CONAGUA) ministries. In times of water scarcity due to drought, ranchers 
contact the agricultural ministry, who responds directly to the ranchers, but fails to relay 
ranchers’ drought experience to the water ministry, who is ultimately responsible for 
articulating a basin-wide water plan to manage local- and basin-level growth and resource 
use. The failure to produce a coherent, basin-wide management plan is caused by 
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dissonance between water users in the Rio San Miguel watershed and tiered institutions 
responsible for its administration. This is a clear example of poorly articulated multitiered 
institutional arrangements coupled with failure to generate truly participatory interaction 
of stakeholders, as alluded in the introduction above. We return to this point in the 
conclusions. The failure to produce such a plan has consequence for residents within the 
basin and the state’s capital city, Hermosillo, Sonora. Rapid urban growth in Hermosillo 
is occurring in the context of fixed or declining water resources availability and urban-
rural conflicts over water (Pineda-Pablos et al. 2012). The Rio San Miguel is a main 
tributary to the Rio Sonora River that, in addition to groundwater, serves as Hermosillo’s 
primary water source. As one Rayón respondent noted, a dry Rio San Miguel also means 
less water for Hermosillo. Lack of coordination between water users within the Rio San 
Miguel basin and tiered institutions hinder attempts at IWRM within the basin as well as 
planning for growth and resource use at inter-basin scales. 

20.5 Conclusion: IWRM, Local Resource Users, Multitiered Institutions, 
and Policy 

This chapter demonstrates the importance of coordination between local resource 
users and institutions at multiple levels in order to facilitate a collaborative policymaking 
process aimed at identifying and implementing short- and long- term adaptive actions to 
manage water, environment, and livelihood security. Water security is predicted to be one 
of the most pressing resource challenges of our time, and all management strategies – 
institutional and technical – must be on the table in order to mitigate the threats water 
scarcity poses to humans and the environment. Adaptive management is a specific 
IWRM mechanism that can be used to evaluate potential causes of water insecurity and 
aid practitioners when they seek to overcome water management challenges. 
Coordination between local users and tiered institutions to facilitate collaborative 
policymaking is not a panacea; rather it is a diagnostic tool that can be used to identify 
one cause that, among a possible multitude, contributes to water insecurity. Ecological 
and social issues are intrinsically interwoven to form a complex pattern of challenges to 
livelihood and environmental security as well as potential policy and management 
options suited to support livelihood and ecosystems. 

Our examples show that under a range of conditions (from arid to water abundant), 
poorly articulated integration between users and tiered institutions can limit IWRM 
development, fail to mitigate threats caused by water scarcity, and compound livelihood 
degradation by causing scarcity itself. Under the discordant integration presented by each 
case, short-term coping actions were curtailed or nonexistent and desperately needed 
long-term, cross-scale adaptive strategies and policies which are impossible given each 
case’s present institutional condition. Though the presented cases are regional, the 
outcomes from failure to mitigate livelihood degradation due to water scarcity are real, 
even in water-rich areas, and particularly troubling given that climate change and 
increased competition and demand for water are predicted to become more prevalent 
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among the Earth’s communities. Localized instances of global-change-type symptoms 
and water scarcity may one day become standard meso- and macroscale conditions. 

Institutions and decision-making among all stakeholders will be an explicit 
component of our capacity to respond with programs, policies, and actions able to deal 
with the dual pressure on water resources posed by climate change and heightened 
demand while also reconciling economic efficiency, social equity, and environmental 
sustainability. Cohesion and cooperation between local users and tiered institutions is one 
institutional mechanism of many that can, and ought to, be used. In the short and long 
term, collaborative policymaking between local users, especially the most vulnerable, and 
tiered institutions will best ensure that IWRM is able to deliver on its promises and 
remain a sustainable alternative to business-as- usual-caused water governance failures. 

The specific mechanisms by which water security impacts economics, equity, and 
environment are a general class of problem that concerns people today and in the next 
decades will continue to need to be addressed. Addressing water scarcity and its impacts 
is a process and will require continual evaluation and fundamental restructuring of how 
stakeholders and institutions create collaborative policymaking and remain cohesive 
throughout the process (Varady et al. 2013). Collaborative policymaking is faced with 
social and geographical challenges that threaten its implementation as a means to create 
alternatives to business as usual. There are no simple, clear-cut answers or protocols to 
prevent business as usual nor some formula based on a combination of actions that will 
cause water insecurity to disappear. However, we should continue to pursue participatory 
and collaborative processes (e.g. Varady et al. 2013). In the cases presented (arid, water 
rich, coupled resource), exclusion and dissonance between local resource users and tiered 
insti- tutions caused real failures that have real impacts on people’s lives. We suggest that 
this should renew and strengthen our commitment to participation and the collab- orative 
process and that evaluating and facilitating coordination between local users, especially 
the most vulnerable and tiered institutions – in particular those responsible for 
administering at basin, district, and municipal levels – is a good place to start. 

In sum, we have raised the need for a systems thinking, adaptive approach to water 
insecurity challenges. Institutions that operate at the intersection of local users and state 
and non-state actors have the greatest chance of inducing IWRM solutions if the tiered 
nature of linkages (local level, meso-level, and macro-level) is expressly accounted for 
and used for adaptive advantage. 
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Abstract	

Rangelands are complex social-ecological systems (SES) commonly used to support 

ranching and other agrarian livelihoods. Common to Earth’s drylands, rangelands are susceptible 

to drought, desertification, and land degradation from both climatic and human activities. In the 

arid Americas ranching communities are often located in watersheds and rely on local riparian 

resources (e.g. surface- and ground-water) to support husbandry. However, anthropogenic 

climate change in combination with intensified agriculture integrated into international markets 

degrade both landscape and water resources. In Sonora, Mexico’s Río San Miguel Watershed we 

find via an interdisciplinary set of methods that rangeland productivity, surface-water reaches, 

and aquifers are reduced to critical levels, agrarian livelihoods endangered, and within this 

dynamic that downstream locations are less resilient and water secure than operations upstream. 

This spatio-temporal dynamic to water insecurity is due both to (a) latitudinal-based climatic 

changes and (b) upstream water groundwater pumping activity. Participatory rapid rural 
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appraisal and agro-ecosystem analysis tell us how climate, landscape, water, and ranching 

operation dynamics are interrelated and affect SES morphology and resilience across time, 

operations, and sub-watersheds. Weather station data from three watersheds are partitioned into 

30-year normal periods and via the standard precipitation index we find that since the 1970s 

there are more 100+°F days per year, drought periods are longer and more frequent, winter 

rainfall is less, and the North American Monsoon begins later in summer. Classified satellite 

images show that landscape changes, especially in riparian areas, and in the context of 

desertification and livelihood loss, result from climate change and groundwater pumping, and 

accompany aquifer depletion along the downstream-upstream gradient. Partnerships and 

cooperation among ranchers, sub-watersheds, and institutions are amongst the management and 

policy interventions available to prepare for or mitigate the developing social-ecological crisis in 

the watershed. Lessons from Mexico’s Río San Miguel Watershed are relevant for other 

drylands, agrarian systems, and groundwater-reliant economies, especially as the specter of long-

term global climate change and water insecurity looms large for many of the Earth’s social-

ecological systems.    

 

A.	1.	Introduction	 

Historic and future increases in global average surface temperatures are predicted to reduce 

water availability – with pernicious effect on food production, its quality, and, ultimately, 

livelihood security (IPCC, 2014). The effects of increased aridity from climate change and 

human activities (i.e. desertification) are of particular concern for the world’s drylands, whose 

water resources are already limited. Drylands are home to millions of people in developing 

countries, many of whom are vulnerable to ecological stress and change because they, and the 
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biome’s flora and fauna, already live near their physiological limit (MEA, 2005). Drylands are 

41% of Earth’s total land area, home to more than 38% of the total global population in 2000, 

roughly 2.47 billion people — 90% of whom live in developing countries — and contain 44% of 

all cultivated systems worldwide (Koohafkan & Stewart, 2008; MEA, 2005). Furthermore, much 

of the world’s rangelands, 54.7% of the Earth’s land surface, are located in dryland climates, 

where 80.7% of total rangeland area, or 44.1% of Earth’s land surface, is used by humans for 

agriculture and livestock (Engler et al., 2018). Hence, dryland rangelands directly and indirectly 

support livelihood for millions of people, and thus this relationship is the basis for one type of 

the world’s largest social-ecological systems (SES) (Engler et al., 2018). Rangelands, like 

drylands in general, are a landscape environmentally vulnerable and prone to disequilibrium 

driven by a variety of factors operating at a variety of spatial and temporal scales, and 

concomitant, synchronous processes (Bestelmeyer et al., 2006; Vetter, 2005). These factors are 

both environmental and human in origin, with changes from human factors (i.e. economic, 

social, cultural, demographic, managerial) often outpacing changes from environmental 

dynamics (e.g. climatic conditions) (Few & Tebboth, 2018).  

Rangelands are SES because both human and environmental processes are coupled via 

feedbacks that affect one another across time, space, and subsystems (Ostrom, 2009; Peters & 

Havstad, 2006; Berkes & Folke, 1998). Often these coupled processes result in disturbance and 

change (e.g. desertification) to landscape, water, and other resources essential to ecosystem and 

human health in rangelands (e.g. Bestelmeyer et al., 2015; Peters et al., 2015; Archer & Stokes, 

2000). Of particular concern for the future sustainability of rangeland economies is grassland 

replacement from woody plant encroachment (e.g. mesquite, Prosopsis spp.) apparently driven 

by such factors as precipitation change and livestock grazing. Such encroachment can improve 
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regional carbon sequestration (Barger et al., 2011), but is also a landscape change that results in 

soil degradation and reduced capacity to support ranching economies due to fewer grasses 

produced on the range (MEA, 2005; Schlesinger et al., 1990). Similar to grassland replacement is 

the future of dryland riparian corridors. Corridors play an outsized, crucial role in supporting 

biodiversity and life in the world’s drylands by providing key conditions necessary for, inter 

alia, species diversity across flora and fauna, habitat for migratory birds, and irrigation for 

agriculture. However, dewatering, especially from groundwater overdraft, threatens the 

continued survival and persistence of dryland riparian corridors (Varady et al., 2000). Climate 

change is also a threat to rangelands. Drylands are expected to experience increased aridity and 

drought from predicted climatic changes, and rangelands and associated livelihoods in these 

regions are expected to be negatively impacted by these climatic changes (Reeves & Bagne, 

2016; Polley et al., 2013). 

North American rangelands in the USA Southwest, and by proxy those found in the 

transboundary southern US-northern Mexico deserts (i.e. Sonora and Chihuahua), are projected 

to experience, as a result of anthropogenic climate change: increases in frequency and intensity 

of drought (Overpeck & Udall, 2010; Archer & Predick, 2008) via higher temperatures (Garfin et 

al., 2013); more time between rain events (Lauenroth & Bradford, 2009); less snowpack leading 

to less runoff and streamflow (Udall & Overpeck, 2017); and reduced water availability overall 

(Barnett et al., 2008). Heat increases and precipitation decreases are expected to degrade and 

change plant productivity and composition on landscapes (Garfin et al., 2013; Archer & Predick, 

2008). Livestock operations are vulnerable to these new, meteorologically driven resource 

dynamics on land and water, and these operations are at risk of decreased productivity from heat 

stress and reduced forage quantity and quality (Reeves & Bagne, 2016; McClaran & Wei, 2014; 
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Vásquez-León et al., 2003). In addition to environmental vulnerability, rangeland supported 

livelihoods are also vulnerable to political, social, and economic processes (Coles & Scott, 

2009), that drive decisions that overextend natural resources and produce rangeland degradation 

and human-induced types of drought (e.g. agricultural, hydrological, socioeconomic) (Wilhite & 

Glantz, 1985). In combination, climatic and human processes, notably groundwater overdraft, 

can lead to unsustainable arid agro-ecosystems, and ultimately agrarian abandonment (Romo-

Leon et al., 2014 ).   

Given the global extent of drylands and vulnerable, impoverished communities within them 

that rely on rangelands for livelihood and well-being, it is important to mitigate, manage, and 

support adaptive, sustainable dryland development (Reynolds et al., 2007). Protecting rangeland 

health requires more than just incorporating human dimensions (Briske et al., 2011), but also 

engagement and inclusion of ranchers, government officials, and other stakeholders in decisions 

(Bautista et al., 2017). Furthermore, understanding complex SES dynamics in dryland cattle-

range operations to assist ranchers to plan, prepare, cope, manage, and buffer against short and 

long-term drought are central components required to develop, build, and sustain dryland 

livelihood (McClaran et al., 2015; Brugger & Crimmins, 2013).   

This study, focused on the Río San Miguel Watershed in Sonora, Mexico, adds to our social-

ecological understanding of rangelands and the contemporary threats their human livelihoods 

and ecosystems face. Namely water insecurity, as a result of long-term climate change and 

intensified agriculture, is the primary driver of threats to rangeland health and sustainability 

(Engler et al., 2018; Sayre et al., 2012). We illustrate via an interdisciplinary, participatory 

protocol how social and ecological components combine in a pernicious manner and to 

deleterious effect on surface- and ground-water with critical consequence for agrarian livelihood 
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and persistence of rangeland ecosystem services and processes. Beyond illustrating how regional 

development policies in combination with rancher decision-making to pursue agricultural 

intensification led to water insecurity that threatens ranching as sustainable livelihood, we also 

detail the climatic and landscape conditions that operate in combination with irrigation in the 

watershed to deplete sub-watershed aquifers down to critical levels. Via remote sensing and 

stakeholder interviews we evaluate the scope, scale, and outcomes for landscape and agrarian 

livelihood that result from surface-water, then ultimately, groundwater depletion. Furthermore, 

we show that resilience and water security, in the face of coupled natural-human system change 

in the rangeland, has a spatial component. We break the Río San Miguel Watershed into its three 

component sub-watersheds (upper, middle, and lower, respectively, see Figure 1) and find that 

upstream locations are the most water secure and resilient to both meteorological and 

hydrological drought. Towns and rights holders lower in the watershed, especially those in the 

lowest sub-watershed, San Miguel de Horcasitas, are the least water secure, resilient to drought, 

and most under threat by landscape, climate, and aquifer changes. Primarily, we find that the 

upper sub-watershed, Cucurpe, is the most resilient, the middle sub-watershed, Rayón, less so, 

and the lower sub-watershed the least resilient. These spatial differences in resilience and water 

security have distinct consequences for humans and landscape, resulting in livelihood loss and 

ecosystem transformation in the most extreme, severe instances. Aquifer depletion and its 

associated consequences for livelihood and landscape is the cumulative result of many small-

wells pumping in conjunction with another (versus a few large users) and in response to more 

frequent, longer droughts, a weakening bi-modal precipitation pattern, and decreased rangeland 

forage production. The spatial dimensions to water insecurity in the watershed is important for 

how adaptive management and institutional interventions are developed and targeted in the 
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watershed and other riparian-rangeland systems.   

 
FIGURE 1: Map of Río San Miguel Watershed and Sub-watersheds, Sonora MX 
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The Río San Miguel Watershed in Mexico’s Sonora-state in the southern section of the Sonoran Desert. 
The watershed is comprised of upper, middle, and lower sub-watersheds. The watershed and sub-
watersheds are located within the state’s Imuris, Cucurpe, Opodepe, Rayón, and San Miguel de 
Horcasitas municipalities. Mapped polygons were created by clipping watershed boundaries with 
municipal boundaries to identify only the areas within each municipality that are also only within the 
watershed. Our analysis focuses on the Cucurpe, Rayón, and San Miguel de Horcasitas municipal areas in 
the upper, middle, and lower sub-watersheds, respectively (as indicated on map). CONAGUA-owned (i.e 
Mexico’s water ministry) weather stations are the source for annual precipitation and temperature 
averages found in the inset table.
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2.	Materials	&	Methods	

2.1	Study	Area		

The Río San Miguel watershed (35°45’- 29°7’ N; 111°- 110°20’ W) (population: 13, 817) 

(Lutz-Ley, 2016) is located in central Sonora, Mexico, north of the capital, Hermosillo, and 

south of the USA-Mexico border shared with Arizona (see Figure 1). The 4178.43 km2 

watershed is home to its namesake river, the Río San Miguel, and contained within four 

municipalities: the upper sub-watershed within Cucurpe, the middle sub-watershed is contained 

by both the Opodepe and Rayón municipalities, and the lower sub-watershed within San Miguel 

de Horcasitas. The watershed’s upper reach is defined by rocky terrain cut by narrow box 

canyons until just above Opodepe-town, where, in the middle sub-watershed, the river channel 

widens into a floodplain, sometimes narrowing through canyons, until it joins the largest river in 

the Mexican section of the Sonoran Desert, the Río Sonora, just outside the capital, Hermosillo. 

Historically, the joined rivers’ headwaters reached the Sea of Cortez, but large reservoirs built 

for agriculture in the late-20th century have since dried the conjoined rivers’ riverbed long before 

it reaches the ocean (West, 1993). Due to topography and agricultural reliance on ground and 

surface water, especially in the Río San Miguel’s riparian areas, a similar fate has befallen many 

perennial and intermittent reaches upstream of the two rivers’ confluence.  

Climate, as a function of topography and elevation, also affects and limits what water 

resources are available, their usage patterns, and the capacity of both the landscape and water 

resources to support cattle ranching, the watershed’s primary economic activity. The watershed, 

located in the Sonoran Desert, experiences a semi-arid climate defined by mild winters, long-hot 

summers, and, due to the North American Monsoon, an annual bi-modal, winter-summer, 

precipitation pattern with high temporal, spatial, and volumetric variability (Comrie & Broyles, 
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2002; Comrie & Glenn, 1998). As is the case for western North America’s Basin and Range 

deserts, annual precipitation in the watershed is dominated by summer monsoon rainfall (i.e. 60-

70% of the watershed’s annual precipitation), but winter precipitation from headwater and 

upland sub-basins is primarily responsible for groundwater recharge (i.e. 69% of annual aquifer 

recharge in the watershed (Neff, 2015). Temperature and precipitation in the watershed vary 

along a north-south gradient (see table inset, Figure 1), where due to higher elevation, cooler 

temperatures and higher rainfall, on average, prevail in upstream versus downstream locations. 

The gradient’s main effect on the coupled natural-human landscape is that bufflegrass (Cenchrus 

ciliaris), an invasive species, planted by ranchers as supplemental forage is limited to areas south 

of Opodepe-town in the middle sub-watershed and downstream by the cooler temperatures found 

in the upper watershed. Although desert cacti-scrublands dominate the landscape, seasonal, 

intermittent, narrow, tributaries (arroyos) support mesquite stands (Prosopsis veluntina) and the 

wider, deeper riparian areas support cottonwoods (Populus fremontii), desert willow (Chilopsis 

linearis), and mesquite. These verdant valleys and riparian areas are where the watershed’s 

historic and contemporary populations have settled and where agriculture in the watershed is 

primarily located.  

Agricultural intensification, especially to support calf and cow operations, in the watershed’s 

riparian areas has increased human demands on riparian water resources and resulted in changes 

to ecosystem form and function. Agriculture — specifically, ranching — was and is Sonora’s 

primary source of rural employment. Ranching was Sonora’s major employer in 1986, the 

primary land-use on 84% of the state’s lands, responsible for 25% of its total agricultural 

production, and the focus of government-led efforts to reduce rural poverty by integrating the 

sector into global markets to increase its economic production (Gobierno del Sonora, 1985). 
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Transformation of the ranching sector came to a head with ratification of the North American 

Free Trade Agreement (NAFTA), ratified in 1992 and entered into force in 1994. NAFTA 

formalized many of the Sonoran government’s economic goals for the ranching sector through 

market and customs reforms. For example, to achieve more production to meet increased 

demand from international markets, the Mexican government passed the National Water Law 

and Regulations in 1992 permitting individuals and groups to own private groundwater 

concessions. In Sonora this meant seasonal, surface-water irrigated agriculture (i.e. acequia 

canals) is supplemented by year-round available groundwater irrigation (Pablos et al., 2014). 

Since the advent of NAFTA up to the present, irrigated agriculture in the Río San Miguel has 

shifted from cultivars primarily for human consumption and has since become dominated by 

forage crops for cattle. Agriculture and ranching operations account for 97% of groundwater use 

in the watershed’s four municipalities (CONAGUA, 2014) and fodder cultigens are 75% of all 

the watershed’s crops (Navarro, 2019). Post-NAFTA, Sonora has since become Mexico’s largest 

agricultural exporter, exporting $1.27 billion USD in 2011, with cattle responsible for 7% of that 

total (Lutz-Ley et al., 2019). Our results from an interdisciplinary set of methods show climatic 

changes have combined with post-NAFTA economic transformations to produce landscape 

changes and water depletion in the riparian area to an extent that the sustainability of ranching 

and agriculture as a major rural employer is jeopardized.  

  

2.2	-	Identifying	past,	present,	and	future	social-ecological	conditions	with	watershed	

stakeholders	

Methods that guided in situ data acquisition included agro-ecosystem assessment 

(Conway & McCracken, 1990), rapid rural appraisal (Welch et al., 1996), and participatory rural 
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appraisal (Chambers, 1994). These methods were used to (a) investigate the biophysical and 

human factors (e.g. political, cultural, economic) at play within the watershed and how they 

interact with one another across time and space to effect coupled natural-human resilience within 

the watershed (Whitfield & Reed, 2012), as well as (b) solve and discuss problems or solutions 

with stakeholders (Conway & McCracken, 1990). Primarily focused on Rayón ranching 

operations in the middle sub-watershed, the combined methods were used to define past and 

present system states and key thresholds so that researchers are able to postulate how social-

ecological characteristics change over time and in response to key thresholds, and then work 

iteratively with respondents to refine researcher hypothesis against stakeholders’ own 

understanding and definition of key system variables and their changes. To this end ranchers and 

government officials from the agriculture ministry, SAGARPA, whom have oversight within the 

watershed comprised the majority of our investigation’s respondents, where local residents made 

up the remainder. Our in situ assessment of the watershed’s past and present is based on: semi-

structured interviews (n=22), follow-up with key respondents, and participatory mapping 

conducted in Rayón during summer 2012; four other field visits in 2012; meeting with 

agriculture ministry officials in 2013; as well as in 2013 follow-up semi-structured interviews 

with Rayón key respondents (n=3) focusing on feedbacks within the local economy, ranching 

operations in response to policy, climate, and water resource change; then concluding 2013 with 

the a winter workshop with ranchers, ministerial officials, and residents from throughout the 

watershed; and a 2014 field visit to conduct semi-structured interviews (n=3) with community 

leaders in the upper, middle, and lower sub-watersheds. Information about past and present 

system states and interactions between social and ecological variables served as the basis for 

winter workshops in 2014 (n=23) and 2015 (n=14) focused on respondent defined ratings and 
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predictions about future climatic, vegetation, community, economic, institutional, and water 

resource conditions in the watershed. The compendium of past, present, and future social-

ecological changes in the watershed culminated in a July 2015 training with ranchers (n=11) on 

drought management. The local cooperative extension office’s “Drought Management Scenario 

Development Exercise” (Brugger et al., 2018; Tolleson, 2017) for use on USA rangelands was 

translated into Spanish and, with Rayón’s ranching association serving as host, administered to 

invited ranchers. The workshop on drought management improved rancher decision-making and 

contributed to better understanding within researcher discussions about ranchers’ increased 

reliance on the riparian area to support their operations due to decreased productivity in the 

rangelands.         

 

2.3	-	Identifying	changing	climate	patterns:	temperature	and	Standard	Precipitation	

Index	(SPI)		

Meteorological data from weather stations owned by Mexico’s water ministry, CONAGUA, 

was analyzed to assess temperature and precipitation changes in the Río San Miguel watershed, 

including its upper, middle, and lower sub-watersheds. Weather station datasets for Cucurpe, 

Opodepe, Rayón, and San Miguel de Horcasitas consist of daily minimums, maximums, and 

averages for temperature, precipitation, and evapotranspiration. Daily temperature and 

precipitation values were synthesized into monthly averages for each weather station. Instances 

where more than 50% of a particular month’s values were missing were assigned a null-value for 

that month. Thirty-one percent of the weather data record for the Opodepe-Meresichic 

municipality in the upper-middle sub-watershed is comprised of “null” values, and thus excluded 

from our analysis. Therefore, the upper sub-watershed is represented by Cucurpe, the middle 
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sub-watershed by Rayón, and the lower sub-watershed by San Miguel de Horcasitas. In order to 

parse through noise from the hot temperatures and high inter-annual precipitation variability 

inherent to the Sonoran Desert, we focus on statistically significant values to detect within the 

datasets emergent, changing climatic signals that deviate from their historical norms. For 

temperature we used extreme heat days defined as when the maximum temperature hits or 

exceeds 100 degrees Fahrenheit. For precipitation statistically significant values are instances 

that Standard Precipitation Index (SPI) values are not ‘neutral’ (Guttman, 1999) and are ≥1 or ≤-

1. In general, and to compensate for the relatively short length of the datasets, we group 

temperature and SPI values into 10-year periods, then assess values for emergent trends 

according to chronological 20-year normal periods (e.g. 1977 to 1997), then, as is best-practice 

for climate change assessment, we use chronological 30-year normal periods to determine if the 

signal remains at the more stable, longer time-step.  

   The number of 100+° F days per year recorded by each weather station were counted, then 

aggregated into decadal, 20-year, and 30-year normal periods, then the annual average of 

hundred degree days calculated for that normal period. The SPI (Guttman, 1999; Edwards & 

McKee, 1997) was selected after consultation with a local extension agent specializing in climate 

communication and in accordance with best practices used in collaborative workshops on 

drought preparation with ranchers in the USA southwest (Brugger et al., 2018), in part because 

the SPI is able to standardize for a specific location and historical time period of interest, 

conditions that match up with ranchers’ “stories” better than probabilistic indices (Crimmins & 

McClaren, 2016). In addition to temporal and spatial flexibility that permits the SPI to be 

interpreted in relevant and meaningful ways by ranchers, it is also relatively easy to calculate 

versus other indices (e.g. Palmer Drought Severity Index) (WMO, 2012) and not as afflicted by 
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overweighting, nor an arbitrary drought classification, the SPI, according to robustness, 

tractability, transparency, sophistication, extendibility, and dimensionality, is recommend over 

other drought indices (Quiring, 2009). The SPI function in the SPEI package for R (Beguería & 

Vicente-Serrano, 2017) was used to calculate SPI values for each weather station’s precipitation 

values used to analyze drought patterns. To prepare weather station datasets for SPI computation 

via R each month’s daily precipitation values were summed.  Months missing more than 50% of 

their daily precipitation values were assigned a null-value instead of a monthly average; months 

represented by null-values, except in instances where three or more consecutive months had null-

values, were assigned the long-term precipitation average for its respective weather station. The 

SPI function was run using the “na.rm=TRUE” setting.     

The SPI is a measure of drought intensity relative to a location’s historic precipitation mean, 

as represented by ‘zero’, where SPI values are expressed as normalized standard deviation units 

from the historic norm. Positive values represent “wetness” and negative values represent 

“dryness”, where values between -1 and 1 are considered “near normal”, and outside this range 

are considered exceptional (i.e. “moderate”, “severe”, “extreme”). SPI values for 3-month and 6-

month SPI periods are calculated.  The 3-month SPI represents shorter, seasonal moisture 

conditions that are closer aligned with agricultural cropping cycles, while the 6-month SPI 

provides a more stable, medium-term representation of seasonal precipitation trends (WMO, 

2012). A 3-month SPI period considers precipitation totals for the month in question and the two 

preceding months, and compares that year’s 3-month total to the same 3-month period of all the 

years in a location’s historical record. Similarly, a 6-month period uses 6 months (the month in 

question, plus the preceding five months) to compute a unique SPI value for every month in a 

dataset. Although 6-month periods can muddle due to overlap from the study area’s bi-modal 
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precipitation pattern, signals observed within a 3-month period, then tested and also observed 

within a 6-month SPI are interpreted as “stable” and indicative of historic and longer-term, future 

changes. 

SPI datasets were parsed for non-neutral/non-normal values in order to analyze for changes 

in timing and frequency among the statistically significant SPI values (i.e. ≥1 or ≤-1). In 

consultation with the local extension agent, sub-watershed analysis that did not hang together as 

a regional signal for the watershed were excluded from our results. Depending on the hypothesis, 

counts or averages per decadal, 20-year, and 30-year normal periods were used to detect new, 

changing patterns related to meteorological drought. Emergent signals at ten- and twenty-year 

periods were analyzed at 30-year scales to test if observed climate signals had become stable. To 

test if the time between “wet” periods was changing, the number of consecutive months between 

3- and 6-month SPI values ≥1 were counted, then used to calculate the average number of 

months between SPI values ≥1 for each respective sub-watershed and normal period. To test for 

changes in precipitation and drought timing we counted the instances SPI values were ≥1 and   

≤-1 and the month that they occurred in, then summed all instances per month for each normal 

period, then compared each month’ summed occurrences per respective normal period against 

another to investigate if  “wet” or “dry” instances are changing over time.           

 

2.4 - Linking changes in landscape & climate to agrarian developments  

 Remotely sensed, multi-date U.S. Geological Survey Landsat-5 Thematic Mapper images 

(Path 35, Row 39 & 40) are classified by landscape and paired with 6-month SPI values that 

correspond to each image’s respective month and year. Pairing Landsat-5 images classified via 

the supervised SEE 5.0 algorithm (Tso & Mather, 2009; Quinlan, 1996) with the SPI values 



	 131	

allows us to ascertain if human drivers (i.e. irrigation) or just climate are responsible for 

influencing landscape changes and responses between image dates. Spring (i.e. pre-monsoon) 

and fall (i.e. post-monsoon) images at a spatial resolution of 30m are used to produce landcover 

maps for 1993 (10 Apr., 17 Sept.), 1998 (08 Apr., 30 Aug.), 2002 (21 May, 25 Aug.), and 2011 

(28 Apr., 19 Sept.). Usable images without atmospheric interference prior to NAFTA (i.e. 1993) 

and coincident with summer 2012 field work (i.e. 2011) were intentionally selected in order to 

provide a baseline and contemporary assessment of landscape change. Twenty-three layers are 

used for each year classified: the six spectral bands of the reflective spectrum (Landsat-5 bands: 

1, 2, 3, 4, 5 & 7), Normalized Difference Vegetation Index (NDVI), Soil-Adjusted Vegetation 

Index (SAVI), Modified Soil-adjusted Vegetation Index (MSAVI), Enhanced Vegetation Index 

(EVI), Normalized Difference Moisture Index (NDMI), and digital elevation model (DEM) 

(https://viewer.nationalmap.gov/basic/). All the world’s biomes occur in the Sonoran Desert 

region. This diversity makes landscape classification difficult due not only to the diversity of 

biotic communities, but also because many of these communities are in-fact intermixed in the 

on-the-ground landscape. To adjust for this complexity, at-least 38 sub-classes, comprised of at 

least 3435 total training points, are used to classify each year before sub-classes are combined 

into 14 general, overall landscape classes in ESRI’s ArcMap. In situ ground-truthing, Google 

Earth, pixel pattern, and pixel change between pre- and post-monsoon images are used to define 

landscape sub-classes and their respective training points. For instance, the fallow spring, 

sprouted fall (i.e. “brown-green) agriculture class is based on false-coloring images according to 

10-break values, and whether pixels arranged in a cropped pattern are “brown” in the spring 

image and become “green” in the fall image. After training points for each year are set and 

verified the C50 package in R (Kuhn, et al., 2018) is used to classify each year’s images.  
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Once classified, each landcover map’s sub-classes are consolidated and reclassified into the 14 

main categories (see Table 1) percent errors recalculated according to consolidated classes. 

Reclassified images are then reduced to upper, middle and lower sub-watershed, by clipping 

them to polygons created from municipality and Río San Miguel watershed shapefiles from 

Mexico’s National Institute of Statistics and Geography (INEGI). After clipping the raster 

calculator is used to correct for specific vegetation classes occurring outside their correct 

elevation. Landcover categories specific to agriculture (fallow spring & fall; fallow spring, 

sprouted fall; sprouted spring, fallow fall, and sprouted spring & fall), riparian vegetation 

(‘riparian’, riparian-zone mesquite, arroyo vegetation), and grasslands are grouped by sub-

watershed, then analyzed against the respective SPI values for each year’s multi-date imagery.   

Zonal histograms and post-classification comparisons of percent change from the 1993 baseline, 

between years, and “from-to” change detection matrix are used to compare and analyze between 

years.          
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TABLE 1: The fourteen landscape categories used to classify Landsat-5 Thematic 

Mapper satellite images of the study area 

 
* Pre- and post-monsoon images from were used to classify the years 1993, 1998, 2002, and 2011. Each 

year’s accuracy assessment is 76.8%, 79.9%, 79.6%, and 80.6%, respectively.    
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3. Results 

3.1 - Stakeholder assessment of social and ecological features 

Interviews and workshops reveal the Río San Miguel Watershed’s ranching operations have 

undergone numerous social and ecological changes since the 1970s. For a time these changes, 

coupled together, produced, according to one key respondent in Rayón, an overall improved 

quality of life and living standards. However, according to that key respondent and corroborated 

by interviews with other ranchers, changes in ecological conditions (i.e. climate, landscape) and 

water resources since the mid 2000-aughts have imperiled herds and ranching as a sustainable 

livelihood. Furthermore, impacts are not experienced equally throughout the watershed: 

downstream locations and small-holder ranching operations are more vulnerable, less resilient to 

long-term drought and landscape degradation than upstream and large-holder operations, and, 

due to watershed hydraulic connectivity, upstream locations have an active role in imperiling 

downstream operations’ available water resources.   

   Ranching operation success and economic prosperity in watershed townships depends on 

the health and condition of pasture and forage, as well as the availability (i.e. timing, quantity) of 

water resources. Post-NAFTA and contemporaneous to our field work, this success is dependent 

on pasture and forage found in both the rangelands and riparian zones, where forage crops have 

progressively replaced wheat and other cultivars for human consumption within the riparian 

zone. Increased access and reliance on groundwater, in addition to surface water irrigation via 

pipes and cement canals, also accompanied this shift to livestock forage cultivation within the 

riparian zone. The importance of the riparian zone to ranching operations and the use of 

groundwater to support forage cultivation within its area increased and intensified when herd 

sizes, as recounted by key respondents (e.g. jueces de campo or ‘field judges’, responsible for 
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permitting cattle movements in and out of the municipality), became larger in a post-NAFTA 

watershed. Growing forage in the riparian area, initially a mechanism to compensate for 

inadequate rangeland per animal, also became an adaptive mechanism in response to drought 

(i.e. the recommend stocking rate is 27 ha. per animal, whereas the average stocking rate in the 

Río San Miguel watershed is 12 ha. per animal) (Navarro, 2019),.  Coincident with ranchers’ 

assessment that by the late 2000-aughts the rangelands had become less productive due to 

drought was also a tacit acknowledgement of an increased reliance on the riparian zone in 

response to decreased rangeland productivity. To wit, Rayón ranchers rely on fodder cultivated 

in the riparian zone in order to feed their herds during lean times on the rangeland caused by 

seasonal or prolonged drought. Another example is the practice of grazing herds in the riparian 

zones during both the summer and winter seasons (versus typically grazing herds in the 

rangelands during the summer); five of the ten Rayón ranchers that participated in the 2015 

drought workshop grazed their herds in the riparian zone during both summer and winter.  

However, according to 2012 and 2014 interviews with Rayón ranchers, the middle sub-

watershed was experiencing the worst drought in memory - or at least since 1935 -  due to 

meteorological and agricultural factors. Ranchers noted the meteorological features of the current 

drought began anywhere from 40 to 2 years prior to the 2012 monsoon, and included: higher 

temperatures, less precipitation, and later, less consistent monsoon storms (i.e. rainfall did not 

always result from cumulus formation). An example of impacts from these meteorological 

changes are, as reported by one respondent, that in 2012 his rain-fed buffelgrass field yielded 

plants half their normal size. Another respondent noted that long-term declines in naturally 

available forage has led to clearing mesquite forests to plant pasture crops to supplement cattle 

herds. Although certain reaches of the San Miguel river begun drying in the 1970s, as well as 
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some wells drying in the 1980s, and 1994-95 being the last time the entire stretch of river within 

the municipality had perennial flows, the current drought referenced in interviews featured a loss 

of surface flows at the town’s entrance in 2010, and culminated in a total loss of spring and 

summer surface flows throughout the Rayón municipality in 2012—the first time in any 

resident’s memory. A key respondent who previously served as president of the surface water 

users’ association reported that many of the surface-water fields went unplanted that year. A key 

respondent and former head of Rayón’s potable water supply rated each individual well in the 

municipality according to its water level after the 2012 summer monsoon, the seasonal event 

ranchers rely upon to annually recharge their wells. According to his defined rating system, 69% 

of the municipality’s wells did not have enough water for the next growing seasons because they 

either were dry (21%) or have water but not enough for an entire season (48%). The same 

respondent estimated that after the 2013 monsoon the number of wells without enough water for 

the next growing season was higher than the previous year and closer to 75-80%. The overall 

impact from the contemporary, long-term drought is expressed as declining herd sizes. 

According to Rayón’s two ‘field judges’ and a state agriculture official, cattle stocking rates have 

gradually decreased from 2006 - 2012/13. During this period stocking rates in Rayón declined 

from 35.15 cattle per operation in 2006 to 31.5 in 2012, with a high of 40.5 in 1997, the earliest 

year in the available record (SAGARPA, 2013). Although some respondents (i.e. less than 50%) 

in Rayón hold that National Water Commission (CONAGUA) regulations have generally had a 

positive effect on water management, one key respondent, a ‘field judge’, noted the cause of 

dried wells and river reaches is not water use in Rayón, but instead increased upstream 

groundwater concessions and the combined water use of the entire watershed causing the water 

table to drop. The number of ranching operations in the Rayón municipality increased from 395 
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in 1997 to 502 in 2012 (SAGARPA, 2013), and if used as a proxy for groundwater concessions 

overall, we also expect that groundwater concessions in the municipality, as well as in other Río 

San Miguel municipalities also increased during this period.   

    Despite Rayón’s lessening water resources, it is, on-balance, better off than towns 

downstream, but less flush than towns upstream, indicating a spatial dynamic to causes, impacts 

and overall resilience to drought (meteorological and agricultural) and landscape changes.  At the 

time of fieldwork, the first town south of Rayón, La Galera de Rayón, had been without water for 

the past 2-3 years, even its wells in the middle of the river bed having gone dry, and been reliant 

on water-trucks to import water. A similar fate is also found in Bacajusari, a communal irrigation 

unit downstream of both Rayón and La Galera. In Rayón, La Galera, and Bacajusari many 

ranchers reliant on surface water to irrigate their crops did not plant, have drilled their wells to 

deeper depths of 150-200 feet without encountering more water, or, in the most severe cases, 

abandoned managing their own ranching operations entirely. In the San Miguel de Horcasitas 

township, the major town in the municipality of the same name and the lowest in the watershed, 

the situation was more dire at the time of field work. Our key respondent in San Miguel de 

Horcasitas reported that instead of decisions about if water resources are sufficient to support 

ranchers’ full cropping cycle, families are instead contemplating if they should abandon ranching 

altogether because they have endured multiple cropping cycles without sufficient water to plant, 

rangeland forage is insufficient to support their herds, and are unwilling or incapable of again 

purchasing supplementary forage to feed their herds for an entire cycle. For these ranching 

operations, financial assistance from the Mexican government and state ranching association 

were proving insufficient to completely mitigate the recurring economic costs incurred from the 

long-term disappearance of productive rangelands and water resources. However, in Cucurpe, 
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the major town in the upper watershed, ranching operations are more resilient because they have 

not been exposed to landscape, climate, and water resource changes that have progressively 

become more severe. Our key respondent in Cucurpe reported that some of the species favored 

as forage by cattle have become smaller or less prevalent, but overall rangeland productivity is, 

by his definition, ‘normal.’ Furthermore he reported that although pumping from ranchers with 

groundwater rights to support 100+ ha fields are affecting smaller rights holders in the 

municipality, in general, water resources are sufficient to support ranchers’ needs each cropping 

cycle. The upstream-downstream, most resilient-least resilient gradient can be parsed further. 

Under severe, prolonged drought both small-holders (i.e. ranching operations of 17-34 cattle) 

and large-holders (i.e. a minimum of 100, but often upwards of 400+ cattle) are impacted, but, 

according to ranchers and agriculture ministry officials, small-holders are impacted first and 

suffer the worst.   

Against this backdrop of an arid-region, riparian, agricultural system imperiled by climatic, 

landscape, and water resource changes, we hosted a workshop in winter 2014 to query attendees 

about present and future conditions in the watershed. Watershed residents, many from Rayón, 

were the primary attendees and the remainder was comprised of government officials responsible 

for administering within the watershed, for a total of twenty-three attendees. Attendees revealed 

that, on average, present social and ecological conditions in the watershed declined over the past 

five-years. On a scale of -2 to 2, attendees rated all six — climate (x̄ = -1.27), vegetation (x̄= -

1.41), water resources x̄ = -1.36), economy (x̄ = -0.95), community (x̄= -0.59), and institutions 

(x̄= -0.71) — as degraded. We then asked attendees to define within the six socio-ecological 

categories future scenarios and conditions they are concerned about. Then given these scenarios, 

we asked attendees to rank the five scenarios they are most concerned about. According to 
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frequency, the five attendee-defined futures they are most concerned about are: (1) 

insufficient/scarcity of rain (n = 20); (2) increase in temperature (n = 19); (3) overexploitation of 

aquifers (n = 14); (4) deforestation [sic we interpret this to also include lost productivity and 

plant density on the rangelands] (n  = 13); and (5) extreme weather events (n = 12).   

 

3.2 - Changes in climate: temperature and precipitation 

Analysis via the Standard Precipitation Index (SPI) confirms that temperature and 

precipitation in the watershed have indeed been changing and in accordance with patterns and 

conditions stated by watershed respondents. Furthermore, these changes, due to differences in 

elevation between the lower, middle and upper sub-watersheds, also differ according to a spatial 

gradient. The magnitude of climatic changes, and thus the severity of impacts, is highest in the 

lowest, most-downstream watershed, the climate change signal least strong in the upper sub-

watershed, and, indicative of things to come, a moderation of both the lower and upper sub-

watershed signals is found in the middle sub-watershed, a ballast between best- and worst-case 

socio-ecological conditions. Despite spatial differences in magnitude, the watershed as a whole is 

overall experiencing more severe droughts, and temperature and precipitation changes.  

Overall the watershed is experiencing more 100+° F days per year since 1974. Although San 

Miguel de Horcasitas in the lower sub-watershed is experiencing about five fewer 100+° F days 

on average per year (Table 2), it has the hottest annual average temperature and is experiencing 

the most severe precipitation changes of all the sub-watersheds; therefore we find the increase in 

number extreme hot days in the other sub-watersheds relevant and typical of the watershed on 

whole. Using 20-year normal periods we see that the upper and middle sub-watersheds 

experience almost an additional month’s worth of 100+° F days per year on average. At the more 
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stable 30-year time period, the temperature signal remains, but is also smaller in magnitude. The 

upper and middle sub-watersheds, respectively, experience about 13 and 6 more 100+° F days 

per year on average. More extreme heat days per year increase evaporative demand upon 

vegetation and stress plants and animals alike. 
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In all the sub-watersheds the average length of time between ‘wet’ (i.e. SPI value > 1) 

occurrences is increasing (Table 3). This result is true for 3-month and 6-month SPIs, and 20-

year and 30-year normal periods. Focusing on results from 6-month SPI values over 30-year 

normal periods — scales indicative of longer-term trends — the time between ‘wet’ occurrences 

in the upper sub-watershed from 1988 - 2014 was almost 5 months longer the average length of 

time from 1968 -1998; in the middle sub-watershed the average length of time from 1985 - 2015 

was 3 months longer than the average from 1975 - 2005; in the lower sub-watershed, 14 months 

(i.e. over a year) longer on average in 1985 - 2015 than 1975 - 2005. Results do not indicate a 

cessation of precipitation over a course of months in each sub-watershed, rather they indicate 

that cumulative monthly precipitation over a 6-month (or 3-month) period has become 

progressively less and less over the course of the watershed’s climate record, causing the time 

between ‘wet’ occurrences to become longer, and thus, to increase the likelihood rangelands and 

ranching operations will suffer from drought and require surface- and ground-water to weather 

extended periods of below ‘normal’ precipitation.   
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* Trends and patterns in precipitation timing found in Table 3 are true for both 3- and 6-month standard precipitation 
index (SPI) values. Trends from an analysis of 6-month SPI values are presented because they are indicative of 
medium- to longer-term trends. 
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The seasonal timing of the watershed’s bi-modal winter/summer precipitation pattern is also 

changing in a manner that corresponds with increased drought on rangelands and ranching 

operations, ultimately, increasing ranchers’ reliance on surface - and ground-water to sustain 

their operations. Wintertime drought is increasing in all the sub-watersheds due to weakening 

winter rains (Figure 2). In each of the sub-watersheds the number of ‘dry’ occurrences (i.e. SPI 

value < -1) per month are increasing during the winter months when analyzed at 3-month and 6-

month SPIs, and 20-year and 30-year normal periods. In Cucurpe, per a 6-month SPI, we find 

that the number of ‘dry’ occurrences from February to June have increased during the 1988 to 

October 2014, 30-year normal period versus the 1968 to 1998, 30-year period (Figure 2a). In 

Rayón, per a 6-month SPI, we find an increase in ‘dry’ occurrences during the same months, but 

do so with a shorter climate record than found in Cucurpe (e.g. there are two 30-year normal 

periods in Rayón from 1975 to 2005 and 1985 to August, 2015, versus the three in Cucurpe) 

(Figure 2b). In San Miguel de Horcasitas, per a 6-month SPI, the range of months experiencing 

more ‘dry’ occurrences over time increases from five to six months, January to June, from 1985 

to August 2015 versus 1975 to 2005 (Figure 2c). In each sub-watershed the month of May, 

among other months experiencing increased ‘dry’ occurrences, has the largest increase. The 

increased number of ‘dry’ occurrences from a 6-month SPI during these months means that 

rainfall from the preceding 5-months (i.e. winter months) is less than the historic ‘normal’. 

December and January are the primary months for winter precipitation in the Sonoran Desert, 

and the winter months most likely to undergo a decline and weakening in precipitation quantity 

or storm frequency. That precipitation during the primary winter months, December and January, 

is indeed weakening, is expressed in the finding that May experiences the largest increase in 
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‘dry’ occurrences per a 6-month SPI across the three sub-watersheds. December and January, per 

a 6-month SPI, are the first and second months used to calculate a May SPI value, hence we 

assume that declining rainfall during December and January are the primary reason May 

experiences the largest increase in ‘dry’ occurrences. The 3-month SPI per 20-year and 30-year 

normal periods is used to confirm that precipitation during the primary wintertime months are 

indeed weakening in terms of volumetric quantity or storm frequency. 

 

 
(a) 
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(b) 

 

 
 

(c) 

 

FIGURE 2: Weakening winter rains and increased wintertime drought in the Río San Miguel 

Watershed.  
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Trends and patterns for weakening winter precipitation are observed for both 3-month and 6-month standard 

precipitation index (SPI) values. The 6-month SPI is presented here because its pattern is more obvious and also 

indicative of medium to longer-term trends. (a) Upper sub-watershed, Cucurpe weather station; (b) Middle sub-

watershed, Rayón weather station; (c) Lower sub-watershed, San Miguel de Horcasitas’ El Cajon weather station.
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Changes to summertime, monsoonal precipitation patterns are also occurring in the Río San 

Miguel watershed (Figure 3). Monsoon rainfall, in general, is arriving later in the season, or as is 

the case in the lower sub-watershed, delivering less rainfall overall. These results agree with the 

finding that time between ‘wet’ occurrences are increasing, and ranchers’ own observations. In 

the upper sub-watershed, per a 6-month SPI and 30-year normal period, we see that ‘wet’ 

occurrences (i.e. SPI value > 1) are increasing from August to November, whilst decreasing in 

June and July (Figure 3a). In the middle sub-watershed, per a 6-month SPI and 30-year normal 

period, ‘wet’ occurrences are increasing in August and September, whilst decreasing in July 

(Figure 3b). Late-June or early-July is historically when the North American Monsoon begins. 

Increased ‘wet’ occurrences later in the summer season, or as is also the case in the upper sub-

watershed, fall, coupled with declines during June and July indicate that the onset of the 

monsoon and precipitation, in general, is being delivered later. In the lower sub-watershed, 

however, and as a likely scenario for things to come in the middle and upper sub-watersheds, less 

precipitation overall is being delivered, regardless of timing (i.e. ‘wet’ occurrences are declining 

across all months) (Figure 3c). Results from the lower sub-watershed indicate an overall 

weakening in both summertime/monsoon and wintertime rains, portending a more-arid fate for 

the watershed. Longer wait-times between seasonal precipitation events or less precipitation, in 

general, force ranchers to rely on remaining surface- and ground-water resources, further 

stressing the sustainability of these resources and the landscapes (e.g. riparian) and economies 

(e.g. agriculture) they support. In the Rió San Miguel Watershed meteorological and agricultural 

changes couple together to drive down both human and ecological buffer capacity against the 

onset of a more arid, parched environment in the watershed.   
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(a) 

 
(b) 
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(c) 

 

FIGURE 3: Later summertime arrival of the North American Monsoon (e.g. (a) & (b)) or overall 

weakening (e.g. (c)) in the Río San Miguel Watershed.  

 

Trends and patterns for weakening winter precipitation are observed for both 3-month and 6-month standard 

precipitation index (SPI) values. The 6-month SPI is presented here because its pattern is more obvious and also 

indicative of medium to longer-term trends. (a) Upper sub-watershed, Cucurpe weather station; (b) Middle sub-

watershed, Rayón weather station; (c) Lower sub-watershed, San Miguel de Horcasitas’ El Cajon weather station.
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3.3 - Spatial and temporal variation among sub-watersheds: landscape change 

and water security  

Linking four Landsat TM CART models covering an eighteen-year period with SPI values 

localized to each sub-watershed and stakeholder surveys reveals cause-and-effect interlinkages 

and feedbacks between landscape, climate, hydraulic, and agricultural changes in the watershed 

(Figure 4). Landsat satellite imaging shows that landscape change features in the watershed, like 

climate change and water insecurity, differ along a spatial gradient where operations furthest 

downstream and more reliant on surface-water irrigation are the most vulnerable and least 

resilient to observed changes in quantity and quality of resources or Earth systems, especially as 

these changes relate to water security. Specifically, upstream agricultural intensification during  

dry ‘neutral’ periods or in times of drought, results in downstream declines in water resources 

that can (a) after an initial increase in agricultural productivity, bring about long-term conditions 

inclement to sustainable agriculture overall (e.g. Rayón in the middle sub-watershed); or (b) 

reduce the overall ability to perform two-season agriculture to the extent that fallow or 

abandoned fields predominate the agricultural landscape classification, or according to key 

respondents, agrarian livelihood is abandoned entirely (e.g. San Miguel de Horcasitas in the 

lowest sub-watershed) (Figure 4c). In the upper sub-watershed we see an overall 2061% increase 

from 1993 to 2011 in fallow-spring, sprouted-fall agriculture, and from 1998 to 2002 

specifically, a 4852% increase in this agricultural sub-class (Figure 4a). Similarly in the middle 

sub-watershed, but less in magnitude, we see an overall 190% increase from 1993 to 2011 in 

fallow-spring, sprouted-fall agriculture, and from 1998 to 2002 a 276% increase in the sub-class 

(Figure 4b). These increases occur despite negative ‘neutral’ or ‘dry’ SPI values prevalent in 

both spring and fall periods. Observed landscape changes in upper and middle sub-watersheds 
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differ from the predominate landscape change dynamic observed in the lower sub-watershed. 

From 1993 to 2011 fallow-spring, sprouted fall agriculture in the lower sub-watershed decreases 

by 19% (Figure 4c). Instead fallow or abandoned agriculture is the dominant agricultural 

landscape sub-class over this period, increasing by 58% overall, and by 152% from 1998 to 

2002, the same period fallow-spring, sprouted-fall agriculture experiences its largest increase in 

the upper and middle sub-watersheds. The predominance of abandoned or fallow fields in the 

lowest sub-watershed is connected to the concurrent spike in agricultural production seen in the 

upper and middle sub-watersheds. Intra-watershed hydrological connectivity explains this 

observed spatiotemporal dynamic: increased upstream groundwater use to fuel agricultural 

expansion from 1998 to 2002 depressed water resources in the lower sub-watershed to the extent 

that its fields went unplanted in spring and fall.     
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FIGURE 4: Change in agriculture and climate in the Río San Miguel Watershed.  

 

Pixel counts for each landscape category are derived from remotely sensed Landsat-5 images and paired with the 6-

month standard precipitation index (SPI) values from each image’s respective date. Comparisons between 

agricultural land cover in times of drought (or lack thereof) tell us about groundwater use to support agricultural 

operations and changes in arable area.  (a) Upper sub-watershed, Cucurpe municipal area and weather station; (b) 

Middle sub-watershed, Rayón municipal area and weather station; (c) Lower sub-watershed, San Miguel de 

Horcasitas municipal area and El Cajon weather station.
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Agricultural landscape dynamics within the watershed change again between 2002 and 2011. 

These changes, analyzed in the context of ‘dry’ or ‘extremely dry’ SPI values, emphasize the 

extent that farmers and ranchers in the watershed rely on groundwater to support their 

operations, and the extent that contemporary landscape dynamics in the watershed result from 

how post-1993 social-ecological changes combine with watershed hydrological connectivity to 

stress and determine water resources available for agricultural operations. Despite ‘dry’ spring 

and fall SPI values — indicating groundwater use to compensate — agricultural dynamics 

observed from 1998 to 2002 remain stable from 2002 to 2011 in the upper sub-watershed. 

However, from 2002 to 2011 the agricultural landscape dynamic in the middle sub-watershed 

diverges from the dynamics seen in the upper sub-watershed. In the middle sub-watershed there 

is an 84% decrease from 2002 to 2011 in fallow-spring, sprouted-fall agriculture, a logical 

change given ‘dry’ SPI values are present during spring and fall periods, but in contrast to the 

stable agricultural dynamics observed in the upper sub-watershed. Differences in agricultural 

dynamics between upper and middle sub-watersheds indicate that the middle sub-watershed will 

likely show the same agricultural dynamics seen in the lower sub-watershed from 1998 to 2002 

due to upstream groundwater use as well as from within the sub-watershed. In the middle sub-

watershed 18% and 13% of fallow spring and fall pixels changed to (a) sprouted fall and spring 

or (b) fallow spring, sprouted fall agriculture, respectively. Another example of within watershed 

agricultural intensification and groundwater use is that 13% of fallow spring, sprouted fall pixels 

became sprouted spring and fall pixels; or changed to sprouted spring, fallow fall pixels, a type 

of crop cycle that relies on groundwater to plant spring crops, unaided by summer rains due to 

timing. Although from 2002 to 2011 14% of fallow pixels and sprouted spring, fallow fall pixels, 

respectively, change to sprouted fall and spring pixels, the dual-effects of climate change-type 
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drought and overtaxed water resources is that 50% of fallow spring, sprouted fall (i.e. rainfed) 

pixels change to a desert thicket landscape class (i.e. our subtropical-sarcocuale classification). 

In the lower sub-watershed we see that the amount of fallow/abandoned agriculture pixels is 

stable between 2002 and 2011, decreasing only 4.5%, but we also see a 67% increase in fallow 

spring, sprouted fall pixels accompanied by a 46% decrease in sprouted spring and fall pixels 

during this period. Stability within the fallow spring and fall pixel class indicates that ranching 

operations continue to remain – unaffected by both agricultural and meteorological drought in 

2011. Furthermore, 45% of 2002 fallow/abandoned agriculture pixels changed to ‘desert scrub’ 

pixels in 2011, indicating that although the overall number of pixels remain stable between 2002 

and 2011, fallow/abandoned fields in the lower sub-watershed are becoming more prevalent 

among agricultural operations. We suspect the 2011 increase in fallow spring, sprouted fall 

pixels is due to the construction and completion of the “Las Malvinas” aqueduct in 2004 and its 

concurrent ability to provide more groundwater to those who have usage rights, but, in 

combination with other conditions that factor into rancher decision-making, is insufficient to 

sustain prior levels of sprouted fall and spring agriculture because not all ranchers have access or 

usage rights. It must also be noted that the 2004 construction of the Las Malvinas aqueduct takes 

place after the lower sub-watershed’s 2002 spike in fallow/abandoned agriculture, indicating 

year-round crop fallowing is the result of upstream groundwater use from small-rights holders 

combining with lower sub-watershed use, versus large infrastructure in the lower sub-watershed 

combining with the sub-watershed’s small-rights holders to deplete water resources to the extent 

that planting is impractical.  

Accompanying the upper and middle sub-watersheds’ 2002 spike in agricultural pixels is a 

concurrent decline in riparian and arroyo mesquite/vegetation, and, in the instance of the middle 
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sub-watershed, riparian pixels, too (see Figure 5b). From 1998 to 2002 in the upper sub-

watershed, arroyo and riparian vegetation pixels declined by 18% and 32%, respectively (Figure 

5a). For the same period and classes in the middle sub-watershed, -30% and -70%, respectively, 

and a 27% decline in riparian pixels, also (Figure 5b). These declines are not accompanied by 

commensurate declines in pixels for combined grassland classes in the upper and middle sub-

watersheds, 52% and -13%, respectively, indicating that climate is not solely responsible for 

declines in riparian and arroyo vegetation from 1998 to 2002. Per responses from respondents in 

Rayón, landscape changes in riparian areas are connected to agriculture - vegetation in the 

riparian area was cleared to make way for agricultural plots. This landscape change dynamic is 

also found in the upper sub-watershed. From 1998 to 2002 19% and 12% riparian pixels in the 

upper sub-watershed changed to fallow-spring, sprouted-fall or sprouted spring and fall pixels, 

respectively. Conversely in the lower sub-watershed we see a 445% increase in riparian 

mesquite/vegetation concurrent with the discussed 2002 spike in fallow/abandoned agriculture 

pixels (Figure 5c), suggesting that woody shrub encroachment is the landscape dynamic that 

follows agricultural abandonment due to long-term meteorological and agricultural drought. In 

the lower sub-watershed from 1998 to 2002 17% and 15% of abandoned/fallow agriculture 

pixels changed to mesquite and desert scrub pixels, respectively. A similar landscape change 

dynamic is seen in the lower sub-watershed’s other agricultural classes, with the change to desert 

scrub and other desert thicket classes becoming the predominant pixels agricultural pixels change 

to from 2002 to 2011. Accompanying ‘dry’ SPI values and spikes in abandoned agriculture and 

riparian mesquite/vegetation pixels in the lower sub-watershed is a 34% decrease in combined 

grasslands from 1998 to 2002, followed by a 83% increase from 2002 to 2011 (Figure 6c). The 

2002 decline is an example of reduced rangeland productivity in response to climatic drought. 
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The 2011 increase in combined grassland pixels is accompanied by a concurrent 66% decrease in 

riparian mesquite/vegetation pixels, with 30% of them changing to a grassland classification 

from 2002 to 2011, and 13% of riparian pixels also changing to a grassland class during this 

period, suggesting rancher intervention to sustain livelihood by clearing riparian areas in order to 

increase rain-fed forage. The landscape trends that are true in each of the three sub-watersheds 

from 1993 to 2011 are, in general: (a) sprouted spring and fall agriculture is decreasing; (b) 

sprouted spring, fallow fall agriculture is decreasing; and (c) riparian mesquite/vegetation is 

increasing.     



	 159	

             

 

 



	160	

 

 
  FIGURE 5: Change in riparian vegetation and climate in the Río San Miguel Watershed.  

 

In addition to the primary location for agriculture in the watershed, the river’s watercourse and floodplain areas are 

shared between agriculture, stands of riparian trees, and dense, tall stands of woody mesquite trees. Mesquite stands 

also populate arroyos (i.e. tributaries with intermittent, seasonal flows, but otherwise dry most the year). Riparian 

mesquite and arroyo vegetation are less groundwater dependent. Pixel counts for each landscape category are 

derived from remotely sensed Landsat-5 images and paired with the 6-month standard precipitation index (SPI) 

values from each image’s respective date. Since agriculture often shares the same areas as riparian vegetation 

classes, change within the riparian landscape category tells us about coupled natural-human landscape dynamics. (a) 

Upper sub-watershed, Cucurpe municipal area and weather station; (b) Middle sub-watershed, Rayón municipal area 

and weather station; (c) Lower sub-watershed, San Miguel de Horcasitas municipal area and El Cajon weather 

station. 
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FIGURE 6: Change in grassland land cover and climate in the Río San Miguel Watershed.  

 

Grasslands respond to seasonal precipitation, especially monsoonal rainfall, and are not dependent on surface-water 

or groundwater sources for their annual green-up. The grassland land cover serves as a control for changes seen in 

other vegetation land cover categories. Pixel counts for the grassland category are derived from remotely sensed 

Landsat-5 images and paired with the 6-month standard precipitation index (SPI) values from each image’s 

respective date. a) Upper sub-watershed, Cucurpe municipal area and weather station; (b) Middle sub-watershed, 

Rayón municipal area and weather station; (c) Lower sub-watershed, San Miguel de Horcasitas municipal area and 

El Cajon weather station. 
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4. Discussion 

Here we document via a participatory social-ecological assessment (Whitfield & Reed, 2012) 

an arid agro-ecosystem in disequilibrium due to both human and climatic factors (Engler et al., 

2018) to the extent that local livelihoods are imperiled (Reynolds et al., 2007). Similar to other 

studies focused in Sonora, Mexico or on the Arizona-Sonora Border Region, we find the 

following: drought due to warming temperatures and precipitation deficits become more 

common in the 20th century (Weiss et al., 2009); declines in vegetation and perennial grass 

forage as a result of late 20th century drought (Breshears et al., 2005); riparian habitat declines 

accompany agricultural intensification (Mendez-Estrella, et al., 2016); abandonment of 

agricultural fields is increasingly common (Romo-Leon et al., 2014); woody shrub encroachment 

threatens the takeover and replacement of grasslands (Archer, 1994); small operations are the 

most vulnerable to climate change (Eakin & Conley, 2002); and dual pressure from long-term 

drought due to climatic changes and increased human water use threaten the depletion of 

Mexico’s aquifers (Scott, 2011). Particular to our study, however, we show that there are spatial 

and socio-economic dimensions to the causes, impacts, and resilience to landscape change and 

livelihood insecurity caused by the social and ecological factors that drive drought and aquifer 

depletion. Primarily, in the Río San Miguel Watershed we find that the lower in latitude and 

location within the watershed a ranching operation is, as well as the lower its access to 

groundwater, and therefore the smaller the supported herd size, the lower is the particular 

ranching operation’s overall resilience to the combined effects caused by the aforementioned 

conditions. Furthermore, we show that riparian health and agricultural prosperity are linked and 

coupled: declines in riparian ecosystem integrity accompany declines in agriculture and ranching 
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as sustainable livelihood. Underscoring this connection is the importance that riparian areas and 

resources have in supporting agricultural intensification, especially as a rural development 

agenda for small-holders, and, as buffer and adaptation strategy against, inter alia, decreased 

rangeland productivity due to climate change-type drought. These trends and associated socio-

ecological drivers are a feedback loop with dire consequences for humans and environment in 

the region (De La Torre-Valdez & Moreno-Vásquez, 2019), and as such, have lessons about the 

imminence of threats, consequences, and the need for solutions in other arid, agrarian, riparian 

systems.    

How to balance ecosystem health, pro-poor development within the agrarian sector, 

intensified agriculture as sustainable livelihood, and the water resources needed to support all the 

aforementioned, especially in arid, water-constrained climates, is a complex problem that 

requires understanding the multi-scalar (temporal, spatial, institutional), socio-ecological nature 

of the causes and potential solutions. Achieving this balance requires evaluating the role of past 

and future policies, management, and other types of institutional interventions (Brugger et al., 

2018; Wilmer & Fernández-Giménez, 2015; McClaren et al, 2015; Whitfield & Reed, 2012) at 

rancher, sub-watershed, watershed, regional, national, and international scales to influence 

current patterns or to improve resilience within the Río San Miguel Watershed (Lee et al. 2015), 

especially in the context that adaptations and improvements must be both social and ecological 

(Scott et al., 2013; Scott & Buechler, 2013; Sayre et al., 2012; Joyce et al., 2013; Briske et al., 

2011; Vásquez-León et al., 2003). Our work in the Río San Miguel offers specific examples. For 

example, ranchers informed us that our annual workshops were the only instances they can recall 

that ranchers from the upper, middle, and sub-watersheds were made aware of conditions in the 

other sub-watersheds or invited to meet together to discuss them with other ranchers or 



	 165	

ministerial officials. That ranchers have little to no knowledge about intra-watershed conditions, 

especially in regards to water issues (Navarro et al., 2017), hinders crafting solutions (Scott et al., 

2013), but is also an opportunity to intervene via stronger integration and cooperation between 

sub-watersheds in order to, vis a vis cooperative networks in arid-region riparian corridors, 

manage for social (e.g. sustainable economy) and ecological (e.g. riparian health) outcomes 

(Varady et al., 2000). Our work provides another example of cross-scaler institutional 

interventions to improve ranching operations’ resilience. Drought management workshops used 

on US rangelands (Brugger et al., 2018; Tolleson, 2017) were translated into Spanish, and in 

coordination with the local ranching association, administered to Rayón’s ranchers, providing 

them, in their own words, a set of common terms, considerations, and protocol whereby they are 

able to discuss and share strategies to prepare, adapt, and manage for drought. Building better, 

stronger institutions via local users’ participation are priority actions for dealing with drought 

and water insecurity in Mexico (CONAGUA, 2013), desertification (Orr et al., 2017), and 

climate change, in general (Agrawal et al., 2008). However, our findings underscore that impacts 

from environmental (i.e. climate and landscape change) and human (i.e. rangeland and water 

use) drivers are at a critical point regarding sustainable ecosystems and livelihood, and that 

institutional capacity building, reforms, and interventions need to be pursued and achieved with 

alacrity and according to the spatial dimensions of who are most vulnerable. 

Furthermore, in addition to climate and human driven landscape changes that cause 

unsustainable livelihood in arid agricultural systems (MEA, 2005) adaptive management and 

institutional interventions should also focus on aquifer depletion due to cumulative groundwater 

use by large and small rights holders alike. Especially in the context that climate change-type 

drought and intensified agriculture drive increased consumption and reliance on groundwater. 
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We see this in the Río San Miguel Watershed. Rural development policies aimed at increasing 

the standard of living and international agricultural exports were followed by changes in water 

policy that led to changes in quantity and operational size of ranching operations, largely leading 

to accomplishment of the aforementioned goals, but, contrary to stated intentions (Gobierno del 

Sonora, 1985), it was unable to accomplish them without stressing water resources. Ultimately, 

agricultural intensification in combination with increased drought and reduced rangeland 

productivity, led to water insecurity so severe that aquifers were depleted and short-term 

development gains were erased by the incapacity to sustain agrarian operations and livelihood 

over the long-term. It is a tough reality that rural development policies meant to improve well-

being and standard of living among poor populations are unsustainable because they produce 

land degradation, rangeland disequilibrium, and water insecurity so severe that resources become 

insufficient to sustain livelihood. The reality becomes even tougher when climate change, also a 

driver of land degradation, rangeland disequilibrium, and water insecurity, is added to the 

equation. Fundamental reshaping and loss within agrarian economies due to climate change and 

water scarcity are also accompanied by fundamental landscape-scale ecosystem changes 

(species, form, function) (Bestelmeyer et al., 2015). Dryland riparian ecosystems are important 

habitat for both local and migrating wildlife, and also provide, as is the case in our study area, 

crucial ecosystem services needed to sustain human economies and well-being. Dryland riparian 

ecosystems, however, are affected by changing landscape-scale environmental factors (Palmquist 

et al., 2018), and, as we show, watershed-scale changes in human water use, ranching operations, 

land use, and how they are managed in combination with one another. Livelihood loss, aquifer 

depletion, riparian ecosystem loss, desertifying rangelands, all found in the Río San Miguel 

Watershed, are negative social-ecological system transformations that have severe consequences 
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for humans and environment. Adaptive management and institutional interventions focused on 

the cumulative impact from many small-wells and how they combine with large users and 

upstream-downstream hydraulic connectivity is required in order to arrest, mitigate, or slow the 

negative social and ecological changes that accompany modern, watershed-scale irrigation 

regimes. Management, solutions, and interventions must also address the issue that downstream 

operations and rights holders are much more vulnerable, less resilient and less water secure than 

upstream locations to the combined impact of cumulative groundwater pumping, climate change-

type drought, and landscape changes, particularly on aquifer levels. Our findings and their 

significance agree with and make more complex dryland water security and adaptive 

management conundrums (Scott et al., 2013). However, local livelihood, as well as regional and 

international food security, will suffer as a failure to intervene and adapt (Lutz-Ley et al., 2018). 

Our findings also add to the body of literature about how climate patterns are specifically 

changing in the Sonoran Desert (i.e. SW USA, NW Mexico) and what future climate in the 

region might be like (Garfin et al., 2013). Warming temperatures and precipitation deficits 

(Seager & Vecchi, 2010; Weiss et al., 2009), drought frequency and its spatial variability have 

increased (McClaran & Wei, 2014), and increased number of heat-stress days (Reeves & Bagne, 

2016) are among the observed climatic changes in the Sonoran Desert region, and all are 

indicative of a aridifying, more water-constrained climate. However, how the North American 

Monsoon may potentially change in the face of global-scale and the afore-mentioned regional-

scale climatic changes is an area of uncertainty (Garfin et al., 2013). Previous studies have 

projected that likely changes are: a weakening of monsoon rainfall due to longer and more 

frequent dry periods in the monsoon region (Cavazos & Arriaga-Ramirez, 2012); and less annual 

total precipitation due to changes in the subtropical atmospheric processes that influence 
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monsoonal systems as a result of global warming (Chou & Lan, 2011). Our results confirm and 

agree with these projected changes for the North American Monsoon, but improve our 

understanding about the types of changes to timing and quantity we can expect to see in the 

region’s monsoon and winter precipitation. Overall, as a result of precipitation timing and 

quantity, in combination with temperature, we expect droughts in the Sonoran Desert will 

become more intense, common, and longer. The pressure on groundwater resources as a result of 

these changes will also increase, and be particularly acute in the agriculture sector because it 

makes decisions based on seasonal conditions.   

 

 5. Conclusion 

We have presented a rural, agrarian, dryland watershed whose social and ecological systems 

are coupled and, due to this interconnectivity and recent decadal-scale changes, are in critical 

condition. Since the late-1960s climate in the watershed has progressively become more arid, 

droughts more frequent and intense, as the mean global temperature has increased. There are 

more 100+° F days per year, the length of time between ‘wet’ periods longer, increased 

wintertime drought due to weakening winter rains, and later starts to the summertime monsoon 

season. Results from these changes are: declining forage and rangeland productivity; dead wells 

and dried surface-water reaches; and riparian die-off. Social changes have also combined with  

climatic changes to augment its impacts and quicken the rate social and ecological resources, 

namely aquifers, are driven to critical levels in the Río San Miguel Watershed. Although 

mechanized groundwater wells have been in the watershed since the 1950s, and the drying of 

surface-water reaches first noted by ranchers in the 1970s, the key threshold for the watershed’s 

current critical state is mid-1990s agricultural internationalization and intensification via 
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Mexico’s entrance into NAFTA and associated reforms. In the short-term increased access to 

global-markets and groundwater pumping rights to support larger herds was, arguably, 

successful as development policy for poverty reduction. However, twenty-five years later, these 

initial gains, without adaptive reforms, appear unsustainable long-term. Within 1 !
!
 to 2 

generations from the first introduction of mechanized pumps in the watershed, aquifers, largely 

due to 1990s policy and ranching operation changes combined with climate change, are drying 

because withdrawal exceeds recharge and supply. Ultimately endangering the watershed’s 

centuries-old use of ranching for livelihood. Small-scale infrastructure (i.e. communal, 

mechanized pumps used for irrigation) is simultaneously a development and climate adaptation 

tool in acute, short-term instances, but due to widespread access and overuse is a long-term 

threat to water security. Likewise, riparian zones resources (e.g. deep depth-to-groundwater) 

have also been key to ranchers’ capacity to buffer against droughts, climate and rangeland 

changes, but their sustained, long-term overuse threatens riparian composition, health, 

persistence, and the well-being of wildlife — and humans — that rely on them.  

Sustained reliance on groundwater to develop intensified agriculture in the watershed, then 

buffer it against climate change, has desiccated aquifers to critical levels, ultimately reducing 

ecosystem and rancher resilience to the extent that riparian corridors, rangelands, and agrarian 

livelihoods are in danger. Furthermore, resilience and hazard are not distributed equally: (a) 

small-holder operations have the least resources to buffer against changes; (b) surface-water 

operations have less adaptive capacity and resilience than operations with groundwater access; 

(c) operations and sub-watersheds lowest in latitude and downstream are the least water secure, 

most at risk, and first to experience climatic, hydrologic, and interrelated changes. The latter is 

concerning. Small-scale groundwater irrigation pumps — a key tool for rural development 
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programs and resource to mitigate droughts — alongside, climate change and agricultural 

intensification, must also be considered a primary source of rangeland disequilibrium. That 

upstream use actively contributes to making downstream operations worse-off, especially when 

downstream locations are likely experiencing the harshest effects of climate change-type drought 

and most in-need for groundwater use to buffer against impacts, only makes the conundrum of 

how to balance groundwater infrastructure as tool and threat, especially in the context of pro-

poor development and sustainable livelihood, more complicated. Adaptive management and 

institutional interventions that increase capacity within users or their connectivity with one 

another or to institutions via participation and cooperation are recommended responses to 

prepare for or protect against rangeland degradation from climate and aquifer changes. Crisis is 

the concrete case for many families in the Río San Miguel Watershed. Lessons about the crisis’ 

causes and responses are relevant to other dryland rangelands, agrarian economies, and 

watersheds defined at regional — and as climate change-type droughts become more severe and 

widespread — national and international scales.  
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Abstract:	

A number of sustainable development challenges beset the 21st century. Central among them is 

urbanization and the concomitant need to mitigate high heat risks from climate change and the 

urban heat island effect. Remediation is possible via urban greening paired with green 

infrastructure. Although maximization of benefits from implementation requires city-wide 

participation in collective efforts, the most vulnerable citizens are often excluded from greening 

– green infrastructure resources, processes, and efforts. This paper addresses challenges and 

potential solutions to documented disparity in participation between low-income versus median-

income households in rainwater harvesting (RWH) programs in Tucson, Arizona. Despite the 

need and existing incentives offered for increased neighborhood-scale adoption of RWH to help 

achieve city-wide goals for increased greening to address heat risk, Hispanic minority, low-

income communities are underrepresented participants in the city’s incentive programs and 

greening efforts. These same communities also experience a disproportionate lack of tree canopy 

and higher urban temperatures compared to residents of other areas of the city.  Both social and 

ecological factors are at cause for the inequitable, imbalanced racial/ethnic distribution of high 

heat risk in the city. The primary barrier is financial: given households’ low-incomes, system 

implementation costs are too expensive. This paper describes and discusses the process that 
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brought low-income RWH programs to fruition, and what the lessons from this process are for 

urban greening, environmental justice, water security, climate adaptation, and natural resources 

management, in general. We show that tiered-institutions are key to developing and mediating 

greening and sustainable urban development processes to address the challenge. Namely, NGOs 

and focal points historically embedded in socio-ecologically vulnerable communities are often 

excluded from resources and decision-making even though they are best equipped to intervene 

and redress localized challenges as opportunities for social and ecological gains. Targeted 

funding and improved institutional linkages via participation, inclusiveness and cooperation are 

necessary to redress social-ecological inequity in these communities, as well as to serve as the 

basis of programs for achieving city-scale greening and stormwater capture. The lessons learned 

highlight barriers, challenges, and best-practices that are valuable for both climate adaptation and 

development in drylands or other climatic regions. 

 

A. INTRODUCTION 

 Humanity remains faced with many questions about what defines 21st century sustainable 

development and how to achieve it  (UN, 1992, 2012). With the percentage of people worldwide 

living in urban areas expected to increase from 55% in 2018 to 68% by 2050, urbanization — 

and what constitutes sustainable urban form for human and natural systems — is one of the most 

pressing sustainable development challenges (UN, 2019).  Large urban footprints of water and 

carbon due to inefficient resources use and waste, environmental problems (e.g. ecosystem 

losses, elevated temperatures), and social inequality are among the gravest and most un-

sustainable processes associated with urbanization (e.g. Billen et al., 2012; McGranahan et al., 

2005; Power, 2001).  
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 The urban heat island effect (UHI), or hotter, amplified urban temperatures due to 

conversion of landscape to the built environment via construction materials and surfaces that 

alter the surface energy balance (Oke, 1982), is a problem specific to urbanization that (a) 

stresses both environmental and human function (Zhao et al., 2016; Tzoulas et al., 2007) and (b) 

is a major driver of high water and carbon footprints (Phelan et al., 2015). Especially pernicious 

are global climate change and urbanization, two human-driven environmental changes, that when 

coupled, exacerbate and amplify temperature increases inherent to each processes (Pincetl et al., 

2013; Luber & McGeehin, 2008; Wilby, 2007). Urban greening and green infrastructure are 

recommended methods to address a holistic, interlinked set of urban livability problems (i.e. 

environmental, social, economic) (Schäffler & Swilling, 2013), as well as to mitigate the urban 

footprint’s impact on broader, multi-scalar regional processes (e.g. watershed management, 

climate change) (Kramer, 2014; Halper et al., 2012). Specifically, urban greening as urban 

forestry and improved tree canopy, paired with green infrastructure, is the best-practice 

recommended for addressing, inter alia, UHI and stormwater impacts (e.g. EPA, 2015; Middel et 

al., 2015; Shuster & Rhea, 2013; Chow & Brazel, 2012; Gill et al., 2007). In this context “green 

infrastructure” is a set of technical principles and built measures focused on stormwater 

management and meant to deliver climate resilience gains and other social-ecological benefits to 

communities (Kramer, 2014).  

Although green infrastructure is meant to address a number of weather-related impacts 

intensified by climate change, such as flooding, drought, heat waves, coastal erosion, and 

dwindling water supplies, pollution and flood mitigation are often the primary purpose of most 

US green infrastructure examples (OER, 2015). Many of these examples are located near 

perennial waterways and waterbodies, as well as found in temperate and sub-tropical climates 



	180	

that experience numerous rainy days per month for multiple months, and retain moisture and 

humidity throughout the year. How to achieve greening without further straining potable supplies 

is a foremost challenge for urban greening in water-limited drylands where climatic changes and 

population growth further constrains already limited supplies (Overpeck & Udall, 2010). In 

drylands then, water conservation and reuse are the primary functions (vs. water quality) of 

pairing greening efforts with green infrastructure. High, hot temperatures are also typical in 

water-scarce climates, and, in couple with less precipitation, will become more common and 

drive increases in drought and their intensity (IPCC, 2015; Garfin et al., 2013).  Vegetation in hot 

dryland climates (Halper et al., 2012), especially shade trees (Chow et al., 2012; Shashua-Bar et 

al., 2009), reduce both daytime and nighttime urban temperatures, and the cooling effect is 

enhanced from canopy agglomeration coverage throughout the urban area (Zhang et al., 2017). 

Therefore, increasing urban canopy in drylands to reduce UHI’s impacts and pairing greening 

efforts with green infrastructure to mitigate increased demand on potable supplies is an urban 

adaptive management best-practice that ought to be mainstreamed and upscaled to improve 

livability and resilience in the face of warmer, drier climates due to climate change. In addition 

to cooling and its concomitant reduction in energy usage (Silva & Fillpot, 2018; Kloss, 2008) 

and heat exposure (Mitchell et al., 2011; Tsiros, 2010), recreational space and reduced household 

water use (Halper et al., 2015), improved home values (Bark et al., 2009), improved air quality 

(McPherson et al., 1997), larger interpersonal networks (Watkins et al., 2018), improved civic 

engagement, especially in regards to environmental stewardship (Cite Fisher et al., 2015), and 

climate change mitigation via carbon sequestration (Rosenfield et al., 1998) are among urban 

greening’s other benefits. All of the aforementioned mitigate urbanization challenges, especially 

in the context of social and ecological problems. However, as we examine, needs, benefits, and 
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application are inequitable. Solving greening, climate adaptation, and urbanization challenges to 

the maximum extent requires understanding that social-ecological inequality, disproportionate 

harm, and imbalanced exclusion delineated along economic, racial, and ethnic characteristics are 

also problematic components within these challenges. 

 Urban greening is both a need and a good. And in drylands, as a matter of holistic water 

resources best practice, greening ought to be paired with (green) infrastructure to upscale overall 

coverage, access, and benefits. There are, however, generalizable and place-specific engineering 

and process challenges to planning, implementing, and upscaling coupled urban greening – green 

infrastructure (Staddon et al., 2018; Driscoll et al., 2015; Haaland & van den Bosch, 2015). 

Design and engineering challenges are significant, practical impediments to greening via holistic 

water resources reuse; however, this paper will primarily focus on processes and social 

instruments for leveraging social-ecological disparities into opportunities to enhance low-

income, marginalized communities’ participation in collective actions and efforts like urban 

greening via green infrastructure. To do this, we begin with an assessment of general challenges 

known to afflict urban greening – green infrastructure efforts. Although problems and associated 

needs are unique to a particular jurisdiction depending on its geographic region, size, 

institutional structure (Ries et al., 2007; Schroeder et al., 2003), and the cultural, social, and 

political values, attitudes, and capacities internal and external to its sectors, communities, 

neighborhoods, and households (Eakin et al., 2014; Pregernig, 2000), a number of process and 

institutional challenges to upscaling urban greening – green infrastructure have been identified. 

Noted process and institutional challenges are: cost-benefit/payback over time (Copeland, 2014; 

Domènech & Saurí, 2011; Escobedo et al., 2008); inadequate funding and political or public 

support (Driscoll et al., 2015); staffing, policy, and integration with other city systems (social 
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and ecological, institutional and built) (Wolf & Kruger, 2010); lack of citizen outreach, 

education, or advisory boards, as well as management plans (Stevenson et al., 2008); insufficient 

ordinances and resource allocation to manage and maintain achieved gains (Treiman and Garter, 

2004; Schroeder et al., 2003; Green et al., 1998); establishing regional best-practices (Wolf and 

Kruger, 2010); determining community needs and allocating required resources (PSU, 2009; 

Ries et al., 2007); goals and objectives for care and other management, maintenance, capacity, 

and resource issues related to long-term sustainability and care for greening gains (Driscoll et al., 

2015; PSU, 2009). These challenges can be grouped into general categories (Staddon et al., 

2018; Haaland & van den Bosch, 2015): (a) provision, planning, and management; (b) social 

equity and socio-economic factors, (c) resident perspectives and public participation; (d) 

institutional constraints; (e) standards/ordinances, regulation, and best-practices; and (f) 

financing. Broadly, these challenges hinder solving urbanization’s social-ecological problems. 

Especially in the context of landscape change, pollution, resource limitations (natural and 

economic), disproportionate harm, resilience to climate change, and, most generally, balanced, 

sustainable urbanization.     

Human, political, and economic capital are required to solve the above interlinked 

challenges. In other words, human interactions mediated by inter-personal relationships or 

institutional processes are required to make decisions about outcomes and interventions (De 

Stefano & Hernandez-Mora, 2018; Reiter et al., 2018; Armitage et al., 2009; Ostrom, 2007; 

Anderies et al., 2004). Within this context, participation among a range of stakeholders (e.g. the 

public, organizations, neighborhoods, agency and elected officials, inter alia) is essential for 

achieving urban greening (Janse & Konijnendijk, 2007), land management (Whitfield & Reed, 

2012; Berkes & Folke, 1998), water security and governance (Mott & Megdal, 2016; Lemos, 
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2015; Scott et al., 2013), socio-economic development (Reynolds et al., 2007), and climate 

change adaptation (Conde & Lonsdale, 2005; Lemos & Morehouse, 2005), especially in regards 

to crafting robust menus of solutions, cohesive action, equity, capacity building, and better-

functioning, more sustainable outcomes. Hence, we acknowledge that participation and 

engagement are not without complications (i.e. procedural complexity and time requirement) 

(Mott & Megdal, 2016) nor a panacea (Pahl-Wostl et al., 2012), but we assert that participation 

(Bailey & Grossardt, 2010; Arnstein, 1969) also ought to be best practice for environmental 

governance, climate adaptation, and urban greening. Short-term complications and opportunity 

costs are mitigated by the potential for long-term sustainability gains, especially via participatory 

processes’ capacity to produce useful, usable, actionable strategies from a diversity of interests 

(Fernandez-Gimenez et al., 2008; Lemos, 2015), especially among historically marginalized 

communities that are also the most socio-ecologically vulnerable and least insulated from 

impacts (Arnold & Fernandez-Gimenez, 2007; Culp et al., 2015). Participation as an instrument 

for overcoming greening and climate adaptation challenges is of particular importance because 

across the United States historically marginalized communities, typically racial/ethnic minorities 

and low-income/impoverished households, have the least tree canopy, but highest vulnerability 

to harms from heat in their respective urban areas (Jesdale et al., 2013). Overcoming this 

disparity is a foremost challenge for deriving maximal benefits from urban greening and climate 

adaptation efforts.   

 Furthermore, we assume engineering and design-based solutions are numerous and can 

be answered and assigned after decisions about preferences and green infrastructure system-type 

have been made via collaborative, dialectic, iterative procedures. Tiered-institutional processes, 

decision-making between user and expert, or administrator, inter alia, should guide as-are-



	184	

appropriate engineering solutions, that should, in-turn via the tiered, iterative process, guide 

decisions about feasibility, practicality, materials, and costs (Lee et al., 2015). In particular we 

look at the role participation, cooperation, and dialogue among residents, citizens, elected 

officials, organizations, and the water utility (i.e. tiered-institutions) have in parsing the social, 

economic, organizational, and demographic heterogeneity that typifies cities. We synthesize 

these processes as reflecting the need to (a) upscale tree-canopy to build climate change 

resilience in an urban dryland, (b) respect the diverse needs and visions that result from urban 

heterogeneity, and (c) ensure the most socio-ecologically vulnerable are included in these efforts.  

 Specifically, we use the case of Tucson, Arizona to present lessons about integrated 

resources practices and policies to improve social-ecological resilience and climate adaptation 

via upscaled urban greening. As described in detail in the next sections, we introduce the study 

area, then partition it into relevant, delimited subsets according to jurisdictional or community 

boundaries to better understand needs and opportunities for policy creation, especially as it 

relates to identifying, then reducing exposure in the most vulnerable communities. These results 

show that (a) low-income, racial/ethnic minority neighborhoods have some of the lowest tree 

canopy and extreme heat exposure in the city and (b) urban greening and, in general, climate 

adaptation, challenges are also social-ecological justice challenges.  In connection with these 

results, we follow with the iterative, cooperative, tiered science-policy-public process that 

resulted in Tucson’s Neighborhood Stormwater and Low-income Rainwater Harvesting 

programs to upscale urban greening – green infrastructure. These programs show how 

participation, engagement, inclusion, and user-involved decision-making are used to deliver 

greening and other social-ecological gains. More importantly, we further synthesize lessons from 

these programs’ creation to show that (a) low-tree canopy, low-income neighborhoods are 
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afflicted with higher (especially economic, social/cultural) barriers to participation; (b) 

redressing socio-ecologically inequitable greening requires the inclusion, engagement, 

cooperation, and social capital of organizations locally and historically embedded in vulnerable 

communities; and (c) these localized organizations like the residents in these communities, 

however, are also often excluded. These lessons show that while greening, holistic water 

resources reuse, and participation are solutions in the portfolio to mitigate coupled climate 

change – urbanization problems, these same solutions must also be targeted, applied, sufficiently 

funded, and inclusive for socio-ecologically vulnerable communities that are least insulated from 

coupled climate change – urbanization harms.       

B. STUDY AREA: Sonoran Desert and Tucson, Arizona 

Tucson, Arizona USA (32°13′18″N 110°55′35″W), the principal urban area and population 

center of Pima County (see Figure 1), is located 104 km (64 miles) north of the USA-Mexico 

border in the northern portion of the Sonoran Desert. The City of Tucson has a population of 

527,586 (US Census, 2016) and its greater metropolitan area a population of 1,003,338 (US 

Census, 2016). The City of Tucson is governed by elected officials (mayor and council) and 

appointed staff that are part of the city’s own government or the county’s regional planning and 

policy organization (the Pima Association of Governments, or PAG). The Liberty 

Avenue/Pedestrian Boulevard, or Liberty Corridor, and surrounding neighborhoods, the Liberty 

District, in southwest Tucson, are governed by both the City of Tucson and PAG, and the focus 

of this study. The city has a semiarid climate distinguished by bi-modal precipitation; a long, hot, 

pre- and post-monsoon summer season; a brief monsoon that delivers over half the annual 

average precipitation; and high variability in inter-annual precipitation (Comrie & Glenn, 1998). 

The Sonoran Desert, and the Tucson region in particular, can be described as ‘lush’ (Dimmit et 



	186	

al., 2000). However, Tucson’s continued urbanization and population growth have altogether 

eliminated the basin’s historically perennial rivers and lessened many of its riparian and 

scrubland habitats.  
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Figure 1:  Map of study area, including Liberty District and Corridor  
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In addition to impacting streamflow and vegetation loss, higher urban temperatures also 

result from continued urbanization. Hotter urban temperatures from urbanization are amplified 

and exacerbated by warming from global climate change, leading to a combined landscape-

climate induced UHI in the study area. Tucson, like the rest of the US Southwest, has 

experienced increased warming since the mid-twentieth century (Garfin et al. 2013). In Tucson 

the decadal averages from 1951 to 2010 for the average number of ≥100° F days per year has 

increased from 40 to 62, and the annual average of days ≤32°F has decreased from 17 to 11 

(NWS, 2019). The 3.6°F (2°C) temperature increase above rural levels in Tucson’s urban core 

caused by the urban heat island effect (Comrie, 2000) was accompanied by increases in (a) urban 

area (DiBari, 2007) and (b) a 178% increase in Pima County’s population between 1970 and 

2010 (PAG n.d.). The study area is predicted to become more arid as the 21st century advances 

due to +5°F (+3°C) temperature increases; more frequent, longer, warmer droughts; and 

individual precipitation and flood events becoming more infrequent, but also more intense 

(Garfin et al., 2013; Overpeck & Udall, 2010; Hoerling & Eischeid, 2007; Seager et al., 2007). 

Colorado River water via the 336-mile Central Arizona Project replenishes Tucson’s aquifers 

(Megdal & Forrest, 2015). However, due to warming temperatures from climate change, 

Colorado River streamflow is predicted to decrease 20% by mid-century (Udall & Overpeck, 

2017).  These future conditions will result in severe water resources stress and deficits, as well as 

make management of available precipitation and stormwater even more important for the 

purpose of improving urban canopy, shade, and reducing urban temperatures.  

Harvesting of rainwater (RWH) (on-property, building runoff) and stormwater (off-lot, in 

streetscape runoff) for greening has a long history in the region, its use dating back to historic 

peoples (Fish et al., 1985). Beginning with adoption of the “Storm Water Runoff” Land Use 
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Code in the early-1990s (Phillips, 2005), RWH has become a key component in Tucson’s urban 

planning and holistic water resources portfolio. Water harvesting programs and policies, through 

inter-institutional, -agency, and -governmental actions, have continued to proliferate and become 

a prominent tool within the region’s urban planning and climate adaptation toolbox (Eden & 

Canfield, 2019). For example, Tucson passed the USA’s first commercial rainwater harvesting 

ordinance in 2008. In 2011, the city’s water conservation fee was used to fund residential 

rainwater harvesting rebates (COT, n.d.) and the university’s “Conserve to Enhance” greening 

enhancement grants were also offered publicly in 2011 (Banister, et al., 2013). When voters 

approved the 2013 city plan that stipulates using green infrastructure and greening to address 

climate change and UHI (COT, 2013), green infrastructure became part of the technical 

standards for stormwater management (COT, 2013b), green streets, and standard requirements in 

transportation projects (TDOT, 2013). Green infrastructure also became best-practice via 

technical standards and guidelines in 2015 (PAG, 2015). This evolution led to the county’s 2018 

plan to use trees and green infrastructure to build climate resilience and meet Paris Climate 

Accord goals (PAG, 2018). At present, 39% of the total municipal water delivered by Tucson’s 

water utility is used outdoors (e.g. for irrigation) with single-family residences accounting for 

56% of total water use. On average, 45% of a household’s delivered water is used outdoors 

(COT, 2009). Rainwater harvesting used for onsite irrigation has the potential to reduce 

residential water demand by 30-40% (Yoklic et al., 2005), and therefore is an important tool for 

mitigating increased demands on groundwater caused by upscaled greening efforts. Intermittent 

flow in streams and river also holds potential for natural regional aquifer recharge. In addition to 

aiding the city to meet its greening goals, harvested stormwater can have multiple beneficial 

uses, reducing onsite sediment, pollutants, and other types of contaminants from infiltrating 
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regional watercourses or reducing their porosity (COT, 2009b). In this context, there is a need to 

mandate and upscale tree canopy – green infrastructure coverage via existing programs and 

policies, as well as to seek new opportunities and pathways to achieve paired greening – green  

infrastructure goals. 

C. MATERIALS & METHODS 

a. Redressing social-ecological inequity via science-policy dialogues and tiered-institutions 

To frame and analyze the design and dissemination of the City of Tucson’s Low-income 

Rainwater Harvesting and Neighborhood Stormwater Programs, we use science-policy dialogues 

(Scott et al., 2012), multi-tiered institutional arrangements (Lee et al., 2015; Scott et al., 2011), 

and the public-science-policy interface (Janse & Konijnendijk, 2007). The analysis is as much 

about program outcomes, as it is about the process and set of best-practices used to derive 

present and future urban greening outcomes as a vehicle for climate adaptation, equity, and 

social-ecological justice. We focus on the role iterative cooperation, participation, inclusion, and 

dialogue among institutions, elected and government officials, resources managers, and citizens 

had in shaping program components for dealing with heterogenous urban populations, 

identifying communities of need due to inequity, and positioning citizens to self-determine 

solutions given a particular household or neighborhood’s social-ecological priorities and 

challenges. This paper’s first and second authors served in official capacities as appointee and 

staff, respectively, with the City of Tucson’s publicly elected Ward 1 Council Office. Both were 

part of the cooperative process to identify needs, craft, then make the aforementioned programs 

publicly available. The presented analytical lens is based on their first-hand knowledge of the 

involved processes and goals.    
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b. Beginning the science-policy-public dialogue process: identifying the "Liberty District"  

We use the “Liberty Avenue/Pedestrian Boulevard” (hereafter, Liberty Corridor) and its 

users from surrounding neighborhoods (i.e. “Liberty District”) (see, Figure 1) for our broader 

scale analysis and discussion about the coupled natural-human components of urban greening in 

Tucson. We use a shared set of social and ecological characteristics to stratify and partition the 

Liberty Corridor and District from Tucson in order to make comparisons between populations, 

define areas of need, and social-ecological contexts that differentiate each. Quantitatively 

modeling and partitioning Tucson according to parent urban-area and smaller, differentiated 

spatial subsets is both a matter of recommended best-practice (Garfin et al., 2016; Bisaro et al., 

2016), as well as the result of an elected official-constituent driven process to assess and 

accurately contextualize the conditions that undergird inequitable greening and hinders city-scale 

coverage, including other city-wide livability goals.  The Corridor and surrounding communities 

have received renewed focus from government administrators and the areas’ elected officials due 

to constituents’ complaints about flooding, unsafe pedestrian conditions (e.g. TDOT, 2010b), 

lack of greening, and other residential demands for improvements, especially in the context that 

present conditions are partly attributable to historical neglect from government systems that have 

failed to redress issues within the Liberty District.  

c. Social-ecological assessment via remote sensing and spatial analysis  

The US Census Bureau’s 2016 American Community Survey, 5-year data set and 

datasets employed by the Pima Association of Governments to build their Green Infrastructure 

Prioritization Tool (PAG, n.d) are analyzed in order to define the study area’s social and 

ecological dimensions. Liberty District children and parents use the Corridor and its arteries to 

commute to and from the numerous schools located alongside the Corridor or within its close 
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radius – children attending these schools, and the parents ensuring the children do so, are the 

Corridor’s primary users.  In order to construct a representative sample population to define the 

Corridor’s primary users, we used the same criteria as the City of Tucson’s Dept. of 

Transportation (TDOT, 2010; TDOT, 2010b): the twenty-two listed schools within a two-mile 

radius of Liberty Blvd., as well as other listed key-nodes (bus transfer station, community center) 

were input into ArcMap, each point/node likewise assigned a two-mile buffer, then this 

composite area was manually cleaned and controlled against school district maps and researcher 

knowledge of the area. The finalized polygonal area was used to extract descriptive statistics of 

socio-demographic (income), environmental (temperature), citizen habits (transportation 

demand) characteristics for census tracts, census blocks, or pixels within the defined polygon 

(Liberty District). Parent areas were compared to subsets (metropolitan Tucson vs. only census 

tracts that contain Liberty Corridor) using the US Census’ prescribed method (US Census, 2009), 

wherein the initial instance that no statistically significant difference was found between parent 

and subsystem, the averages for parent versus subset were re-tested after subtracting subset data 

from its parent. Averages for socio-demographic data for researcher created areas were weighted 

by population. The Getis-Ord Gi* statistic in ArcMap was used to calculate and identify 

statistically significant spatial clusters of high values (“hot spots”) and low values (“cold 

values”) within PAG’s “Regional Surface Temperature” and “Percent Tree Canopy Cover by 

Census Block”. 

D. RESULTS 

a. Hot urban surface temperatures correspond with low tree canopy along a spatial gradient 

Figure 2 presents statistically significant US Census Blocks because they have: (a) a high 

temperature value and also are surrounded by census blocks with high values or (b) a low 
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temperature value and also surrounded by census blocks with low temperatures. Likewise, Figure 

3 presents statistically significant US Census Blocks because they have (c) a high percent-

canopy value and the adjoining census blocks also have high values or (d) a low percent-canopy 

value and the adjoining census blocks also have low values. In general, Tucson possesses 

statistically significant high temperature and low temperature census blocks, as well as high 

canopy and low canopy census blocks. However, spatial differences between high and low 

values for both temperature and canopy are clustered in a distinguishable, mirror-like pattern. 

Low temperature census blocks are also high canopy census blocks and located together in the 

same areas of the city. Similarly, high temperature census blocks are also low canopy census 

blocks and located together in the same areas of the city. The shared distribution and spatial 

pattern indicate that urban surface temperature and percent tree canopy are interlinked in a 

manner whereby below-average tree canopy corresponds with above-average hot surface 

temperatures, indicating an overall need for more tree-canopy in these areas.  

  



	194	

 
Figure 2: Low versus high urban surface temperature in June among US Census blocks in 
Tucson, AZ calculated using the Getis-Ord Gi* statistic   
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Figure 3: Low versus high urban tree canopy cover among US Census blocks in Tucson, AZ 
calculated using the Getis-Ord Gi* statistic   
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Furthermore, the Liberty District and Corridor are located within the high-heat, low-canopy 

census blocks. The City of Tucson Mayor’s 10,000 Tree Campaign Priority Census Blocks (PAG 

GI, n.d.) underscore the priority need for greening in Liberty District communities. Within this 

designation, the District and Corridor have an outsized priority: 64% and 72% of the District and 

Corridor’s square area, respectively, are 10,000 Tree Campaign Priority targets, or 77% and 79% 

of these areas’ populations, and 75% and 77% of the areas’ households, live within 10,000 Tree 

Campaign Priority designations. This is compared to 50% of the City of Tucson’s area or 39% 

and 34% of its population and households, respectively (Table 1). The Arizona Department of 

Health Services’ extreme heat-vulnerable classification (due to heat exposure and economics) 

(PAG, n.d.), further emphasizes the Liberty Corridor as an area of focus as both a priority area to 

mitigate human vulnerability to UHI and climate change, as well as an example of social-

ecological injustice. Two of the four Pima County census tracts identified as containing “high 

vulnerability” extreme heat vulnerable populations are found within the District, and one of the 

two is located within the Corridor. Furthermore, 47.83% and 60% of District and Corridor 

Census tracts by population, respectively, are classified as containing “moderately vulnerable 

extreme heat vulnerable populations (vs. 20% of Metro Tucson’s total census tracts). Despite the 

high vulnerability to urban heat and priority need for tree canopy, and the capacity to redress 

both via greening, participation among District households in Tucson’s Rainwater Rebate 

Program, a vehicle for upscaling urban greening, is disproportionately lacking to nonexistent 

(see, Figure 4).  
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Table 1: Tree canopy and heat characteristics comparison across Tucson (Metro, City), Liberty (District, Corridor)
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Figure 4: Spatial location of participants in the City of Tucson’s Rainwater Harvesting and 

Greywater Rebate Programs (2011-Aug. 2015) with Liberty District and Corridor overlaid. 

Adapted from: Tucson Water, 2015.
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b. Socio-demographic characteristics of the highest priority, most heat vulnerable areas 

Socio-economic differences combine with environmental differences to make Liberty 

District and Corridor populations among Tucson’s most vulnerable. The Liberty District is 

demographically and economically distinct from the general Tucson population (Table 2). 

District and Corridor households are more likely to be Hispanic and below-median income or 

impoverished at higher rates than in Pima County and the City of Tucson. The specific needs, 

experiences, and grievances that result from the District population’s socio-economics are 

representative of Tucson’s Hispanic population in general. The District contains 11% of Pima 

County or, alternatively, 21% of the City of Tucson’s population. However, 25% of County and, 

more importantly, 41% of the City of Tucson’s Hispanic populations reside within the Liberty 

District’s boundaries. Furthermore, length of residency gives credence to District residents’ 

claims, especially from those living in the Corridor, that historical patterns of neglect from City 

institutions have led to long-standing needs going unaddressed, that newer areas of the City are 

favored when resources are allocated, and other factors cause imbalanced development in 

comparison to primarily non-Hispanic, at-or-above-median income areas of the city. Mirroring 

Arizona’s urban population growth, in general, the majority of Tucson, District, and at lower 

levels, Corridor, homeowners moved into their homes in 1990 or later. However, 38% of 

homeowners in the Corridor have lived there since 1989 or earlier, more than double the number 

of Pima County residents with twenty-nine years or more of lived-in neighborhood experience, 

and almost twice the City of Tucson’s number.  
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Table 2: Demographic and socio-economic characteristics in Tucson (County, Metro, City) and 
Liberty (District, Corridor) 

 
*Difference between District and Corridor is not statistically significant. 
** Difference between District and City of Tucson is not statistically significant.  
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c. Inclusion of historically marginalized stakeholders bolsters the portfolio of usable, 

actionable solutions   

An inclusive, participatory tiered-institutional process involving elected officials and staff as 

well as staff of the water utility and NGOs, plus neighborhood leaders and constituents produced 

two programmatic interventions for using holistic water reuse to increase urban greening. These 

programs’ operationalization requires public participation in decision-making and individual 

project implementation. The Neighborhood-scale Stormwater Harvesting Program is targeted at 

public property and requires the administering NGO to work with neighborhood groups from 

each Tucson Council Ward to design and implement an agreed upon plan. The Low-income 

Rainwater Harvesting Program is targeted at households (i.e. private property) and also requires 

that qualifying households, based on income, work with the NGOs tasked with program 

administration and implementation. Both programs are available to all the public whom are 

located within the City of Tucson water utility’s service area.  

Although the impetus for the programs was an understanding that more greening via holistic 

water reuse is required to meet climate adaptation, UHI mitigation, and voter-mandated livability 

goals, the process to craft the programs began in earnest with discussions internal to the Ward 1 

council office about the lack of RWH adoption by low-income households. In particular was the 

office’s observation that the households in the Hispanic, below-median areas of their and the 

adjoining ward were not, in general, implementing RWH systems. Additionally, the office also 

noted a disparity in participation in the Rainwater Harvesting Rebate between these households 

versus households from other, more wealthy areas in the city (Figure 4). This observation (i.e. a 

hypothesis based upon empirical, qualitative knowledge), coupled with constituent complaints 

about inequitable development, was the first step in beginning a public-science-policy dialogue 
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about how to better achieve the city’s urban greening goals via more proficient use of rain- and 

storm-water, especially among Tucson’s low-income and Hispanic neighborhoods. Maps in the 

annual Water Conservation Program Report (2014) published by the city’s water utility, Tucson 

Water, which also administers the rainwater harvesting rebate, were used to quantitatively verify 

that few to none of the rebate receiving households were located in the city’s Hispanic, low-

income neighborhoods. Once the office’s hypothesis was verified by data, the office next 

initiated iterative, cooperative inter-institutional dialogues inclusive to marginalized 

stakeholders.    

Multiple entities from different institutional classes were reached out to, engaged, and 

included. Amid the actions taken to include various stakeholders in the process to craft the 

programs was an NGO forum with NGOs that historically work with communities within the 

Liberty District. The most important results from the public forum were built into the low-

income program’s structure and function. The results are:   

(a) The primary barrier-to-participation is financial. Even with the RWH rebate, the cost to 

build and install a RWH system is too onerous or unaffordable. This, however, does not preclude 

a desire by Liberty District neighborhoods and households to practice rain- and stormwater 

harvesting.  

(b) The local-area NGOs that historically work in these communities are also often a part of 

these neighborhoods’ daily fabric, are often excluded from resources, processes and other efforts 

targeted at these communities in favor of organizations whose primary focus is not within 

Liberty-area communities.  The core set of day-to-day challenges that beset households in these 

communities are more pressing than “greening”, “water conservation” or “climate change.” 

Higher priorities are caring for family, paying bills, and other life-responsibilities made harder 
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because of poverty and other socio-economic issues. These circumstances — i.e. these 

neighborhoods internal context  — hinder many households’ adaptive capacity to deal with 

challenges, daily or otherwise, that burden and strain financial, temporal, and human resources 

such that many non-immediate livability factors (e.g. anthropogenic climate change impacts) 

may appear irrelevant unless made relatable to everyday realities (e.g. heat danger, cooling 

costs). This, however, does not mean that improved household security cannot overlap with 

improved climate adaptation. Instead NGOs with longstanding relationships built on trust, 

sustained community outreach and activity, and in situ insight into and understanding of 

households’ needs and wants are required to make the synergy between household security, 

community improvement, and environmental goals work in culturally and socio-economically 

relevant contexts. Especially via capacity building that is concrete enough to meet fiscal, 

material livability goals, while also relevant to broader, long-term concerns and desires about 

creating a healthy, more livable, green environment. However, the local-area NGOs best 

equipped to develop and sustain this synergy because of their sustained, historical work in these 

communities are also often historically excluded from resources and processes targeted at these 

communities, given a diminished, limited, token decision-making role, or tasked with making the 

argument that resources should be committed in the first place.  

Concurrent to the forum was cross-scalar outreach, interaction, engagement, and dialogue 

that took place over the course of 2014 with other public and governmental entities (i.e. a 

science-policy-public process). Namely, (a) other city council members’ offices, (b) the city’s 

citizens’ water committee, and (c) the city water utility. Forum lessons were used by the council 

office to inform internal and external discussions about (a) solutions to the forum’s identified 

challenges and (b) solutions to other programmatic complications that might arise during 
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operationalization. In particular, the findings that below-median income households are 

underrepresented participants in the RWH rebate and rainwater reuse, in general, were presented 

in the context of equity, inclusion, improving livability in vulnerable populations, and that city-

wide participation across different groups and socio-demographics is required to meet the city’s 

voter-approved environment and development goals. This rationale was used to leverage support 

for funding and ultimately creation of the low-income and neighborhood-scale stormwater 

programs. The science-policy-public process continued over a chronological four-year period 

and between various governmental, civil, and public institutional tiers. Resulting in mayor and 

council allocating $650,000 in funding from the water utility’s Water Conservation Fee for the 

two programs ($300,000 and $350,000, respectively); partnership and cooperation between the 

utility and localized NGOs over program design and administration; and then when 

neighborhoods and households collaborate with NGOs to make decisions about greening-green 

infrastructure design and placement..    

Both programs are: (a) focused on using green infrastructure to combine rain- or stormwater 

harvesting with trees and vegetation; (b) administered by an NGO or NGOs that works with 

citizens on project design and implementation; and (c) funded by the city water utility’s 

Conservation Fee. Programs, however, differ beyond project implementation on public property 

versus on private property. Annual Stormwater Program funds are allocated equally between the 

City’s seven council wards, where an annual allocation of $45,000 USD each fiscal year is 

available to each ward. Each ward’s annual funds are distributed as grants to community groups 

located in the ward as a single grant or as multiple small grants, as long as the total granted per 

ward does not exceed $45,000. Before a grant is awarded, a community group is required to 

receive a letter of support from their ward office, and work with the NGO to make sure their 
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proposed design and defined needs conform to best-practices, city codes, and engineering 

requirements. Groups’ proposals are also required to have a site maintenance plan and reporting 

requirements for cleanup and maintenance activities. A separate oversight committee decides 

which projects are awarded and landscape contractors qualified by the NGO implement awarded 

projects. The NGO serves as a resource to ensure community groups are able to submit and 

implement successful proposals. However, unlike the low-income rainwater program, the 

stormwater program’s administering NGO does not have staff that proactively promotes, reaches 

out, and engages citizens about program participation, and, in turn, balanced project 

implementation has suffered as a result of some neighborhoods being weakly organized or 

lacking other component resources.      

The NGO and food bank that administer their respective low-income programs both have 

long established histories working in below-median income communities, especially within the 

Liberty District. Based on these histories and pre-established placement as a resource within 

these communities, these organizations are able to proactively reach-out and engage low-income 

residents in a manner that meets both community or household needs as well as greening – green 

infrastructure needs in the area, and city, in general. Therefore, these organizations, in 

combination with the water utility and ward offices, designed their respective low-income 

programs in a manner that they hold is best for residents, funds, and the organization delivering 

development, capacity building, and greening outcomes. Hence, each organization’s low-income 

program differs, but are both reliant on each organization’s familiarity and ability to 

meaningfully engage, communicate, and work with their target communities in both Spanish and 

English. The NGO offers no-interest loans, grants, and discounted rain-barrels, as well as design, 

payment, contractor selection, and system management consultation to qualifying households 
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based on their low-income status. Participating households, if they were not already participants, 

are made aware and connected with the NGO’s other community development and capacity 

building programs. The NGO is known and trusted for its work on environmental justice in the 

Liberty District-area since 1994. The Low-income Rainwater Harvesting Program, as 

formulated, administered, and promoted by the NGO, is responsible for 17.9% of all passive and 

active rainwater harvesting systems rebated during the program’s relevant activation periods 

(Tucson Water, 2019). Alternatively, the food bank is focused on a green-jobs, workforce 

development via rainwater harvesting installation, maintenance, and technical training in 

economically challenged communities.    

E. DISCUSSION 

a. Expand tiered-institutions and the science-policy-public dialogue to stakeholders from 

vulnerable communities 

In Tucson, Arizona urban environmental and social challenges cannot be disassociated from 

another, nor can urbanization from climate change and its impacts. Arid, hot, dryland, water-

constrained conditions are the backdrop to these challenges, and also serve as the context to 

available remediation, mitigation, and adaptation solutions. Conceptual examples of such 

solutions are: integrated water resources management (GWP, 2000); demand reduction (vs. 

supply augmentation) (Gleick, 2003); holistic water reuse (Megdal, 2007; Scott et al., 2003); 

decentralized groundwater governance (Megdal & Petersen-Perlman, 2018); and implementation 

via public and private sectors (Megdal, 2012; Hinkel & Bisaro, 2016). Urban greening, 

specifically, improved tree canopy, linked with green infrastructure to reduce demand on potable 

water supply is a specific example of the aforementioned concepts, and presents itself as both a 

regional social-ecological challenge and solution. However, given this ‘technological solution’, 
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the challenge is how to achieve its implementation at scale and mainstream it as a matter of 

common best practice. 

Akin to the concepts presented earlier in this section, and that are embodied by greening – 

green infrastructure, a number of implementation strategies for these concepts exist. These 

strategies are also exhibited by Tucson’s overall, past-to-present, greening – green infrastructure 

efforts. They are inclusive, cooperative approaches to governance, management, planning, and 

adaptive capacity building (Haaland & van den Bosch, 2015; Armitage et. al, 2009; Berkes, 

2007; Lim et al., 2005; Arnstein, 1969); resource coupling and multi-tiered, nested institutional 

arrangements (De Stefano & Hernandez, 2018; Brugger & Crimmins, 2015; Lee et al., 2015; 

Scott et al., 2011; Berkes, 2007); science-policy dialogues (Scott et al, 2012); social learning 

(Pahl-Wostel, 2009; Reed et al., 2007); useable knowledge (Lemos, 2015; Kiparsky et al., 2012; 

Janse & Konijnendijk, 2007); community-based management (Berkes, 2007); public 

participation and involvement (Janse & Konijnendijk, 2007); bridging organizations (Brown, 

1991); and local institutions (public, private, civil, informal) (Agrawal et al., 2008). However, 

like others, we find that these strategies, particularly tiered-institutions, community participation, 

and social learning, are not panaceas nor without problems (Janse & Konijnendijk, 2007; Lemos, 

2015; Mott & Megdal, 2016; Pahl-Wostl et al., 2012), and insufficient to achieve social-

ecological objectives without, inter alia, a more differentiated understanding of stakeholders 

(Bisaro et al., 2016). Given that urban areas are known to be nested, heterogenous social-

ecological systems comprised of multiple sub-units, we show the extent that urban complexity 

must be parsed further, where strategies and solutions must be evaluated and re-applied in a 

manner relevant to a differentiated urban sub-unit’s internal context. A contextual diagnostic 

approach (Pahl-Wostl et al., 2012) nested across multiple urban scales (Garfin et al., 2016) 
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shows that, the scope and scale of the greening – green infrastructure challenge is imbalanced, 

unequal, and unfairly distributed across Tucson’s urban area. The challenge, as in other US 

cities, when parsed, differentiates along economic, demographic, and environmental metrics 

where low-canopy and high surface temperatures are interlinked with race, socio-economic 

inequity, and historical marginalization (Jesdale et al., 2013). A significant portion of the 

challenge disproportionately falls upon the most economically and heat vulnerable households 

and neighborhoods, whose need for mitigation is high, but have the least amount of resources to 

do so. Furthermore, these low-income, low-canopy communities, due to historical and 

contemporary internal challenges and external factors, are overlooked, de-prioritized, excluded, 

or unable to access Tucson’s overall greening – green infrastructure efforts and programs. The 

barriers to participation are higher for households in the Liberty District due to a nexus of 

economic, institutional, and capacity reasons, of which income and demographics are the 

fundamental parameters. Overcoming these barriers requires understanding that they exist, then 

having the political will, institutional capacity, and resources to target institutional, economic, 

demographic, cultural, language, and other internal barriers specific within particular urban area 

communities.  

Akin to calls that more locally embedded, historically, and socially contingent knowledge be 

incorporated into and informative of science-policy processes (Weichselgartner & Kasperson, 

2010), we find that NGOs or community leaders localized within socio-ecologically vulnerable 

areas meet this description, and that they are important for making process outcomes relevant, 

usable, and implementable for vulnerable communities. In the instance of the neighborhood 

stormwater program, and similar to others (see, Kiparsky et al., 2012), we observe that just 

designing participatory institutions or putting people together can be insufficient for overcoming 
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challenges or achieving greening outcomes, especially in socio-ecologically vulnerable 

communities. The low-income rainwater program’s lessons about locally embedded 

organizations proactively engaging their communities to achieve outcomes is perhaps applicable 

for how to iteratively improve the neighborhood stormwater program. In general, however, the 

effectiveness of the low-income rainwater program and the potential solution to the 

neighborhood stormwater program’s relative unevenness validate calls to ‘expand the interface’ 

to be more inclusive over a range of actors (Dilling et al., 2015).  

Validating the call to ‘expand the interface’ comes from parsing the Tucson area to better 

understand localized needs, challenges, and how best to address them. It is also a call to better 

tier and interlink the city’s predominant institutions with organizations and citizens within the 

District’s communities to resolve historical patterns of exclusion from decision-making. Liberty 

District residents’ calls for greening, among other livability improvements, long went ignored, 

unheeded, or never materialized into real end products. Iterative assessment and adaptation to 

feedbacks from bottom-up or top-down sources is fundamental to well-functioning tiered-

institutions, but more effective assessment, implementation, and management is likely when 

cooperative user/resident (i.e. the bottommost tier) inclusion and participation inform these 

polycentric systems (Chambers, 1997). More so, the successful creation of knowledge, programs, 

and outcomes is more likely when a clearly expressed need or interest in public participation is 

heeded indeed and made part of the process (Janse & Konijnendijk, 2007). Like others, we found 

that involvement and participation from politicians, administrators, and community/opinion 

leaders ‘local’ within a particular sub-unit are important for overcoming greening – green 

infrastructure challenges internal to a particular, nested urban community (Janse & Konijnendijk, 

2007), especially those communities characterized by below average incomes and non-white 
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demographics (Culp et al., 2015). The Stormwater and Low-income Harvesting programs 

framework for implementation is meant to serve as a conduit to interlink neighborhoods and 

communities with city systems and resources in order to deliver real end products or effects.  

Likewise, inclusion and participation of ‘local’ NGOs as bridging organizations is also key to 

providing flexibility for deriving outcomes across multiple interests (Mott & Megdal, 2016), 

especially if a singular entity would have been unable to solve it if acting alone (Brown, 1991). 

Parsed further, ‘local’ NGOs ought to also be seen as organizations with historical ties to the 

community because they are localized within it and best able to integrate greening or climate 

adaptation goals with socio-economic development, capacity building, or other context-relevant 

goals.  However, as we found, NGOs localized within these most socio-ecologically vulnerable 

urban communities are, like the citizens within these areas, typically excluded from resources, 

efforts, and other decision-making processes about greening and, in general, improved livability. 

This lesson about engaging and including, rather than excluding, leaders and organizations 

localized within socio-ecologically vulnerable communities is important. Especially as creating 

useable knowledge and turning it into real outcomes, environmental or developmental, requires 

levels of empowerment, equity, trust, learning, and cooperation possible only through existing 

familiarity, credibility, and networks. Although not the case in the Liberty District, in instances 

where such highly localized organizations do not exist or lack credibility to facilitate and 

administer outcomes, they must be established or built, which presents additional challenges 

(Konijnendijk et al., 2004). Nonetheless, awareness that localized, organizational capacity 

building is needed, is made known by parsing an urban area across multiple, nested, spatial 

scales, especially with the intent of identifying the most vulnerable communities due to 

disproportionate, imbalanced experience of social-ecological harms.  



	 211	

Hence, inter-institutional communication to define the need for the neighborhood stormwater 

and low-income rainwater harvesting programs was based on parsing, nesting, and 

contextualizing, the Tucson urban area into different sub-units, then programmatically linking 

them to climate adaptation, greening, and social-ecological justice goals. The programs’ 

framework for implementation acknowledges the nested, differentiated nature of urban areas, 

how this can affect outcomes, and looks to leverage it to adaptive advantage by encouraging co-

development of greening – green infrastructure instances on private or public property, as well as 

to resolve deficits in public participation. Parsing an urban area into multiple, nested scales 

acknowledges the heterogeneity intrinsic to cities, as well as, given diagnosed differences in 

capacity or exposure to harm, provides the opportunity to iteratively reassess if solutions, 

strategies, and resources are appropriately applied, designed, relevant, and targeted, or need to be 

modified. Via such a process it was found that in Tucson a high priority area for greening, the 

Liberty District, is also beset with economic and skill/expertise limitations that make 

participation in existing greening – green infrastructure programs impractical or challenging. 

Achieving climate adaptation and greening goals in this high priority area requires also 

overcoming economic, skill, knowledge, and access challenges. Hence, the Low-income 

Rainwater Harvesting program was born and designed to overcome these challenges by better 

integrating District institutions and residents with systems and resources to achieve collective 

action on Tucson’s environmental, climate, and greening goals in a manner that is done with 

fairness. Especially when greening, canopy, and resource allocation in areas most insulated from 

harms due to economic and canopy advantages outpaces similar efforts in high need, high 

vulnerability, low income, low canopy areas. 
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b. Overcoming known greening obstacles with cooperation, engagement, and inclusion  

In general, the processes to craft and implement the Stormwater and Low-income Rainwater 

Harvesting Programs are defined by inclusion, participation, and cooperation across nested 

stakeholder tiers to build the parent, urban system’s overall adaptive capacity and resilience via 

greening – green infrastructure. The programs use both top-down and bottom-up processes to 

build capacity both as impact-oriented, technological fixes (i.e. green infrastructure) and 

capacity-oriented, social instrument approaches (e.g. collaboration between citizen and NGO, 

green jobs training) (O’Brien et al., 2007). The processes that led to the programs’ creation, and 

intended to animate their implementation, unfolded as iterative, non-linear, involving multiple 

nodes (e.g. elected officials, water utility, NGOs, residents) from different institutional tiers, and 

inclusive to a range of stakeholders.  

Using Tucson’s Neighborhood Stormwater and Low-income Rainwater Harvesting programs 

as example, we find that institutions become tiered through participation, involvement, inclusion, 

and cooperation through multiple interactions across time between users/citizens, key actors, 

organizations, agencies, and government officials — regardless of administrative or 

jurisdictional boundaries — from different, but nested spatial scales to redress problems and 

improve well-being via policies and actions. This lesson is valuable for building adaptive 

capacity and reducing vulnerability across other socio-demographics, jurisdictions, and scales, 

especially when linkages, or opportunities for them, provide broader social and environmental 

gains (e.g. climate adaptation and development).  

As noted here and by others active involvement and collaboration with local opinion leaders 

(e.g. elected officials) and local organizations already working with communities are important 

(Janse & Konijnendijk, 2007). This is especially the case if both social and environmental gains 
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are goals. A lack of (a) public or government support and buy in, especially from elected leaders 

and/or (b) a lack of citizen outreach has been a significant obstacle to greening efforts in other 

cities (Driscoll et al., 2015). In contrast, Tucson’s stormwater and low-income rainwater 

harvesting programs began as an elected official-driven process, and this support led to buy-in 

from other elected officials, which lead to funding and staffing from the water utility, and 

ultimately, public participation in the finalized programs. Involvement, participation, and 

collaboration between elected-officials and a broad, but targeted multi-jurisdictional range of 

stakeholders, was a key driver to (a) building the programs; (b) allocating them resources; and 

(c) establishing a joint understanding of problems, needs, on-the-ground conditions, and scale-

relevant strategies to interlink greening, climate adaptation, and development goals across urban 

scales, demographics, and jurisdictions. Lack of citizen outreach and determination of 

community needs are known to afflict urban greening efforts (Haaland & van den Bosch, 2015). 

These challenges are mitigated when a community’s local “opinion leaders” and organizations 

are included and able to leverage their personal networks and internal familiarity for outreach, 

engagement, and definition of needs.  

Among other obstacles is funding (Driscoll et al., 2015). Greening, and other forms of 

climate adaptation is expensive. It requires money for, inter alia, the infrastructure itself, 

program and policy administration, and the process of building institutional and human capacity 

to implement and manage adaptation efforts. However, just as important as the money itself is 

that both citizens and legislators have the political will to commit the requisite present and future 

funding for actions and programs to mitigate and adapt to climate change. In Tucson, political 

and economic support for mitigation and adaptation is found in the city’s greening – green 

infrastructure programs. We have argued that using inclusive, participatory, cooperative public-
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science-policy processes across multiple stakeholder classes to tier institutions and citizens 

should be best-practice for building social, economic, and political support to achieve city-scale 

greening and tree canopy improvements, as well as link these efforts with social gains. However, 

we must also note cross-scalar, multi-stakeholder, participatory governance systems are not a 

panacea nor sufficient in-and-of themselves to deliver social-ecological outcomes. Complex 

inter-personal human relationships are nested within these systems and are challenges that must 

be navigated successfully to make all of the above work. Trust among stakeholders (Fernandez-

Gimenez et al, 2008), especially manifested as transparency, is the cement that holds each goal 

and sub-process together so that the whole collaborative, tiered process is able to deliver a real 

end product or effect. Trust allows decision-makers to leverage their political capital and 

personal networks into buy-in, participation, and outcomes. Trust, built from mutual 

understanding and sustained through long-term relationships, is important for overcoming 

internal conflicts between stakeholders during negotiations and discussions, especially when 

multiple decision-making nodes are in contention over needs, next-steps, money, or outcomes. 

F. CONCLUSION 

Climate change, urbanization, and how they combine to constrain resources, biodiversity, 

ecosystem processes, or exacerbate environmental problems are among the 21st century’s 

pressing challenges. The challenge becomes more complex when 20th century harms, problems, 

social inequalities, and resource limitations continue into the 21st and make this century’s 

challenges more complicated and difficult to solve. Adapting to or mitigating impacts and 

damages from these challenges requires both technological and social interventions in 

environmental and human systems for the mutual sustainability of the other. In drylands, urban 

greening coupled with green infrastructure and implemented by a variety of stakeholders is one 
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such intervention. However, greening, like urban sustainability, and climate adaptation, are also 

social-ecological justice challenges. Although all citizens have an equal stake in governance and 

protection from harm, vulnerability is not homogenous. Disproportional harm, inequality, and 

unjust distribution of social and ecological benefits, resources, and development do exist within 

societies and can be grouped spatially, demographically, and over time. As we presented, 

environmental goals such as UHI mitigation via tree agglomeration cannot be achieved without 

also achieving gains within low-income, historically marginalized populations — i.e. the most 

vulnerable — and vice-versa. Hence, sustainable urban livability requires addressing both 

environmental and social challenges. Integrated resources management, as well as cooperation, 

inclusion and integration among institutions and citizens, are a framework whereby measures, 

solutions, and interventions are both remedial and adaptive to past, present, and future social-

ecological conditions to improve resilience, reduce vulnerability, inequity, and disproportionate 

harm. Arid-region, urban greening – green infrastructure efforts, especially in the context of 

social-ecological justice, in Tucson, AZ is one such example about urbanization’s challenges and 

solutions. 

Integrating across institutions, stakeholders, purposes, environmental and development goals 

to improve livability and quality of life is a framework that provides a tangible approach to 

solving complex social-ecological problems across nested urban scales, or broader. However, we 

also show the daunting enormity of the 21st century climate change-urbanization challenge for all 

Earth’s regions. Beyond just the amount of economic and human resources needed from all 

sectors, is also the amount of time and sustained commitment required until tangible outcomes or 

effects become mainstreamed from technological interventions, let alone necessary concomitant 

behavioral changes. Tucson has been proactive, but even with forty-plus years of greening – 
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green infrastructure efforts, the city still has challenges to surmount, despite impacts from 

undesirable environmental changes pressing closer each passing year. This, among other 

presented lessons from Tucson — namely that we are all better off when benefits from tree 

canopy are maximized due to agglomeration over the entire urban area — can be used to 

adaptive benefit and spur collective action in other regions. 
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