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Residential irrigation efficiency is a long-term concern for any community that faces 

water supply stress. When ability to raise water prices is constrained, public education and 

conservation programs can produce reduced water usage. Understanding the factors behind 

residential irrigation efficiency allows the design of more effective conservation campaigns. 

Combining site-specific water budgets with usage data for four hundred homes in North Texas 

enables quantifying efficient irrigation behavior. A survey of homeowners tests for the presence 

of conservation-positive attitudes and the knowledge required to implement those attitudes. 

The influence of neighbors’ watering habits is investigated using spatial clustering tools. 

Findings are analyzed in the context of an attitude, knowledge, and habit model of conservation 

behavior. The presence of automatic irrigation systems, small irrigated areas, and having 

knowledge of the amount that one waters one’s lawn are found to contribute to more intensive 

irrigation. Mixed evidence for small-scale clustering in irrigation intensity is presented. 



ii 

Copyright 2012 

by 

Joel Nickerson



iii 

TABLE OF CONTENTS 
Page 

LIST OF TABLES ................................................................................................................................ iv 
 
LIST OF FIGURES ............................................................................................................................... v 
 
INTRODUCTION ............................................................................................................................... 1 

Problem ............................................................................................................................... 4 

Significance ......................................................................................................................... 5 

Ethics ................................................................................................................................... 6 
 
LITERATURE REVIEW ....................................................................................................................... 7 

Theory ................................................................................................................................. 7 

Method ............................................................................................................................. 13 

Findings ............................................................................................................................. 17 
 
METHOD ........................................................................................................................................ 23 

Study Area ......................................................................................................................... 23 

Evapotranspiration............................................................................................................ 23 

Irrigated Area .................................................................................................................... 29 

Metered Usage and Water Budget ................................................................................... 38 

Survey ................................................................................................................................ 41 
 
RESULTS......................................................................................................................................... 46 
 
ANALYSIS ....................................................................................................................................... 53 

Clustering .......................................................................................................................... 62 
 
CONCLUSION ................................................................................................................................. 75 
 
REFERENCES .................................................................................................................................. 77 

  
  



iv 

LIST OF TABLES 

Page 

Table 1 Survey responses table ............................................................................................... 51 

Table 2 Selected survey response and irrigation efficiency metric correlations .................... 54 

Table 3 Coefficients of irrigation efficiency regression ........................................................... 56 

Table 4 Results of Moran’s I over study period ....................................................................... 70 

Table 5 Ripley’s K for appropriate distance threshold ............................................................ 71 

Table 6 Mixed results for Moran’s I in other locations ........................................................... 73 

 



v 

 LIST OF FIGURES 

Page 

Figure 1  Partners’ average annual water usage per residential customer, in gallons ............... 2 

Figure 2  Hamilton (1983) model showing 'idealistic' factor ....................................................... 9 

Figure 3  Bruvold and Smith (1988) model of residential water use ......................................... 10 

Figure 4  Gregory and Di Leo (2004) model of environmental behavior................................... 11 

Figure 5  Trumbo and O'Keefe (2005) model based on reasoned action.................................. 12 

Figure 6  Irrigation recommendation by month for Denton ..................................................... 30 

Figure 7  Results of first irrigated area regression ..................................................................... 34 

Figure 8  Results of second irrigated area regression, all subdivisions ..................................... 35 

Figure 9  Residuals of second irrigated area regression, all subdivisions .................................. 36 

Figure 10  Results of third irrigated area regression, by subdivision .......................................... 37 

Figure 11  Residuals of third irrigated area regression, by subdivision ....................................... 39 

Figure 12  Survey cover letter ...................................................................................................... 44 

Figure 13  Survey .......................................................................................................................... 45 

Figure 14  Irrigation intensity, area-independent watering amount .......................................... 47 

Figure 15  Irrigation efficiency, actual irrigation as percentage of budget ................................. 48 

Figure 16  Survey responses chart ............................................................................................... 50 

Figure 17  Dendrogram drawn using correlations ....................................................................... 55 

Figure 18  Results of irrigation efficiency regression ................................................................... 57 

Figure 19  Residuals of irrigation efficiency regression ............................................................... 60 

Figure 20  Predicted vs. observed total median efficiency from linear regression ..................... 61 



vi 

Figure 21  Typical parcel layout ................................................................................................... 65 

Figure 22  Buffering from the midpoint of a corner parcel ......................................................... 66 

Figure 23  Weighting method options for Moran’s I ................................................................... 69 

 



1 

INTRODUCTION 

Water conservation has historically not been a major concern in North Texas--we 

receive enough rainfall and have enough reservoir capacity to allow for high water use in all but 

the most severe droughts. For 75 years, reservoir capacity has been easy to come by, with good 

sites near enough to enable cheap transport of water from lakes to cities. Population growth, 

though, is forcing us to look farther afield, to the even wetter areas in East Texas, for new 

sources of water. Long-term water supply planning reveals that Denton’s current supplies will 

be sufficient to provide for perhaps 20 years of population growth. In the larger scope, existing 

and planned water supplies will provide for regional needs for about 50 years before new 

supplies must be made available (City of Denton, 2009; Region C, 2011). 

Acquiring new supplies, from the wetter parts of Texas north and east of the Metroplex, 

has already proven to be politically tricky: residents of those areas are reluctant to sell their 

water or land for new reservoirs to customers who are perceived to be wasteful with existing 

supplies. In fact, Dallas, one of the region’s largest suppliers, acknowledges that its per-capita 

water use has been one of the highest in the state (City of Dallas, 2006). Its water use also 

compares unfavorably to the desert mirages of Las Vegas and Phoenix as shown in Figure 1 

(Water Research Foundation, 2010). 

Buying and inundating thousands of acres of land has also become more fraught as 

environmental concerns have strengthened. In 2010, the City of Dallas lost a Supreme Court 

appeal that would have allowed it to build the Fastrill Reservoir on a stretch of the Neches River 

that had previously been reserved by the federal government as wildlife preserve (City of Dallas 

v. H. Dale Hall; Bush, 2010). 
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Figure 1 Partners’ average annual water usage per residential customer, in gallons 
 

Economically, building a remote lake is an expensive proposition. Planning for a new 

reservoir, buying land, and securing permits is a multi-decadal process, which has become even 

more protracted and expensive with stricter environmental review requirements. Building and 

operating pipelines to move that water becomes enormously expensive when a lake is a 

hundred miles or more away. 

The simplest way to encourage irrigation efficiency is to raise the price of water. Many 

utilities do this by enacting a tiered water pricing structure that charges more for water in the 

summer, to discourage excessive irrigation use, and charges more for larger amounts of water. 
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However, the history of water as a free or nearly free commodity, plus the general milieu of 

politics surrounding any government exaction, can constrain the ability of utility managers to 

raise rates (Olmstead and Stavins, 2008). All of this points to water that is more expensive in 

the future and makes water conservation efforts a viable water supply strategy.  

Conservation programs rely on informing residents of the need to conserve water and of 

their particular wasteful practices, generating positive feelings toward water conservation, and 

educating those interested in conservation practices. These programs can draw from 

established marketing and education practices, but there is little definitive research on what 

makes programs effective. This is partly due to the problem of teasing the effects of a particular 

campaign out of an environment soaked with conflicting and supporting messages and 

incentives. It is also due to the lack of understanding of what people think and know about 

water conservation. This problem is particularly acute in the area of irrigation water 

conservation, the cause of summer demand spikes and use of a large fraction of municipal 

water (Gregg, 2007). 

This project involves surveying homeowners in several recently constructed subdivisions 

in Denton, Texas on their knowledge of and attitudes toward residential water conservation. 

Optimizing the mechanics of an irrigation system, through sprinkler checkups by licensed 

irrigators, sprinkler head changes, and sensor-based rather than schedule-based irrigation, can 

produce large gains; but my focus is on how homeowners operate their irrigation systems. 

Because they generally run on a set schedule and often work at night, irrigation systems might 

not get much homeowner attention unless something breaks. This can lead to inefficient or 

wasteful watering schedules that provide more water than a landscape actually needs. 
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Understanding what homeowners know about their irrigation systems and how they approach 

irrigation will make conservation campaigns more effective. 

The disconnect between stated and revealed preferences has reduced the value of past 

surveys of water conservation attitudes: many people will say they support conservation, but 

few actually act on those statements. This study combines a survey on preferences with 

household-level data on water usage and attempts to connect the two. 

 

Problem 

Is there a link between attitude toward water conservation and knowledge about how 

to conserve water and the efficiency of one’s irrigation habits? 

Answering this will allow improved design and targeting of water conservation 

campaigns, which will be an integral part of meeting increased future water demand. The major 

North Texas water suppliers are investing heavily in water conservation advertising, including 

the ‘Water: Use it Wisely’ and ‘Water Whisperer’ campaigns. Advertising operates on the 

assumption that making people feel that conservation is important, demonstrating that 

conservation is painless, or simply drawing attention to water waste, will lead to actual 

conservation. Its effectiveness might be limited if changing attitudes does not lead to changed 

behaviors. Frisco, a wealthy Dallas suburb that has experienced huge growth in the last decade 

and has one of the highest residential gallons-per-capita usage rates in the area, has added 

more interactive measures, targeting residential irrigation through education, with a staff 

irrigation auditor; feedback, with letters to wasteful users; and incentives, with rebates for 

evapotranspiration-based irrigation controllers. 
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The alternative to changing attitude and knowledge is to accept that irrigation efficiency 

is a structural issue related to the presence of irrigation systems and their design, which can 

promote efficient or inefficient irrigation regardless of how they are used.  Requiring well-

designed, drip-based irrigation or forcing people to hold a hose when they want to water is 

more likely to lead to efficient irrigation than automatic, scheduled irrigation based on mister 

and rotor heads. If changing attitude and increasing knowledge do not have an effect on 

irrigation efficiency, the best route is to focus on the structural aspects of irrigation. 

 

 Significance 

This project began at the request of the senior managers of the City of Denton Water 

Utilities, and much of the work was completed in the dual roles of employee of the Water 

Utilities and UNT student. This work is aimed at providing water suppliers a better 

understanding of the dynamics of residential irrigation, the relationship between homeowners 

and their irrigation systems, and the level of homeowner involvement in irrigation. This is 

valuable in dealing with high water use customers, in setting future development requirements, 

and in future water demand planning. 

Like all other cities in Texas, Denton is mandated to produce and implement a water 

conservation plan, set water use reduction goals, and track per-capita water use. As part of the 

ongoing statewide water planning process, water conservation efforts are evaluated for 

effectiveness and cost effectiveness. Current water conservation efforts include complimentary 

irrigation audits and a public information campaign. Neither has been formally evaluated for 

effectiveness. As conservation programs take in increased significance in the future to 
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compensate for population pressure on existing supplies, the programs will be expected to 

make the best use of public funds while also producing measurable results and providing 

methods that can be applied across the region and state to meet goals for water use reduction. 

Understanding motivations in irrigation water use are a start in designing effective 

water conservation campaigns. If attitudes are found to have little correlation with behavior, as 

has been found in previous work, conservation efforts can be focused on education rather than 

persuasion, for example. Completing this project, from integrating water budget and billing 

data to surveying, in the context of a water utility will also provide a ready-made framework for 

conducting similar efforts in other water utilities. Almost all larger water utilities have access to 

the necessary weather, GIS, and billing data to classify users into conservation categories. Even 

conducting this step, without a survey-based follow-up, allows targeting existing conservation 

efforts as those residents who are inefficient irrigators. 

 

Ethics 

This study includes results of a survey mailed to residents of Denton.  Each survey 

included a serial number so that it could be connected to billing data via a service address. The 

UNT Institutional Review Board approved the survey contents and data handling processes 

because National Institutes of Health guidelines count non-anonymous surveying of people as 

experimentation on human subjects. A disclosure mandated by NIH and approved by the IRB 

accompanied each survey. The researchers also completed National Institutes of Health training 

covering the use of human subjects in research. 
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LITERATURE REVIEW 

A quick survey of the previous work (Watkins, 1968; Hamilton, 1983; Bruvold and Smith, 

1988; Arcury, 1990; Syme, 1991; Aitken, 1994; Gregory and Di Leo, 2004; Trumbo and O’Keefe, 

2005) shows a lack of focus on irrigation conservation—researchers generally considered 

indoor and outdoor use together and found the obvious correlation between higher use and 

outdoor watering. Comparing metered usage to survey data, done by each group cited above, 

has revealed that demographic and situational factors swamp stated attitudes and knowledge 

in determining water use. Larger families, richer families, those with large yards, and those with 

kids will generally use more water. This research has not yet shed any light on avenues to affect 

residential water demand by changing irrigation practices.  

 

Theory 

 Psychologists have been studying the role of attitude and its connection to behavior in 

the context of environmentalism since about the mid-1970s. The basic assumption of this 

research has been that people are rational actors, as outlined in Pierce (1979), and choose 

policies and actions that favor their preferred outcomes. This idea has been applied to many 

resource conservation areas, like air pollution, energy and nuclear power, water pollution, and 

agriculture. Endter-Wada (2008) recently noted that specialization in particular resources is 

important because water and the other natural resources differ in the way they are obtained, 

distributed, and disposed.  

Modern economies have generally stretched the scale of distribution of resources 

across state lines. Nuclear power plants might obtain their fuel from old Soviet missiles, sell 
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power to a grid that covers half the US, and store used fuel and byproducts in a landfill in far 

west Texas. Coal plants in Texas burn coal from the Powder River Basin in Wyoming and their 

pollution is blown north to Canada. Electric customers buy from a local provider, but electricity 

is rarely produced locally. The same goes for telecoms, hydrocarbons, and food. 

This is not generally the case for water because it is heavy and expensive to transport. 

With a few exceptions, people drink water from the ground underneath them or a reservoir or 

river within a few miles of their homes. They generally pay for disposing of their water through 

wastewater rates that cover the operating cost of a plant discharging to a local river, and 

federal clean water regulation ensures that customers pay for pollution externalities by 

enforcing discharge quality rules. Local agriculture is in vogue, but water is probably the most 

local of our resources. Beyond the environmental aspects, water as a utility presents another 

variable for exploration because it is a direct economic good. In most places in the US, water 

utilities meter customer usage. In some places where water is abundant, users pay a flat rate 

for their water and utilities sell with little regard to the volume, but in others users pay for the 

volume of water they consume, providing a price signal for gauging use. Contrast this to 

national parks: economic study is based on the distance people will drive to visit, and the entry 

cost is generally nominal. Valuing wildlife is even harder because most people pay little to 

nothing for conservation efforts. 

The earliest framing of water conservation in terms of attitude was undertaken by 

Hamilton (1983), which proposed a causal model of conservation in relatively simplistic terms 

of belief and motivation. In the final analysis, the Hamilton model included a single attitudinal 

factor labeled 'idealistic' as shown in Figure 2. Hamilton looked at water usage by household in 
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the two years before and during a drought, and noticed an inertial effect that caused high users 

to remain high users. Part of this inertial effect is structural, based on things like household size 

and lawn size, but part of it would be identified later as the effect of habitual behavior – taking 

long showers, washing many small loads of laundry, and keeping one's lawn soggy without 

considering costs and benefits. 

 

Figure 2 Hamilton (1983) model showing 'idealistic' factor 
 

In 1988 Bruvold and Smith expanded on the Hamilton model with the proposal that 

intervention with price and non-price controls affected conservation in two ways: in the 

structural response of spending on more efficient water-using appliances; and in behavioral 

response, which they proposed were influenced by beliefs and knowledge. Figure 3 illustrates 

their model. 
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Figure 3 Bruvold and Smith (1988) model of residential water use 
 

By the Bruvold and Smith definition, “knowledge variables refer to more specific 

matters of water conservation at the consumer’s own place of residence, such as the total 

amount of gallons consumed during the past month, the percentage consumed outside…and 

the cost of the water in total for the month and for each unit of consumptions.” Belief 

variables, or attitude, refer to “more general matters such as the need for long term 

conservation, the responsibility of all community members to conserve, and conceptions of the 

behavioral and monetary costs and benefits of residential water conservation.” As we will see, 

knowledge requires effort to acquire while beliefs can be held casually without a particular 

intention to act on them. 

With a marketing background, Gregory and Di Leo (2004) contributed a more extensive 

and descriptive vocabulary grounded in psychology for describing behavior. Their research 
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introduced the notion of personal involvement, instead of knowledge, as a companion to 

attitude.  Personal involvement and attitude are both reasoned influences in their model, but 

personal involvement links perceived importance to motivation to act. 

Habit, an unreasoned influence on behavior, also shows up for the first time in the 

Gregory and Di Leo model.  They suggest that beliefs about outcomes of behavior may not 

affect habits, but that habits may influence behavior outside of attitude.   Their model is 

diagrammed in Figure 4. 

 

Figure 4 Gregory and Di Leo (2004) model of environmental behavior 
 

Trumbo and O’Keefe (2005) looked at water conservation through another lens, the 

widely researched and well-supported theory of reasoned action originated by Fishbein and 

Ajzen in 1975, which proposed that attitudes and norms predict behavioral intention, which in 

turn predicts behavior. The theory has been applied to a wide range of environmental 



12 

communication, from burn policies to nuclear power and agricultural conservation. Trumbo and 

O’Keefe added two more variables to the model: national environmental values and the effect 

of information seeking, exposure, and attention. They also extended the model to past 

behavior, which they equated to habit. Their model is show in Figure 5. Notice, though, that the 

model has a subject-reported past action variable rather than a measured water use than can 

link attitude and knowledge to behavior. 

 

Figure 5 Trumbo and O'Keefe (2005) model based on reasoned action 
 

Habit is a neat way to capture some of the relative lack of importance that people assign 

to water.  Instead of making it an unreasoned influence on use, Endter-Wada (2008) theorized 

that habitual actions might actually be conscious decisions favoring convenience.  That study 

proposed considering the modes of irrigation – hand watering, manually started in-ground 

irrigation, and automatic irrigation—in terms of increasing automation, which is a form of 

convenience.  The researchers suggest that automatic irrigation is generally wasteful and hand 

irrigation is generally conserving simply because it is convenient to overwater with the first and 
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inconvenient to overwater with the second, which could overwhelm attitude and knowledge 

that might affect conservation. 

 

Method 

Water conservation research is conducted by comparing two basic sets of data: what 

people state about themselves and what their behavior actually reveals. This dichotomy is 

familiar from all types of economic research. If people say they care about saving water, 

rational actor theory goes, we should be able to observe them doing things to save water 

themselves. Put another way, surveys provide stated preference data by asking people to rate 

their own attitude toward conserving water, and metering provides revealed preference data 

on whether they actually do conserve water. 

Drought tends to pique interest-both public and academic-in water conservation.  

Hamilton (1983), Bruvold and Smith (1988), and Endter-Wada (2008) all conducted surveys 

during or immediately after a drought. Two more, Gregory and Di Leo (2004) and Trumbo and 

O'Keefe (2005), conducted their surveys in arid Australia and Nevada, respectively. Water 

utilities that do not serve arid or semi-arid areas do not generally emphasize irrigation 

efficiency until it is required, in the belly of a drought, and they might enforce restrictions and 

conduct education campaigns.  This leads to casual conservationists that would not otherwise 

be interested in irrigation efficiency. They answer more strongly than they otherwise would to 

questions about knowledge and attitude, which tends to skew the distribution of answers and 

reduces predictive power. Not surprisingly, past studies have struggled to find a connection 

between pro-conservation attitude and actual behavior. 
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Surveys make up half of the method followed by the reviewed studies.  Hamilton mailed 

surveys to a random sample of water utility customers in New Hampshire.  Hamilton's survey 

covered single-family and multi-family areas, and interview results were used to select and 

analyze responses from single-family households only. The Hamilton survey included a checklist 

of how respondents used water; a checklist of steps taken to conserve water indoors and 

outdoors with structural and behavioral changes; and questions on beliefs about and 

motivation for conserving water. The survey was interview based, though, and also asked open-

ended questions on events like plumbing problems, swimming pool filling, vacations, and 

visitors that would affect water usage. 

Bruvold and Smith (1988) conducted interviews with a team of graduate students in 

nine water supply districts covering 25 census blocks in California. Randomized quota sampling 

was used to pick two males and two females from each census block, with one male and one 

female being over 35, and one male and female being between 18 and 35. This gave one 

hundred survey responses in each of the nine water supply districts. Bruvold and Smith 

developed an index to discriminate between the most positive and most negative beliefs about 

long-term residential water conservation among respondents.  They also asked an open-ended 

question about knowledge of the volume of water consumed in the respondent's household, 

but their model incorporated this result as a simple binary variable of having or not having 

knowledge of use. 

Gregory and Di Leo (2004) mailed surveys to 1,000 homeowners in New South Wales, 

Australia, using a combination of random selection and judgment sampling. They used 

Zaichkowsky’s Personal Involvement Inventory, a 20-item questionnaire, to gauge the level of 



15 

personal involvement in the decision of using water at home, and asked a set of questions to 

gauge attitude toward water conservation.   

Trumbo and O'Keefe (2005) conducted random phone surveys in Reno, Nevada. They 

contacted 227 individuals in 1998 and again in 2000. Their survey included seven questions 

covering the theory of planned behavior variables: behavioral intention, attitudes, and 

normative pressure regarding water conservation; environmental attitudes in general; 

information seeking, exposure, and attention; and actual conservation behaviors. 

Endter-Wada (2008) noted that findings of previous studies had not been definitive 

"because of the difficulties in measuring these concepts [attitude, demographics, etc] at the 

right level of specificity." Their survey queried residential and commercial customers on the 

topics of landscape perceptions, motivations and attempts to conserve water, general 

knowledge about local and state water issues, opinions about drought, and various approaches 

to water conservation. The group also asked about the structural aspects of use like irrigation 

system characteristics and maintenance, presence of other outdoor water-using devices, and 

installation and use of indoor water saving devices, which they assumed to correspond to water 

conservation behavior. 

The most thorough studies collected household-level metered water usage data to 

compare with individual survey responses. Hamilton (1983) obtained five years of metering 

data that included 227 households with a continuous use history. Hamilton does not specify 

whether this metering data was monthly, which is more common in arid parts of the country; or 

bimonthly or quarterly data, which occurs more frequently in areas without supply constraints; 

but the volumes cited for individual households indicate monthly usage data. 
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Gregory and Di Leo (2004) collected usage by household over the course of a year on 

471 households in New South Wales, Australia. Their analysis is based on annual water use and 

not focused on outdoor or irrigation use.  Annual usage is problematic for investigation of 

outdoor use because it becomes necessary to estimate a baseline indoor usage, which can be 

influenced by factors like household size and appliance efficiency that are not related to 

irrigation amount or efficiency. 

Endter-Water (2008) obtained usage data on 296 households and 88 commercial 

properties in Layton, Utah covering 1997 to 2001. Analysis was limited to a single year, though. 

Households were studied in 1998 at the start of a drought, and businesses were studied in 2001 

at the tail end of the same drought. 

Instead of comparing individual survey responses to individual water use records, 

Bruvold and Smith (1988) compared survey results of a small sample group in several water 

supply districts to water use data at the water supply district level. Their study was primarily 

aimed at developing a time series model of total usage including factors like weather, water 

rates, and education and conservation campaigns, rather than efficiency.  Trumbo and O’Keefe 

did not even bother with actual usage data.  They focused on behavior instead of outcome, and 

their theory is not linked to measured usage. 

Five studies (Hamilton, Bruvold and Smith, Gregory and Di Leo, Trumbo and O’Keefe, 

Endter-Wada et al.) have formed the conceptual heart of the current investigation, but only 

Endter-Wada has combined enough specificity in surveying people and measuring their usage 

to conduct analysis specific to irrigation efficiency.  Bruvold and Smith and Trumbo and O’Keefe 
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added vocabulary to our understanding of the psychological aspects of efficiency. Hamilton 

combined this with metered usage to study how individuals translate this to action. 

Botanists and irrigation engineers had conducted studies on the mechanics of irrigation 

efficiency—what it takes to practice efficiency and how turf responds. Geographers and 

psychologists had started to explore the causes behind conservation behaviors as noted above. 

Endter-Wada emphasizes implementing an interdisciplinary study method. The group explained 

the need to combine survey data with actual consumption, as measured by utility metering 

records; and analyze it in the context of appropriate consumption, estimated by a water budget 

prepared for each customer using lot size maps, vegetation cover data provided by 

multispectral imagery, and weather observations. The availability of metered usage data, GIS 

and remote sensing coverage, and meteorological observations makes the survey/ meter/ 

budget approach the next logical step to studying irrigation efficiency. 

 

Findings 

As noted above, Hamilton (1983) worked in the aftermath of a significant drought and 

water shortages that had already raised awareness and professed concern about conservation 

to nearly complete levels, making those variables useless in identifying behavior changes. 

Outdoor behavior changes were also so widely claimed that Hamilton found they were not 

useful in predicting actual water conservation. In a normal time not following drought, attitudes 

might be different enough to be candidates for explaining behavior differences. It is 

understandable that a researcher would seize the opportunity of a major drought to investigate 
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water conservation, but times of intense feeling and extreme measures are not the best to 

discriminate between the causes of action 

Hamilton found that that the biggest predictor of post-drought conservation savings in 

New Hampshire was pre-conservation water use and found that the highest users made the 

biggest absolute gains, but the lowest users made the biggest percentage gains. Hamilton 

labeled two dimensions of conservation: idealistic, which was more prevalent among younger, 

better-educated, and more affluent households; and economic, among large households with 

less money and education and higher baseline water use. 

Bruvold and Smith (1988) found that “knowledge of use was significantly related to 

consumption, but the conservation belief score was not though results were in the predicted 

direction.” In an a priori sense, this is expected: beliefs about conservation are more nebulous 

and abstract. Knowledge about use is direct, immediate, and tangible regardless of motivation. 

Put another way, having knowledge about conservation is probably an indicator of an 

underlying belief, while merely having a belief does not indicate a willingness to act, unless you 

are a pragmatist. 

Arcury (1990) found a direct relationship between knowledge and attitude, noting 

bivariate correlation between attitude and knowledge was especially strong among people who 

showed high general knowledge about the environment. Arcury did note, however, that further 

research would be needed on the causal link between knowledge and attitude. They found a 

positive correlation between education and both knowledge and attitude, suggesting that 

knowledge leads to attitude. However, Arcury also suggested that knowledge and attitude are 

intercausal or both result from other factors.  
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Arcury found that age had a substantial and significant inverse relationship with 

attitude, but not particularly with knowledge. Arcury also found a moderate inverse 

relationship between being female and environmental knowledge. Bruvold and Smith’s more 

water-focused study did not comment on gender or age trends or incorporate them into its 

model, which one might assume means strong trends were not observed. Further, Arcury found 

a direct relationship between knowledge and attitude with bivariate correlation between 

attitude and knowledge was especially strong among people who showed high general 

knowledge about the environment. 

Aitken and McMahon (1994) set out to explain residential water consumption and 

evaluate methods of encouraging conservation, but settled on a regression based solely upon 

the presence of washing machines and property values without addressing the outdoor 

component of use. They found that attitudes, habits, and values were very poor predictors of 

water consumption. 

Taking this further, Aitken and McMahon also tested the effectiveness of providing 

feedback on water use to the highest-using, most pro-conservation households. Aitken and 

McMahon found that providing this use information only had an effect when it was combined 

with a reminder that the household had expressed pro-conservation views. However, they only 

continued monitoring use over a two-month period. From the perspective of landscape 

conservation, this study has dubious value: it was conducted during the winter, and the authors 

acknowledge that it did not address factors affecting seasonal water use. 

Gregory and Di Leo (2004) found that attitudes toward water do not explain water 

consumption, but involvement in domestic affairs, like knowing how much one’s last water bill 
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was or knowing how often their lawn needed watering, does. They also concentrated on the 

role of habits, like brushing teeth, washing clothes, taking showers, and watering the lawn, 

have in determining water use. This introduction of habits is in stark contrast to the rational 

actor theory that has predominated in the past as shown in Pierce (1979), for example. Rational 

desires are likely only part of the conservation story. 

Like the others, Trumbo and O’Keefe (2005) found that intention does not predict 

behavior. They did find that information seeking, exposure, and attention does predict 

behavior, as Gregory’s study using dissonance reinforcement plus information about past 

behavior also showed a causal effect. Despite the break between intention and behavior, 

Trumbo and O’Keefe proposed that information aspects “may be a manner in which enduring 

value systems and past behavioral patterns are reinforced.” 

Endter-Wada (2008) et al. identifies large bodies of research on the technological 

aspects of irrigation efficiency from the standpoint of engineers, botanists, and (mainly 

agricultural and commercial) irrigators focus; and on the psychology of resource conservation in 

general. They identify a lack of focus on “landscape water use, social and behavioral aspects of 

how people interact with their landscapes, the performance of irrigation technologies in 

everyday settings, or integrating perspectives from different perspectives.” Part of this 

identified deficit, on the behavioral aspects of landscape irrigation, will be the likely focus of my 

research. 

Their group agrees that the Gregory model’s contribution to understanding irrigation 

behavior is recognition of the role unreasoned influences, like habits and routines, have in 

determining water use. They also note that this thought has been applied to residential water 
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use, where efficiency gains have been made. It has not been applied to irrigation efficiency, 

which is now the most fruitful area for conservation in many places. 

Endter-Wada’s hypothesis aligns closely with my initial operating assumption: “The 

research was originally conceptualized based upon several operating hypotheses. The first 

hypothesis was that urban landscapes are generally overwatered, by businesses even more so 

than households, and that this is primarily a human behavior issue, especially in relation to how 

people operate their irrigation systems. In the case of businesses located in the study area, we 

thought that many of them might be owned and ⁄ or operated by nonlocal entities and this 

management structure, as well as the nature, size, and shape of business landscapes, might be 

factors influencing their greater water use.“  

Endter-Wada go on to emphasize the disconnect between commercial and residential 

landscape watering and find that programmed irrigation systems, which predominate in 

commercial applications but are less common in residential settings, are the most inefficient 

irrigation method. They also note the increased emphasis that businesses, and especially the 

landscape and irrigation contractors who service them, place on the aesthetic aspects of 

landscape that promote overwatering as a conservative method. Because of the specificity that 

GIS, multispectral imaging, billing data, and evapotranspiration data allow, Endter-Wada 

suggests that cities consider tailoring their information efforts to the most inefficient users. 

They also promote the interdisciplinary study of the irrigation conservation issue to marry data 

on consumption with and understanding of attitude, knowledge, and behavior. 

One of Arcury’s (1990) concerns was that previous studies of attitude had used either 

single-item scales, which were too simplistic to gauge the range of environmental attitude, or 
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one of many multi-item scales. In the more sophisticated measurement efforts, lack of a 

common scale prevented ‘consistency and continuity in measurement.’ Endter-Wada also 

noted the lack of specificity in the work succeeding Bruvold: “Findings have not been definitive 

as to factors shaping environmental behavior because of the difficulties in measuring these 

concepts at the right level of specificity and the influences of multiple contextual factors on 

behaviors.” Their criticism noted the shortcomings of broadly environmental research like 

Arcury’s: “Generalizing across various domains of environmental behavior (e.g., recycling, 

energy conservation, water conservation) also has proven problematic because of variations in 

the nature of different resources and the ways they are obtained, used, and disposed.“ 

Several specific areas of landscape irrigation deserve attention. First, further study is 

needed on the difference between commercial and residential habits, and in turn the 

difference between professionally and homeowner maintained lawns, including the effect of 

this on homeowner involvement in irrigation. Second, the difference between irrigation 

efficiency, which means properly operating an existing landscape and irrigation system, and 

conservation, which implies a decision to choose landscaping and whether or not to irrigate in 

the interest of using even less water than an efficiently irrigated landscape would, deserves 

attention. 

  



23 

METHOD 

This study combines four sets of data: evapotranspiration, irrigated area, metered water 

use, and survey response for a set of residential subdivisions in Denton.  Methods are described 

by data set below. 

 

Study Area 

Six subdivisions in Denton were chosen to survey because the build dates of the homes 

in them coincided with the study period – each subdivision had a large number of homes built 

in 2003 or 2004 and occupied by 2005, so usage patterns could be observed from 2005 through 

2009. Together these six subdivisions included 443 homes occupied continuously during the 

study period. 

 

Evapotranspiration 

A water budget for each home in the study area was developed based on 

evapotranspiration data and irrigated area. Evapotranspiration is a measure of the amount of 

water lost by evaporation and plant transpiration. It can be accurately estimated from standard 

weather observations but must be adjusted to account for plant or turf type and stress placed 

on turf by use. Warm-weather turf like bermuda tends to use less water in the summer than 

cool-weather grasses like bluegrass, and both use more than shrubby plants. Likewise, a sports 

field in constant use tends to require more water to stay healthy than an ornamental lawn. 

 The evapotranspiration data for this study is provided by the Irrigation Technology 

Center of the Texas A&M AgriLife extension service and NOAA observations at the Denton 
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Municipal Airport. The Irrigation Technology Center maintains a network of evapotranspiration 

weather stations throughout Texas for the benefit of growers and irrigators. The stations are 

similar to a standard NOAA station, collecting data on temperature, relative humidity, 

precipitation, wind speed and direction, and sunshine data, but are placed over a patch of 

green grass that is provided ample water to approximate the microclimate conditions that 

contribute to evaporation and transpiration in turf. 

The National Oceanic and Atmospheric Administration maintains a weather station at 

the Denton Municipal Airport, but it does not provide sunshine data, while the NOAA weather 

station at Dallas-Fort Worth International Airport provides sunshine data but is no closer than 

the evapotranspiration stations. Evapotranspiration (ETo) is calculated on a daily basis using the 

Penman-Monteith equation shown as Equation 1. 

 

Equation 1 Penman-Monteith equation 
where 

  ETo reference evapotranspiration [mm day-1], 

  Rn net radiation at the crop surface [MJ m-2 day-1], 

  G soil heat flux density [MJ m-2 day-1], 

  T mean daily air temperature at 2 m height [°C], 

  u2 wind speed at 2 m height [m s-1], 

  es saturation vapor pressure [kPa], 

  ea actual vapor pressure [kPa], 

  es - ea saturation vapor pressure deficit [kPa], 

  D slope vapor pressure curve [kPa °C-1], 

  g psychrometric constant [kPa °C-1]. 
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Several methods have been used to estimate evapotranspiration but the UN Food and 

Agriculture Organization found the Penman-Monteith equation to be the most accurate under 

a broad range of meteorological conditions. (Allen, 1998) 

The Irrigation Technology Center evapotranspiration network not only provides raw 

weather data from its stations, but also provides daily evapotranspiration calculated with 

Penman-Monteith in the form of potential evapotranspiration (PET), a generalized measure 

based on a cool-season grass in deep soil with adequate water. To convert this number to 

specific turf species, the Network provides monthly turf coefficients (Tc) for various parts of the 

state and suggests a Tc of 0.70 for Texas landscapes in summer months based on a study of soil 

moisture measurements under varied landscapes (Swanson and Fipps, 2012). Potential 

evapotranspiration is calibrated for maximum crop production, which is the goal for agricultural 

and commercial users but wasteful for residential users. An additional coefficient, the quality 

factor (Qf), varies the PET according to the desired stress level, from no water stress (Qf=1) to 

very high water stress (Qf=0.4). Initial water budget calculations used turf coefficients for warm 

season turf, which predominates in Dallas- Fort Worth, and a quality factor of 0.6, which 

represents normal water stress. The equation for translating PET to ETo is shown in Equation 2. 

ETo = PET x Tc x Qf 

Equation 2 
where 

PET potential evapotranspiration [in] 

Tc turf coefficient [percent] 

Qf quality factor [percent] 
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Irrigation systems provide imperfect distribution and coverage in spray patterns. For this 

reason, an additional factor is included to express efficiency in application as a percent of use 

(Effi). Kjelgren (2000) suggests a range between 0.60 and 0.70, while the Evapotranspiration 

Network suggests a range of 0.55 to 0.75 under low wind conditions. Initial calculations used a 

factor of 0.65. To compute irrigation requirements, ETo is adjusted for irrigation efficiency and 

rainfall in Equation 3. 

I=(ETo-R) / EffI 

Equation 3 
where 

 I estimated irrigation need [in] 

 R is rainfall [in] 

Effi is irrigation efficiency [percent] 

 
Estimated irrigation needs in North Texas generally vary between 0.5 and 1.0 inches per 

week during the summer months. 

Evapotranspiration data were compared for the evapotranspiration network stations in 

Irving and Frisco, the two nearest to Denton. Irving is 30 miles south-southeast from Denton 

solidly in the bosom of the Dallas-Fort Worth Metroplex; Frisco is 20 miles east-southeast from 

Denton on the quick growing frontier. Data from the four Frisco stations of the Texas A&M 

network was only available beginning in March 2008. The network includes four stations in 

Frisco, but only rainfall is collected individually at each station--they share temperature, 

humidity, wind speed, and radiance weather observations and report the same PET. 

Average maximum and minimum temperatures, wind speed, humidity, and solar 

radiation, and total rainfall and PET between the Frisco northwest station and the Irving station 
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from January 1, 2009 to November 1, 2009, the period when data from both stations was 

available, were tested for agreement. Maximum and minimum temperatures and humidity 

were all correlated at 0.96 or above and their averages were within 10 percent of each other. 

Average solar radiation was also correlated at 0.96 but average solar radiation received at the 

Irving station was 12 percent higher than in Frisco. The real difference between the stations 

was in wind speed: the average morning wind speed in Frisco, 5.4 miles per hour, was eight 

times faster than in Irving; the average afternoon wind speed in Frisco, 7.6 miles per hour, was 

three times faster than in Irving. The median morning wind speed in Irving was calm but 5.2 

miles per hour in Frisco. Considering how this data fits in the Penman-Monteith equation, the 

results are predictable. Reference evapotranspiration is partially a sum of radiance and wind 

speed, so when those numbers diverge at two stations their reference evapotranspiration 

amounts will diverge as well. 

Because of the site differences between ET calculations, data was obtained as close to 

the test area as possible. Data from the NOAA weather station at the Denton Municipal Airport 

does not include radiance, measured as the minutes of sunshine received by a station each day, 

so the station cannot be used for ET calculation. Radiance data is available from the NOAA 

station at DFW Airport, but it is no closer than the Texas  A&M stations in Frisco and Irving. As a 

compromise, the radiance data from the Texas  A&M station in Irving was matched with the 

available climate data from the NOAA Denton Municipal Airport weather station. The American 

Society of Civil Engineers (ASCE) provides a useful guide to converting weather observations 

into Penman-Monteith units and calculating each part of the equation (Allen et al., 2005).  



28 

Unsurprisingly, temperatures were closely correlated between the Texas A&M stations 

and the Denton station. Frisco and Denton shared a correlation of 0.88 in average wind speed, 

but Denton's average wind speed in 2009 was a full 40 percent higher than in Frisco. This also 

led to Denton's reference evapotranspiration being 38 percent higher than in Frisco, and almost 

twice that of Irving. This difference shows the impact that wind has on the evapotraspiration 

mechanism as it moves the local layer of air, more saturated by evapotranspiration vapor, away 

and brings in relatively drier air that allows evapotranspiration to take place.  

The magnitude of difference between stations also shows the inexact nature of making 

watering recommendations based on evapotranspiration. Climate differences at every scale 

influence evapotranspiration between locales, while differences in plant types and species add 

more variability into evapotranspiration calculations. For the study, a reference 

evapotranspiration was calculated and assumed to apply to each home in the study area. This 

ignores the microclimate factors that can influence a lawn's need for water, the effect of soil 

type and depth on water requirements, and landscape vegetation choices. Turf and quality 

coefficients were also assumed and applied to each home in the study area. These assumptions 

introduce error, but each assumption was made with the intention of producing a conservative 

evapotranspiration estimate so that irrigation practices that are relatively close to meeting 

evapotranspiration needs are classified as efficient rather than being penalized for site-specific 

conditions that call for more intensive watering than these calculations indicate. 

When evapotranspiration is calculated, subtracting rainfall gives an appropriate 

irrigation amount. Meteorological data used in this study was gathered daily, and the Texas 

A&M network sends out weekly ET-based irrigation recommendations, but water metering data 
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is collected monthly. For this reason alone, evapotranspiration needs were calculated monthly. 

When rainfall exceeded evapotranspiration for the month, as happened several times, the 

irrigation recommendation was zero.  One weakness of this choice is that it cannot account for 

soil moisture effects, where over-watering or large rainfalls one month might reduce the need 

for watering the next month. Again, this tends to produce a larger, more conservative irrigation 

allowance. The irrigation recommendation for Denton in each month of the study period is 

shown in Figure 6. 

 

Irrigated Area 

Evapotranspiration is half of the water budget feedstock. The other half is provided by 

measurement of irrigated area, which covers turf, flowerbeds, shrubs, and trees. Previous 

studies have used high-resolution aerial imagery to extract land use classes, which are then 

overlain with GIS parcel data to determine which parts of a parcel are irrigated (Farag, 2001; 

Endter-Wada et al., 2008). The IKONOS and GeoEye satellites were considered because they 

provide meter-level resolution panchromatic and multispectral images, but there could be 

problems with insufficient differentiation between certain types of landscape and impervious 

surfaces like driveways. Even with meter-level resolution, there could be sufficient error to 

skew the irrigated area measurements by missing sidewalks or misclassifying the small strips of 

lawn between homes in zero-lot-line designs. Imagery with sufficient spectral resolution and 

reasonable price did not have great spatial resolution while aerial photography did not provide 

enough spectral resolution for good differentiation between cover types. 
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Figure 6 Irrigation recommendation by month for Denton
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Instead, irrigated area for each home was initially estimated based on GIS parcel and 

building layers. The parcel layer for this study is maintained by the Denton County Central 

Appraisal District for tax assessment purposes and includes all but the most recently built 

homes. The building layer is generated automatically from aerial imagery and includes buildings 

from 2009 and before, which covers the study area. Irrigated area for each parcel can be 

roughly estimated by subtracting the building footprint from the parcel area. This neglects the 

presence of driveways, sidewalks, and patios, though. It also does not account for the 

easements reserved for utilities along the edges of each property, which are excluded from the 

area of a parcel but maintained by a homeowner as an extension of their yard, and thus 

irrigated. 

A regression to account for non-irrigated areas like driveways, patios, and sidewalks that 

are not included in the GIS coverage would be the simple way around this problem. As a test, 

thirty parcels, by a rule of thumb suggested in Wulder (2007), were randomly selected in 

Robson Ranch and their actual irrigated areas were digitized using high-resolution, recent aerial 

photography. The first twenty of the randomly selected parcels were used to derive a 

regression that adjusts the irrigated area estimated from the parcel and building GIS layers to a 

more accurate area that includes the features of a typical home lot. A regression was 

constructed using the ordinary least squares method and considering all of the variables in the 

city's GIS database, including lot and home valuation, parcel area and home footprint size, the 

and the year the home was built. Using a stepwise entry approach and the default settings of p 

<= 0.05 to enter and p >= 0.10 to remove variables, SPSS identified parcel area as the only 

significant factor, and this produced a regression with R2=0.800. 
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Intuition suggests that the footprint of a house, even if it is limited in size by the area of 

the parcel it sits on, also plays a role, so a regression equation using parcel area and footprint 

size was also built, producing an R2=0.803. This indicated that the footprint of a house is 

strongly connected to the size of the parcel it sits on, which makes sense from the point of view 

of a subdivision developer, who wants a range of house sizes but also wants to minimize the 

land used to build them on. 

Introducing a dummy variable denoting corner lots into the regression equation, on the 

hunch that corner lots have more irrigated area in relation to their size, produced an R2= 0.827. 

This regression equation increased the explanatory power somewhat while keeping relative 

parsimony. A scatter plot of the results of this regression compared to the digitized area of each 

test parcel is shown in Figure 7. 

Applying the equation yielded an estimated irrigated area for each parcel in Robson 

Ranch. From past experience using the same method in other neighborhoods, Robson Ranch is 

more homogeneous in the relationship between parcel area and house footprint, because it is a 

master planned community, than neighborhoods in the center of the city that grew organically 

in the era before subdivision development became popular. 

The results of this first regression give two areas of concern: error between different 

subdivisions in the study area and acceptable regression residuals. First, applying the same 

regression across subdivisions, with different designers, target markets, and site constraints, is 

an invitation to systematic error that can over- or underestimate irrigated area by failing to 

detect differences between subdivisions in easements, driveway design, and prevalence of 

street and house sidewalks. Using imperfect GIS data also introduces error if parcel lines in one 
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subdivision have registration error, as demonstrated by comparing them to fence lines visible in 

aerial photography. 

Digitizing 30 more parcels from each subdivision in the study area, for a total of 180 

parcels, tested this. Instead of using separate building and parcel area variables and forcing in a 

corner/ interior dummy variable, the test included a variable for parcel area minus building 

footprint. SPSS was used to build linear regressions using the ordinary least squares method, 

entering variables with a stepwise approach and the default settings of p ≤ 0.05 to enter and p 

≥ 0.10 to remove variables. 

The next regression grouped all the parcels together and ignored subdivisions. This 

produced an R2= 0.944 (see Figure 8). Despite a high R2 value, a regression is not appropriate 

here because, even though the regression correlates well, it introduces significant residuals for 

smaller lots: the average of the absolute value of residuals was 415 square feet, compared to 

an average irrigated area of 5,611 square feet, for average residual of 7.4 percent. Graphing 

residuals (Figure 9) shows that significant estimation error is present for small parcels, and 

small parcels do not have smaller residuals than larger parcels. A residual of 1,000 square feet 

for an irrigated area of 5,000 square feet is not accurate enough on which to base a water 

budget.  

The third regression attempt was intended to eliminate some of this error by reducing 

the variability in parcel layout that the regression equation had to cover. It incorporated a 

separate regression for each of the six subdivisions in the study area, in case there are 

consistent, detectable differences in the layout of parcels between subdivisions. This produced 

individual regressions with R2 ranging from 0.768 to 0.992 (see Figure 10). 
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Figure 7 Results of first irrigated area regression
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Figure 8 Results of second irrigated area regression, all subdivisions
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Figure 9 Residuals of second irrigated area regression, all subdivisions  
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Figure 10 Results of third irrigated area regression, by subdivision  
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The average of the absolute value of residuals ranged from 281 square feet to 628 

square feet, and the average percentage of residual ranged from 3.4 percent to 12.9 percent. 

This approach was no better than the single regression equation, either taken together or by 

subdivision. Residuals are shown in Figure 11. 

Other variables might clean up some of this error. Many homes have patios, swimming 

pools, playgrounds, parking, and portable buildings that are not generally irrigated but do not 

appear as house footprint, and it might be feasible to note their presence on each parcel using 

aerial images. The average area of each type of feature could be estimated, but most of these 

things do not have a standard size and the success of introducing features would depend on 

categorizing features well enough without adding too many feature classes to keep track of. 

Gregg (2007) digitized actual irrigated areas from aerial imagery for 1,000 of the largest 

residential water users in Austin. This method is precise though labor intensive, but after 

digitizing 180 parcels to investigate regressions in a study area of 450 parcels, it was clear that 

regression would not provide the expected labor savings. Even if a regression applied across 

subdivisions worked well enough, there would be no guarantee that it would apply to another 

subdivision, especially one that was not master planned. The survey response rate was small, 

with fewer than 100 returned surveys, so irrigated area was digitized for each parcel to 

minimize irrigated area estimation error. 

 

Metered Usage and Water Budget 

Couple evapotranspiration data with irrigated area and calculating a water budget for 

each parcel is a simple matter of math. 
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Figure 11 Residuals of third irrigated area regression, by subdivision
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Subtract rainfall from calculated water need and one arrives at an estimate of a lawn's irrigation 

need. In 2007, a historically wet year, this method recommended watering one inch in July, 

three inches in August, and none the rest of the year. In 2006, a historically hot and dry year, 

this method recommended watering six inches in July and five inches in August. 

Budgeted water consumption for each home in the study area was compared with 

utility billing data to determine deviation from the water budget. City of Denton Water Utilities 

reads and bills each residential water meter once a month. It also replaces water meters on a 

regular schedule designed to maintain economical meter accuracy. This study covers January 

2005 through December 2009 with five summers varying from very dry, in 2006, to very wet in 

2007 and allows the chance for observing irrigation behavior change in response to weather. 

To account for indoor water use, the average billed amount for each account during all 

winter months in the study period was subtracted from each month. This amount was generally 

less than 5,000 gallons per month for each house. In a few isolated cases, it appeared that 

irrigation continued year round, as summer use would exhibit the same peaking pattern as 

other homes with irrigation but winter use would be abnormally high. It is also possible that 

these homes had abnormally high indoor water use or a water leak. 

Irrigation is not the only possible use for non-indoor water, but it was assumed that the 

difference between total water use and estimated indoor use for each account to be irrigation. 

Two other possible outdoor uses, swimming pools and foundation watering, were covered in 

survey questions. 

For this study, irrigation efficiency is expressed as a percent of irrigation budget: 

irrigating at the budgeted amount in a month returns a value of 1, while irrigating at twice the 
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budgeted amount returns a value of 2. Expressing efficiency in gallons above or below the 

budgeted amount would skew results for dry and wet summers. An efficiency index allows for 

comparisons across years, between homes with lawns of different sizes, and with studies in 

other locations. 

Endter-Wada (2008) constructed upper and lower boundaries for their water budget by 

varying the length of the assumed irrigation season and including or excluding rainfall from the 

calculation. Instead of monthly calculations, they summed evapotranspiration and rainfall for 

an entire year and compared that to irrigation for the same period.  They classified residents 

who consumed greater than the upper bound as inefficient irrigators, those below the lower 

bound as conserving irrigators, and those who conserved between the upper and lower 

boundaries as acceptable irrigators. This is a reasonable conceit given the error introduced by 

assumptions on landscape composition and stress, soil type and depth, microclimate factors, 

and indoor water use.  It also lends itself to totaling evapotranspiration needs over the course 

of a growing season instead of considering each month individually. However, it would be hard 

to implement for a multi-year study period, where the same household might be classified as 

conserving one year and average the next by virtue of being right on the dividing line, 

preventing a useful single-variable summary of a single household’s irrigation efficiency over 

several years. 

 

Survey 

Each home in the study area received a short survey by mail. The goal of the survey was 

to gather enough data to detect differences in attitude toward and knowledge about water 
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conservation in general and irrigation in particular, while gathering a few pieces of data that 

explain variances in non-irrigation water use. 

In the interest of maximizing the response rate, the questionnaire covered a single page 

with an enclosed letter, reproduced in Figure 12 and Figure 13. The letter was originally meant 

to provide just some background on the project, but was expanded with informed consent 

information required by the National Institutes of Health when individually identifiable 

information is gathered on human subjects by a federally funded institution. Each survey was 

printed with a serial number to track the address that it was mailed to, which allowed linking 

survey answers to a particular address. One survey was returned with the serial number torn 

off and another was returned with it redacted in black ink so these were not used. 

The questionnaire included four yes/ no questions about water-intensive activities that 

a homeowner might engage in, including automatic irrigation, foundation watering, and 

maintaining a swimming pool. This was intended to provide some data on the structural 

influences of water use that might otherwise obscure the behavioral differences between 

groups. The next three questions probed for attitude toward the environment by asking the 

respondent to rate the strength of their agreement with successively more focused statements 

of positive feeling toward conserving the environment and water. These were followed by four 

statements of knowledge about water use and the price of water. Statements were ordered 

based on supposed difficulty to agree with, from hardest to easiest. 

Originally, the study design called for mailing surveys to each house in the study area 

using the billing address of each house from the water utility customer service database. In 

almost all single-family residential situations, whether owner-occupied or rented, water bills 
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are mailed to the person who actually lives in the house and uses the water, instead of to a 

landlord or property manager. In contrast, property tax bills are often mailed to the property 

owner or manager. Instead of using utility billing addresses to mail my surveys, mailing 

addresses from the public tax appraisal database available through the Denton County 

Appraisal District were used. At the risk of some surveys being mailed to absentee property 

owners and managers, this favored publicly available data. 

The county appraisal district includes a flag in the database entry for each home 

indicating whether that home receives a homestead property tax exemption. The homestead 

exemption is only available if the owner of a house also resides in it. The homestead exemption 

rate in the subdivisions in the study area was 89 percent, while the homestead exemption rate 

for the returned surveys was 98 percent. The study likely excluded renters because it includes 

only homes that were continuously occupied during the study period of five years, which is less 

likely for rental homes. 

Surveys were mailed in September 2010. Each survey included a self-addressed, 

stamped envelope to encourage a high response rate. Responses were received over the next 

two weeks and entered using the serial number that corresponded to a particular address and 

water usage record. National Institutes of Health rules for study subject privacy mandated that 

identifying information be kept separately from the survey responses. Responses were matched 

to addresses for analysis but matched to customer names to mail the surveys.  
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Figure 12 Survey cover letter 
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 Figure 13 Survey 
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RESULTS 

Irrigation intensity in the study area, as shown in Figure 14, varied widely among the 

summers in the study period. An exceptionally dry summer, 2006, was followed by the 

exceptionally wet 2007 and observed irrigation intensity ranged from almost 4.5 inches in 

August 2006 to almost nothing in June 2007 and 2.5 inches in August 2007. Evapotranspiration-

based budgets varied even more. The summer of 2006 called for watering at about five inches 

in the months of June, July, and August. The summer of 2007 called for no watering in June, 1.7 

inches in July, and 4.7 inches in August.  

The difference in observed and budgeted irrigation in August 2007 shows a weakness in 

my budgeting method: it does not account for soil moisture. Monthly rainfall from April 

through August 2007 was 6.7, 6.8, 14.1, 1.6, and 0.1 inches. July and August appear to be 

typical summer months, except that they were preceded by historically wet months, which 

gave plants saturated soil to stay green with even without precipitation. Using soil moisture to 

adjust the irrigation budget would probably have produced a smaller watering 

recommendation for August 2007 that was closer to the observed intensity, but a reference soil 

moisture data series is not available. 

The budgeted irrigation intensity trend also shows that evapotranspiration-based 

budgets call for more irrigation in the hottest summer months than actually happens and vary 

from month to month more than actual irrigation varies. Dividing observed intensity by budget 

intensity gives irrigation intensity expressed as a percentage of budgeted irrigation, shown in 

Figure 15.
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Figure 14 Irrigation intensity, area-independent watering amount 
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Figure 15 Irrigation efficiency, actual irrigation as percentage of budget 
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This chart clearly shows the disconnect between observed and budgeted irrigation in 

the early and late summer months. Using a 12-month moving average for both the median and 

average smoothes this out and shows that irrigation followed evapotranspiration fairly closes. 

Totaling irrigation needs over a growing season would also have removed some of this 

variability. 

Soil moisture could explain the distinct lag-lead pattern in efficiency. In the early 

summer, evapotranspiration is occurring, but soil moisture is still relatively high from spring 

rains, preventing grass from showing too much stress. For people who water their lawn when it 

looks wilted instead of on a strict seasonal schedule, soil moisture offsets evapotranspiration 

and reduces the need to water in the early summer months. As the summer wears on and the 

soil dries out, they begin watering. Since irrigating this way is offsetting evapotranspiration as 

well as increasing soil moisture, water use in the late summer is higher than what 

evapotranspiration alone indicates. Evapotranspiration can also drop dramatically at the end of 

the summer, in September or October. This exaggerates efficiency swings by reducing the 

irrigation budget while people continue watering to make up for lost soil moisture. 

Out of 443 surveys mailed 91 valid responses were received, for a 21 percent response 

rate. This provides enough responses for a valid sample of the population. One survey returned 

with its identifying serial number redacted with a magic marker and another with its serial 

number torn off were disregarded. The results of the survey are show as a chart and table in 

Figure 16 and Table 1.
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Figure 16 Survey responses chart 
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Table 1 Survey responses table 
 

  

No   Yes 

 Have sprinkler   54%   46% 

 Regularly maintain sprinkler   55%   45% 

 Have a pool   92%   8% 

 Water foundation   30%   70% 

 

 

Strongly Disagree 

  

Strongly Agree 

 

1 2 3 4 5 

Feel important to have green lawn 4% 9% 23% 51% 13% 

Feel important to protect environ 2% 1% 4% 27% 65% 

Feel important to conserve water 3% 1% 7% 29% 60% 

Know how to conserve water 2% 2% 11% 46% 38% 

Know amount of water apply to 

lawn 14% 11% 11% 38% 25% 

Know rate pay for tap water 19% 18% 16% 27% 20% 

Know how much water use a 

month 16% 14% 18% 33% 19% 
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The first four questions in the survey were yes/ no responses. The next seven questions 

asked respondents to rate the strength of their agreement with some short statements on their 

feelings and knowledge about water conservation. A response of 1 indicates strong 

disagreement with the statement, and a 5 indicates strong agreement. 

After asking if the respondent felt it was important to have a green lawn, the questions 

proceeded from what would intuitively receive the strongest positive response, about having a 

general positive environmental feeling, to what would intuitively receive the weakest positive 

response, about specific knowledge of the amount of water used in a month. This number is 

printed, among many others, on monthly water bills. Survey results followed my guess, with 

positive response shrinking as the specificity of questions increased. Stated another way, it is 

easy to hold positive feelings about the environment, but it takes some attention and work to 

have knowledge along the same lines. 
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ANALYSIS 

By way of exploration, calculated correlation among the survey responses themselves 

and with average and median irrigation intensity, are shown in Table 2 . Correlations greater 

than 0.30 are highlighted in red. 

First, the three questions testing knowledge about one’s water use (knowing how much 

water is applied to one’s lawn, one’s water rate, and how much water one uses in a month) are 

interchangeable: each factor is well correlated with the others and they have a linear 

relationship. However, these knowledge factors are not well related to feeling knowledgeable 

about conserving water. 

Second, the two questions testing feeling about conservation are also interchangeable, 

but are not predictive of the survey responses about knowledge of use and are not predictive of 

irrigation intensity. This is because almost every respondent felt strongly that conservation is 

important. 

Third, feeling knowledgeable about conserving water is actually more closely related to 

feeling that conservation is important, but only because respondents generally felt they knew 

how to conserve water, making the question non-predictive of irrigation intensity. 

Fourth, feeling that having a green lawn is important is not significantly related to 

knowing about one’s water use, feeling knowledgeable about water conservation, feeling that 

conservation is important, or to irrigation intensity. 
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Table 2 Selected survey response and irrigation efficiency metric correlations 
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Fifth,  irrigation efficiency is positively correlated with knowledge about one’s water use 

and the presence of a sprinkler system. Irrigation efficiency is not significantly correlated with 

the other survey response factors. From this, one can infer that people who water their lawns 

more tend to know more about their use, but they do not hold particular feelings about 

conservation or about knowing how to conserve. 

A dendrogram drawn from correlations using the cor function in the R statistics package 

is shown in Figure 17 and demonstrates question groupings that roughly fit the hierarchy 

assumed when designing the survey. 
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Figure 17 Dendrogram drawn using correlations 
 

A multiple linear regression model was constructed to test the predictive power of the 

survey responses. The coded survey responses were combined with data on total assessed 

value from the Central Appraisal District, digitized irrigated area, subdivision name (as a 

categorical variable), homestead exemption status, and senior citizen exemption status. 

Median summertime irrigation efficiency over the five-year study period for each survey 

respondent was set as the target variable. The combined dataset was randomly partitioned 70 

percent / 30 percent as training and testing sets. 

The following equation resulted, with terms entered when p > 0.10: 
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Median irrigation efficiency   =  0.767  

     + 0.276 [Have sprinkler] 

     - 0.00005 [Irrigated area] 

     + 0.072 [Know amount apply to lawn] 

Full results are shown in Table 3 . Regression results compared to total median 

efficiency are shown in Figure 18. 

Table 3 Coefficients of irrigation efficiency regression  
 

  Estimate Std Error t value Pr(>|t|) 
 Intercept 0.767 0.305 2.511 0.015 * 

Have sprinkler 0.276 0.066 4.205 0.000 *** 
Digitized irrigated area -0.00005 0.000 -3.365 0.002 ** 
Know amount of water apply to lawn 0.072 0.034 2.153 0.036 * 
Feel important to have green lawn 0.055 0.033 1.656 0.104 

 Water foundation 0.119 0.074 1.620 0.112 
 Senior citizen exemption 0.113 0.089 1.280 0.207 
 Feel important to conserve water -0.086 0.074 -1.156 0.253 
 Know how much water use a month -0.039 0.038 -1.031 0.308 
 Know rate pay for tap water 0.012 0.027 0.443 0.659 
 Know how to conserve water 0.020 0.045 0.438 0.663 
 Assessed Value 0.000 0.000 0.271 0.788 
 Feel important to protect environ 0.008 0.072 0.107 0.916 
 Have a pool 0.014 0.145 0.099 0.922 
 Significance codes:    0***    0.001**    0.01* 
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Figure 18 Results of irrigation efficiency regression 
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Note that the coefficient for the irrigated area factor is much smaller because irrigated 

areas range from 2,500 sq ft to 13,000 sq ft, with a median of 5,000 sq ft, rather than from 1 to 

5 for survey responses. Accounting for this gives the irrigated area coefficient roughly the same 

weight as the presence of a sprinkler system. This could be due to the relative difficulty of 

designing and constructing irrigation systems for small areas and the inefficiency of misting 

sprayers for small areas compared to rotor-type sprayers for larger areas; it could mean that 

the smaller water bills attached to smaller lawns cause those homeowners to pay less attention 

to irrigation efficiency; or it could mean that only parts of large lawns are irrigated and this isn't 

picked up properly in my irrigated area estimation method. This connection was observed by 

Endter-Wada as well using remote sensing data with field verification, so it is unlikely that 

systematic irrigated area estimation error is the cause. 

Knowing the amount of water applied to one's lawn is an indicator of attention paid to 

irrigation, and increased knowledge leads to more intensive watering.  Like the irrigated area 

coefficient, the input variable range from 1 to 5 skews this factor. Considering this, strongly 

agreeing with the statement, "I know the amount of water I apply to my lawn each week, either 

with a sprinkler system or a hose-end sprinkler" can increase irrigation intensity and reduce 

efficiency by 0.36, or roughly 50% above average. 

These differences in magnitude should be corrected by centering all of the input 

variables in the scale 1 to 5.  Doing this gives a revised equation of: 

Median irrigation efficiency   =  0.703  

     + 0.278 [Have sprinkler] 

     - 0.572 [Irrigated area, rescaled] 

     + 0.290 [Know amount apply to lawn, rescaled] 
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This more clearly shows the strong influence that irrigated area has on efficiency and 

the equal influence that having a sprinkler system and knowing how much water is applied to 

one's lawn have on efficiency. 

Residuals versus total median efficiency are shown in Figure 19. The residuals are 

heteroskedastic, like total median efficiency. Hamilton (1983) used the square root of water 

consumption to eliminate the skew of consumption. He noted that removing skew using a 

multivariate analysis introduced heteroscedasticity, or non-uniform variance. Removing this 

using something like a logarithmic transformation would change positive skew to negative 

skew. Therefore, turning to transformation of water use data by square root produced almost 

normal distributions. The residuals also show that the regression equation cannot cover the 

range of observed efficiency values.  Part of this is due to the categorical variables used as 

input, which do not have tails in their distributions in the way that the numerical efficiency 

score can. 

The R statistics package will evaluate the testing portion of the dataset and produces a 

graph of predicted total median efficiency versus observed efficiency, show in Figure 20, to give 

a better sense of how predictive the regression is. The fit is not great and suffers from a lack of 

range in regression output. 

The main message of the results is that regression using these factors is a predictor of 

efficiency, though not a very strong one even as it predicts in the right direction. But then, how 

many human habits follow linear trends? The regression includes a pair of variables that have a 

maximum variable of five because they are scaled survey responses. 
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Figure 19 Residuals of irrigation efficiency regression 
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Figure 20 Predicted vs. observed total median efficiency from linear regression 
 

The regression term for having a sprinkler system can only increase the predicted irrigation 

efficiency by about 1.25, so it is no surprise that the regression cannot adequately predict 

inefficient irrigation behavior (expressed by a higher total median efficiency index), especially in 

people with smaller lawns 
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Clustering 

Having metered usage data, meteorological observations, and GIS and remote sensing 

coverage makes this type of study a logical step.  The data also lend themselves to spatial 

analysis. 

It has been found that, when people know their neighbors waste water, their desire to 

conserve goes down (Corral-Verdugo, 2002), and that people conserve more when their efforts 

can be seen by others (Hamilton, 1983). Hopper (1991) found that by recruiting block leaders to 

evangelize can increase participation in a recycling program. Each of these results comes from a 

conscious use of the influence of neighbors to implement a policy, though. It has also been 

suggested that people move to a certain place to be around others with similar ideas and 

beliefs (Bishop, 2008). Marketers have made an industry out of targeting neighborhoods 

broken down into profitable, cleverly named, groups based on shared status. This type of 

clustering happens at a neighborhood scale when people decide where to live; a choice that 

surely does not include consideration of watering habits so much as affluence, race, politics, or 

access to amenities. 

An area of psychology is devoted to the influence of neighbors and community on one 

another (Unger, 1985), and the mechanics of the diffusion of influence have been worked out 

by geographers (Morrill, 1988). One study has noted that water use is similar between 

neighboring census tracts above the influence of practical factors like household size and the 

presence of a pool (Wentz, 2007). In the literature to this point, though, no suggestion appears 

that one neighbor can passively influence another toward or away from conservation behavior. 
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Robson Ranch is a residential subdivision in Denton that was not included in the final 

study area.  It is restricted to senior residents, run by a developer of retirement communities, 

centered on a golf course, and tightly policed for all manner of aesthetic violations, including 

green lawns.  Every home built at Robson Ranch includes an irrigation system.  The attractive 

thing about Robson Ranch from the perspective of clustering is that several phases of the 

community were built in 2003 and almost completely occupied in 2004, right before the start of 

the study period.  Where the study area subdivisions had a more gradual building and 

occupancy pattern spread over a couple of years before the study period, parts of Robson 

materialized nearly overnight and were occupied by active, tanned seniors nearly the next day. 

A group of 400 homes built in 2004 and occupied shortly thereafter that had the fewest 

number of undeveloped lots among them and had continuous water use from 2006 through 

2009 was selected. 

This makes the community a good candidate for testing this theory: when people move 

into a new neighborhood, their watering patterns can be influenced by their neighbors as much 

as by socioeconomics or physical factors.  Robson Ranch, because it is homogenous is many 

respects, should makes testing this simple.  If residential irrigation becomes more clustered 

over the first few years of the life of a subdivision, neighbor influence is an obvious candidate 

for the cause. 

One way to test for the influence of neighbors on one another is to look for clustering at 

the smallest scale--among immediate neighbors who can observe each other's behaviors on a 

daily basis. Moran’s I, a measure of spatial autocorrelation with distance-variable weighting, is 

useful for investigating these questions. Moran’s I produces an index of clustering ranging from 



 

64 

-1, which indicates perfect dispersion, to +1, which indicates perfect clustering, or correlation. 

Considered along with the z score significance test, this index describes clustering in the context 

of the number of areas and connectedness of the study area (Ebdon, 1991). Moran’s I accepts 

an investigator-defined matrix for the weighting of influence by each neighbor so that only the 

closest neighbors are counted, and different influence can be given to next-door neighbors and 

across-the-street neighbors.  

If initial home choice includes a landscape and water intensity component, a significant 

pattern of clustering in water-intensive or water-efficient homes should be evident from the 

time they are built. If irrigation practices are influenced by one’s neighbors, clustering should 

become more pronounced from one year to the next. Moran’s I includes a probability 

component, but the trend of clustering is of more interest here than the probability of such 

clustering being due to chance. 

The biggest obstacle in applying Moran’s I was actually choosing neighbors. If Robson 

Ranch were laid out on a grid, next-door neighbors would be a predictable distance away, as 

would neighbors across the street and the problem would be a matter of geometry. Using the 

centroid of each parcel, next-door neighbors would be spaced at the width of a typical lot, 

while across the street neighbors would be spaced at the depth of a typical lot plus the width of 

their street. Catacorner neighbors would be at a distance equal to the hypotenuse of a triangle 

with the legs being the two previous distances.  

Alternately, a reasonably consistent address scheme could provide a basis for choosing 

neighbors. In a gridded neighborhood with even house numbers on one side of the street and 

odd numbers on the other, next-door neighbors would have a predictable pattern of house 
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address and across the street neighbors would have a similar pattern, but always one number 

higher or lower. 

Alas, Robson Ranch is not laid out on a grid. It is designed to flow around the golf course 

that is a major selling point of the community. Robson Ranch streets meander around the golf 

course, and homes do not have equal length street frontages, so going around curves means 

there will be fewer lots on the inside of a corner and more lots on the outside of a curve. Since 

addresses are set sequentially, this pattern would not work for neighbors across the street--

their numbers shifts ahead of or behind the subject parcel depending on their place on a curve. 

A typical Robson Ranch parcel layout is illustrated in Figure 21. 

 

 
 

Figure 21 Typical parcel layout 
 

The simplest method of neighbor selection would be to use a buffer around each parcel. 

Many homes in Robson do not have backyard neighbors because they abut a common area or 

the golf course, but a few neighborhoods do. Buffering each parcel would sometimes include 
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backdoor neighbors, which one assumes would not have the same effect as next-door 

neighbors in changing behavior. Extracting the street-front segment of each parcel by removing 

parcel edges shared with another parcel, including common area parcels like the golf course, 

avoids this problem. Distance measurements between parcels were made between the 

midpoints of parcel fronts, which turned the parcel map into a field of points that follow 

alongside Robson's streets. 

 

 
 

Figure 22 Buffering from the midpoint of a corner parcel 
 

One problem with using the midpoint of parcel fronts is corner lots. The routine used to 

extract front parcel edges kept the two street-facing sides of corner lots as single line segment. 

Buffering was done from the midpoint of each segment, which meant that the midpoint of a 

corner parcel would be roughly on its corner, putting it farther away from next-door neighbors 

on either side. Setting a buffer using distances appropriate for an interior lot makes the buffer 
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too small to capture next-door neighbors of corner lots simply because the midpoint is farther 

from each next-door neighbor. Buffering from midpoints is illustrated in Figure 22. 

This ignores the prominent place that corner lots have in a neighborhood: they have a 

pair of next-door neighbors, but they have several neighbors across both streets that they face. 

A corner lot should have more influence simply because it is visible to more neighbors. 

Designing a buffer to include enough neighbors for corner lots is possible if corner lots are 

segregated from interior lots buffer distances set separately for each class. 

Selecting the N-nearest number of neighbors to each parcel is another option. For a 

typical lot in the middle of a block, the five nearest neighbors would be the two next-door, the 

neighbor directly across the street, and two catacorner. Again, this method is not perfect 

because it relies on distances rather than adjacency and one can imagine that neighbor two 

doors down might be closer than a catacorner neighbor might, or that the neighbor across the 

street is actually the closest.  

Future research could include a deeper investigation into ways to pick neighbors using a 

hybrid of buffers, N-nearest, and polygon adjacency, and generalize to neighborhoods laid out 

in different ways. Another avenue of investigation might be using a route tool to list parcels as 

they are encountered while traveling along a street and categorizing them using odd and even 

street number rules. Selecting the N-nearest number of neighbors also introduces a bias against 

corner lots. One possible solution is giving two midpoints to each corner lot, one for each side, 

buffering from both points and merging the result. This would increase the number of 

neighbors a corner lot can influence.  
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Another solution is to select, say, the seventh closest neighbors, but prevent selection if 

the distance to the sixth and seventh neighbors is greater than the average plus one standard 

deviation. To decide on the maximum distance before a neighbor is excluded, it might be 

helpful do consider the distance to the sixth and seventh neighbors of only the lots identified as 

corners. Presumably, interior lots would have distances somewhat greater than this and fall 

outside the maximum. 

Using the first method and gave each corner lot a midpoint on each street-facing side 

and chose the nearest five neighbors from each midpoint. Nearest neighbors were pooled to 

eliminate duplicates. Next-door neighbor weight was given to the nearest two parcels and 

across the street neighbor weight to the remaining parcels. This resulted in corner lots having 

as many as nine neighbors in a few cases. 

Neighbors also need a relative influence weight. Next-door neighbors, across the street 

neighbors, and catacorner neighbors could be assigned by hand. The N-nearest neighbors 

approach can mimic this by assigning a weight to the first two nearest neighbors, which are the 

next door neighbors a little more than half the time, and a different weight to the next three 

neighbors, which are generally the across the street and catacorner neighbors. 

This approach was used to set up a basic weighting scheme giving full weight to the 

nearest two neighbors, generally the next-door neighbors; and 75 percent weight to the next 

nearest three neighbors, generally across the street and catacorner neighbors.  

To investigate further, the relative effect of different types of neighbors, matrices that 

give weight only to next-door neighbors and only to across the street neighbors were also 

loaded into the Moran’s I tool. The Moran’s I tool in ESRI ArcMap will also automatically weight 
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the test using several different distance algorithms. Additional trials using two of these built-in 

weighting schemes tested the effect of these particular weighting schemes on the results. The 

first, inverse distance squared, reduces influence as the square of distance, and allows a 

distance threshold beyond which no influence is assigned. The second, zone of indifference, 

keeps influence steady until an assigned threshold, and then rapidly decreases it with distance. 

The schemes are illustrated in Figure 23. Both of these methods roughly approximate the 

chosen weighting scheme when run with a conservative threshold distance of 300 feet. 

 

 
 

Figure 23 Weighting method options for Moran’s I 
 

Another possible area of further research would be to determine whether the proximity 

of a home to a golf course, common lawns, or model home area--all of which are heavily 

irrigated for business needs--affects irrigation habits. This would be as simple as selecting 

homes abutting one of these areas, coding dummy variables to indicate which type of area it 

abuts, and running a regression for comparison with the rest of the homes in a development. 

Using the subset of 400 parcels with irrigation budget data from 2006 to 2009, and 

weighting scheme described above that gives full weight to next-door neighbors and 75 percent 
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weight to across the street neighbors, produced a Moran’s I of 0.038 for irrigation intensity 

data from 2006. This indicates slightly clustered irrigation, with a z score of 1.244, which gives a 

0.213 probability that the clustering is due to chance. Using Moran’s I on the same parcels with 

the same weighting scheme produced a clustering index that increased each year through 2009, 

when the probability that the observed clustering due to chance was 0.002, well under the 

typical 0.100 or 0.010 thresholds. The results of the test are in Table 4. 

Table 4 Results of Moran’s I over study period 
 

Moran’s I Results, 2006-2009 

 
Year 2006 2007 2008 2009 

  Moran’s I 0.038 0.051 0.065 0.112 
  z score 1.244 1.475 1.851 3.158 
  p 0.213 0.140 0.064 0.002 

 

The increasing Moran’s I for each year indicates that water intensity became more 

clustered over time when viewed at the neighbor level. This is not the whole story, however. 

When testing with Moran’s I, it is important to ensure that the threshold distance of influence, 

around 150 feet in this case, is appropriate. Another tool, Ripley’s K, will test for clustering at a 

band of distances and compare the result to the expected random distribution at those 

distances. By showing the difference between observed clustering and random distribution, 

denoted as L(d), Ripley’s K assists in choosing the threshold distance where clustering is most 

prominent. By running the Ripley’s K tool on the actual distribution of the parcels themselves as 

a substitute for random distribution, and then running it again using the irrigation intensity as a 

weighting factor, the tool can also be used to account for the effect that the clustering of 
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parcels has on the results of irrigation clustering. When the irrigation clustering result L(d) is 

greater than the parcel clustering result L(d), then irrigation clustering is present. 

Starting with a threshold of influence at 100 feet and moving outward in 100 foot 

increments, Ripley’s K showed a steadily declining clustering in irrigation intensity. This 

indicated that maximum irrigation intensity clustering was occurring at a range of influence of 

smaller than 200 feet. For more precision, the tool was started at a threshold distance of 50 

feet moving outwards in 25-foot increments. The results in Table 5 show that maximum 

difference between irrigation intensity weighted and unweighted clustering L(d) scores 

occurred at 175-foot threshold of influence. This coincides with the average distance to the 

seventh nearest neighbor for each parcel, which is roughly consistent with my original 

assumption that the nearest five neighbors influence irrigation intensity. 

Table 5 Ripley’s K for appropriate distance threshold 
 

Ripley’s K Distance-Banded 
Clustering 

Threshold of 
Influence 

Distance (feet) 

Irrigation 
Intensity 

Clustering L(d) 
50 0.00 
75 1.44 

100 1.53 
125 2.51 
150 3.00 
175 3.74 
200 3.23 
225 0.43 
250 1.80 
275 0.41 
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This result was hard to believe because the clustering trend was so clear.  The 

subdivisions in the study area had been ruled out for clustering measurement because the 

study parcels with continuous billing history represented roughly half the parcels in any given 

subdivision, with lots of holes in between. In addition, many of the homes in the study area 

were built in 2002 or 2003 rather than 2004, so they had been occupied for a couple of years 

before the neighborhood was filled in. 

Another subdivision outside the study area, Wheeler Ridge, which had a large number 

of closely grouped homes built and occupied in 2005 and 2006, was tested as a check. For the 

sake of simplicity, the Moran’s I clustering tool was run using the zone of indifference and 

inverse distance squared weighting options instead of supplying a matrix.  Ripley’s K indicated 

maximum clustering at around 100 to 150 feet, which is consistent with roughly the nearest five 

neighbors for the typical interior parcel. This round of analysis gave no extra weight to corner 

parcels. 

The results for Wheeler Ridge are not as clear as with Robson Ranch. Analysis was split 

between Phases 2 and 3 of the subdivision, which are separated by an arterial road lined by the 

backs of houses in the manner of modern planning. This provides a physical and visual 

separation between the two phases.  The Moran’s I results for each phase are summarized in 

Table 6. The residents of Phase 2 show evidence of increasing clustering from 2007 through 

2009, although it is not nearly as linear as the Robson Ranch result.  Residents in Phase 3 do not 

show evidence of clustering. 
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Table 6 Mixed results for Moran’s I in other locations 

 
Wheeler Ridge Phase 2 

  Moran’s I Results, 2007-2009 
Year 2007 2008 2009 

Moran’s I      (0.013)         0.097          0.138  
z score      (0.080)         1.587          2.211  
P         0.936          0.113          0.027  

    Wheeler Ridge Phase 3 
  Moran’s I Results, 2007-2009 

Year 2007 2008 2009 
 Moran’s I          0.066       (0.016)         0.016  
 z score          1.012       (0.080)         0.347  
 p          0.312          0.937          0.729  

 

In noting that clustering might occur at the neighbor level, one hesitates to ascribe the 

phenomenon to the work of neighbors alone. The impact of microclimate--sun and wind 

patterns--as well as differing soil types, lot slopes, and site preparation and building methods 

can all influence irrigation needs that could be mistaken for habits without a sense of local 

conditions. Each of these patterns could occur at a scale similar to that of neighbors. 

What could explain this clustering if neighbors do influence each other? Overwatering 

does not make you lawn greener, but it does cause runoff. That might send a signal to one's 

neighbors that overwatering is acceptable. Similarly, the frequency that one's sprinkler system 

runs, and how often it runs, could send a signal to neighbors about the appropriate watering 

practice. By examining aerial photos from the winter of 2009, it is obvious that a few Robson 

Ranch residents, as well as the Robson Ranch management, water enough to keep their lawns 

green during the winter. This heavy irrigation would keep a lawn green in the driest summer as 

well, and provide a clear status signal to neighbors. 



 

74 

Instead of a neighbor-influence explanation, it is possible that irrigation and landscape 

companies, with different irrigation practices, have increasingly clustered customer locations. 

This could itself be a result of the influence that neighbors carry with each other through word 

of mouth and vouching. It is frustrating to find a dearth of literature on the micro scale 

influences of conservation behavior. One obstacle here is my lack of exposure to conservation 

psychology, where influence is studied. Keyword searches depend on using the right keywords, 

which might not be apparent if they are terms of art. 

Finding a clustering effect at the micro scale is also not a complete answer, as further 

work is required to illuminate how and why the clustering occurs. What determines the 

neighbor who influences the others and who is easily influenced? Is the signal process as simple 

as seeing your neighbor’s sprinkler running, which reminds you to set yours? Is there a 

conscious process involved all? 
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CONCLUSION 

Attitudes and knowledge are subtle things. When asked about them, people may or may 

not be honest and may or may not intend their answers to be attached to behavior. Likewise, 

studying how humans interact with the environment and technology is inexact work because 

humans, even large groups, are inexact. This research shows that attitude toward and 

knowledge about conservation are overwhelmed by the structural aspects of the behavior. At 

the start of this project, my biased view was that, if people knew about watering their lawns, it 

would necessarily be because they wanted to save water. The data show that the opposite is 

true and that people probably know about their water use because they care about their lawns 

and invest time and money in keeping them looking nice. Sprinkler systems provide a 

convenient way to avoid the chore of watering and efficiency is not affected so much by their 

owners as by the fact that they exist in the first place. Water prices might provide some signal, 

but are not high enough to outweigh the desire for green grass. 

On the other hand, people do care what others think, which shows up in the evidence 

for clustering, where people mimic their neighbors in how much water they use on their lawns, 

possibly because they want their lawns to look as nice as their neighbors’ do. 

In either case, several data streams converge on the issue of irrigation efficiency. As 

some places move to near real-time water metering, which enables immediate and granular 

customer feedback on irrigation habits, and the technology of evapotranspiration-based 

irrigation controllers improves so that sprinklers respond to the weather like the turf they 

service, efficiency will be more measurable if not enforceable. 
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Beyond this, climate change and population growth mean that water will become more 

expensive and water-constrained areas will inevitably shift water toward drinking and other 

important uses. That in turn will make water conservation action a money saver instead of just 

an ego boost, making people care about water instead of just saying that they do. 
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