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Abstract

The main objective of this study was to evaluate the long-term water conserva-

tion potential of two smart irrigation controllers when implemented in single-

family homes with excess irrigation. Treatments were established in Orange

County, Florida, across two types of soils and included homes monitored only

(MO), homes that received an evapotranspiration (ET) controller or a soil

moisture sensor (SMS) controller, and homes that received an ET or SMS plus

an onsite specific programing and tutorial given to the homeowner (ETPgm or

SMSPgm, respectively). All treatments resulted in significant water savings

compared with the MO group, without negatively affecting the turf quality.

Average irrigation reductions in sandy and flatwoods soils for ET were 21%

and 17% and 26% and 31%, respectively, in the ETPgm group. The SMS group

reduced irrigation by 18% and 42% in flatwoods and sandy soils, respectively,

while the SMSPgm treatment applied 41% and 35% less water, respectively.
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1 | INTRODUCTION

In 2010, the Orange County Utilities Water Division (OCU)

primarily served unincorporated areas of Orange County

and had more than 140,000 single-family home accounts,

serving a population of approximately 490,000. Orange

County is locate d in Central Florida, within an area of lim-

ited water resources and rapid pop ulation growth and

where thre e water management districts conve rge: South

Florida Water Management District, St. Johns River Water

Management District, and Southwes t Florida Water Man-

agement District. In the past, the districts worked indepen-

dently to resolve water resource issues; however, in 2006,

the Central Florida Coordination Area (CFCA) was created

to estimate, regulate , and coordinate future water demands,

including potable water. A report b y the CFCA (2010)

determined that groundwater r esources were not suitable

at the existing rate of growth, which was more than 28%

between 2000 and 2010 (USCB, 2010). Ke y rule provis ions

of the CFCA lim ited the withd r awal of ad d itional ground-

water to no m ore than that needed to meet year 2013

demands unles s s upplemental water supplies were commit-

ted to meet de mands after 2013.

To ad dress water supply concern s, OCU embarked on

residential water conservation programs. Among those,

OCU wanted to evaluate, in real-world residential settings,

smart irrigation controllers that had shown potential to con-

serve water, including soil moisture sensor (SMS) control-

lers and weather-based or evapotranspiration (ET)

controllers. The SMS controllers s ave water, by passing irri -

gation cycles when the soil is wet enough to mainta in good

plant growth and quality, while the most common water-

saving mechanism for ET controllers is adjusting the run-

times to replace the estimated ET lost between irrigation

cycles. In a cli mate in which rain can meet a significant

amount of plant water needs (such as in the S outheast),
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SMS controllers have an advantage over most commercially

available ET controllers because they capture onsite rainfall.

Most ET controllers use expanding-disk rain sensors to

measure rain. These types of rain sensors, however, have

shown variable accuracy between different rain events and

between different units (Cardenas-Lailhacar & Dukes, 2008;

Meeks, Dukes, Migliaccio, & Cardenas-Lailhacar, 2012a),

and their consistency of operation decreases ov er time

(Meeks, Dukes, Migliaccio, & Cardenas-Lailhacar, 2012b).

Most studies involving smart irrigation controllers in Flor-

ida were previously conducted on research plots.

Since 2004, in North Central Florida, different SMS

models designed for landscape irrigation have been inves-

tigated under different weather conditions, probe burial

depths, threshold settings, irrigation frequencies, and soil

salinities and temperatures. Even under those different

variables, most of the studied SMS controll ers resulted in

significant water savings compared with an automated

irrigation system without sensor feedback from the irri-

gated area. During normal to wet weather conditions,

Cardenas-Lailhacar, Dukes, and Miller (2008) reported

that the SMS controllers tested reduced irrigation by

69% 92%, with an average of 72%, relative to homeowner–

irrigation schedules with a timer, without adversely

affecting turf quality. During dry periods, in the same

study site, Cardenas-Lailhacar, Dukes, and Miller (2010)

reported average savings of between 34% and 54%

depending on different scheduling settings, with turf

quality ratings s ometimes falling below the minimum

acceptable level. McC ready, Dukes, and Mille r (2009)

reported that when SMS controll ers were optimized in

terms of setting threshol ds, irrigation reduction wa s as

high as 60% and 90% under dry conditions and normal

rainfall, respectively. These savings were obtained even

when the different SMS models operated with diverse

precision (Cardenas-La ilhacar & Dukes, 2010).

Before this study, few but promising results were

reported for ET controllers in Florida. In a study con-

ducted in Southwest Florida, Davis, Dukes, and

Miller (2009) tested three models and reported maximum

savings of 60% during the winter period and minimum

savings of 9% when persistent dry cond itions occurred

during the spring, with water savings that averaged 43%

over the 15-month study period and with no reduction in

turf quality. Moreover, that study found that ET control-

lers were about twice as effective at reducing irrigation

compared with a rain sensor. In Central Florid a, in a

13-month study period, McCre ady et al. (2009) reported

that two ET contro ller models resulted in water savings

ranging from 25% to 63% comp ared with a typical

homeowner irrigation schedule.

Dukes (2012) summarized and reviewed 11 ET con-

troller research studies performed outside of Florida,

published before the implementation of this study, and

that were carried out under residential, commercial, and

public site conditions. Most of these studies typically com-

pared preinstallation water use with postinstallation use,

and only two studies included more than 35 homes.

Reported water savings ranged between 3% and 21% for

residential landscapes, but no statistical analysis consider-

ing random error was performed for the comparisons, and

results were published without a peer-review process.

Only two studies had previously evaluated ET controller

performance for larger numbers of homes, both carried out

in California. Kennedy/Jenks Consultants (2008) reported

results for 1,222 residential and commercial sites, with only

33% of the residential sites demonstrating a significant

decrease in water consumption; 18% had an increase in water

consumption, and 50% had no change. Mayer et al. (2009)

evaluated pre- and postinstallation water use in 2,294 resi-

dential landscapes and reported an overall irrigation reduc-

tion of 6.1%. However, they found that 41.8% of the homes

had a significant i ncrease in irrigation water consumption

after implementation, corresponding to sites that historically

irrigated less than the theoretical landscape irrigation require-

ment. Therefore, ET controllers should b e installed preferably

in homes t hat overirrigate their landsca pe; otherwise, irriga-

tion water use could inc rease after installation.

Accordingly, implementing an ET controller rebate

program across an entire utility area might result in high

costs, with a modest or no desired outcome. Therefore,

OCU decided to target only excess irrigators to evaluate a

possible rebate program. Consequently, the main objec-

tive of this study was to evaluate the water conservation

potential of two smart irrigation controllers when

implemented in single-family homes with excess irriga-

tion in Orange County, Florida.

2 | MATERIALS AND METHODS

2.1 Cooperator selection|

F o r t  h i s s t u d y , i r r i g a t i o n a p p l i e d v e r s u s i r r i g a t i o n

r e q u i r e d w  a s c o m p a r e d i n s i n g l  e - f a m i l y h o m e s i n t h e

O C U s e r v i c e a r e a . H o m e s w i t h o v e r i r r i g a t i o n t r e n d s

w e r e i d e n t i f i  e d a s c u s t o m e r s w i  t h p o t e n t i a l i r r i g a t i o n

s a v i n g s .

Article Impact Statement

Water entities and utilities planning to create a

rebate program using smart irrigation controllers

can benef it from this long-term study.
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2.1.1 Estimated irrigation applied|

The initial irrigation applied by each home was estimated

because less than 3% of the potable customers had dedi-

cated irrigation meters. Monthly water billing records,

from January 2003 through December 2008, were pro-

vided by OCU to the University of Florida's Institute of

Food and Agricultural Sciences (UF/IFAS). This database

consisted of more than 7.5 million monthly records from

residential homes with no irrigation meters. Additional

home para meters such as year built, subdivision, parcel

area, and built area were also supplied. The irrigable area

was calculated as the total parcel area minus the foot-

print of the built area.

The irrigation water use for each household was calcu-

lated by subtracting estimated indoor water u se from

monthly total me t er re c ord. Indo or water use was es t i-

mated u sing the per c apita methodology (Mayer et al.,

1999), which has als o b een used in other s t udies (Boyer,

Dukes, Duerr, & Bliznyuk, 2018; Friedman, He aney,

Morales, & Palenchar, 2013; Romero & Dukes, 2014). The

reported average indoor wate r use per capita for the nearb y

location of Tampa was ass umed, which was 66 gpd (Mayer

et al., 1999), and was multiplied by the average number of

inhabitants in each h ouse, which was 2.25 for Orlando

(USCB, 2006). The resulting es t imated average indoor use

per home was 4,462 gal /month. This estimated indo or

water use was then subtracted from the monthly water us e

bill, and the difference was considered to be the irrigation

water use since most of the outdoor wate r is estimated to

be use d for irrigation (Mayer et al., 1999). By divid ing vol-

ume of irrigation water by irrigab le area, the irrigation

depth applied was ob tained.

2.1.2 Theoretical irrigation|
requirement

Agroclimatic conditions define the net irrigation require-

ment (NIR), which is the theoretical amount of water

required for adequate plant growth and quality. According

to the Soil Survey of Orange County (USDA, 1989), the

dominant soil types in the study area are flatwoods and

sandy, both with high infiltration rates. In sandy soils, the

water table is deep, and the organic matter, nutrients, and

colloids are carried rapidly downward, while in the

flatwoods soils, the water table is near or at the surface,

and the organic matter is translocated a short distance,

forming a humus-rich spodic horizon.

The NIR of these two soils was estimated using a

soil water balance equation, calculated on a daily basis–

for 6 years and then averaged monthly. The soil water–

balance equation is as follows:

SW t = SW t−1−ETct−1 + R t−1 + I t−1−Dt−1−Roff t−1 ð Þ1

where SWt is the soil water content o n a given day, SWt 1–

i s t h e s o i l w a t e r c o n t e n t o n t h e p r e v i o u s d a y , E T c t 1–

i s

the c rop ET o n t he pr e viou s day, R t 1–

i s t he r a i n f a l l o n

t h e p r e v i o u s d a y , I t 1–

i s n e t i r r i g a t i o n o n t h e p r e v i o u s

d a y , D t 1–

i s d r a i n a g e o n t h e p r e v i o u s d a y , a n d R o f f t 1–

i s r u n o f f o n t h e p r e v i o u s d a y , w i t h a l l c o m p o n e n t s h a v  -

i n g u n i t s o f d e p t h ( i n . ) .

A d d i t i o n a l i n p u t s t o t h e s o i l–w a t e r b a l a n c e

i n c l u d e d f i e l d c a p a c i t y ( F C ) , p e r m a n e n t w i l t i n g p o i n t

( P W P ) , a n d a v a i l a b l e w a t e r - h o l d i n g c a p a c i t y

( A W H C ) . F C i s t h e m a x i m u m w a t e r c o n t e n t t h a t c a n

b e s t o r e d i n t h e s o i l b e f o r e g r a v i t a t i o n a l d r a  i n a g e ,

P W P i s t h e w a t e r l e v e l a t w h i c h p l a n t s c a n n o l o n g e r

e x t r a c t w a t e r f r o m t h e r o o t z o n e , a  n d A W H C i s t h e

a m o u n t o f w a t e r h e l d b y t h e s o i l b e t w e e n F C a n d

P W P ( I r r i g a t i o n A s s o c i a t i o n , 2 0 0 5 ) . T h e c h a r a c t e r i s -

t i c s o f t h e s e s o i l s w e r e u s e d t o d e t e r m i n e t h e r a n g e o f

A W H C o f t h e s o i l p r o f i l e . A s s u m i n g a n 8 - i n . r o o t

d e p t h , f r e q u e n t l y f o u n d i n w a r m - s e a s o n t u r f g r a s s e s

( H u a n g , D u n c a n , & C a r r o w , 1 9 9 7 ; S h e d d , D u k e s , &

M i l l e r , 2 0 0 8 ) , t h e r e s u l t a n t A W H C w  a s 1 . 1 2 i n . f o r

f l a t w o o d s s o i  l s a n d 0 . 5 0 i n . f o r s a n d y s o i l s .

Irrigation was simulated once the soil water content

reached the maximu m allowable depletion, which was

defined as 50% of AWHC. The irrigation refilled the soil

up to FC, and therefore, drainage ( ) was negligible inD

the soil water balance equation. In addition, runoff–

(Roff ) wa s neglected during irr igation because of the

coarse texture of the soils at the study sites, where infil-

tration rates of 6 20 in./h have been reported (USDA,–

1989). Finally, the amount of daily rain that exceeded the

FC level was considered lost as a re sult of surface runoff

and/or deep percolation.

The daily ET c value was calculated as follows:

ET c = ET o × K c ð Þ2

where ETo is the reference ET, and K c is a crop coeffi-

cient. The ET o was calculated through the american soci-

ety of civil en gineers environmental water & resources–

institute (ASCE-EWRI ) standardized equation (ASCE-

EWRI, 2005), with weather data such as solar radiation,

air temperature, relative humidity, and wind speed. Daily

weather data, including rainfall, were available from two

county weather stations. One weather station represented

the east and south parts of the county, and the other rep-

resented the west part of the county. The Kc values are

ratios of average crop-specific ET to average ETo .

Monthly K c values for warm-season turfgrasses, used at

this stage, were obtained from a South Florida study by

Stewart and Mills (1967).
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2.2 Irrigation ratio|

To preselect homes with overirrigati on trends, an irriga-

tion ratio (IR) was calculated as follows:

Irrigation ratio IRð Þ =
Estimated irrigation applied

Net irrigation requirement NIRð Þ

ð Þ3

If a home resulted in IR > 1, the resident was consid-

ered an overirrigator , and if a home resulted in IR < 1,

the resident was estimated to be underirrigating. Cus-

tomers with an IR > 1.5 were considered excess irrigators

and were selected as potential cooperators for the study.

Homes with IR > 4 were not preselected since the ratio

could have reflected major irrigation system issues.

2.3 Questionnaire|

On the basis of the IR results, 7,408 accounts met the

criteria for an excess irrigator (5% of the population). A let-

ter was mailed by UF/IFAS to customers who were invited

to participate in an irrigation water conservation program.

If selected, they would receive a free irrigation system eval-

uation, a free installed irrigation water meter, and the pos-

sibility of a free installed smart irrigation controller.

Interested customers were asked to respond to an online

questionnaire to determine their baseline irrigation knowl-

edge and to include their contact information. There were

843 survey responses (11.4%) from 795 residents (10.7%)

that included valid contact information. Selection criteria

required that all potential cooperators have an in-ground

automated irrigation system, that the residents could not

be renters, and it was necessary that they intended to live

in the home for the next two or more years. Those who

did not respond to all parts of these selection criteria or

had account issues, such as late payment, were not

selected for the study.

2.4 Irrigation system evaluation|

Once the potential cooperators w ere filtered according to the

previous criteria, onsite evaluations were scheduled to charac-

terize their irrigation systems and to check for any potential

issues that could interfere with the project. These evalu ations

were performed only in locations with a high density of

respondents to meet the statistical requirements for treatment

replications while minimizing spatial variability.

Some homes were not completely evaluated and were

disqualified from the study because of poor landscape

quality or major irrigation system problems, such as bro-

ken pipes, broken solenoid valves, or broken sprinkler

heads. For homes that were given a complete site evalua-

tion, information such as timer location, number of irriga-

tion zones, existing meter type, and irrigable area was

collected.

After evaluation, the irrigation applied at those

homes was recalculated using the water bill records

coupled with the irrigable area measured on site. In addi-

tion, IR was recalculated.

2.5 Locations and treatments|

A total of 167 residential homes were ultimately selected

within the OCU service area. The selected cooperators

signed an agreement with UF/IFAS and OCU, which

included requirements such as consenting that the devices

installed in their home for the study would become the

homeowner's responsibility once the research project was

completed, having a properly functioning backflow pre-

venter, and allowing UF/IFAS personnel to collect irriga-

tion data.

Five experimental treatments were designated for this

study across the two dominant soil types and clustered in

nine areas throughout the OCU service area (Tab le 1).

Four treatments included the add ition of either an ET

controller or an SMS controller to the already existing

irrigation system. The ET contro ller groups received ESP-

SMT controllers (Rain Bird Cor poration, Azusa, CA), and

the SMS-based groups received WaterTec S100 systems

(Baseline, Boise, ID). Two treatments, identified as ET

and SMS (Table 2), were installed using metho ds deter-

mined solely by the installing contractor, without UF/

IFAS intervention. The remaining two treatments, named

ETPgm and SMSPgm, were paired with an educational

program that included UF/IFAS training the contractor

prior to installations, brief educational training of the

cooperators receiving an ET (ETPgm) or an SMS

(SMSPgm), and UF/IFAS site-specific programming of

the smart irrigation controller. All cooperators who

received a smart irrigation controller also received a vari-

ance from day-of-the-week water restri ctions. The fifth

treatment did not receive interventions with irrigation

practices, was monitored only (MO), and was used as the

comparison treatment.

The five treatments were distributed within each loca-

tion cluster so that there were at least three cooperators

per treatment group and so that homes were spread across

the two soil typ es in the county, except for thre e loc ations

where securing 20 cooperators was not a viable option

(Tab le 1 ). S ome t reatme nts were not inclu ded in the n orth

and north–northeast areas because of a lack of cooperators.
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In these two locations, the cooperators were concentrated

in the ETPgm, SMSPgm, and MO treatments to provide

adequate replication for statistical analysis.

2.6 Equipment installation|

An irrigation contractor familiar with smart irrigation con-

trollers was selected by OCU to install the necessary equip-

ment and provide service hours for minor repairs and

issues. Equipment installed included smart irrigation tech-

nologies, new irrigation meters, and backflow preventers

where necessary. At each participant home, including the

MO group, a dedicated irrigation line and a flowmeter (E-

Coder R900i, Neptune Technology Group, Tallassee, AL)

were installed. The flowmeters had built-in automatic

meter reading (AMR) capability, which recorded hourly

irrigation volume, with a resolution of 0.1 gal. The volume

applied at each home was converted to irrigation depth

using the irrigated area measured during the initial onsite

irrigation system evaluation.

At the 28 homes in the ET treatment group, the con-

troller was installed and programmed by the irrigation

contractor. The controllers were given ty pical de fault

values for settings such as application rates, landscape

coefficients, and AWHC. In addition, the contractor

installed an SMS at each home of the SMS treatment

group, for a total of 28 systems installed. The contractor

installed each probe by burying it 6 in.deep and covering it

with loosely packed soil. The SMS interface was

programmed with a threshold set between 10% and 15%

according to the contractor's evaluation of the soil type.

The irrigation timers were reprogrammed to irrigate every

day for 20 min if the zone contained primarily spray heads

or 45 min for zones with primarily rotor heads.

2.7 Programing and education|

The ET controllers of the 39 hom es in the ETPgm treat-

ment group were also installed by the irrigation contrac-

tor, but UF/IFAS personnel gave each of these homes

TABLE 1 Number of cooperators by soil type, location, and treatment

Soil type

Group name and

location

Treatments

Evapotranspiration ETPgm

Soil moisture

sensor controller SMSPgm

Monitored

only Total

Flatwoods SW 1 4 4 4 4 4 20

Flatwoods SW 2 4 4 4 4 4 20

Flatwoods E1 4 4 4 4 4 20

Flatwoods E2 4 4 4 4 4 20

Flatwoods E3 4 4 4 4 4 20

Sandy W 1 4 4 4 4 3 19

Sandy NNE 0 5 0 5 5 15

Sandy N 0 5 0 5 3 13

Sandy W 2 4 4 4 4 4 20

Total 28 38 28 38 35 167

Abbreviations: E, east; N, north; NNE, north-northeast; SW, southwest; W, west.

TABLE 2 Irrigation treatments

Treatment

code

Description or brand and

model Programed by

Irrigation

Frequency

(day/week)

Cycles

per day

MO Monitored only NA NA NA

ET Rain Bird ESP-SMT Contractor 7 1

SMS Baseline WaterTec S100 Contractor 7 1

ETPgm Rain Bird ESP-SMT University of Florida, Institute of Food and

Agricultural Sciences (UF/IFAS)

3 1

SMSPgm Baseline WaterTec S100 UF/IFAS 3 2
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site-specific programming for the controller, including

individual zone application rates. These application rates

were calculated by running each zone for 2 min, totaling

the output volume, and dividing it by the area of each

zone. After site-specific program settings were updated,

the residents were given a 5-min tutorial on the ET con-

troller, a brochure on the controller features, and contact

information in case they had questions or concerns . The

cooperators that were not selected to participate in the

educational training received the brochur e via mail.

After the initial implementa tion of the 28 SMS tech-

nologies by the contractor, UF/IFAS set up the remaining

38 SMS s ystems for the SMSPgm treatment. Installation

for the SMS and SMSPgm treatment groups was done at

separate times to separate the specific installation meth-

odology. For the SMSPgm group, the same contractor

was instructed to dig a hole at a UF/IFAS-specified sunny

location and insert the probe adjacent to the opening,

horizontally, into an undistu rbed soil column at a depth

of 3 in. During the educational training session, the irri-

gation timer was reprogrammed to apply 0.25 in. of irri-

gation per zone, twice per day, 3 days per week. The

runtimes associated with applying 0.25 in. were calcu-

lated using the zone-specific application rate following

the same procedure described for ETPgm. The residents

were then given a 5-min tutorial on the SMS technology.

Functions such as how to bypass the sensor, recognize

signs of nonfunctionality, and how to adjust the thresh-

old were reviewed. Coopera tors were also given a bro-

chure that described how to use the SMS technology and

had contact information for any questions or concerns.

The cooperators that were not selected to participate in

the educational training receive d the brochure via mail.

2.8 Data collection and analysis|

Equipment and treatments were fully instal led and

implemented by October 2011, and the data collection

was conducted from November 2011 through February

2017, totaling 64 months. The volume of irrigation water

applied was compared between treatments and with the

irrigation required to meet plant water needs, thus evalu-

ating under- or overirrigati on and its impact on turf

quality.

For each cooperator, hourly re adings of irrigation vol-

ume applied were collected using flowmeters' built-in

AMR devices. The re corded irrigation volume was

converted to a depth of water using the irrigated area

measured during the initial irrigation evaluations. Irriga-

tion values were then divided into days, weeks, months,

and cumulative; averaged by treatment; and then com-

pared between treatments.

When unusual amoun ts of water were recorded from

a particular home, the individual hourly data were ana-

lyzed. Most of the time, a leak was responsible for high

peaks in water use. According to the data, sometimes the

leak was brief and repaired, but if project personnel

became aware of a leak, the cooperator was notified.

Other reasons for unusu al water use were malfunctioning

sensors, sodding, and controllers being turned off. These

data were not used in the statistical analyses.

To benchmark the irrigation required during the

study period, the NIR was calculat ed through a soil –

water balance equation (Equation 1). To allow for a

generous allocation for comparison purposes, it was

assumed that the irrigated area was 80% turfgrass since it

is the prevalent vegetation in most Florida landscapes,

while established ornamentals can maintain quality

under normal rainfall conditions (Gilman et al., 2009;

Scheiber et al., 2008). Geocoded cooperator addresses

were spatially joined with natural resources conservation

service soil survey data (USDA, 1990) in ArcGIS to deter-

mine the dominan t soil type for every cooperator.

To obtain the weather data needed for these calcula-

tions, three weather stations were installed in common

areas or county facilities across the study area. In addi-

tion to the installed weather stations, the Florida Auto-

mated Weather Network maintained a weather station in

the Apopka area that was used for the north location.

Moreover, because of the localized nature of rainfall in

Florida, two independent rain gauges were installed in

the county to better estimate rainfall, and OCU provided

manually collected rain gauge data from its Bonneville

water treatment facility. The K c monthly values used at

this stage were those suggested by Jia, Dukes, and Jacobs

(2009) for warm-season turfgrass in the region.

Finally, the NIR was divide d by an assumed irrigation

system efficienc y to obtain the daily gross irrigation

requirement (GIR). The GIR simulates well-watered con-

ditions to minimize water stress in plants. Two scenarios

were selected: an irrigation system with 80% efficiency

and another with 60% efficiency.

Turfgrass quality ratings were perform ed seasona lly,

by the same person, using the National Turfgrass Evalua-

tion Prog ram procedures (Shearman & Morris, 1998).

The rating scale ranged from 1 to 9, where 1 represented

dead turfgrass or bare ground, 9 represented perfect turf-

grass, and 5 was selected as the minimum acceptable

quality for a single-family home landscape. Color and

density were the main features judged for turfgrass qual-

ity ratings.

Statistical analyses were performed using SAS soft-

ware (Cary, NC). Irrigation application and turfgrass

quality were analyzed using the GLIMMIX procedure,

and comparis ons were made using the least mean-square
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differences by treatment, soil type, and season. Signifi-

cance was determined at a 95% confidence level.

3 | RESULTS AND DISCUSSION

3.1 Rainfall versus evapotranspiration|

Reference ET (ET o ) was calculated for the 64-month

study period through the ASCE-EWRI standardized

equation (ASCE-EWRI, 2005). Daily ET o values were

summed into mon thly totals and averaged acros s weather

stations for comparison (Figure 1). As expected, the ET o

values were lower during Nove mber through February

and higher from March through October. This trend was

mainly driven by temperature and solar radiation, which

followed a pattern similar to ET o during the year. The

ET o was particularly high during 2012 as a result of

sustained dry weather and high-temper atures.

Monthly rainfall totals from all rain gauges varied

greatly between locations, indicating that rainfall events

were generally localized during the study period. This

was evidenced by the error bars of rainfall data shown in

Figure 1. In general, monthly ET o values showed a

smaller variation (error bars) than rainfall. Overall, rain-

fall was lower during the cooler months (November

through February) and higher during the warmer months

(March through October). Exceptions to this occurr ed in

January and December 2014, January and February 2015,

and February and November 2016, when rainfall

exceeded 2 in. per month. Conversely, rainfall totals

below 2 in. per month occurred during the warmer

months of March and April 2012, March and October

2013, October 2014, and April and June 2015, indicating

dryer-than-normal weather conditions.

The monthly cumulative ETo exceeded rainfall during

most months. In only 10 of the 64 months of data collec-

tion, rainfall was higher than ET o (Figure 1), particular ly

in 2014 during June, July, and September. This indicates

that rainfall was unable to meet the ET demand, and

therefore, irrigation was necessary to replenish the soil

with water and maintain adequate turf quality.

3.2 Weekly irrigation applied|

Even when different locations were selected to carry out

this study (Table 1), location cluster was not significant

to the statistical model during the study period. However,

the soil type was significant ( -value = .0377), as well asp

the treatment effect ( -value < .0001), indicating differ-p

ences in irrigation applied over the different soils and the

FIGURE 1 Monthly totals of

rainfall and reference

evapotranspiration (ET o) calculated

from weather station data using the

ASCE-EWRI standardized reference

evapotranspiration equation (ASCE-

EWRI, 2005). ASCE-EWRI,

american society of civil engineers–

environmental water & resources

institute
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various technologies and implementation approaches. In

general, there was a tendency to apply more irrigation

over the sandy soils compared with the flatwoods soils

(Figure 2). This was expected because of the different

AWHCs of the sandy versus the flatwoods soils, calcu-

lated in this study as 0.50 and 1.12 in., respectively.

In the locations of flatwoods soils, the MO group

applied signific antly higher weekly irrigation (averaging

0.87 in.) compared with all other treatments (Figure 2).

Differences between the SMS treatment and the two ET

controller treatments were not significant, averaging

0.70, 0.6 4, and 0.71 in. for ET, ET Pgm, and SMS, respec-

tively. The SMSPgm group, averaging 0.51 in., applied

significantly less irrigation than all other treatments.

Therefore, on flatw oods soils, the optimized s ite-specific

settings significantly lowe red the average irrigation appli-

cation for the SMS technology, but this was not signifi-

cant for the ET controllers.

In the sandy soil locations, the MO group also demon-

strated a significantly higher weekly irrigation (averaging

1.12 in.) compared with all other treatments (Figure 2).

The ET treatment irrigated significantly more (averaging

1.00 in.) than ETPgm and both SMS-based treatments. In

addition, there were no significant differences between the

remaining three treatments, with weekly average irrigation

applications of 0.75, 0.70, and 0.74 in. for ETPgm, SMS,

and SMSPgm, respectively. In the sandy soil locations, the

optimized site-specific settings significantly lowered the

average irrigation application only for the ET technology.

The SMSPgm treatment behaved differently

depending on soil type. This treatment applied signifi-

cantly less weekly irrigation than the other treatments on

the flatwoods soils, wherea s irrigation application was

not significantly different from the ETPgm and SMS

treatments on the sandy soils. A possible explanation for

the difference could be that the sandy soils drain more

quickly and lose more water by ET at a 3 in. sensor burial

depth (compared with the 6 in. depth of the SMS treat-

ment), resulting in more irrigation cycles allowed.

3.3 Cumulative irrigation applied|
versus irrigation required and irrigation
efficiency

3.3.1 Flatwoods soils|

The cumulative NIR for the flatwoods soils was calculated

as 89 in. for the study period. All of the implemented

treatments, however, applied more water than this theo-

retical amount required for adequate plant growth and

quality. Overall, the MO group applied the most cumula-

tive irrigation on the flatwoods soils, totaling 223 in.

(Table 3). The ET, ETPgm, and SMS treatments, which

were not statistically different in the average weekly irri-

gation (Figure 2), applied similar amounts of cumulative

irrigation, totaling 176, 165, and 184 in., respectively,

which correspond to between 18% and 26% less total water

applied than MO. In addition, the SMSPgm group applied

the least amount of water,with a total of 132 in., resulting

in 41% water savings compared with the MO group.

In spite of the water savings achieved in the flatwoods

soils, none of the smart irrigation controller treatments

reached an irrigation efficiency of even 70% (applied irri-

gation versus NIR). Following the tendencies of the wa ter

applied, the MO treatment resulted in an irrigation effi-

ciency of 40% and between 49% and 54% for treatments

ET, ETPgm, and SMS, while the highest irrigation effi-

ciency was achieved with the SMSPgm treatment, with

68% (Table 3).

FIGURE 2 Average weekly

irrigation application. Treatment

differences are represented as

lowercase letters for flatwoods soils

and uppercase letters for sandy soils.

ET, evapotranspiration; MO,

monitored only; SMS, soil moisture

sensor
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Irrigation effici ency of 100% is difficult, if not impossi-

ble, to achieve in the real world. The NIR is then divided

by the irrigation system's efficiency to obtain the GIR and

ensure well-watered conditions that could lead to good

turfgrass and landscape plant quality. Two scenarios were

selected in this study: an irrigation system with 80% effi-

ciency (considered as achievable efficiency ) and“ ”

another system with 60% efficiency (estimated as accept-“

able efficiency ).”

A l l t r e a t m e n t s a p p l i e d m o r e w a t e r t h a n t h e c a l c u -

l a t e d a c h i e v a b l e 8 0 % G I R e f f i c i e n c y , i n d i c a t i n g o v e r -

i r r i g a t i o n o f b e t w e e n 1 8 % a n d 6 5 % f o r t h e s m a r t

t e c h n o l o g i e s ( E T / S M S ) a n d 1 0 0 % f o r t h e M O g r o u p

( F i g u r e 3 ) . A s e x p e c t e d , a l l t r e a t m e n t s o v e r i r r i g a t e d

l e s s w h e n e v a l u a t e d a g a i n s t t h e t h e o r e t i c a l l y a  c c e p t -

a b l e 6 0 % G I R . E x c e p t f o r t h e S M S P g m , t h e o t h e r t r e a t -

m e n t s a p p l i e d m o r e t h a n t h e a c c e p t a b l e 6 0 % G I R

e f f i c i e n c y . T h e M O g r o u p a p p l i e d 5 0 % m o r e w a t e r ,

a n d t r e a t m e n t s E T  , E T P g m , a n d S M S o v e r i r r i g a t e d b y

1 9 % , 1 1 % , a n d 2 3 % , r e s p e c t i v e l y . C o n v e r s e l y , t h e

c u m u l a t i v e i r r i g a t i o n a p p l i c a t i o n f o r S M S P g m w  a s

1 1 % b e l o w t h e a c c e p t a b l e 6 0 % G I R r a n g e . O v e r a l l ,

t h e r e a p p e a r s t o b e a t r e n d o f w a t e r s a v i n g s o n t h e

f l a t w o o d s s o i l s d u  e t  o t h e i n s t a l l a t i o n o f a s m a r t i r r i  -

g a t i o n c o n t r o l l e r w i t h a d d i t i o n a l s a v i  n g s f r o m s i t e -

s p e c i f i c p r o g r a m i n g a n d s e t t i n g s .

3.3.2 Sandy soils|

The locations designated as sandy soils tended to apply

more cumulative irrigation than the flatwoods soils loca-

tions (Table 3). This was expected due to the calculated

118 in. of NIR for the sandy soils versus the 89 in. of NIR

for the flatwoods soils, driven by the diff erent physical

and chemical properties already described.

TABLE 3 Flatwoods versus sandy soils: cumulative irrigation applied over 64 months, water savings compared to MO, and irrigation

efficiency achieved by each treatment

Soil type Treatment Cumulative irrigation (in.) Water savings (%) Irrigation efficiency (%)

Flatwoods MO 223 40—

ET 176 21 51

ETPgm 165 26 54

SMS 184 18 49

SMSPgm 132 41 68

Sandy MO 281 42—

ET 234 17 50

ETPgm 193 31 61

SMS 164 42 72

SMSPgm 184 35 64

Abbreviations: ET, evapotranspiration; MO, monitored only; SMS, soil moisture sensor.

FIGURE 3 Cumulative

irrigation for the study period

averaged across locations for the

flatwoods soils. ET,

evapotranspiration; GIR, gross

irrigation requirement; MO,

monitored only; NIR, net irrigation

requirement; SMS, soil moisture

sensor
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There was a 17% difference in cumulative irrigation

application between MO and ET treatments, totaling

281 and 234 in., respectively (Table 3). This resulted in

irrigation efficiencies of 42% for MO and 50% for ET.

When compared with the achievable 80% GIR efficiency

range (Figure 4), overirrigation values of 91% for the MO

group and 59% for the ET treatment were computed.

Overirrigation decreased to 43% for the MO group and

19% for the ET treatment when compared with the

acceptable 60% GIR efficienc y.

The remaining three treatments applied a similar

cumulative amount of water. Treatments ET Pgm, SMS,

and SMSPgm applied 193, 164, and 184 in., respectively

(Table 3). There was no significant difference in average

weekly irrigation between these three treatments in

sandy soils (Figure 2), which resulted in total water sav-

ings of between 31% and 42% after more than 5 years of

implementation (Table 3). When the site-specific pro-

gramming and settings were included, the ET controllers

resulted in significant water savings compared with ET

controllers installed and set by the contractor (31% for

ETPgm versus 17% for ET). At the flatwoods soils loca-

tions, however, this was not significant.

E v e n w h e n t h e c u m u l a t i v e i r r i g a t i o n t e n d e d t o b e

h i g h e r i n t h e s a n d y s o i l s ( c o m p a r e d w i t h t h e

f l a t w o o d s s o i l s ) , t h e i r r i g a t i o n e f f i c i e n c i e s a l s o t e n d e d

t o b e h i g h e r , r a n g i n g b e t w e e n 6 1 % a n d 7 2 % f o r t h e

t r e a t m e n t s E T P g m , S M S , a n d S M S P g m . W h e n c o m -

p a r i n g t h e s e t r e a t m e n t s w i t h t h e a c h i e v a b l e 8 0 % G I R

e f f i c i e n c y ( F i g u r e 4 ) , t h e y o v e r i r r i g a t e d t o b e t w e e n

1 1 % a n d 3 1 % , b u t w h e n c o m p a r e d w i t h t h e a c c e p t a b l e

G I R e f f i c i e n c y , n o n e o f t h e s e t r e a t m e n t s o v e r -

i r r i g a t e d , a p p l y i n g b e t w e e n 2 % a n d 1 6 % l e s s w a t e r

t h a n t h e t h e o r e t i c a l r e q u i r e m e n t . T h e s e r e s u l t s s h o w

t h a t t h e s e s m a r t i r r i g a t i o n c o n t r o l l e r s s u c c e s s f u l l y

f o l l o w e d t h e w a t e r n e e d s o f t h e t u r f g r a s s t h r o u g h o u t

t h e s t u d y p e r i o d ( F i g u r e s 3 a n d 4 ) , s a v i n g w a t e r , a n d

p o s i t i o n i n g t h e m a s a v a l u a b l e t o o l f o r l o  n g - t e r m

w a t e r c o n s e r v a t i o n p r o g r a m s .

3.4 Turfgrass quality|

The turfgrass quality of each home was rated seasonally

for a total of 24 times durin g the study period. Most of

the time, the turfgrass quality was rated good or very

good (above 6.5 on average, from a minimum acceptable

rating of 5). Turfgrass quality ratings were not signifi-

cantly different when evaluating treatments or over- or

underirrigation.

Occasional ratings below 5 were observed, but these

improved afterward and remained above the minimum

quality. Other unmeasured factors, such as disease, pests,

fertilizer applicat ion, mowing practices, or irrigation sys-

tem maintenance, could have temporarily affected turf-

grass quality.

3.5 Technology concerns and issues|

Some cooperators chose to report their concerns about

the capabilities of the technologies they received.

FIGURE 4 Cumulative irrigation for the study period averaged across locations for the sandy soils. ET, evapotranspiration; GIR, gross

irrigation requirement; MO, monitored only; NIR, net irrigation requirement; SMS, soil moisture sensor
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Cooperators contacted any groups directly involved with

the technology installation, which included the installing

contractor, OCU, and UF/IFAS. Once contact was made

with one of these groups, the best course of action was

determined. Typically, each instance of contact resulted

in a follow-up visit by a UF/IFAS research technician

and/or OCU representative to verify that the technology

was funct ioning correctly.

There were 95 insta nces of co ntact occurri ng fr om

54 unique coopera tors ( Table 4). The maj or ity of con-

cerns oc curred sho rtly after ins tallati on w hen th e c oop-

erato r was learni ng th e tech nology, resul ting in a large

numb e r of co ncerns rais ed i n 201 1 (2 9) and early 2012

(34). Typi cal conc erns incl uded fe ar of a high wate r bill

or too much irr igation , too littl e irriga tion, and irriga tion

occur ring too soon af ter rainfa ll. Validat ed reasons fo r

too m uch irrig ation w ere due to a cont ractor p rogrami ng

the de fa ult ET cont roller set tings, ca using exte nded run-

times and sens or thres holds tha t were to o high, re sulting

in fe w bypa ssed irrig ation e vents. Res ponses of too litt le

irrig ation we re most applicab le to th e SMS tre atments

when the thre shold w as too l ow, resul ting in too ma ny

bypas sed ev ents. Irrigati on oc curring too soon after rain-

fall was a val id concern s pecific to the ET control lers.

Rain Bird w as co ntacted about this co ncern, and th e

comp any conclud e d th at rainfa ll wa s co nsidere d in th e

sched uling alg orithms aft er 24 h, r esulting i n ir rigation

immed iately after ra infall on the same day . New c ontrol-

ler face plate s wit h up dated softw are w ere i nstalled in

Nove m ber 2011 for all i nstalled ET contro llers to address

this i ssue. Alt hough th is concer n occurre d in 201 2 as

well, the re was jus t on e mor e comp laint—i n 2 0 1 4—

regard ing th is is sue.

When evaluating concerns on the basis of treatment,

more frequent contact was made by cooperators in the

education group, totaling 58, compared with the non-

education group, totaling 37 instances of contact (Table

5). During the educational training, cooperators were

made aware of the UF/IFAS contact information on the

technology brochure. Direct contact with a coop erator

established a professional relatio nship that resulted in

increased feedback.

T h e r e w e r e 4 9 E T c o n t r o l l e r c o o p e r a t o r s a n d 4 6

S M S c o o p e r a t o r s w h o e x p r e s s e d c o n c e r n s r e g a r d i n g

t h e t e c h n o l o g y r e c e i v e d ( T a b l e 5 ) . T h e m a i n r e a s o n

f o r a n E T c o n t r o l l e r c o n c e r n w a s a t t r i b u t e d t o t h e

r a i n f a l l i s s u e d i s c u s s e d p r e v i o u s l y . I n a d d i t i o n , E T

c o n t r o l l e r c o o p e r a t o r s c o m p l a i n e d a b o u t t o o m u c h

i r r i g a t i o n d u e t o t h e d e s i g n o f t h e t e c h n o l o g y , w h e r e

t h e r e w a s n o u p p e r l i m i t t o t h e i r r i g a t i o n s c h e d u l e .

T h i s i s s u e b e c a m e a p p a r e n t d u r i n g t h e c h a r a c t e r i s t i -

c a l l y h o t a n d d r y s p r i n g s e a s o n w h e n t u r f g r a s s e s

b e g a n g r o w i n g a f t e r w i n t e r d o r m a n c y , a n d i r r i g a t i o n

i n c r e a s e d i n r e s p  o n s e t o h i g h E T a n d l o w r a i n f a l l .

C o n v e r s e l y , S M S h a d n o c o m m a n d o v e r t h e i r r i g a t i o n

r u n t i m e s , r e s u l t i n g i n n o m o r e i r r i g a t i o n t h a n t h a t

a l r e a d y s c h e d u l e d i n t h e t i m e c l o c k .

TABLE 4 Number of stated reasons for contact made by cooperators since treatment installation, by year

Stated reason for contact

Year

Total2011 2012 2013 2014 2015 2016 2017

Too much irrigation/high water bill 12 13 4 2 31

Too little irrigation 8 8 2 1 1 20

Irrigating too soon after rain 7 5 1 13

Controller/sensor reading error 2 3 1 2 8

Nonfunctioning controller/sensor 4 3 1 1 1 10

Add new module 2 2 4

Disconnected sensor 1 1 1 3

Sensor in wrong location 1 2 3

Sensor not allowing irrigation 2 2

Sensor not preventing irrigation 1 1

Total 29 34 16 8 4 3 1 95

TABLE 5 Number of concerns made by cooperators since

treatment installation, by treatment

Treatment Count

ET 21

ETPgm 28

SMS 16

SMSPgm 30

Grand total 95

Abbreviations: ET, evapotranspiration; SMS, soil moisture sensor.
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3.6 Cooperators' acceptance and|
adoption of smart irrigation technology

After the s ignificant and sustained water savings achieved

in this study, cooperators' feedback was considered criti-

ca l to successfully promote the use of s mart irrigation con-

trollers. Two surveys we r e conducted, one in 2014 and the

other in mid-2017, after ending the water use data colle c -

tion. Results from the first survey indicated that a majority

of the cooperators consistently praised the implemented

technology for saving money and irrigating efficiently and

planned to continue us i ng the controllers (Morera, Mona-

ghan, Dukes, W ells, & Davis, 2015). After more than

5 years of use, the experience of any challenges with the

controllers was a barrier to their long-term adoption. Insuf-

ficient information or understanding was the s e cond most

frequent challenge experienced with ET controllers and the

fourth most frequent with SMS controllers . Therefore , the

likelihood of continue d use after 2017 was almost 12 times

higher if a respondent was satis f ied with the controller and

82% lower if any challenge was e xperienced with it

(Morera, Monaghan, & D u kes, 2019) . Conse quently, efforts

to promote investing in smart irrigation controllers may b e

most effective by emphasizing their economic benefits,

while long-term adoption might b e increased by dissemi-

nating best m anagement practices that facilitate their

understanding and successful operation.

4 | SUMMARY AND
CONCLUSIONS

Orange County is located in Central Florida, within an

area of limited water resources, coupled with rapid popula-

tion growth and increasing potable water demand. As a

result, OCU has embarked on residential water conserva-

tion programs, including a study performed by UF/IFAS to

evaluate smart irrigation controllers that showed potential

to conserve water, including SMS and ET controllers. Pre-

vious studies recommended that ET controllers be installed

preferably in homes that overirrigate their landscape; oth-

erwise, irrigation water use could increase after installa-

tion. Therefore, OCU decided to target only excess

irrigators to evaluate a possible rebate program. Conse-

quently, the main objective of this study was to evaluate

the long-term water conservation potential of two smart

irrigation controllers when implemented in single-family

homes with excess irrigation.

An important aspect of this study was the selection of

potential single-fami ly home cooperators that were con-

sidered excess irrigators, estimated from water billing

data. From more than 140,000 accounts, a total of 7,408

accounts (5%) were found to be excess irrigators in the

OCU service area. A letter was mailed to these excess irri-

gators, inviting them to be part of this water conservation

program. Of the mailed accounts, 843 (11%) responded.

According to these re sults, if a water entity or utility

plans to create a rebate program for excess irrigators, the

totality of this targeted population should be contacted.

A total of 167 residential cooperators with automated

irrigation systems were finally selected. Nine location

clusters were established in the area across the two domi-

nant soil types: flatwoods and sandy. Five treatments

were implemented in the homes: MO (monitored only),

ET (homes with an ET controller), SMS (homes with an

SMS controller) and ETPgm and SMSPgm (homes with

an ET or SMS, which were optimized with onsite pro-

graming and where the cooperators were given educa-

tional training about the technology implemented).

Equipment and treatments were fully installed and

implemented by Octo ber 2011, and the data collection

was conducted from November 2011 through February

2017. Hourly irrigation data were totaled as weeks,

months, and cumulative; average d by treatment ; and

then compared between treatments. In add ition, the

water applied per treatment was compared with the esti-

mated irrigation that was required to meet plants' water

needs.

Location cluster was not significant to the statistical

model during the study period. However, treatment and

soil type were significant, indicating differences in irriga-

tion applied by the different technologies and implemen-

tation approaches.

By the end of the study, after more than 5 years of

data collection, all treatments with a smart irrigation

technology, both optimized and nonoptimized, resulted

in signi ficant water savings compared with MO in both

soil types but with different statistical outcomes. On aver-

age, ET controllers reduced irrigation across both

flatwoods and sandy soils: 21% and 17%, respectively, for

the ET group and 26% and 31% , respectiv ely, for the

ETPgm group.

The SMS-based treatments also resulted in significant

irrigation reduction. The SMS grou p reduced irrigation

by 18% and 42% in flatwoods and sandy soils, respec-

tively, compared with the MO group. Likewise, the

SMSPgm treatment applied 41% and 35% less water in

flatwoods and sandy soils, respectively, compared with

the homes without a smart irrigation controller.

Overall, the SMS technology tended to be more effi-

cient than the ET controll ers. Three of the four SMS

treatments applied the least amount of water during this

study. Conversely, only ETPgm in sandy soils was part of

the group of treatments that applied the least amount of

water (together with SMS and SMSPgm) . When contrac-

tors and end users were educated on the technolo gy and
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when research-based practices were used to install and

program any of the controller types, the irrigation effi-

ciency and water savings tended to increase.

These re sults demonstrated the long-term ability of

SMS and ET controllers to regulate the amount and fre-

quency of water applied by automated irrigation systems

on the basis of real-time soil moisture content or weather

conditions in single-family homes with excess irrigation,

without detriment to the turf quality.

Encouraging the initial acquisition of smart irrigation

controllers might be most effective by promoting their

economic benefits. The long-term adoption might be pro-

moted by disseminating best management practices that

would enable their successf ul operation.
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