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Abstract

A web-based, container irrigation scheduling program (CIRRIG) based on routine Leaching Fraction (LF¼drainage/applied) testing

and real-time weather monitoring was evaluated for its effect on plant growth and water use of Thuja (T. standishii x T. plicata)

‘Green Giant’ in #15 [43 cm (17 inch)] containers in a commercial nursery in Florida. Independently-controlled irrigation zones each

containing 830 plants were irrigated automatically with CIRRIG or with the nursery’s traditional irrigation practice of a fixed daily

rate. After 6 months, CIRRIG reduced the total volume of water applied by 51% [490 vs. 990 L/plant (129 vs. 262 gal/plant) but

reduced growth in plant height and width by 15% and 10%, respectively. Routine LF testing indicated that the target LF of 25% was

likely too low for the coarse pine bark substrate and spray-stake irrigation system. In light of stricter consumptive use permitting of

water by governmental agencies, technologies such as CIRRIG may allow nurseries to produce more plants with less water.

Index words: CIRRIG, evapotranspiration, growth, landscape plant, programmable logic controller, water use.

Species used in this study: Thuja Green Giant [Thuja (T. standishii x T. plicata) ‘Green Giant’].

Significance to the Horticulture Industry

As water resources become more limiting to container

nurseries, it is imperative that growers practice efficient

irrigation to maximize profitability. The technology tested

in this study involved routine leaching fraction testing

coupled with real-time weather monitoring to automati-

cally adjust daily irrigation run times in the field using a

web-based irrigation scheduling program for container

nurseries called CIRRIG. When the CIRRIG technology

was implemented at a commercial container nursery and

compared to the nursery’s traditional irrigation practice, a

water savings of 51% was achieved in the production of a

micro-irrigated, trade #15 container-grown landscape

plant. While the water savings provided minimal pumping

cost savings on a per-container basis, a significant

reduction in total water use may increase profitability by

allowing nurseries to produce more plants with a given

allotment of water granted by consumptive water use

permits. Results indicated that additional research is

necessary to determine what LF target levels will result in

optimal growth with the least amount of water.

Introduction

Container nurseries are facing increased pressure from

water management agencies to apply irrigation water

efficiently (Majsztrik et al. 2017). The confined volume

of substrate in containers provides limited water storage

capacity so that irrigation water is applied frequently,

typically one to three times per day. Frequent irrigation

places increased demand on applying efficient amounts of

irrigation water to resupply water lost through evapotrans-

piration (ET) without excessive drainage and leaching of

applied nutrients.

General strategies for objectively scheduling irrigation

are based on evaluating the water deficit in the container

prior to irrigation. One of these strategies entails directly

measuring container water deficits using substrate moisture

probes or sensors (Chappell et al. 2013, Coates et al. 2013,

Lea-Cox et al. 2013, Niu et al. 2006, Warsaw et al. 2009)

or by weighing containers (Prehn et al. 2010, Million et al,

2010, Sammons and Struve 2008). Another strategy is

estimating water deficits using plant evaporation models

(Beeson Jr. 2012, Grant et al. 2010, Million and Yeager

2015, Schuch and Burger 1997). The latter strategy has the

advantage of not requiring hardware; however, the accurate

estimation of water deficits using models has not been

widely tested in commercial settings.

While the two general approaches have been found to be

useful for determining the water status of the container

substrate, critical additional information is needed to relate

measured or estimated water deficits to efficient irrigation

run times. For example, the capture of sprinkler irrigation

water has been shown to be greatly affected by plant size,

plant species and container spacing (Million and Yeager

2015). So, the actual amount of irrigation water captured

by the container may be considerably different than that

calculated solely by irrigation rate. For micro-irrigation, an

efficient irrigation run time for a measured container water

deficit can be affected by emitter placement, emitter flow

rate, cyclic irrigation, container geometry, and substrate’s

physical properties (Bilderback and Fonteno 1987, Karam

and Niemiera 1994, Lamack and Niemiera 1993). An

irrigation strategy is needed that not only monitors pre-

irrigation water deficits but also accounts for the ability of
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the irrigation system to resupply water to the container
substrate.

A strategy for irrigation scheduling that accounts for
irrigation system delivery is routine leaching fraction
testing (Stanley 2012, Tyler et al. 1996a, Million and
Yeager 2018). Leaching Fraction (LF) is the amount of
container drainage divided by the amount of irrigation

water applied to the container. When LF is measured
routinely, irrigation run times can be adjusted to maintain a
desired LF. Leaching fraction testing is post-irrigation and
therefore directly monitors container drainage, which is
generally undesirable and contributes to irrigation ineffi-

ciency and runoff.
Reducing LF can help conserve irrigation water and

reduce leaching of applied nutrients. Day (2012) reported
an annual reduction in irrigation water usage of 56% (74
vs. 167 million gallons/year) over a 4-year period after
implementing LF testing at a Virginia container nursery.
Associated reductions in the use of fertilizer, herbicide, and

chlorine were also reported. Owen et al. (2008) reported
that reducing the target LF from 20% to 10% reduced
irrigation water use by 25% and drainage by 65%. Tyler et
al. (1996a) found that reducing LF from 40-60% to ,20%
reduced irrigation water applied by 44% and NO3-N

leaching by 66%. In poinsettia production, reducing the
target LF from 40% to 20% reduced irrigation water
applied by 26% (Ku and Hershey 1991). During a 6-month
period of production of ‘Nellie R. Stevens’ holly in 57 L
(15 gal) containers, LF-guided micro-irrigation reduced

water use by 60% compared to the nursery’s traditional
irrigation practice (Million and Yeager 2018).

Daily adjustments to irrigation based on weather may
provide additional means for improving irrigation efficien-
cy using routine leaching fraction testing. If LF testing is
conducted when weather conditions are conducive to high
ET, and appropriate irrigation adjustments are made to

achieve a desired LF based on those tests, then fixed daily
irrigation amounts applied during the interval between LF
tests should be sufficient in most cases. If, however,
weather conditions become less conducive to high ET
during the interval between LF tests, then fixed daily

irrigation amounts are likely to be excessive and thus
inefficient to some degree. Our strategy was to improve
irrigation efficiency during the interval between LF tests by
accounting for real-time weather affecting ET. To test this
strategy we modified an existing web-based irrigation

program called CIRRIG (Million et al. 2012) to output
irrigation run times based on LF testing and real-time
weather that could be implemented automatically using
programmable logic controller (PLC) software and hard-
ware. The objective of this experiment was to evaluate this

new technology in a commercial nursery by comparing the
weather-based LF technology to the nursery’s traditional
irrigation practice with regard to plant growth and water
use.

Materials and Methods

LF Irrigation Technology. The LF irrigation technology
used in this experiment included the software program

CIRRIG to generate irrigation run times and a PLC

irrigation control system to automatically implement

CIRRIG-generated run times by controlling solenoid

valves in the field. A brief description of each follows.

CIRRIG (http://www.bmptoolbox.org/cirrig) was de-

signed for use in commercial container nurseries. One

function of CIRRIG was to acquire and manage weather

data from a data-logging weather station (Vantage Pro Plus

II; Davis Instruments, CA) located on-site. A Linux-based

microcomputer (Raspberry Pi II; Adafruit Industries, New

York City, NY) running WEEWX (www.weewx.com), a

free, open-source weather program, acquired weather data

logged every 5 sec from the weather station and parsed the

weather data for four parameters used in ET calculations:

minimum and maximum temperature, solar radiation, and

rain. Weather data was stored in a MySQL database under

the nursery’s user account on the CIRRIG server housed in

Gainesville, FL.

Another function of CIRRIG was to create and manage

multiple irrigation zones and to output daily irrigation run

times for each zone based on zone inputs and weather data.

For this trial, we selected ‘‘LF-micro’’ version which

outputs irrigation run times based on routine LF testing in

micro-irrigation production. Once a zone was created,

certain inputs were assigned that typically remained

unchanged or were infrequently changed for the duration

of the crop: number of cycles per day, irrigation rate,

container diameter, and weather station (if multiple stations

at nursery). A second section of inputs is used for inputting

LF test results (Fig. 1) including LF test date and time, LF

irrigation run time (RTtest), measured LF (LFtest), and target

LF (LFtarget). Based on the LF test inputs, CIRRIG

calculated two LF test reference values, ETLF and RTLF,

for making future irrigation calculations. ETLF was the

reference potential ET value (ETo) calculated using the 24

hours of weather data collected previous to the LF test date

and time. ETo was calculated using a container-grown

plant evaporation model described by Million et al. (2011),

which uses a biased temperature maximum that accounts

for the heating affect that occurs when growing plants in

black containers on black ground cloth in spaced

arrangements. RTLF was the run time of the LF test

adjusted for the target LF according to

RTLF ¼ 100%� LFtestð Þ4 100%� LFtarget

� �
3 RTtest:

Using the LF test reference values, daily irrigation run

times (RTday) were calculated just prior to irrigation

Fig. 1. Example of how results of LF tests conducted approximately

once every 3 weeks were input into CIRRIG. CIRRIG

outputted real-time irrigation run times based on recent

weather conditions relative to weather conditions associated

with the LF test.
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according to: RTday¼ ETo/ETLF x RTLF where ETo is the

potential ET calculated using the past 24 hours of weather

data. In order to account for rain and multiple cycles during

the day, an hourly water balance was calculated based on

the distribution of solar radiation during the 24-hour

period:

RThour ¼ SRhr 4 SRday 3 RTday � RTrain

where RThour¼hourly run time, SRhr¼hourly solar radia-

tion, SRday¼past 24-hour solar radiation, and RTrain ¼
hourly rain converted to equivalent run time based on the

irrigation application rate. RThr values calculated for each

hour subsequent to the last irrigation were summed and

ultimately output as the current irrigation run time. If a

minimum run time of 2 minutes was not exceeded, then

irrigation was cancelled and the deficit carried over to the

subsequent irrigation cycle.

The PLC technology used to implement CIRRIG

required various hardware and software. The microcom-

puter running the weather acquisition program also ran

local JAVA agents that acquired output from CIRRIG and

set timer values on the PLC (D0-DA06 with H0-ECOM100

communications module; Direct Logic, Atlanta, GA) for

each test zone via an Ethernet connection on the local

network. A cell modem and router (MBR95, Cradlepoint,

Boise, ID) were used to create a local network connected to

the internet. A graphical user interface program allowed

the control and monitoring of all PLC activities locally or

remotely.

Field Experiment. A field experiment was conducted at

The Holly Factory (29.88N, 82.58W), a 28 ha (70 acre)

container nursery producing primarily landscape shrubs

and trees with spray-stake, micro-irrigation. The experi-

mental site included six adjacent, independently-controlled

irrigation test zones. Each test zone contained approxi-

mately 830 Thuja (T. standishii x T. plicata) ‘Green Giant’

in 43 cm (17 inch) top diameter containers (trade #15).

Containers in each test zone were arranged in two sections

of four rows each 91 m (300 ft) long. There was a 2.4 m (8

ft) alley between sections within a test zone and between

adjacent tests zones. Containers were arranged in an offset

pattern with a within-row spacing of 86 cm (34 inch) and a

between-row spacing of 102 cm (40 inch). Water was

supplied to each of the 8 rows of plants via 2.5 cm (1 inch)

polyethylene pipe. Plastic tubing [0.32 cm (0.125 inch)

inner diameter] supplied water from the 2.5 cm (1 inch)

pipe to a single spray stake (Lime Green Groove Pot

Staket; 6.6 gal/hr at 20 psi; Maxijet, Dundee, FL) located

at the perimeter of each container spraying inward. Water

use was monitored by installing a 7.6 cm (3 inch)

flowmeter (Flo-wise Totalizer; Senninger, Clermont, FL)

upstream from the solenoid valve controlling each

irrigation zone. Irrigation tests were conducted to deter-

mine irrigation rate and distribution of uniformity (DU) by

collecting irrigation water from 16 emitters per zone during

10-minute irrigation cycles. Emitter flow rates averaged 27

L.hr�1 (7.1 gal.hr�1) and DU averaged 83%.

Thuja grown in 15 cm (6 inch) diameter containers

(trade #1) were previously transplanted into the 43 cm (17

inch)-diameter containers (trade #15) on April 23, 2016,

nine months prior to the start of the experiment on 6 Feb.

2017. The substrate was composed of 90% pine bark and

10% compost (Southeast Soils, Okahumpka, FL) contain-

ing a micronutrient supplement (Meg Iron V; Florikan,

Sarasota, FL ) at 2.1 lb.yd�3. Two controlled-release

fertilizer applications were made to each container at

planting: 50 g of 21-1.7-6.7 (Osmocotet 21-4-8, 12-14

month at 21 C; ICL Specialty Fertilizers, Dublin, OH) was

sub-dressed on the side of the transplant root ball and 50 g

16-2.2-9.2 (POLYONt 16-5-11, 12-14 month at 21 F;

Harrell’s, Lakeland, FL) top-dressed. A second top-dress

application of 125 g was made to each container the week

of January 2, 2017, one month prior to the start of the

irrigation treatments. Plants were pruned for shape on

March 13, 2017. All production activities were carried out

by HF staff.

Three of the six test zones were irrigated according to

The Holly Factory’s traditional practice (TP) and the

other three using automated CIRRIG technology (CIR-

RIG). Both TP and CIRRIG were scheduled to irrigate

once a day starting at 1215 HR. TP irrigation was a fixed

rate of 10 min per day or 4.5 L per plant per day (1.2 gal

per plant per day) until May 11 (day 94) and 15 min per

day or 6.8 L per plant per day (1.8 gal per plant per day)

from May 12 until the end of the experiment. At the

nursery’s discretion, irrigation was turned off if rainfall

was considered sufficient to offset irrigation needs. For

the CIRRIG treatment, four plants per test zone were

selected for routine LF testing. LF plants were placed on

43 cm (17 inch) diameter aluminum pizza pans placed on

top of two 30 cm (1 ft) long pieces of 10.2 cm by 10.2 cm

(4 in by 4 in) lumber. A 1.3 cm (0.5 in) diameter hole

punched in the pizza pan allow for the collection of

container drainage. An emitter from an adjacent container

was placed in a pail to collect the amount of irrigation

water applied. The average of the four LF measurements

was entered in the CIRRIG program along with the

associated irrigation run time and a target LF of 25%. The

target LF was increased to 30% on June 27 (day 141) after

observing declining water retention at 25%. LF tests were

conducted approximately once every 3 to 4 weeks on days

unaffected by rain or excessively cloudy conditions. The

experiment lasted 197 days terminating on Aug 22, 2018

when plants were moved to another location at the nursery

in preparation for sale.

Plant growth was monitored by tagging 16 plants per

treatment block and measuring plant height and two

perpendicular plant widths at the start and once every

three weeks. Plant growth was the change in plant height

and width from the start to the end of the experiment.

Irrigation water applied to each test zone was monitored

by taking weekly flowmeter readings. The experiment was

analyzed as a randomized complete block design with

three blocks and two irrigation treatments using Statistical

Analysis System (SAS Version 9.4; Cary, NC). There

were three replications per treatment for total water

applied, and 48 replications per treatment for plant

growth.
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Results and Discussion

Weather during the experiment was typical of this

North-Central Florida location (Table 1). By the middle of

May daily low temperatures rarely fell below 21 C (70 F)

and high temperatures were typically above 32 C (90 F).

Solar radiation levels were highest in April and May when

humidity was lower and skies clearer than subsequent

summer months when humidity and cloud cover increased.

An increase in convective storms during the summer

months typically results in 16 to 20 cm (6 to 8 in) of rain

per month, or double what we would normally expect in

spring months. In this trial, lower than average rain fell in

all months except June when 28 cm (11 in) was recorded.

Leaching fraction tests conducted for the CIRRIG

treatment were generally higher than the target value of

25% (Fig. 2). The average LF for the 16 tests was 36% with

only one testing date (June 1) giving a value ,25%, the

target LF. We attributed the high LF values to the coarse

substrate and the scheduling of only one irrigation cycle

per day. A cyclic irrigation schedule where irrigation is

applied in two or more cycles per day has been shown to

improve water retention and decrease drainage (Karam and

Niemiera 1994, Tyler et al. 1996b). Despite high LF

values, we often observed decreasing container weights

over time. An example from a 4-day stretch of clear

weather from May 11 to May 14 is given in Fig. 3.

Decreasing container weights despite high LF was further

evidence that the substrate was not efficiently retaining the

irrigation water.

CIRRIG-directed irrigation applied less than 50% of the

water applied by TP and this effect was consistent

throughout the 197-day trial (Fig. 4). At the end of the

experiment, CIRRIG reduced (P,0.01) total irrigation

water applied by 5163% [490 vs. 990 L per plant (129 vs

262 gal per plant); Table 2] compared to TP.

Although CIRRIG reduced irrigation water applied,

plant growth was negatively affected during the second

half of the experiment (Fig. 5). Plant growth of Thuja

during the first 90 to 100 days was little affected by

irrigation treatment. Subsequently, however, TP resulted in

greater growth than CIRRIG, especially in May and June.

There was little growth effect of irrigation treatments

observed in July and August. By the end of the experiment,

Table 1. Average daily air temperatures and solar radiation and

total rain for monthly intervals at The Holly Factory

nursery during the irrigation experiment.

Interval

Tminy

(C)

Tmaxy

(C)

Solar radiationz

(MJ�m�2�d�1)

Rain

(cm)

2/7/17 - 2/28/17 11 25 14 3

3/1/17 – 3/31/17 10 25 17 2

4/1/17 – 4/30/17 14 29 20 10

5/1/17 – 5/31/17 18 32 21 4

6/1/17 – 6/30/17 21 32 16 28

7/1/17 – 7/31/17 23 33 19 11

8/1/17 – 8/22/17 23 32 16 9

zW�m�2¼MJ�m�2�d�1 3 11.57
yTmin and Tmax were the average daily minimum and maximum

temperatures, respectively. F¼ C 3 1.8þ 32.

Fig. 2. Leaching fraction test results (n¼4) used to guide CIRRIG-

directed irrigation. The target LF was 25% (30% after day

141).

Fig. 3. Hourly container weight measurements) for a CIRRIG-

irrigated plant over a 4-day period (May11-14).

Fig. 4. Cumulative irrigation water applied to Thuja (T. standishii x

T. plicata) ‘Green Giant’ produced in 43 cm (17 inch)

diameter containers (trade #15) with The Holly Factory’s

traditional irrigation (TP) or with CIRRIG technology. Each

symbol represents a day flowmeter readings were taken

(n¼3). 1 gallon ¼ 3.785 L.
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plant height growth was reduced (P,0.01) by 14% [59 vs.

51 cm (23 vs. 20 inch)] and plant width growth was

reduced (P,0.01) by 10% [30 vs. 33 cm (12 vs. 13 inch);

Table 2]. Despite the 10-15% reduction in plant growth,

Thuja plants irrigated with CIRRIG were of marketable

size and appeared similar in quality to Thuja irrigated by

TP.

Conducting this kind of experiment where each day

entails implementing the irrigation treatment was a great

learning experience. We learned some of the reasons why

TP may have been applying more water than what was

indicated by LF testing. One reason previously suggested

was the coarseness of the substrate (90% pine bark), which

may have required high irrigation rates (high LF) to

maintain adequate substrate moisture levels. Another

observation was that frequent mechanical issues with the

main pump or water being directed to other areas of the

nursery causing low water pressure resulted in many days

when little or no water was delivered during scheduled

times. High rates of irrigation may help container

substrates with missed irrigations to ‘‘catch up’’ more

rapidly than when irrigation is more conservative (low LF).

Furthermore, skipped irrigation days resulting in lower pre-

irrigation substrate moisture levels can exacerbate poor

water retention of subsequent irrigations by increasing

hydrophobic properties of the substrate. In a previous trial

at The Holly Factory with Nellie Ray Stevens holly, LF

testing to make periodic adjustments to irrigation resulted

in plant growth and quality similar to the plant growth and

quality using the nursery’s traditional fixed rate of

irrigation, while using 50% less water (Million and Yeager

2018). In that experiment, daily adjustments to irrigation

were not made with CIRRIG but remained fixed during the

interval between LF tests. With that schedule, the

additional water applied for days of low ET may have

allowed for ‘‘catching up’’ but with lower overall amounts

of irrigation water applied with CIRRIG relative to that

applied using the nursery’s traditional practice.

A benefit of applying less irrigation water includes lower

pumping costs. At The Holly Factory, the irrigation

pumping cost basis was $0.053 per 1000 L ($0.20 per

1000 gal). In this trial total irrigation water applied was 990

and 490 L per plant (262 and 129 gal per plant) for TP and

CIRRIG, respectively. The savings of 500 L per plant (132

gal per plant) using CIRRIG equated to a savings of

,$0.03 per plant. At a market value of $60 per plant, it is

easy to see why even a reduction in water use of .50%

provides minimal incentive to conserve water to reduce

irrigation pumping costs. However, if consumptive use

permits are limiting production by limiting a nursery’s

allowable allotment of water, then reducing water con-

sumption using CIRRIG technology may have significant,

albeit unknown, impacts on nursery profitability.
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