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ABSTRACT

GROWTH AND PHYSIOLOGY

OF DECIDUOUS SHADE TREES AND CONIFERS

IN RESPONSE TO CYCLIC IRRIGATION REGIMES

By

Amanda Jo Taylor

Nursery water management is becoming increasingly important as input costs rise and

water use regulations increase. Irrigation regimes consisting of varying combinations of

irrigation rates and cycle frequencies were tested to investigate their effect on the grth

and physiology of PIP-grown conifers and deciduous shade trees. The project consisted

oftwo studies: 1) examining the effects of cyclic irrigation and reduced irrigation rates on

seven taxa of deciduous shade trees, and 2) examining the effects of cyclic irrigation and

reduced irrigation rates on four conifer species. Growth and physiological responses were

measured throughout two growing seasons and were more responsive to irrigation rate

than cycle frequency. In the first study, we found that 50% reductions in daily irrigation

rates produced conifers of similar size to those produced with the typical irrigation rate.

However, the same reduction in the irrigation rate of PIP-grown deciduous shade trees

decreased stem radial grth ofmost species tested. Applying water in multiple cycles

did not affect tree growth in either study. Ofthe various methods of calculating WUE,

carbon isotope discrimination was the most sensitive to irrigation regimes.



ACKNOWLEDGMENTS

Thank you to my advisor Bert Cregg for being so understanding and making work

fun. Thanks to the Cregg. family for always making me feel so welcome in their home.

Thank you to my family, who supported me even though they don’t understand what I’m

doing or why I’m doing it. Thanks especially to Christina for talking me down from the j

ledge on more than one occasion. You are the wind beneath the wings.

Thank you, Heutsche family for making sure that I was fed during the many months that I

was writing my thesis and for being so hospitable to Buddy. Thank you, Ted for being ]

unselfish while I was writing and revising and for putting up with me during the process.

This journey would have been less enjoyable if Aaron Warsaw and Nick Pershey were

not around. Aaron — thank you for listening. Nick — thanks for making me laugh (whether

you meant to or not).

Thank you to my committee members, Jeff Andresen and Tom Fernandez, for the

advice.

0.-

 



TABLE OF CONTENTS

LIST OF TABLES ...............................................................................................................v

LIST OF FIGURES .......................................................................................................... vii

INTRODUCTION ............................................................................................................... 1

CHAPTER ONE

LITERATURE REVIEW

Introduction ..............................................................................................................7

Container nurseries and irrigation............................................................................ 8

The pot-in-pot production system .......................................................................... 11

Irrigation scheduling .............................................................................................. ll

Overhead irrigation vs. microirrigation ................................................................. l3

Cyclic irrigation ..................................................................................................... 1 5

Water movement through soils and substrates....................................................... 15

Water application efficiency .................................................................................. 17

Leachate ................................................................................................................. 18

Grth response to water-conserving irrigation regimes

Function of water in plant growth..............................................................21

Height and caliper response .......................................................................22

Biomass production and resource allocation .............................................22

Irrigation rate and grth ..........................................................................24

Physiology of water stress

Basic water stress physiology ....................................................................25

Water use efficiency ..................................................................................26

Specific leaf area ........................................................................................29

Plant nutrient status ...................................................................................30

Chlorophyll fluorescence ...........................................................................32

Water potential ...........................................................................................32

Literature Cited ..........................................................................................35

CHAPTER TWO

GROWTH AND PHYSIOLOGY OF DECIDUOUS SHADE TREES GROWN UNDER

CYCLIC IRRIGATION

Abstract .................................................................................................................46

Introduction ...........................................................................................................47

Materials and Methods ..........................................................................................50

Results ...................................................................................................................57

Discussion ..............................................................................................................64

Tables .....................................................................................................................70

Figures....................................................................................................................74

Literature Cited ...................................................................................................... 85

iv



CHAPTER THREE

GROWTH AND PHYSIOLOGY OF CONTAINER-GROWN CONIFERS UNDER

CYCLIC IRRIGATION

Abstract .................................................................................................................90

Introduction ...........................................................................................................91

Materials and Methods ..........................................................................................95

Results ................................................................................................................. 103

Discussion ............................................................................................................ 112

Tables ................................................................................................................... 122

Figures.................................................................................................................. 124

Literature Cited .................................................................................................... 128

CHAPTER FOUR

COMBINED SUMMARY AND CONCLUSIONS

Significance ofthe Study .................................................................................... 138

Results and Ramifications .........................................................................................

Deciduous Shade Trees ............................................................................ 138

Conifers ................................................................................................... 139

Future Research .................................................................................................. 141

Literature Cited .................................................................................................... 143

APPENDIX 1 ................................................................................................................... 144

APPENDIX 2 ................................................................................................................... 156



LIST OF TABLES

Table 2.1: Summary analysis of variance (ANOVA) for caliper and height growth of

seven taxa of deciduous shade trees grown in #25 containers in a PIP production system

under varying combinations of irrigation rate and cycle frequencies. ...............................71

Table 2.2: Summary repeated measures analysis of variance (ANOVA) for mid-day

photosynthesis (Amax), leaf stomatal conductance (gs), and WE (Amax/gs) ofA.

fieemanii, A. rubrum, Q. rubra, Ulmus ‘Morton’, and Ulmus ‘Morton Glossy’ grown in

#25 containers in a PIP production system under varying combinations of irrigation rate

and cycle frequencies. ........................................................................................................72

Table 2.3: Mean mid-day net Erotpsynthesis (Amax; umol-m-zsl), leaf stomatal

conductance (gs; mol HzO'm -s ), and intrinsic water use efficiency (WUEi; Amax/gs)

(iSE) of five taxa of deciduous shade trees grown in #25 containers in a PIP facility

under varying combinations of irrigation rate (low, 1 cm or high, 2 cm) and daily cycle

frequencies (one or four). Means with different letters are statistically different at p50.05.

Data averaged across all sampling dates and irrigation treatments. ..................................73

Table 2.4: Specific leaf area (SLA), total leaf area (TLA), foliar N concentration, and

chlorophyll content (CC) of seven taxa of deciduous shade trees grown in #25 containers

under two irrigation rates (low, 1 cm or high, 2 cm) on 27 July 2009. Within columns,

means with different letters are different at p50.05. Data averaged across all cycle

frequencies. ........................................................................................................................74

Table 3.1: Summary repeated measures analysis of variance (ANOVA) for mid-day

photosynthesis (Amax), leaf stomatal conductance (gs), and WE (Amax/gs) of single—

needle conifer species (P. glauca var. densata, P. pungens, and A. fiaseri) grown in #3 or

#7 containers in a PIP production system under varying combinations of irrigation rate

and cycle frequencies ....................................................................................................... 123

Table 3.2: 2009 mid-day net photqsynthetic rate (Amax; umol-m-Z-SJ) and leaf stomatal

conductance (gs; mol H20-m -s ), and instantaneous water use efficiency (WUEi;

Amax/gs) of four species of coniferous trees grown in #3 or #7 containers in a PIP

production system and receiving three or two irrigation rates, respectively. Cycle

frequency x rate interactions were not significant within any species, therefore data was

averaged across cycle frequencies and all sampling dates. Means with different letters are

significantly different at p50.05. Within species differences are represented by lowercase

letters. Overall differences are represented by uppercase letters. .................................... 124

vi



LIST OF FIGURES

Figure 2.1: Weekly rainfall and reference evapotranspiration (ETo) from Michigan

Automated Weather Network at Michigan State University (MSU) Hancock Turfgrass

Research Center (2008) and MSU Horticulture Teaching and Research Center, East

Lansing, MI. Rainfall deficit = ETo — rainfall. ........................................................................75

Figure 2.2: Container capacity and seasonal course of substrate volumetric moisture

content (VWC; %) of a subsarnple of 16 deciduous shade trees grown in #25 containers

in a PIP facility under varying combinations of irrigation rate (low, 1 cm or high, 2 cm)

and daily cycle frequencies (one or four). .........................................................................76

Figure 2.3: Stem radial growth (iSE) over the two-year production cycle of seven taxa of

deciduous shade trees grown in #25 containers in a PIP production system under varying

combinations of irrigation rate (low, 1 cm or high, 2 cm) and daily cycle frequencies (one

or four). Effect of cycles was not significant. Data averaged across cycles (n=8; * p30.05;

** p50.01). .........................................................................................................................77

-2 -1

Figure 2.4: 2009 mid-day leaf stomatal conductance (gs; mol H20-m -s ) of five taxa

of deciduous shade trees grown in #25 containers in a PIP production system under two

irrigation rates (low, 1 cm or high, 2 cm). Data averaged across both irrigation rates

(n=40).................................................................................................................................78

- -I

Figure 2.5: 2009 mid-day net ahojpsynthetic rate (Amax; umol-m 2-s ), leaf stomatal

conductance (gs; mol H20'm -s ), and instantaneous water use efficiency (WUEi;

Amax/gs) of five taxa of deciduous shade trees grown in #25 containers in a PIP

production system under two irrigation rates (low, 1 cm or high, 2 cm). Effect of cycle

frequency and irrigation rate was not significant. Data averaged across both cycle

frequencies (n=40). ............................................................................................................79

Figure 2.6: Diurnal courses of stomatal conductance (gs; mol HzO-m 2-s 1) ofAcer

fieemam'i andAcer rubrum trees grown in #25 containers in a PIP production system in

2008 and 2009 under varying combinations of inigation rate (low, 1 cm or high, 2 cm)

and cycle frequency (one or four). Data averaged across irrigation rate and cycle

frequency when effect of treatment was not significant (n=l6). Means with different

letters are significantly different at p50.05. .............................................................................80

Figure 2.7: Diurnal course of leaf water potential (MPa) of Quercus rubra trees grown in

#25 containers in a PIP production system in 2008 and 2009 under varying combinations

of inigation rate (low, 1 cm or high, 2 cm) and cycle frequency (one or four). Effect of

cycles was not significant at any time. Data averaged across irrigation rate and cycle

frequency when effect of treatment was not significant (n=l6). Times when irrigation rate

was significant, data averaged across both irrigation cycle frequencies (n=8; * p50.05; **

p300]; **"‘ p50.0001).......................................................................................................81

Figure 2.8: Diurnal course of leaf water potential (MPa) ofAcerfi'eemam'i trees grown in

#25 containers in a PIP production system in 2008 and 2009 under varying combinations

of irrigation rate (low, 1 cm or high, 2 cm) and cycle frequency (one or four). Effect of

cycles was not significant. Data averaged across irrigation rate and cycle frequency when

vii



effect oftreatment was not significant (n=1 6). Times when irrigation rate was significant,

data averaged across both irrigation cycle frequencies (n=8; * p50.05; ** p50.01). ........ 81

Figure 2.9: A values (%o) (:tSE) of 2009 foliar tissue of five deciduous shade tree species

grown in #25 containers in a PIP production system under varying combinations of

irrigation rate (low, 1 cm or high, 2 cm) and daily cycle frequencies (one or four) (n=8; *

p_<_0.05; ** p50.01). Effect of cycles was not significant in any taxa except A. rubrum, in

those taxa data is averaged across cycle frequencies. In graph ofA. rubrum, means with

different letters are statistically different at p50.05. ..........................................................82

Figure 2.10: A values (%o) (iSE) of 2008 and 2009 wood ofAcer rubrum trees grown in

#25 containers in a PIP production system under varying combinations of irrigation rate

(low, 1 cm or high, 2 cm) and daily cycle frequencies (one or four) (n=16; ** p_<_0.01).

Effect of irrigation rate was not significant; data averaged across rates............................83

Figure 3.1: Weekly rainfall and reference evapotranspiration (ETo) from Michigan

Automated Weather Network at Michigan State University (MSU) Hancock Turfgrass

Research Center (2008) and MSU Horticulture Teaching and Research Center (2009),

East Lansing, MI. Rainfall deficit = ETo — rainfall. ........................................................ 125

Figure 3.2: Container capacity and seasonal course of substrate volumetric moisture

content (VWC; %) ofa subsarnple of 16 coniferous trees grown in #7 containers in a PIP

facility under varying combinations of irrigation rate (1 or 2 cm) and daily cycle

frequencies (one or four).................................................................................................. 126

Figure 3.3: Stem radial growth (:J:SE) over the two-year production cycle of four

coniferous tree species grown in #7 containers in a PIP production system under varying

combinations of irrigation rate (1 or 2 cm) and daily cycle frequencies (one or four).

Effect of cycles was not significant; data averaged across both cycle frequencies (n=8).

Means with different letters are statistically different at p50.05. .................................... 127

Figure 3.4: Diurnal course ofmean leaf stomatal conductance (gs; mol HZO-m 2°s 1) and

(:tSE) ofA. fraseri trees grown in #7 containers in a PIP production system under two

inigation rates (1, 2, or 3 cm) on three dates. Cycles x rate interactions were not

significant, therefore data was averaged across cycles. The high irrigation rate increased

(p50.05) mean diurnal gs only on 5 August 2009 (a=0.05; n=4). .................................. 128

Figure 3.5: Diurnal course of shoot water potential (MPa) (iSE) ofA.fiaseri trees grown

in #7 containers in a PIP production system under two irrigation rates (1 or 2 cm)

(a=0.05; n=8) on three dates. Cycle frequency x level interaction was not significant,

therefore data was averaged across cycles. * indicates significance ofmean daily shoot

water potential at pS0.05 .................................................................................................. 129

Figure 3.6: Mean (iSE) A values of 2008 and 2009 wood of four coniferous tree species

grown in #7 containers in a PIP production system under varying combinations of

irrigation rate (1 or 2 cm) and daily cycle frequencies (1 or 4) (a=0.05; n=4). ............... 130

End of season mean 2009 N concentration (%; iSE) of foliar samples collected in 2009

four coniferous tree species grown in #3 containers in a PIP production system under

varying combinations of inigation rate (1, 2, or 3 cm) and daily cycle frequencies (1 or

viii



4). Effect of cycles was not significant; data averaged across both cycle frequencies

(n=8). Means with different letters are statistically different at pS0.05 ........................... 131

Figure 3.8: End of season 2009 N concentration (%; iSE) of foliar samples from four

coniferous tree species grown in #7 containers in a PIP production system under varying

combinations of irrigation rate (1 or 2 cm) and daily cycle frequencies (1 or 4). Effect of

cycles was not significant; data averaged across both cycle frequencies (n=8). Means

with different letters are statistically different at p50.05, ns=not significant. ................. 132



Introduction

Water management is a growing concern for aglicultural producers because of a

predicted decrease in water availability, a predicted substantial increase in water cost,

stricter water use regulations, and a growing concern for the environment. The percentage

ofUS. farms using irrigation increased to 86% in 2008, from 71% in 2003 (NASS,

2008); however, more than 1500 farms stopped irrigating between 2003 and 2008 due to

insufficient ground or surface water supplies (NASS, 2008). In Michigan, 30% ofwoody

plant producers ranked input costs as their primary or secondary concern for future

production problems (MDA, 2010).

Agriculture is a major contributor ofNO3-N to waterways, and groundwater,

which provides drinking water for more than half of the US. population, is at risk

(Cooper, 1993; Nolan et al., 1997). In temperate ecosystems, nitrogen not used by plants

is converted to nitrate in soils, where it is readily leached into the underlying

groundwater. Aquifers are most vulnerable in regions with excessive nitrogen

contributions, porous soils, and a low ratio of woodland to cropland acres (Nolan et al.,

1997). As a result, groundwater in the upper Midwest is expected to experience moderate

to high nitrate contamination (Nolan and Hitt, 2006). Several states have imposed

regulations limiting water consumption and discharge from agricultural operations,

including nurseries, with the remaining states expected to follow suit (Beeson et al.,

2004).

Production of landscape nursery crops in the United States is an intensive land use

that is largely concentrated in several regions of the country, including hydrologically

sensitive areas in western Michigan and northern Ohio. In these regions, production of

1



high-value nursery crops, such as landscape shade trees and container-grown Christmas

trees, is shifting from traditional field-growing systems to container production (NASS,

2007; Neal, 2004). In general, irrigation and fertilization of trees in container production

systems is more intensive than in field production, creating the potential for increased

environmental impacts. Because fertilizer applications represent a relatively small portion

ofproduction costs, growers may overapply N to ensure maximum growth of high-value

container-grown material (Tyler et al., 1996). Limited container volumes and the low

nutrient and water holding capacities of commonly used, pine bark-based substrates also

contribute to the need for frequent irrigation and N applications and may cause

substantial leaching from containers.

Historically, irrigation practices have been based on anecdotal evidence. Growers

often irrigate excessively in an effort to ensure maximal growth. Irrigation is often

applied only once a day, in the morning hours when there is little risk of sun scorch or

pathogen dispersal and infection. The use of cyclic irrigation, or applying subvolumes of

a plant’s daily water allowance in multiple allotments throughout the day, can increase

irrigation efficiency (Ismail et al., 2007; Warren and Bilderback, 2005). Improved

irrigation efficiency is one way in which water can be conserved and water quality can be

maintained; however, only water-conserving irrigation regimes which are not detrimental

to crop growth and quality will be implemented by growers.

In the southeastern US, previous studies have documented that cyclic irrigation

can be beneficial to tree growth and physiology; however, there has been little research

testing irrigation methods in the temperate climate of the northern US. The objectives of

this study were to document the effects of water—conserving irrigation regimes on soil

2



moisture fluctuations and the resulting growth and underlying physiological mechanisms

of container-grown coniferous and broadleaf trees. These results will provide a valid

scientific basis on which irrigation guidelines for growers in the upper Midwest can be

developed.
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CHAPTER ONE

LITERATURE REVIEW



Literature Review

Introduction

Increased water costs, decreased water availability due to increased competition

for water resources with urban areas, and anticipation of stricter water withdrawal and

discharge regulations have caused nursery producers to rethink water use practices

(Beeson et al., 2004). Growers commonly overwater, applying a fixed rate of irrigation

exceeding plant water use; this often results in excessive water withdrawals, leaching of

nutrients and chemicals into surface and ground water. The development of irrigation

programs which conserve water without sacrificing tree grth and quality will allow the

nursery industry to adapt to future water use regulations, increased input costs, and

decreased water availability.

This report reviews research addressing the following topics related to nurseries

and their irrigation practices and plant grth and physiological responses to water

availability.

1. Container nurseries and irrigation

Pot-in-Pot production systems

Irrigation scheduling

Overhead, micro-irrigation, and cyclic irrigation

Movement ofwater through soils and substrates

Water application efficiency

Leaching fraction

2. Growth response to water conserving irrigation regimes

Growth response to cyclic irrigation



Growth response to reduced irrigation rates

3. Physiology of water stress

Basic water stress physiology

Water use efficiency

Chlorophyll Fluorescence

Specific leaf area

Plant nutrition and chlorophyll content

Water potential

Container Nurseries and Irrigation

Nursery production is an economically important sector of the US. agriculture

industry and has grown in recent years. Nationwide, gross receipts of nursery and

greenhouse crops totaled $4.65B in 2006, up 17% from 2003. Deciduous shade trees and

coniferous evergreens accounted for 13% and 12% of all sales, respectively. The

wholesale value of Christmas tree sales totaled $210,532 million in 2006, up more than

15% from 2003. Additionally, the quantity of Christmas trees sold by the 17 producing

states increased 12% in 2006, to 11.6 million, from 10.3 million in 2003 (NASS, 2007).

Within the nursery industry, container production, which demands more water than field

production, is becoming more common relative to balled-and-burlapped sales, driven by

a shift in customer preference (NASS, 2007).

Michigan is one of the top nursery stock producing states, with over 45,000 acres

in production and supporting over 261,000 employees (Hall et al., 2005; NASS, 2007).

Michigan’s nursery industry is the third-ranked sector in state agricultural market value

and represents a substantial source of revenue for the state, contributing 10.8% of total



sales (NASS, 2007). Michigan also ranks third in the United States in cut Christmas tree

production, with over 28,000 acres in production (NASS, 2007). In 2006, 17 million

gallons of water per day (MGD) were withdrawn to irrigate the state’s nursery and

greenhouse crops (MDEQ, 2006).

Even in states with a seemingly endless supply of water, like Michigan, water

availability is a growing concern for plant producers, especially those growing material in

high-cost container production (Haydu and Beeson, 1997; NASS, 2007). In Michigan,

30% ofwoody plant producers ranked input costs as their primary or secondary concern

for future production problems (MDA, 2010). Several states have imposed regulations

limiting water withdrawal by nurseries (Beeson et al., 2004); in anticipation of stricter

water use regulations, decreasing water availability, and increased cost, nurseries are

seeking water conserving irrigation methods.

Irrigation is crucial to optimizing plant growth and quality in container production

due to the limited storage capacity of containers and the highly porous substrates,

especially at the height of the growing season when plant water demand is at its peak.

The frequent use of pine bark-based substrates in the eastern US. presents growers with

water and nutrient management challenges. The relatively large particle sizes make pine

bark-based substrates highly porous, and therefore low in water and nutrient retention

capacity. To compensate, growers apply high volumes of water and high rates of fertilizer

in an attempt to maximize production. The resulting, and often highly concentrated,

container solution is highly susceptible to leaching (Bilderback, 2001 ). Increasingly,

nurseries are capturing the effluent and reusing it to irrigate (Fain et al., 2000); however,

the quality of recycled water may not be appropriate for crops. Water quality is cited as



the most critical factor in producing container grown plants (Yeager et al., 2007).

Recycling irrigation water and stricter regulation of water quality make water

management a prime concern for growers.

Nurseries can increase irrigation efficiency to decrease water use and prevent

leaching of chemicals. On average, daily irrigation rates are between 1.25 and 2.5 cm of

irrigation for container grown woody ornamental plants (Fain et al., 2000; Fare et al.,

1992); however, because irrigation efficiency is not regularly monitored (Fain et al.,

2000; Schoene et al., 2006), actual volumes applied can vary greatly. In a study by Fain

et al. (2000), the application thought by growers to be 2.5 cm was actually 1.5 cm, 40%

less than what was assumed.

Several agricultural agencies and horticultural organizations recognize that water

management is an issue and have developed recommendations for their stakeholders. In

an effort to preserve water quality and prevent pollution, Best Management Practices

(BMPs) were developed in 1997 by the Southern Nursery Association (SNA) (Yeager et

al., 2007) to provide guidelines for irrigation practices, capture and reuse of water, and

water use monitoring. Similarly, the Michigan Department of Agriculture (MDA) has

established Generally Accepted Agricultural and Management Practices (GAAMPs) for

irrigation water use to promote stewardship in water management by optimizing water

quantity and quality, soil and plant quality, and yield (MDA, 2010). As the nursery

industry recognizes the need for and shifts toward water-conserving production practices,

alternative, highly efficient production and irrigation techniques are needed.
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The Pot-in-Pot Production System

The the pot-in-pot (PIP) production system is a method which increases the efficiency of

crop production. Introduced in the 1990’s, PIP production eliminates common problems

associated with conventional above ground (CAG) Container growing. Plants in CAG

production ofien suffer from windthrow and require frequent, labor intensive

repositioning, increasing production costs for growers. PIP production eliminates this

problem by anchoring containers in the ground (Adrian et al., 1998). The PIP system uses

two containers; a socket pot, which is sunk into the ground and serves as an anchor, and

the growing pot, which is nested within the socket pot. In the summer when solar

radiation is most intense, substrate temperatures in above ground containers can reach

levels detrimental to plant growth. Containers in the PIP system are insulated by the

surrounding soil, reducing substrate temperature fluctuations and promoting root grth

(Hight and Bilderback, 1993; Ruter, 1997; Zhu et al., 2005). Pot-in-pot production also

offers advantages over field production. In PIP production, less damage to roots occurs at

harvest compared to field-grown trees, because the root system of a PIP-grown tree is

contained within the pot (Hight and Bilderback, 1993). Field-grown trees can only be

harvested when the ground is not frozen; however, trees grown in the PIP system can be

harvested throughout the year, increasing the sales window in northern climates.

Irrigation Scheduling

Optimizing the timing and duration of irrigation applications is one way in which

nurseries can improve irrigation efficiency. Irrigation scheduling, designed to minimize

water use and optimize plant growth and quality, is defined as how much water is applied

and when those applications occur (MDA, 2010). Methods used to schedule irrigation are
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based on plant response or substrate moisture content, which influences plant response

(Jones, 2004). Some growers determine irrigation frequency by visually assessing the

status of a crop or an indicator plant, a species ofplant that is particularly responsive to

water stress (Schoene et al., 2006); however, the subjectivity of this method can lead to

inadequate irrigation. There remains a need for a simple, flexible, easily adoptable

procedure for irrigation scheduling of container grown woody ornamental species that

does not sacrifice plant growth or quality.

Irrigation can be scheduled using evapotranspiration (ET), which is a measure of

plant water demand. ET is the sum of water evaporated and water transpired from a

system. Actual evapotranspiration (ETA) is the evapotranspiration from a given area; in

the case of container production, the container and plant-This is often compared to

potential or reference evapotranspiration (ETo), the evapotranspiration from a reference

crop grown under identical conditions (Beeson, 2005). Typically, that reference crop is

3” high turfgrass. In the 1940's, Penman and Monteith introduced an equation to estimate

ETo from climatic data, taking into account irradiation, relative humidity, wind speed,

and temperature (Penman, 1948; Monteith, 1964).

Modeling the water use of agronomic crops began in the 1940’s when

Thomthwaite (1944) developed a model to predict crop coefficients (Kc)- ETA is species

dependent, calculated as:

ETA = ETO * Kc

Values of Kc, representing the ratio of ETAzETo, are unique to a specific crop at a

particular growth stage (Beeson, 2005). Since the introduction ofthe Thomthwaite

model, numerous methods and models have been developed to estimate ET in nursery
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production from various factors including soil, inigation method, and plant height

(Fitzpatrick, 1980; Bacci et al., 2008).

Actual evapotanspiration is highly correlated with ETO in containerized woody

omamentals, and crop coefficients have been calculated for a number of woody

ornamental species and cultivars (Beeson, 1993; Roberts and Schnipke, 1987; Knox,

1989; Bacci et al., 2008). There was no difference between ETo (calculated using the

Thomthwaite method) and realized plant water demand of five Acer species grown in

containers, indicating that ETo accurately predicts irrigation requirements of plants

(Roberts and Schnipke, 1987). The use of ET to schedule irrigation of container grown

woody ornamentals has been successful in producing plants of saleable size and quality

(Hill and Allen, 1996), and GAAMP guidelines recommend that growers use ET data and

crop coefficients, when available, to schedule irrigation (MDA, 2010).

There are minimum cumulative ETA values required for plants to reach a

marketable size and quality, indicating that restrictive water applications have the

potential to reduce plant productivity and therefore, profit (Beeson, 2006). Species and

plant size are major determinants ofminimum water requirements for containerized

nursery stock (Eakes et al., 1985; Knox, 1989). Species and cultivars ofwoody

ornamental plants can be grouped into categories of low, moderate, or high water use

(Knox, 1989; Schuch and Burger, 1997; Warsaw et al., 2009a). Container-grown plants

can then be blocked by water use group and irrigated based on plant needs to avoid

under- or overwatering (MDA, 2010).
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Overhead Irrigation vs. Microirrigation

Water conservation in nurseries can also be achieved by transitioning to a more

efficient irrigation method. In general, container-grown material is irrigated in one oftwo

ways: overhead through sprinklers or through microsprinklers. Overhead irrigation, the

traditional method used for container production, lacks application efficiency. The goal

of daily irrigation in container production is to apply water to the substrate so that it is

available for plant uptake, therefore, applied water that does not enter the container media

is wasted. Overhead irrigation uses sprinklers mounted on risers of varying heights, based

on the size ofthe plant material. The cylindrical shape of plant containers produces gaps,

in which overhead irrigation water falls, resulting in wasted water. This inevitable off-

target application and resulting low interception efficiency and water application

efficiency (WAE) contributes to the low efficiency of the system. An increase in

container size (larger diameter) results in larger gaps, and therefore a larger portion of

applied water is lost.

Microirrigation can be used to reduce off-target applications. Microirrigation,

which is commonly used for containers #7 (24.5L) and larger, is a low pressure system

that increases application efficiency by reducing off-target application (Weatherspoon

and Harrell, 1980; Beeson et al., 2004). Microirrigation reduces off-target application of

water, because the emitter is placed close to the media surface and water is applied

directly to the substrate via drip emitters or spray stakes.

The use of microirrigation is increasing in the US, because it uses substantially

less water to increase substrate moisture content relative to overhead irrigation (NASS,

2007; Weatherspoon and Harrell, 1980). For a given area, installation costs of
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microirrigation are dependent on container size, whereas those of overhead irrigation

installation are not. Microirrigation is more cost-efficient when growing stock in large

containers because, as container size increases, and quantity of containers per area

decreases, installation costs per area decrease (Haydu and Beeson, 1997).

Cyclic Irrigation

The timing and duration of irrigation events can also be manipulated to improve

production system efficiency and water conservation. Cyclic, or pulse, irrigation is a

method by which subvolumes of water are applied in series, in contrast to standard

irrigation which consists of a daily water allotment delivered in one irrigation event.

Cycles consist of water applications separated by rest intervals (time between inigation

events). Intermittent water applications decrease the time averaged application rate

(TAAR), the volume ofwater applied divided by total time over which it is applied (Zur,

1976). Zur defined TAAR as a function of discharge rate, duration of application, and

length of rest interval (1976). Warren and Bilderback (2005) suggest that TAAR is more

important than the number of irrigation cycles in improving water retention.

Water Movement through Soils and Substrates

To understand how plant growth is affected by cyclic water applications, it must first be

understood how water moves through a soil column or, in the case of container growing,

the substrate in a container. Plants require that roots have access to water and oxygen

during the growing season. Plants with insufficient access to soil water or oxygen can

have reduced growth and eventually die; therefore it is desirable to have a balance

between water drainage and retention so that roots have access to both water and oxygen.
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For this reason, container substrates are often chosen for their water holding and drainage

properties.

The physical characteristics of a substrate and container volume determine how

much water is available for plant uptake (Spomer, 1982). Coarse media, like pine bark

substrate, has low water holding capacity and high leaching potential (Fare et al., 1996).

Secondary components of mixes are also important in determining the leaching potential

of a substrate. Amending pine bark with highly porous material (low water holding

capacity) rather than low porosity components (high water holding capacity) can increase

leaching potential. Fare et al. (1996) reported that pine barkzsand mixes are more porous

than pine barkzpeat media.

Substrate composition also affects the pattern of water distribution in a substrate

column as does the irrigation rate and rest interval, among other factors. During an

irrigation event, water first occupies macropores, which offer little physical resistance. If

the duration of the rest interval is sufficient, water will also fill micropores which are

better at storing water for long periods of time than macropores. During the time between

irrigation events, water will drain out ofthe macropores and progress down the soil

column more easily than out of the micropores, in which water is under greater tension.

Proper manipulation of the timing and duration of irrigation applications can

provide a consistent supply ofwater to roots. Initially, studies testing cyclic irrigation

were performed on soil (Zur, 1976; Levin and Van Rooyen, 1977). Traditional irrigation

regimes consisting of one continuous application per day can cause an inconsistent

supply of moisture to plant roots and limit grth (Karam et al., 1994); however, cyclic

inigation of soils, if using optimal water volumes, application rates, and rest intervals,
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’ produces a continuously advancing wetting front, resulting in a consistent wetting

pattern, thus providing consistent water to plant roots (Zur, 1976; Levin and Van Rooyen,

1977)

Lateral movement of water within a substrate column, which is affected by

irrigation regimes, is essential for water retention within container substrates. Cyclic

inigation increases lateral movement of water into soil and decreases the volume lost past

the root zone, compared to single applications (Levin and Van Rooyen, 1977; Levin and

Van Rooyen, 1979). Furthennore, extremely dry pine bark media is resistant to rewetting,

and irrigation of extremely dry containers often results in channeling ofwater through the

substrate, resulting in increased leaching (Lamack and Niemiera, 1993).

Water Application Efficiency

Nurseries can conserve water by increasing the amount of applied water retained

within the container, therefore reducing effluent. Water application efficiency (WAE) is a

measure of how much applied water is retained within the rooting volume of a plant, and

is expressed as:

[(volume applied — volume leached) / volume applied] x 100

Cyclic irrigation has been shown to increase WAE in overhead, spray stake, and drip

irrigation systems (Fare et al., 1994; Karam et al., 1994; Karam and Niemiera, 1994;

Ruter, 1998; Tyler et al., 1996a). Adjusting irrigation rates, volumes and rest intervals

can increase WAE, which generally increases with decreasing TAAR (Lamack and

Niemiera, 1993). Warren and Bilderback (2005) recommend that a target TAAR of less

than 10 mL/minute is needed to increase WAE over that of a single application. Irrigating

cyclically results in an 11 to 38% increase in WAE ofpine bark-based substrates
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(Lamack and Niemiera, 1993; Ruter, 1998; Tyler et al., 1996a). WAE and duration of rest

interval are directly related; however, if the rest interval is too long, pine bark substrate

becomes hydrophobic and resistant to rewetting (Karam and Niemiera, 1994).

Leachate

The leaching fraction (LP) of a container is a measure of how much applied water is lost

by the substrate and is calculated as:

[(volume leached / volume applied)] * 100

Low LFs reduce not only the volume of effluent, but also the amount of nutrients

and chemicals leaving the container and possibly entering waterways. Cyclic irrigation

can reduce leaching fractions regardless of the irrigation system being employed. By

applying water in three cycles instead of one continuous application, volume of container

leachate was reduced by 34% (Fare et al., 1994). Fare et al. (I 996) reduced leachate

volume by 54% when irrigating cyclically versus in one application, regardless of the

length oftime between cycles. Using pine barkzsand media and drip irrigation, cyclic

irrigation regimes (2x, 3x or 6x) reduced volume of effluent with no effect on plant

growth of Cotoneaster and Rudbeckia (Tyler et al., 1996a).

Some studies have demonstrated that higher quality plants can be produced with

leaching fractions below the recommended rate; for example, Ligustrum texanum grown

with 0.1 LF had higher foliar concentrations of nitrogen and phosphorus and higher

quality ratings (Jarrell et al., 1983). Owen et al. (2008) found that reducing LF from 0.2

to 0.1 in a pine barkzsand media resulted in 64% reduction in leachate volume and a 64%

reduction in effluent phosphorus concentration without adversely affecting plant dry

weight of Cotoneaster dammeri Schneid. ‘Skogholm’.
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Time of irrigation applications also influences LF . Cyclic irrigation including

afternoon applications resulted in decreased LF compared to cycles applied only in the

morning hours (Warren and Bilderback, 2002); however, current Best Management

Practices recommend that water be applied prior to 1000 hours when there is little drift

from wind and low evaporative demand (Yeager et al., 2007).

Electrical Conductivity (EC)

Monitoring the pH and electrical conductivity (EC) of a substrate is important in

managing irrigation and fertilization regimes of container-grown plants. While low LFs

are desirable because they conserve water, the resulting solute accumulation can reduce

plant growth and even be toxic. Past studies have demonstrated that the substrate EC

levels of cyclically irrigated plants are higher than those of plants receiving irrigation in

one cycle (Hicklenton and Cairns, 1995; Fain et al., 1999). Reducing LFs can reduce

growth; for example, reducing LFs from 0.4 and 0.6 to 0 and 0.2 resulted in an 8% and

10% decrease in root and plant dry weight, respectively, of Cotoneaster grown in pine

barkzsand media (Tyler et al., 1996b). This trade-off between water conservation and

maximum growth indicates that EC management is essential when employing

intermittent irrigation methods.

PH

The pH of a substance is a measure of its acidity and represents the concentration

of hydrogen ions present. The responses ofwoody ornamental plants to substrate and

water pH are dependent on species and cultivar as some are more tolerant of pH levels

outside of the optimal range (5 to 6) (Bilderback, 2001) than others. Landis (1990)

reported that the optimum pH level for organic substrates is 5.5, but values of 6 to 8 have
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been reported at a PIP nursery in Ohio (Zhu et al., 2005). Suboptimal pH levels can alter

uptake of nutrients and reduce plant grth and quality, and the low buffering capacities

ofpine bark-peat substrates makes pH monitoring essential in container production

(Mathers, 2007). A classic example is the substitution of hydrogen ions for calcium ions,

an important component in stress signaling. Hydrogen ions can displace calcium ions

from the exchange sites of a soil complex resulting in decreased calcium uptake,

therefore reducing a plant’s ability to adjust to environmental stress. Cyclic irrigation has

not been shown to affect the pH of pine bark substrates (Fain et al., 1999).

Nutrient retention

Excessive irrigation decreases nutrient retention and efficacy (Tyler et al., 1996a;

Tyler et al., 1996b). Nitrogen losses from controlled release fertilizers (CRFs) can reach

80% depending on the nutrient source, release mechanism, and irrigation method (Fare et

al., 1994; Rathier and Frink, 1989). When nutrient retention increases, fewer nutrients are

leached. In addition to reduced irrigation volumes, cyclic irrigation can be used to

increase nutrient retention and decrease the amount of nutrients leaving a container.

Decreases of 47 to 82% in N leached from containers have been recorded when using

cyclic irrigation compared to a single application (Fare et al., 1996; Fain et al., 1999).

The combination of decreased irrigation volume and increased cycle frequency can

reduce the portion ofN leached as NO3-N; for example, the percentage of applied N

leached as NO3-N was 63% when 13 mm was applied in one cycle, but only 15% when 6

mm was applied in three cycles (Fare et al., 1994). Tyler et al. (1996a) suggested that in

order to minimize NH4-N leaching, the duration of the rest interval must be sufficient to

recharge the cation exchange (CEC) ofthe substrate.
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Growth response to water-conserving irrigation regimes

Function ofwater in plant growth

Water is an essential component in plant growth, constituting over 50% of tree fresh

weight. Water uptake is essential for many plant fimctions including maintenance of leaf

temperature and mineral uptake from soils. It is necessary for turgor maintenance and for

cell enlargement, the latter being essential in leaf expansion and grth of tree rings

(Kramer, 1987). Limiting water, or any component ofthe photosynthesis reaction, can

inhibit carbon assimilation (A), and therefore growth.

Although not the only factor controlling plant productivity, substrate moisture is a

variable which can be relatively easily monitored and manipulated to increase net

photosynthesis and growth. Substrates maintained at or near 100% field capacity

maximize growth in a variety of plants, including woody ornamental shrubs (Beeson,

1992). A 23% and 17% increase in shoot dry weight ofAcer rubrum ‘Franksred’ trees

occurred when irrigation was applied in three or six cycles, respectively, compared to one

continuous application. This response was similar to that recorded by Timmer and

Armstrong (1989) who observed maximum biomass production of Pinus resinosa

seedlings when container capacity was maintained near 100%. Irrigation regimes

supplying insufficient soil water can significantly reduce biomass; for example, substrate

maintained at 73% and 57% container capacity irrigation regimes resulted in 21% and

43% reduction in biomass, respectively, compared to substrate maintained above 92% of

container capacity (Timmer and Armstrong, 1989).
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Height and Caliper response

Plant responses to cyclic inigation include higher growth index, root growth, trunk

diameter, shoot dry weight, height, and crop yield than plants receiving irrigation in only

one cycle (Beeson and Haydu, 1995; Fain et al., 1999; Ismail et al., 2007; Keever and

Cobb, 1985; Witmer, 2000). Tree caliper and height are of most concern to growers,

because those are the standards by which landscape trees are sold (ANLA, 2004);

therefore, an increase in tree caliper or height translates into more potential profit for the

grower. Increased caliper and height growth of Ulmus alata Michx , Acer rubrum

‘Franksred’, Acer rubrum L. trees, and Quercus acutissima tree species and cultivars in

response to cyclic irrigation has been reported; in some cases, caliper growth was 25%

greater using cyclic irrigation compared to the once-daily irrigation (Beeson and Haydu,

1995; Fain et al., 1999; Witrner, 2000).

Growth responses to irrigation regimes can vary depending on the phase of the

production cycle. Witrner (2000) monitored the response of PIP-produced Acer rubrum

L. ‘Franksred’ trees to cyclic irrigation through a typical two-year production cycle.

Cyclic irrigation (three times daily), as compared to one cycle, increased trunk diameter

ofA. rubrum trees only in the second year of production, whereas Acer saccharum Marsh

trees responded similarly in both years of production. These results are consistent with

the findings of Beeson and Haydn (1995), suggesting that cyclic irrigation may not be

beneficial until roots fill a container, therefore making rapidly growing, large plants more

responsive to cyclic irrigation than slow-growing, small plants (Beeson and Haydu, 1995;

Witrner, 2000).
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Biomassproduction and resource allocation

Plants must adjust to water limitations or grth will be reduced and death may

occur (Lopez et al., 2009). Plant responses to short-term water stress include leaf

senescence, growth reduction or cessation, temporary wilting and reduced

photosynthesis, leaf temperature, and ET. Long-term water stress triggers drought

tolerance mechanisms, resulting in increased root mass, leaf senescence, or osmotic

adjustment whereby plants increase intracellular solute concentration (Chaves et al.,

2003).

Responses of plants to water stress are evident not only in total plant mass but

also in its distribution within a plant. Plants allocate biomass in an effort to optimize

resource acquisition such that more mass will be devoted to the organ which is capable of

obtaining the limiting resource; for example, water-stressed plants will increase mass

allocation to below ground structures to obtain water and decrease allocation to above

ground structures to reduce loss of water through stomata (Barbour, 1999). Trees growing

on xeric sites have increased rooting volumes and depths than trees on mesic sites

(Addington et al., 2006); however, most container volumes restrict the rooting space to

less than 1% of that of naturally grown trees of similar size (Gilman and Beeson, 1996).

Therefore, the ability of container-grown plants to increase root mass under limited water

availability is somewhat restricted.

Water applications can be manipulated to manage biomass production and

resource allocation. Plant grth can be manipulated by administering mild drought

stress, which inhibits shoot elongation and keeps plants compact (Cameron et al., 2008).

Conversely, regimes where water is not limiting increase shoot growth and decrease
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rootzshoot ratios (Beeson and Haydu, 1995; Ruter, 1998). Cyclic irrigation applications

decreased R:S of PIP-produced Prunus x incamp ‘Okame’ trees (Ruter, 1998), and Ulmus

alata Michx. trees grown with cyclic inigation (two or three cycles per day) had more

shoot dry weight than trees receiving one continuous cycle per day (Beeson and Haydu,

1995)

Long-term plant grth can be expressed as a function of cumulative water stress

using the water stress integral CPS). Used in ecological studies as a predictor of tree

growth, ‘I‘S is the cumulative measure of pre-dawn leaf water potential below a defined

threshold (Linder et al., 1987; Myers, 1988). Reducing water stress at any point will

reduce ‘I’S. Container-grown woody ornamental shrubs maintained at higher substrate

moisture contents through cyclic irrigation had lower ‘I’S values than plants receiving one

continuous pre—dawn application (Beeson, 1992). The difference in ‘PS between

cyclically irrigated plants and those receiving a single daily application occurred mainly

between 1300 hr and 1600 hr indicating that cyclic irrigation reduces mid-day water

stress. These findings are consistent with a study measuring sap flow in A. rubrum L.

‘Franksred’ trees, which demonstrated that afternoon irrigation applications alleviate

mid-day water stress (Witrner, 2000).

The growth rate ofwoody omarnentals ultimately determines the length of their

production cycle, and shorter production cycles typically increase profitability. Cyclic

microirrigation has been shown to speed up the production process; for example,

Q. virginiana Mill. trees micro-irrigated twice daily reached marketable size nearly three

times faster than those irrigated overhead once daily, and Acer rubrum trees receiving
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three pulses of irrigation matured 1.82 times faster than similar trees receiving standard

irrigation (Haydu and Beeson, 1997).

25



Irrigation Rate and Growth

Growth response

Daily water use (DWU), equivalent to evapotranspiration + leaching, is an

increasingly popular parameter on which to base irrigation. Regulated deficit inigation

(RDI) is a water conserving method in which only a portion ofDWU is applied.

Numerous studies have demonstrated equal or superior growth rates ofwoody

ornamental crops at reduced irrigation volumes (Groves et al., 1998; Martin et al., 1989;

Roberts and Schnipke, 1987; Warsaw et al., 2009a; Warsaw et al., 2009b). Beeson and

Haydu (1995) summarized that under cyclic inigation the water volume required per area

can be reducedby at least 25% and 50% for xeric or mesic species, respectively, with no

effect on growth (compared to standard overhead irrigation). However, there may be a

trade-off between water conservation and plant productivity if irrigation volume does not

meet plant demand; in a study by Groves et al. (1998), a 40% reduction in applied water

volume resulted in a 10% reduction ofmaximum growth.

Physiology of water stress

Basic water stress physiology

According to the soil-plant-atmosphere continuum (SPAC), water transport is a

function of water potential (‘1’) of these factors and moves along a gradient of negative

pressure. Reducing plant available water affects plants both directly, by limiting the

amount ofwater available for photosynthesis and metabolism, and indirectly, by loss of

turgor pressure of the guard cells which reduces stomatal conductance (gs) and therefore

uptake of C02.
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At low to moderate water stress, a decrease in A is due to reduction in gs (Allen et

al., 2005a; Allen et al., 2005b, Chaves et al., 1991). As water becomes limiting, turgor

pressure within guard cells is reduced, therefore decreasing stomatal aperture, and gs.

Decreases in substrate moisture have been shown to reduce A, gs, and transpiration (E) in

a number of species (Nin et al., 2008). Gas exchange rates affect the conversion of

photosynthetically active radiation (PAR) into plant tissue (Allen et al., 2005b).

It has been hypothesized that cyclic irrigation increases growth by removing or

reducing mid-day water limitations, thereby increasing the cumulative time of

photosynthesis (Beeson, 1992; Witrner, 2000). Cyclic irrigation, by maintaining higher

substrate moisture than one continuous application, delays or prevents stomatal closure,

resulting in higher cumulative A (Bilderback, 2002). This response is usually observed in

the afternoon when temperatures are highest. Warren and Bilderback (2002) found that

afternoon irrigation applications were important in maintaining A rates during mid-day

hours. At 1630 HR, plants receiving cyclic applications only in the morning (200, 400,

600 HR and 600, 900, 1200 HR) had A rates 86% less than those of plants receiving

cyclic water applications in the afternoon (1200, 1500, 1800 HR) (Warren and

Bilderback, 2002).

Water Use Efficiency ,

Up to 97% ofwater taken up by a plant is transpired through stomata (Taiz and

Zeiger, 2006), and the initial response to limited water availability is stomatal closure

(Hand et al., 1982; Medrano et al., 2002), which reduces C02 uptake and reduces

assimilation. The relationship between transpiration and assimilation is the water use

efficiency (WUE) and can be viewed as a measure ofhow efficiently a plant is using
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water to produce biomass (Anyia and Herzog, 2004). Increases in WUE have been shown

when plant water availability is decreased (Sun et al., 1996). There are three methods

commonly used to calculate WUE: instantaneous WUE (WUEi), integrated WUE, and

transpiration efficiency (TE).

Instantaneous WUE

Instantaneous WUE measures WUE at the leaf level, and is the ratio of the rate of

C02 assimilation (measured at the leaf level) ratio to rate of water transpired. It is

calculated using gas exchange data as:

MB or A/gs

Instantaneous WUE excludes water used in respiration and non-photosynthetic fiinctions

and is referred to as intrinsic WUE, because the response of E to changes in gs and vapor

pressure deficit (VPD) is inherent to .a species (Bauerle et al., 2006; Bsoul et al., 2007;

Cernusak et al., 2009). Reductions in transpirational losses without concomitant

reductions in A can increase WUEi and lead to substantial long-term increases in WUE

(Yoo et al., 2009).

Integrated WUE

Carbon isotope discrimination (A), using the ratio of intercellular 13C to ”C, is

used to calculate integrated water use efficiency, so-called because it provides a

cumulative measure of plant status over the entire life of the plant. Under ideal

conditions, plants discriminate against 13C, the heavier isotope, during photosynthesis

and preferentially incorporate 12C, the lighter isotope, into biomass; however, as water

stress increases, isotope discrimination decreases, and l3C is more readily used,

. . 13 12 . .

increasrng the C: C in plant tissue. Water stress and the subsequent stomatal closure
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result in increased 13C:12C of tissue relative to non water stressed plants, as intracellular

12C is depleted and 13C is used as a reactant in the photosynthesis (Cregg and Zhang,

2000)

The A calculation is based on the fact that the atmospheric concentration of

13C02 is a known constant, and the 13C: I 2C ratio of plant tissue is less than that of the

atmosphere, indicating that plants discriminate against 13C. This discrimination occurs in

two stages in C3 plants. First, l3C02, the heavier isotope, does not diffuse through

stomata as readily as 12C02. 13C02 diffuses at a rate of 4.4%o that of 12C02. Secondly,

fractionation occurs during carboxylation as Ribulose biphosphate carboxylase-

oxygenase (Rubisco) has a greater affinity for 12C02 than l3C02 by a factor of 27%o

(Farquhar et al., 1989). Standardized A values are adjusted to PeeDee belemnite values

and are expressed as 8 (Craig, 1957). The response of integrated WUE to water stress is

such that as water becomes limiting, A decreases and 5 increases.

Transpiration Efliciency

Transpiration efficiency (TE) is the relationship between water absorbed by a

plant and the total biomass produced and represents the whole plant water use efficiency.

This method takes into account water used in other metabolic processes besides

photosynthesis and is calculated as

[biomass produced / water used]

Water-limiting irrigation regimes have been used to increase the TE of a number of plants

including Capsicum annuum L., Catharanthus roseus, and Olea europaea (Bacelar et al.,

2007; Jaleel et al., 2008; Karam et al., 2009). In a study by Ismail et al. (2007), cyclic

irrigation increased TE oftomatoes by 15%.
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The response ofWUE to drought stress is dependent on plant type, species,

cultivar, tree age, provenance, and phenotype, and can be used as a screening process for

selection of drought resistant plants (Adams and Kolb, 2004; Bacelar et al., 2007;

Cernusak et al., 2009; Tumbull et al., 2002; Zhang and Cregg, 2005). In a study of

mature forest trees, Quercus rubra L. trees had higher WUE values when grown on xeric

sites than trees grown under mesic conditions, compared to A. rubrum L. trees which

maintained a low WUE regardless of soil water availability, suggesting that Q. rubra

minimizes transpirational water loss through stomatal regulation allowing for consistent

rates of photosynthesis, whereas A. rubrum does not (Tumbull et al., 2002).

In an effort to gain insight into the functional morphology affecting the WUE

response, models have been developed, which explain that coniferous evergreens are

more resistant to drought stress (increased WUE) than broadleaf trees due to sunken

stomata, lignified guard cell walls, and lower pre-dawn osmotic potential (an intrinsic

measure ofplant resistance to drought). The model also predicts that within coniferous

species, Pinus species are more strongly affected by VPD than other species due to their

low soil to leaf water conductance of xylem tracheids (Gao et al., 2002).

Specific LeafArea

Plants also respond to stress through changes in leaf morphology. Specific leaf

area (SLA) is the amount of light capturing surface per unit of biomass invested, and can

be viewed as a plant’s return on investment of a leaf (Milla et al., 2008). It is calculated

as:

Leaf area / Leaf mass
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Thicker, denser leaves have a lower SLA and thinner, less dense leaves have a higher

SLA. Specific leaf area varies naturally between species, but is also a function of many

environmental factors including temperature, ambient C02 concentration, leaf age, light

intensity, and soil moisture (Milla et al., 2008). Decreases in SLA under water limiting

conditions in plants have been documented in many broadleafand evergreen trees

including Eucalyptus, Fagus, and Quercus suber (Gouveia and Freitas, 2009; Milla et al.,

2008; Myers and Landsberg, 1989).

Plant nutrient status

The relationship between SLA and photosynthetic response to leafN can be

expressed as a function of foliar N, such that at a given mass of foliar N, net assimilation

(Amax) increases with rising SLA. Therefore, leaves that are thicker and/or denser will

have a lower photosynthetic rate per unit foliar N resulting in lower AmaSSa whereas

leaves that are thinner and/or less dense will have a higher photosynthetic rate per unit

leafN and higher Amass (Reich et al., 1998; Tumbull et al., 2002). This response is

independent of environment or genotype (Reich et al., 1998). Response of SLA and N

and Amax relationships are highest in forbs, followed by deciduous species, and lowest in

evergreen species, regardless of leaf type or growth form (Reich et al., 1998).

The response of mass-based A to foliar N levels can also be viewed as a function

of SLA, such that at a specific SLA, Amax increases with rising foliar N, resulting in

higher Amass- Furthermore, leaves with a lower SLA (thicker, denser leaves) have lower

photosynthetic rates per unit of foliar N (flatter slopes), and therefore lower Amass,

whereas leaves with higher SLA have higher photosynthetic rates per unit of foliar N

(higher slope).
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Water is an important component of plant nutrient uptake for many reasons.

Controlled release fertilizers, commonly used in container production ofwoody

ornamental crops, are dependent on water for nutrient release (Fain etal., 2000).

Movement of nutrients into roots is primarily a passive process, as nutrients are taken up

in aqueous solution. Therefore, if the water volume is insufficient, nutrients will not be

taken up, resulting in plant nutrient deficiencies; for example, foliar nutrient (N, P, K, Ca,

Mg) concentrations declined with increasing moisture stress in P. resinosa seedlings

(Tirnmer and Armstrong, 1989; Tumbull et al., 2002). Conversely, when excess water is

applied, as is often done in container production, leaching of nutrients can occur, .

therefore reducing the quantities available for plant uptake. Reduced leachate volumes

due to cyclic irrigation regimes increased foliar N concentrations compared to one

continuous application (Karam et al., 1994), and foliar N can be an indicator of

photosynthetic efficiency (Allen et al., 2005a;).

Nitrogen is an essential component of chlorophyll. The leaf greenness index,

measured with a portable meter, was developed as a quick, easy, and nondestructive

alternative to sample relative chlorophyll content. The handheld meter measures foliar

absorbance ofred and infrared wavelengths and calculates a value representative of the

amount of chlorophyll in the leaf. Leaf greenness index readings have been correlated

with chlorophyll and foliar nitrogen levels in ornamental and agronomic crops (Fritschi

and Rey, 2007; Loh et al., 2002; Wang et al., 2004); however, some studies debate the

validity of SPAD readings as a predictor of leafN and chlorophyll content, citing leaf

thickness, time, irradiance at time of measurement, and leaf water content as confounding

factors (Marenco et al., 2009; Martinez and Guiamet, 2004; Nigam and Aruna, 2008). In
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a study of PIP-produced shade trees in the upper Midwest, leaf greenness index was

correlated with assimilation rates and demonstrated a species specific correlation with

foliar nitrogen (Klooster et al., 2010).

Chlorophyllfluorescence

Chlorophyll fluorescence can be used to test the efficiency of photosystems of a

plant (Maxwell and Johnson, 2000). One aspect of chlorophyll fluorescence is Fv/Fm,

which indicates the efficiency of PSII. Light energy absorbed by plants can be used for

photosynthesis, dissipated as heat, or reradiated as light. These processes are competitive

in that an increase in the quantity of light energy involved in one action dictates a

decrease in the quantity used in the remaining two processes. Measuring the pulse of light

(reradiation) fi'om excited chlorophyll can garner information regarding photosynthesis

and heat release (Maxwell and Johnson, 2000). Drought stress has been shown to

decrease Fv/Fm (Brodribb and Holbrook, 2003); however, some studies (Havaux, 1992;

Lu and Zhang, 1999) reported a highly drought stress-resistant P811 in species such as

Lycopersicon, Solanum and Tritium species.

Exposure to a stress can confer resistance to other stresses (cross-resistance).

Well-watered plants exposed to subsequent high temperatures have irreversible

reductions in PSII efficiency compared to drought stressed plants (Havaux, 1992). This

thermostability is thought to be part of a broader adaptation strategy, as water and

temperature stress often occur simultaneously under field conditions.

Waterpotential

Water potential (‘1’) is a measure of the free energy of water and is the driving

force that transports water from a substrate, through a plant, and into the atmosphere.
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Water moves from high ‘1’ to low ‘I’ along a gradient of negative pressure. Under drought

stress, ‘P values become increasingly negative, increasing the tension within the xylem

under which the water is held. Stem water potential (WStem) and leaf water potential

(\PLeaf) are the most common measurements of this type. Cavitation (embolism) occurs

when tension falls rises above a species specific cavitation threshold, and the xylem fills

with air (Tyree and Sperry, 1989). It has been shown that vascular plants close stomata to

prevent xylem cavitation and the subsequent hydraulic conductance disfiinction

(Brodribb and Holbrook, 2003). Lethal leaf water potentials (’Plethal) have been

determined for some species including Q. rubra L ("Plethal = -3.34 MPa) and A. rubrum

L (’Plethal = -4.43 MPa).

Leaf hydraulic conductance (Kleaf) is highly correlated with stomatal closure due

to turgor loss and is very sensitive to ‘I’. The ability to repair Kleaf following drought

stress guides gs recovery and is a measure of the vulnerability of a plant’s hydraulic

conductance. It has been suggested that ABA may also play a role in the recovery of gs

(Blackman et al., 2009). The ability to withstand increasing xylem tension may be an

indication of a plant’s ability to adapt to drought (Auge, 1997).

Mid-day ‘I’ is especially of interest in determining physiological responses to

cyclic irrigation. Low mid-day ‘I‘ can be caused by high transpiration rates of plants in

well-watered media or by partially closed stomata in response to drought stress (Reich

and Hinckley, 1989). On average, Q. virginiana Mill trees irrigated with multiple cycles

experienced significantly lower ‘PS values than trees irrigated only once daily, indicating

reduced water stress (Beeson and Haydu, 1995).
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Most of the water taken up by a plant is used in transpirational cooling, so as ‘P

values decreases, so too does the plant’s ability to dissipate heat. It has been suggested

that the grth increase associated with cyclic irrigation is partially due to a decrease in

mid-day water stress as elevated substrate moisture levels allow water transport to leaves,

where latent heat can be absorbed, therefore decreasing the heat load (Beeson and Haydu,

1995). Keever and Cobb (1985) reported that applying pulses of water in the early

afternoon, when temperatures are greatest, resulted in average decreases in daily canopy

temperatures of44°C in ‘Hershey’s Red’ azalea (Rhododendron x ‘Hershey’s Red’) .

Furtherrnore, high root zone temperatures reduced gs and ‘I’ and decreased root and shoot

growth ofA. rubrum trees (Graves et al., 1989).

Nursery growers in the upper Midwest are in need of scientifically based irrigation

guidelines. A better understanding of the growth and physiological responses of PIP-

grown trees to water-conserving irrigation regimes is needed to develop these guidelines.

By applying traditional ecological sampling methods to horticultural studies, we can gain

insight into the physiological mechanisms governing plant growth responses.
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CHAPTER TWO

GROWTH AND PHYSIOLOGY

OF DECIDUOUS SHADE TREES

GROWN UNDER CYCLIC IRRIGATION
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Abstract

Efficient water management is essential for sustainable container nursery

production. The objective of this study was to quantify the effects of cyclic irrigation

regimes on the growth, water use efficiency (WUE), and physiology of common

container-grown deciduous shade trees in Pot-in-Pot (PIP) production in the upper

Midwest. Trees from seven taxa (Acerfreemanii ‘Jeffersred’, A. rubrum ‘Franksred’,

Gleditsia triacanthos ‘Harve’, Gleditsia triacanthos ‘Skyline’, Quercus rubra, Ulmus

‘Morton’, and Ulmus ‘Morton Glossy’), grown in #25 containers, were randomly

assigned to irrigation regimes with varying combinations of irrigation rates (low and

high) and daily cycle frequencies (one or four). Low and high irrigation rates

corresponded to 1 cm and 2 cm depths, respectively. Applications of the low irrigation

rate, regardless of the number of cycles in which it was applied, reduced stem radial

grth of all taxa except A.freemanii and G. triacanthos ‘Harve’ compared to the high

irrigation rate. Physiological parameters were more responsive to irrigation rate than

cycle frequency. Mid-day leaf stomatal conductance (gs) of trees irrigated cyclically was

equal to or less than trees irrigated once daily. increasing cycle frequency only increased

carbon isotope discrimination (A) of foliar and wood tissue in A. rubrum trees. Overall,

the response of instantaneous water use efficiency (WUEi) derived from gas exchange

measurements to inigation treatment was inconsistent. A of plant tissue is a more

sensitive indicator of plant water stress compared to WUE; derived from leaf gas

exchange measurements.
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Introduction

Water management is a growing concern for nursery producers because of a predicted

decrease in water availability, anticipated increase in water costs, and stricter water use

regulations (Beeson et al., 2004). Growers commonly overwater, applying a fixed rate of

irrigation exceeding plant water use, which may result in excessive water withdrawals.

Container growing also required the addition of fertilizer for optimum crop growth. The

resulting, and often highly concentrated, container solution is highly susceptible to

leaching, due to the low cation exchange capacity of commonly used pine-bark based

substrates (Bilderback, 2001a). The development of irrigation programs which conserve

water without sacrificing tree grth and quality will allow the nursery industry to

reduce input costs and adapt to future water use regulations and decreased water

availability.

Plant responses to cyclic irrigation, a method by which fractions of a plant’s daily

water allowance is applied in multiple cycles, include higher growth index, root growth,

trunk diameter, shoot dry weight, height, and crop yield than plants receiving irrigation in

only one cycle (Beeson and Haydu, 1995; Fain et al., 1999; Ismail et al., 2007; Keever

and Cobb, 1985; Ruter, 1998; Witrner, 2000). In some cases, caliper growth was 25%

greater using cyclic irrigation compared to the traditional method of applying a single

cycle in the morning (Beeson and Haydu, 1995; Fain et al., 1999; Witrner, 2000).

Equal or superior growth rates of woody ornamental crops at reduced irrigation

volumes compared to commonly applied irrigation rates have also been documented

compared to commonly applied irrigation rates (Groves et al., 1998; Martin et al., 1989;

Roberts and Schnipke, 1987; Warsaw et al., 2009a; Warsaw et al., 2009b). Beeson and
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Haydu (1995) summarized that under cyclic irrigation, the water volume required per

area can be reduced by at least 25% and 50% for xeric or mesic species, respectively,

with no effect on growth compared to standard overhead irrigation. However, there may

be a trade-off between water conservation and plant productivity if irrigation volume

does not meet plant demand (Groves et al., 1998).

Up to 97% of water taken up by a plant is transpired through stomata (Taiz and

Zeiger, 2006), and the initial response to limited water availability is stomatal closure

(Hand et al., 1982; Medrano et al., 2002), which prohibits C02 uptake and reduces

assimilation (A). It has been hypothesized that cyclic irrigation increases growth by

removing or reducing mid-day water limitations, thereby increasing the cumulative time

of photosynthesis (Beeson, 1992; Witrner, 2000).

The relationship between transpiration and assimilation is the water use efficiency

(WUE) and can be viewed as a measure ofhow efficiently a plant is using water to

produce biomass (Anyia and Herzog, 2004). Several studies have demonstrated increases

in WUE when trees are exposed to water-lirniting irrigation regimes (Anyia and Herzog,

2004; Ningbo et al., 2009; Warren and Bilderback, 2002). There are three methods

commonly used to calculate WUE: instantaneous WUE (WUEi), integrated WUE, and

transpiration efficiency.

Instantaneous WUE measures WUE at the leaf level, and is the ratio of the rate of

C02 assimilation (measured at the leaf level) ratio to the rate of water transpired (E) or

the rate ofC02 uptake (gs). It is calculated using gas exchange data as:

MB or A/gs
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Instantaneous WUE excludes carbon losses due to respiration and non-photosynthetic

functions and is referred to as intrinsic WUE, because the response ofE to changes in gs

and VPD is inherent to a species (Bauerle et al., 2006; Bsoul et al., 2007; Cernusak et al.,

2009). Reductions in transpirational losses without concomitant reductions in A can

increase WUE; and lead to substantial long-term increases in WUE (Yoo et al., 2009).

Stable carbon isotope analysis has become an important method of assessing

environmental stress. Carbon isotope discrimination (A), using the ratio of intercellular

13C to 12C, is used to calculate integrated water use efficiency, so-called because it

provides a cumulative measure of plant status over the time tissues were formed. Plants

discriminate against 13C, the heavier isotope, during photosynthesis and preferentially

incorporate 12C, the lighter isotope, into biomass. As water stress increases however,

isotope discrimination decreases, increasing the 13CDC in plant tissue. Water stress and

the subsequent stomatal closure result in increased 13'C:]2C of tissue relative to non-

water-stressed plants, as intracellular 12C is depleted and 13C is used as a reactant in

photosynthesis (Cregg and Zhang, 2000).

Ecological studies have documented decreases in A of deciduous shade tree

species in response to limited water availability (Gouveia and Freitas, 2009; Keitel et al.,

2006; Merchant et al., 2010); however, these studies have only included field-grown

trees. By definition, A of plants grown under ambient C02 concentrations is a product of

l

3C: 2C (8) fixed by Rubisco (carboxylation) and can be used as a surrogate for

l

gs and

WUE; (Cregg and Zhang, 2000; Seibt et al., 2008). A is inversely related to WUE; (A/gs),

because as A increases or gs decreases, C 1 decreases, therefore increasing 6 and

decreasing A (Cregg and Zhang, 2000).
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Transpiration efficiency (TB) is the relationship between water used by a plant

and the total biomass produced and represents the whole plant water use efficiency. This

method takes into account water used in other metabolic processes besides

photosynthesis and is calculated as

[biomass produced / water used]

Water-limiting irrigation regimes have been used to increase the TE of a number of plants

including Capsicum annuum L., Catharanthus roseus, and Olea europaea (Bacelar et al.,

2007; Jaleel et al., 2008; Karam et al., 2009). Cyclic irrigation has been used to increase

the TB oftomatoes by 15% compared to single applications (Ismail etal., 2007).

i This study is part of an overall program to improve nursery production of

potential ash tree replacement species in the upper Midwest. It was designed to test the

effects of cyclic irrigation regimes on PIP-grown deciduous shade trees in Northern

temperate climates. The main goal was to develop irrigation guidelines for growers in the

upper Midwest that conserve water and reduce leaching of nutrients without sacrificing

crop growth. The objectives of this study were to 1) determine effects of cyclic irrigation

programs on tree growth, 2) explore underlying physiological mechanisms, and 3)

examine the fate of nutrients in response to cyclic irrigation treatments. We also sought to

compare various methods ofWUE measurements.

Materials and Methods

Site description and experimental design

This study was conducted at the Sandhill site at the Michigan State University

Horticulture Teaching and Research Center (HTRC) (lat.: 42.6734°N, long.: 84.4870°E,

elev.: 264 m) in Holt, Michigan. Trees were grown using a pot-in-pot (PIP) system. The
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soil on site was a well-drained loamy sand (83.1% sand, 8.7% silt, 9.3% clay). Tree

spacing was 1.4 m and 1.8 m on-center within rows and between rows with rows offset.

Rims ofthe socket pots were approximately 2.5 cm above the ground, and the ground

was covered with landscape fabric to control weeds.

Plant materials

In April 2008, one-hundred-and-sixty 25 to 37 cm (1” to 1-'/2”) diameter bare-root liners

(J. Frank Schmidt and Son Co., Boring, OR) were planted in #25 (104.4 L) containers

(GL10000, Nursery Supplies, Inc., Chambersburg, PA). Sixteen trees of each taxa were

used: Acer xfieemanii E. Murray (rubrum x saccharinum) ‘Jeffersred’, A. rubrum L.

‘Franksred’, Gleditsia triacanthos ‘Harve’, Gleditsia triacanthos L. var. in'ermis (L.) Zab

‘Skyline’, Quercus rubra L., Ulmus. pumila L. xjaponica (Rehder) Sarg. x wilsoniana

C.K. Schneid. ‘Morton Glossy’, and Ulmusjaponica (Rehder) Sarg. x wilsoniana C.K.

Schneid. ‘Morton’. Trees were planted in an 80:20 (volume:volume) mix ofpine bark.

and peat moss (Renewed Earth, Inc., Kalamazoo, MI) and installed in MSU’s PIP

facility. Container capacity of the media was 44.5%.

Irrigation treatments

Four trees of each taxa were randomly assigned to one of four irrigation regimes.

Treatments consisted of combinations of daily irrigation volume and number of daily

irrigation cycles (one or four). The once-daily irrigation event occurred at 0600 h daily.

Cyclic irrigation treatments, delivering 25% ofthe daily water allotment in each cycle,

were applied at 0600, 1000, 1400, and 1800 hr daily. Low and high irrigation rates

corresponded to 1 cm and 2 cm depths, respectively. Low and high volumes were applied

at a rate of 9.5 L/min. and 18.9 L/min., respectively. Daily irrigation depths were based
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on daily water use of a container-grown conifer in Michigan documented by Warsaw et

al. (2009a). Average leaching fraction, sampled from Ulmus ‘Morton Glossy’ trees on

three dates in 2009 (1 August, 6 August, and 14 August), was zero.

Irrigation was controlled by two timers (Nelson 8014 series Solo Rain); one timer

ran once daily and the other ran four times per day. Irrigation volume was controlled via

selection of emitter. During the first half of the 2008 growing season, water was delivered

via non pressure-compensating spray stakes. Due to low distribution uniformity, the

system was retrofitted with pressure-compensating drip emitters (Netafim, Fresno CA) in

July 2008. In July 2009, the system was retrofitted with PCNL pressure-compensating .

spray stakes (Netafim, Fresno CA) to increase distribution uniformity within pots.

The experimental design was a strip-split plot design with number ofcycles as the

main plot factor, species as the subplot factor and irrigation rate as the sub-subplot factor.

All combinations of species x irrigation rate x cycle frequency were replicated four times,

and trees were arranged in the PIP system to allow for blocking in time of physiological

measurements. One row on each side of the plot served as a guard row.

Trees were top-dressed with 400 g of 15-9-12 Osmocote® Plus 8-9 month release

(Scotts, Inc.) in the spring of 2008 and 2009. Weeds were controlled as needed through

hand-weeding. Minimal pruning was performed throughout both seasons as needed.

Growing pots were lifted from the socket pots and turned periodically throughout the

2008 season to prevent rooting out. In June 2009, air and water permeable membranes

impregnated with copper sulfate (SpinOut, Texel Agrotextiles, Quebec, Canada) were

placed between the growing pot and the socket pot to prevent rooting out. In 2008 and
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2009 respectively, irrigation was applied from 3 June to 1 October and from 21 May to 1

October.

Growth

Tree growth was measured monthly from May to October. Growth measurements

included tree height, trunk caliper, crown spread, and light interception. Height was

measured using a standard height pole placed perpendicular to the rim on the north side

of the container. Height was measured to the highest live point of the tree. Average trunk

caliper was assessed using two measurements perpendicular to each other, north-south

and east-west, at a height 7.5 cm above the bud union. Crown spread was measured in

two directions perpendicular to each other, north-south, and east-west, to the tips of the

longest live branches, and a geometric average was calculated.

Gas exchange

Leaf gas exchange was measured periodically in each growing season using a

portable gas exchange system (LI-6400, Li-Cor, Lincoln, NE). Due to their compound

leaf structure, Gleditsia species were not included in leaf gas exchange sampling. One

fully-expanded, sun-exposed leaf on each tree was sampled using a 3x2 cm leaf chamber

equipped with a red/blue light-emitting diode light source (Li-6400-028, Li-Cor)

providing a quantum flux of 1500 umol'm-zs-l. Light saturated assimilation (Amax;

umol-m-z's-l) and stomatal conductance to water vapor (gs) were measured using

optimum conditions within the chamber: C02 concentration at 400 umol°mol-] and flow

of air at 500 umols’. To minimize temperature effects during sampling, the block

temperature of the Li-6400 was set at the estimated high temperature for the day.
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Measurements were recorded after the readings had stabilized on the system’s real-time

graphics screen. Intrinsic water use efficiency (WUEi) was calculated as: Amax / gs.

Chlorophyllfluorescence

The ratio of variable to maximum chlorophyll fluorescence (Fv/Fm) was

measured on trees of all species (excluding Gleditsia species) using an OS-30p

chlorophyll fluorometer (Opti-Sciences, Hudson, NH). On 12 August 2009, three

randomly selected, mature sun-lit leaves on each tree were harvested, and a cuvette

provided by the manufacturer was attached to the interveinal portion of each leaf. Leaves

were allowed to dark acclimate for 10 minutes before a reading was taken.

Chlorophyll content

Relative chlorophyll content was assessed using a Minolta SPAD 502 chlorophyll

meter (Spectrum Technologies Inc., Plainfield, IL). The handheld device was clamped on

to a randomly selected, fully expanded leaf and the value recorded. This process was

replicated to obtain five values for each tree.

Carbon isotope discrimination

Leaves from all trees except Gleditsia species were collected on 23 September

2009 and dried to a constant weight. At the end of the 2009 season, stem tissue was

harvested 7.5 cm above the graft union using an increment corer and dried to a constant

weight. In cases where rings were not visible, cores were dyed with stain to improve ring

identification. If rings were still not distinguishable, trees were destructively harvested

and a 1.25 cm sample of the trunk removed and sanded to improve ring identification.

Rings were separated by year and 1-2 mg of tissue spanning the width of the ring was

removed. Foliar tissue was ground using a coffee grinder and passed through a #40
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screen. Foliar (2-3 mg) and wood (1-2 mg) tissue was packed into 5x9 mm tin capsules

and placed in a 96-well sample tray. Samples were sent to the University of California at

Davis Stable Isotope Facility for analysis of the relative abundance of 13C and 12C. The

resulting A values were expressed relative to international standards PeeDee Belemnite

(limestone) (Craig, 1957).

Diurnal waterpotential

Leaf water potential (‘1’) of all trees within two taxa (Q. rubra and Acer species)

was measured on two dates during the growing season; once on a day with relatively low

VPD and once on a day with relatively high VPD. We selected Q. rubra and Acer trees

for sampling, because they have contrasting vessel arrangements and hydraulic

architecture; Quercus trees have a ring porous vessel arrangement, while Acer trees have

a diffuse porous arrangement. A.- fieemani was sampled on 21 and 26 August 2008 and

13 August 2009, and A. rubrum was sampled on 22 June 2009. Times of sampling

corresponded with gas exchange measurements. At two hour intervals, from pre-dawn to

2000 hours, one fully expanded leaf per tree was measured for gas exchange then

harvested. Leaves were stored in an airtight plastic bag in a cooler of ice until the leaf

water potential (‘1’) was determined using a PMS pressure chamber (PMS, Albany, OR).

Dates of sampling were 25 June and 18 July in 2008 and 13 June and 13 August 2009.

On 13 August 2009, a standard chamber using ambient environmental conditions was

used for gas exchange measurements.

Specific leafarea andfoliar analysis

All trees except Gleditsia species were sampled for specific leaf area (SLA). A

random subsample of 20 fiilly expanded, sun-lit leaves from each tree was harvested in
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July 2009. Leaves were scanned with a leaf area meter (LI-3000, Li-Cor), then oven-

dried to a constant weight. Specific leaf area was calculated as: leaf weight (g) / leaf area

(g). Leaves were harvested from all species excluding Gleditsia on 27 July, 2009, dried,

and sent to a commercial lab for foliar nutrient analysis (Scotts Inc., Lincoln, NE).

Substrate moisture measurements

Sixteen trees spanning two blocks and representing each species and treatment

were monitored throughout the 2009 season for substrate moisture and temperature. One

30-cm long moisture probe (CS616, Campbell Scientific) measuring volumetric water

content (VWC) was installed in each pot approximately 10 cm from the edge of the

container at a 45° angle. Probes were connected to a CR1000 datalogger (Campbell

Scientific) and measured temperature every 30 seconds while recording 15-minute

averages. Maximum, minimum, and average temperatures along with time ofmaximum

and time ofminimum were recorded every 1 hour. Substrate VWC values were calibrated

for organic substrates according to manufacturer’s standards. Two electrical rain gauge

transmitters (Texas Electronics, Inc., Dallas, TX) were installed to estimate precipitation

and connected to the datalogger via the multiplexer.

Nitrate-N, pH, and electrical conductivity in leachate

Leachate was collected from a subsample of three species using the pour-through

procedure (Wright et al., 1986; Bilderback, 2001b). Acerfi'eemani, Ulmus ‘Morton

Glossy’, and G. triacanthos ‘Skyline’ (16 of each) were sampled in July 2008 and in May

and July 2009. Growing pots were removed from socket pots, then media was saturated

and allowed to drain for 30 minutes. Four liters of water were then applied to each tree,

and leachate was collected. Electrical conductivity (EC; Oakton Con110 series, Eutech
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Instruments, Vernon Hills, IL) and pH (AB15 Accumet basic, Fisher Scientific,

Pittsburgh, PA) were measured in the laboratory after collection. Nitrate-N analysis was

performed by the MSU Soil and Plant Nutrient Laboratory using flow injection with

cadmium reduction (Huffman and Barbarick, 1981). Irrigation water, which was sampled

at each collection time, averaged: N03-N, 0.24 ppm; EC, 0.8 dS/M; and pH, 7.8.

Statistical analysis

Data were analyzed using SAS version 9.1 software (SAS Institute Inc., Cary,

NC). All variables were tested for normality using PROC UNIVARIATE. PROC

MIXED was used to conduct analyses of variance (ANOVA) for all variables. Mean

separation was performed using Tukey's adjustment. The effects of sampling time for gas

exchange, WUEi, ‘I’, SPAD readings, foliar chlorophyll content (CC), and leachate NO3-

N, pH, and EC data were analyzed using repeated measures within PROC MIXED. Mid-

day gs and leachate NO3-N was analyzed using a log transformation, and WUE; was -

analyzed using a square-root transformation. Pearson correlation coefficients for grth

and physiological parameters were determined using PROC CORR.

Results

Weather

Mean maximum daily air temperatures during the growing seasons (1 May to 1

October) were 250°C and 23.8°C for 2008 and 2009, respectively. Total precipitation

amounts during that time were 462 mm in 2008 and 425 mm in 2009. Total (1 May to 1

October) reference evapotranspiration (ETo) during the growing seasons exceeded

rainfall by 308 mm and 244 mm in 2008 and 2009, respectively (Fig. 2.1). The average

minimum and maximum air temperatures during the winter months (1 December 2008 to
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31 March 2009), as reported by the Michigan Automated Weather Network (MAWN),

were -7.9°C and 20°C (2010).

Substrate moisture

High irrigation rates applied cyclically resulted in greater increases in substrate

moisture than low rates applied cyclically. Irrigating cyclically decreased the amplitude

of daily fluctuations in substrate moisture content. Within the season, substrate moisture

fluctuations varied greatly (Fig. 2.2).

Water use

Daily water use was estimated from volumetric moisture content data of four species: A.

rubrum, G. triacanthos ‘Harve’, Q. rubra, and Ulmus ‘Morton’ for the 2009 growing

season. Average daily water use over the course of the growing season was highest in

Ulmus ‘Morton’, followed by A. rubrum, Q. rubra, and G. triacanthos ‘Harve’. Total

2009 seasonal water use of Ulmus ‘Morton’ was more than 75% that of G. triacanthos

‘Harve’. Crop coefficients (Kc) peaked in September. On average, Kc values were

highest in Ulmus ‘Morton’, followed by A. rubrum, G. triacanthos ‘Harve’, and Q. rubra

(data not shown).

Growth responses

Caliper and height

Across species, tree growth was more responsive to irrigation rate than number of

irrigation cycles per day (Table 2.1). A strong species response was observed in most

growth and physiological responses. The high irrigation rate increased stem radial growth

relative to the low rate in all taxa except A. freemanii and G. triacanthos ‘Harve’ (Fig.

2.3) but increased (pS0.05) height growth only in Ulmus ‘Morton’ trees. The low rate

59



reduced (p30.05) crown growth in Ulmus species compared to the high rate. Most of the

reduction in growth caused by the low irrigation rate occurred in the second year of the

study (data not shown).

Gas exchange

Mid-day and diurnal Amax and gs responses were affected by sampling date and

taxa (Table 2.2), therefore samples were analyzed separately for each taxa and date.

There was no clear trend in gas exchange responses to irrigation treatment. Mean mid-

day Amax and gs values were lowest in Acer and Q. rubrum trees, and highest in Ulmus

trees (Table 2.3). Mean mid-day Amax values were correlated with total caliper growth of

A.fieemanii (r=0.21, p50.05), Q. rubra (r=0.26, p50.01), and Ulmus ‘Morton’ (r=0.16,

p50.05)trees. Irrigation rate affected gas exchange in trees of all taxa on at least one

sampling date. Increasing the irrigation rate increased (p30.05) gs and Amax of Q. rubra,

A. fi'eemanii, and Ulmus ‘Morton’ trees on one sampling date (data not shown).

The only effect of cycle frequency on mid-day gas exchange occurred late in the

2009 season in A. rubrum trees and Ulmus ‘Morton Glossy’ trees. In both instances, trees

receiving four cycles had lower (p_<_0.05) gs than trees receiving only one cycle (Fig. 2.4);

however, on one sampling date, Ulmus ‘Morton Glossy’ trees receiving the low rate in

one cycle had lower (pS0.05) Amax values than Ulmus ‘Morton Glossy’ trees in all other

treatments (Fig. 2.5).

Irrigation treatment did not affect diurnal gas exchange of Q. rubra trees. Diurnal courses

of gas exchange ofAcer trees was affected by irrigation treatment on all days sampled,

and the response occurred mid-day (1200 hr to 1800 hr). The low irrigation rate reduced

(pS0.01) gs and Amax ofA. rubrum trees at 1200 hr and 1600 hr, respectively on 26
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August 2008 (Fig. 2.5). Amax and gs ofA.fieemanii trees was reduced (p30.05) at 1600

hr on one date (21 August 2008) when trees were irrigated with the low rate applied in

one cycle compared to the high rate in four cycles (Fig. 2.6). Amax values ofA. freemanii

trees were reduced (p30.05) at 1400 hr on one date (26 August 2008) when trees were

irrigated with the low rate applied in four cycles compared to the high rate in four cycles.

The effect of cycle frequency was less evident than the effect of irrigation rate. Increasing

cycle frequency increased (p50.05) Amax values ofA. fieemanii trees on only one date

(21 August 2008) at 1400 hr.

Diurnal water potential

Diurnal ‘1’ responses to irrigation regime were more pronounced than those of gas

exchange and occurred most often in the afternoon hours. Values of ‘I’ ofAcer trees were

higher throughout the day than those of Q. rubra trees in 2008 but were similar in 2009.

Acer trees were also more responsive to irrigation regime than Q. rubra trees. There was

only one date (23 June 2009) on which ‘I’ of Q. rubra trees was affected by irrigation

treatment; at 1200 hr and 1600 hr, the low irrigation rate reduced @3005) ‘I‘ compared to

trees irrigated with the high rate (Fig. 2.7). The response of ‘I’ ofAcer trees to irrigation

treatment was inconsistent (Fig. 2.8). The low irrigation rate reduced (p30.05) ‘1’ values

ofAcer trees in the afternoon hours (1400 hr and 1800 hr) on only one (13 August 2009)

of the four dates sampled (data not shown). Within cyclic irrigation treatments, Acer trees

receiving the high rate had lower (p50.05) ‘1’ values than Acer trees receiving the low rate

on two dates. Pre-dawn water potential values were similar regardless of irrigation

treatments.

WUE
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Instantaneous WUE

Mid-day WUE; values calculated from mid-day gas exchange measurements were

affected by sampling date and taxa, therefore samples were analyzed separately for each

taxa and date. On average, WUE; values were higher in year one than year two (data not

shown). Mean WUE; values varied by taxa (Table 2.3). Significant responses of WUE;

of trees to irrigation treatments were rare and inconsistent, and all occurred in the second

year of the study. Irrigation rate did not affect WUE; ofany species on any date. Values

of WUE; ofA.fieemanii, Q. rubra, and Ulmus ‘Morton’ trees were unresponsive to

irrigation treatment.

Cycle frequency affected WUE; of only A. rubrum and Ulmus ‘Morton Glossy’

trees. Acer rubrum trees receiving the low rate applied in one cycle had higher (p30.05)

WUE; than other trees of that species receiving any other treatment on 5 June 2009.

Increasing cycle frequency increased (p50.05) WUE; ofA. rubrum on one date (31 July

2009) and Ulmus ‘Morton Glossy’ trees on one date (4 September 2009).

Integrated water use efliciency

Isotopic composition ofwood tissue varied by species but was unaffected by year;

therefore, year one and year two samples were pooled together for further analysis. Foliar

A values were correlated with A values of 2009 wood tissue only in Q. rubra (r=0.75,

p50.0001), Ulmus ‘Morton’ (F059, p50.0001), and A.fieemanii (r=0.19, pS0.05) trees.

Quercus rubra and A. rubrum trees had the lowest A values in both foliar and wood

tissue.

Irrigation rate affected the foliar isotopic composition of only Acer and Q. rubra

trees. The low rate increased A of Q. rubra (p_<_.0.01) and Ulmus ‘Morton’ (p50.05)
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foliage compared to the high rate (Fig. 2.9). Acer rubrum trees irrigated with the low rate

in one cycle had lower (p30.05) foliage A values than all other treatments (Fig. 2.9);

however, irrigating with only one cycle increased A values of wood tissue, regardless of

the application rate (Fig. 2.10). Analysis ofwood tissue yielded significant responses to

irrigation rate only of Ulmus trees (Fig. 2.11). Foliar A was correlated with WUE; only in

Ulmus ‘Morton’ (r=-0.17, p30.05) and Ulmus ‘Morton Glossy’ (r=-0.18, p50.05). A of

wood tissue was not correlated with WUE; in any taxa. Leaf A was correlated with mid-

day leaf gs in Ulmus ‘Morton Glossy’ (r=-0.27, p50.01), A.fieemanii (r=-0.21, p50.01),

and Q. rubra (r=-0.22, p30.05) trees.

Leaf structure

Specific leaf area (SLA) and total leaf area (TLA) varied by taxa. TLA ofA.

rubrum and Ulmus ‘Morton Glossy’ trees were affected (p50.05) by irrigation rate

(Table 2.4); however, the effect of irrigation treatment on SLA was not significant in any

taxa. TLA was correlated (A.fieemanii: r=0.70, p50.0001; A. rubrum: r=0.64, p50.0001;

Q. rubra: r=0.90, p50.0001; Ulmus ‘Morton’: r=0.58, p30.0001; Ulmus ‘Morton Glossy’:

r=0.43, pS0.0001) with caliper growth in all of the taxa in which TLA was measured.

Irrigating in four cycles decreased (p50.05) foliar N concentration in Q. rubra and

Ulmus ‘Morton Glossy’ trees compared to one cycle, while the high irrigation rate

reduced foliar N concentrations in Ulmus ‘Morton Glossy’ trees (p50.05) and.A. rubrum

(p50.01) trees. The trend in mean foliar N content was G. triacanthos ‘Harve’ > Q. rubra

> A. fieemanii > A. rubrum > G. triacanthos ‘Skyline’ > Ulmus ‘Morton’ > Ulmus

‘Morton Glossy’.
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Absolute chlorophyll content (CC) was calculated from SPAD values according to Parry

and Bugbee (2010). CC values were not correlated with foliar N in any taxa. CC leveled

out by 2 June 2009 in A.fieemanii trees. In 2008, CC content ofA.fieemanii, G.

triacanthos ‘Harve’, and G. triacanthos ‘Skyline’ leaves declined between 15 September

and 25 August. In the first year of the study, CC ofA. rubrum, Q. rubra and Ulmus

‘Morton’, and Ulmus ‘Morton Glossy’ trees leveled out by sample 15 June, 5 August, and

28 August, respectively. In the second year of the study, CC of all species leveled out by

18 June, except for that of Ulmus ‘Morton Glossy’ which increased between 22 July and

11 August and that of G. triacanthos ‘Skyline’ which decreased between 1 July and 22

July.

There was no trend of foliar CC in response to inigation treatment, and results

varied by sampling date. Foliar CC of G. triacanthos ‘Harve’, Ulmus ‘Morton’, and Q.

rubra trees was unaffected by irrigation treatment at all times. The low rate decreased

(p50.05) CC ofA. fieemanii, A. rubrum, Ulmus ‘Morton Glossy’, and G. triacanthos

‘Skyline’ leaves on one date, regardless of the number of cycles in which irrigation was

applied; however, the low rate increased CC in A.fieemanii and A. rubrum leaves on one

sampling date. Effect of cycle frequency, affecting CC of trees of only two taxa, was less

apparent than irrigation rate. Increasing cycle frequency increased (p50.05) CC in only A.

rubrum and G. triacanthos ‘Skyline’ trees on one date. There was an interaction between

rate and frequency in A. rubrum trees during week of 2 June 2009; trees receiving the

high rate in four cycles had higher (p50.05) CC than trees receiving the low rate in four

cycles. The Fv/Fm values from chlorophyll fluorescence measurements varied by

species, but there was no effect of irrigation treatment (data not shown).
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Leachate

Effects of irrigation treatments on pour-through N concentration, pH, and EC varied by

date of sampling. On 1 May 2009, the high irrigation rate reduced pour-through EC

values and raised pH values compared to leachate from trees receiving the low rate.

Leachate NO3-N and EC levels from trees receiving water in four cycles was less than

that from leachate collected from trees receiving the same volume but delivered in one

irrigation cycle only on one date (23 July 2009). Leachate collected from pour-throughs

on this day from trees receiving the low rate in four cycles had EC values 50% less than

samples from trees receiving the same volume but delivered in one cycle.

Discussion

This study was designed to test the effects of cyclic irrigation regimes on PIP-grown

deciduous shade trees in Northern temperate climates. The overall goal was to develop

scientifically based, water-conserving irrigation guidelines for growers in the upper

Midwest. Specific objectives of this study were to 1) determine the effect of cyclic

irrigation on the growth of deciduous shade trees, 2) explore the physiological responses

which govern these growth responses, 3) examine the fate of nutrients in cyclic irrigation

programs, and 4) compare various methods of calculating water use efficiency.

Growth responses

We did not observe the often cited increases in growth of container-grown plants in

response to cyclic inigation (Beeson and Haydu, 1995; Fain et al., 1999; Ismail et al.,

2007; Keever and Cobb, 1985; Witrner, 2000). Most of these studies have been

conducted in warmer climates with longer growing seasons where crops are subjected to

harsher environmental conditions for prolonged periods of time. However, the 2009
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growing season was unusually cool and wet; therefore it is possible that the stresses

which cyclic irrigation would typically alleviate occurred less often or, when they did

occur, were not as extreme as under typical conditions.

The taxa-specific differences in growth response to irrigation treatment indicate that

variations in degrees of drought stress tolerance exist among taxa. Previous studies

speculate that larger, rapidly growing taxa are more responsive to cyclic irrigation than

smaller, slow-growing types (Beeson and Haydu, 1995; Witrner, 2000). However, growth

of G. triacanthos ‘Harve’ and Ulmus ‘Morton Glossy’, the two fastest growing taxa

(based on height growth) in our study, was unresponsive to irrigation cycle frequency.

We expected that responses in the second year of the study would be more

reflective of treatments, compared to the first year, when trees were likely recovering

fi'om transplant stress. The enhanced grth response to irrigation rate in the second year

ofthe study relative to the first year of the study could be a result of a larger tree root

mass which is more responsive to soil moisture additions than less extensive root system

(Beeson and Haydu, 1995; Witrner, 2000). Also in the second year of the study, trees

were bigger, and as such had more transpirational area resulting in greater water demand.

Growth parameters varied in their sensitivity to irrigation regime. Stern radial

growth was more responsive to irrigation treatment than height growth, as was expected.

Height growth is completed relatively early in the season, while stem radial growth

continues throughout the growing season. Therefore, stern radial growth is affected by

season-long stresses of high temperature and VPD and reduced water availability.
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Gas exchange

Past studies have documented higher mid-day gs as a result of afternoon irrigation

compared to once-daily morning applications (Beeson, 1992); however, we observed the

opposite. A possible explanation for the reductions in mid-day gs due to the cyclic

irrigation could be due to the high VPD on the day of sampling which prevented the

water applied at 1400 hr from penetrating the substrate profile. This was evident in

diurnal substrate moisture plots.

Beeson (1992) attributed increases in plant growth to cumulative reductions in

mid-day gs due to cyclic irrigation. It is possible that the relatively cool and wet

conditions of 2009 were not sufficient to limit mid-day gs. Therefore, it is likely that the

reason for the consistent growth across cycle frequencies was due to maintenance of gS

during the mid-day hours.

WUE

The sporadic response of mid-day WUE; as a result of irrigation regime proves

the parameter’s limitations as an indicator of plant WUE. Because it is only a snapshot of

plant firnction at one point in time, WUE; does not accurately describe plant stress

response. We found A to be a more sensitive indicator of plant stress than WUEi, because

it incorporates the accumulated isotopic differences over the entire course of tissue

formation. Furthermore, because leaf synthesis is completed relatively early in the

growing season, we expected the isotopic composition ofwood tissue to be more

sensitive to environmental stress during the growing season than that of foliar tissue. We

observed similar or stronger responses in wood tissue compared to foliar tissue of the five

taxa in which both of these carbon pools were sampled.
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The lack of response of WUE; to irrigation regime in the first year of the study

could be due to the relatively small number of sampling events compared to the second

year of the study. Container-grown Q. rubra trees in our study did not increase WUE;

under water-limited conditions, contrary to What has been reported in previous studies of

mature forest trees (Tumbull et al., 2002).

Given similar atmospheric 6, differences in carbon isotopic composition ofplant tissue is

a function of stomatal aperture and 8 carboxylation. Therefore, reductions in foliar A of

Q. rubra and Ulmus ‘Morton’ trees indicate that the low irrigation rate was sufficient to

decrease gs or 5 carboxylation during leaf synthesis and expansion. Reduced irrigation

rates induced water stress in Ulmus trees during the growing season, evidenced by the

decline of A values in Ulmus wood at reduced irrigation rates.

Carbon pools differ in their isotopic compositions (Bowling et al., 2008). In all

taxa except Acer species, we observed the well-documented 6 enrichment ofwood tissue

relative to bulk leaf matter, indicating postphotosynthetic carbon isotope fractionation

(Damesin and Lelarge, 2003; Helle and Schleser, 2004; Brandes et al., 2006).

Correlations of WUE; and A have been recorded for a number of species (Roussel et al.

2009); however, we were able to correlate these parameters only in Ulmus trees,

indicating the tight linkage between g8 and A in this species.

Leafstructure

Differences in late season patterns of CC values between years one and two could be due

to variation in environmental conditions. In 2008, trees could have been responding to

water and temperature stress by breaking down chlorophyll which was apparent in CC
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results. Mid-season declines in CC values of G. triacanthos trees could be associated

with locust mites which were present on the trees at the beginning of the season in 2009.

Studies have found that reduced leaching fractions due to cyclic irrigation regimes

improves nutrient efficacy, thereby increasing foliar N concentrations compared to once

daily applications (Allen et al., 2005; Karam et al., 1994; Tyler et al., 1996); however, we

observed the opposite. Although the reason for this is still unclear, it is possible that, on

days with high VPD, water applied during the 1400 hr cycle was not penetrating the

substrate surface. Because controlled release fertilizers are dependent on water for

nutrient release and movement of nutrients into roots is primarily a passive process,

nutrients were not available for plant uptake. Similar declines in foliar nutrient (N, P, K,

Ca, Mg) concentrations due to increasing plant moisture stress have been documented

(Tirnmer and Armstrong, 1989; Tumbull et al., 2002).

The reductions in leachate NO3-N concentration due to cyclic irrigation compared

to once daily applications concur with existing research (Fain et al., 1999; Fare et al.,

1996). It is impossible to know whether cyclic irrigation regimes tested in our study

resulted in less cumulative NO3-N leached from containers, because leaching fraction

was not measured after each irrigation event.

Electrical conductivity levels exceeded the recommended limit of 0.5 dS/M for

controlled release fertilizers. Leachate NO3-N concentration also exceeded the

recommended 15 to 25 ppm (SNA, 2007) for all treatments on all sampling dates.

Conclusion

Cyclic irrigation did not affect growth of any of the species tested; however the

reduced irrigation rate decreased growth in five of the seven taxa tested. It is likely that
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the beneficial effects of cyclic irrigation were underestimated, due to the mild summer of

2009. Growers should be more concerned with supplying a sufficient irrigation rate than

the number of cycles in which it is delivered. Although the low rate reduces daily water

applications and reduces input costs, it prolongs production time, ultimately reducing

grower profitability. Modest reductions of less than 50% of the 2 cm rate, which is

typical application, may not be detrimental to tree growth and should be explored in the

future. WUE; calculated from gas exchange measurements is limited in its accuracy as an

indicator ofplant water stress. A ofplant tissue proved to be a sensitive indicator of plant

water StI'CSS.
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Table 2.1: Summary analysis of variance (ANOVA) for caliper and height growth of

seven taxa of deciduous shade trees grown in #25 containers in a PIP production system

under varying combinations of irrigation rate and cycle frequencies.

 

Source of

variation d.f. Caliper Height

Spp 6 43.95*** 2406*"

Cycles 1 7.77 0.72

Spp*Cycles 6 1.27 1.16

Rate 1 64.31*** 12.50**

Spp*Rate 6 2.1 l 1.4

Cycles*Rate l 0.2 1 .24

Spp*Cycles*Rate 6 0.58 0.87
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Table 2.2: Summary repeated measures analysis of variance (ANOVA) for mid-day

photosynthesis (Amax), leaf stomatal conductance (gs), and WUE; (Amax/gs) ofA.

fleemanii, A. rubrum, Q. rubra, Ulmus ‘Morton’, and Ulmus ‘Morton Glossy’ grown in

#25 containers in a PIP production system under varying combinations of irrigation rate

and cycle frequencies.

 

 

F-values

Source of Variation d.f. Amax gs WUEi

Between subjects

Species (Spp) 4 15.04*** 12.25** 4.57**

Cycles 1 2.64 0.53 0.17

Spp*Cycles 4 1.31 2.49 1.33

Rate 1 7.03* 10.69 0.47

Spp*Rate 4 0.65 0.62 0.12

Cycles*Rate 1 1.36 1.14 1.05

Spp*Cycles*Rate 4 0.29 0.25 0.60

Within subjects

Date 4 6568*" 95.68*** 20.10***

Date*Spp 16 3.19*** 3.57*** 3.09“

Date*Cycles 4 3.5M 8.09 2.91 *

Date*Rate 4 2.33 1.72 0.20

Date*Spp*Rate 16 0.74 0.77 0.99

Date"Spp*Cycles 16 0.67 0.96 1.12

Date*Cycles*Rate 4 1.85 1.62 0.39

Date*Spp*Cycles*Rate 16 0.65 0.54 0.43
 

* pS0.05; ** psom; *** psoooor
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Table 2.3: Mean mid-day net photosynthesis (Amax§ umol-m 2-s ), leaf stomatal

conductance (gs; mol HzO-m-Z-SJ), and intrinsic water use efficiency (WUEi; Amax/gs)

(iSE) of five taxa of deciduous shade trees grown in #25 containers in a PIP facility

under varying combinations of irrigation rate (low, 1 cm or high, 2 cm) and daily cycle

frequencies (one or four). Means with different letters are statistically different at p50.05.

Data averaged across all sampling dates and irrigation treatments.

 

Taxa gs . Amax ’ WUEi

A. fieemanii 0.065i0.004a 6.780:t0.38a 122.07i6.76a

A. rubrum 0.096i0.007ab 8.14d:0.43ab 96.7l:t3.05bc

Q. rubra 0.069i0.004a 6.70i0.35bc , 112.85zt6.44ab

Ulmus 'Morton' 0.1 13i0.007bc 9.40i0.49cd 89.60:l:2.79c

Ulmus 'Morton Glossy’ 0.142dz0.009c 10.90:l:0.50d 87.3 8:1:2. 1 5c
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Table 2.4: Specific leaf area (SLA), total leaf area (TLA), foliar N concentration, and

chlorophyll content (CC) of seven taxa of deciduous shade trees grown in #25 containers

under two irrigation rates (low, 1 cm or high, 2 cm) on 27 July 2009. Within columns,

means with different letters are different at ps0.05. Data averaged across all cycle

 

frequencies.

SLA2 TLZA Foliar N CC

Taxa Rate (2;!cm ) (m ) (%) (mol/m )

A.fieemanii Low 133.19 4.04 3.45 26.78

High 128.23 5.07 3.33 24.67

Overall 130.88A 4.52B 3.39BC 25.73C

A. rubrum Low 121.91 6.03a 3.45b 42.52

High 125.43 9.16b 3.18a 43.25

Overall 123.67A 7.59A 3.32BC 42.88B

G. triacanthos

" Harve’ Low ---- ---- 3.97 44.29

High ---- ---- 3.83 46.71

Overall ---- ---- 3 .90A 45.42B

Q. rubra Low 129.29 5.65 3.55 26.35

High 128.64 7.46 3.51 26.22

Overall 128.99A 6.50A 3.53BA 26.29C

G. triacanthos

'Skyline’ Low ---- ---- 3 .26 24.07

High ---- ---- 3.19 22.95

Overall ---- ---- 3 .23BC 23 .5 1 C

Ulmus ‘Morton’ Low 117.04 6.15 3.19 56.06

High 113.64 8.19 3.05 52.20

Overall 1 15.34A 7.17A 3.12DC 54.13A

Ulmus 'Morton

Glossy' Low 96.37 5.58a 3 .02b 46.31

High 102.37 7.72b 2.84a 47.61

Overall 99.37B 6.65A 2.93D 46.96BA



Figure 2.1: Weekly rainfall and reference evapotranspiration (ETo) from Michigan

Automated Weather Network at Michigan State University (MSU) Hancock Turfgrass

Research Center (2008) and MSU Horticulture Teaching and Research Center, East

Lansing, MI. Rainfall deficit = ETO — rainfall.
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Figure 2.4: 2009 mid-day leaf stomatal conductance (gs; mol HzO'm-2'54) of five taxa

of deciduous shade trees grown in #25 containers in a PIP production system under two

irrigation rates (low, 1 cm or high, 2 cm). Data averaged across both irrigation rates

(n=40).
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Figure 2.5: 2009 mid-day netfihotpsynthetic rate (Amaxi pmol'm-zs 1), leaf stomatal

conductance (gs; mol HzO'm -s ), and instantaneous water use efficiency (WUEi;

Amax/gs) of five taxa of deciduous shade trees grown in #25 containers in a PIP

production system under two irrigation rates (low, 1 cm or high, 2 cm). Effect of cycle

frequency and irrigation rate was not significant. Data averaged across both cycle

frequencies (n=40).
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Figure 2.6: Diurnal courses of stomatal conductance (gs; mol H20-m-2-s-l) ofAcer

freemanii andAcer rubrum trees grown in #25 containers in a PIP production system in

2008 and 2009 under varying combinations of irrigation rate (low, 1 cm or high, 2 cm)

and cycle frequency (one or four). Data averaged across inigation rate and cycle

frequency when effect of treatment was not significant (n=l6). Means with different

letters are significantly different at pS0.05.
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Figure 2.7: Diurnal course of leaf water potential (MPa) of Quercus rubra trees grown in

#25 containers in a PIP production system in 2008 and 2009 under varying combinations

of irrigation rate (low, 1 cm or high, 2 cm) and cycle frequency (one or four). Effect of

cycles was not significant at any time. Data averaged across irrigation rate and cycle

frequency when effect of treatment was not significant (n=1 6). Times when irrigation rate

was significant, data averaged across both inigation cycle frequencies (n=8; * p50.05; **

p50.01; *** pso.0001).
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Figure 2.8: Diurnal course of leaf water potential (MPa) ofAcerfieemanii trees grown in

#25 containers in a PIP production system in 2008 and 2009 under varying combinations

of irrigation rate (low, 1 cm or high, 2 cm) and cycle frequency (one or four). Effect of

cycles was not significant. Data averaged across irrigation rate and cycle frequency when

effect of treatment was not significant (n=1 6). Times when irrigation rate was significant,

data averaged across both irrigation cycle frequencies (n=8; * pS0.05; ** p50.01).
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Figure 2.9: A values (%o) (iSE) of 2009 foliar tissue of five deciduous shade tree species

grown in #25 containers in a PIP production system under varying combinations of

irrigation rate (low, 1 cm or high, 2 cm) and daily cycle frequencies (one or four) (n=8; *

p30.05; ** p50.01). Effect of cycles was not significant in any taxa except A. rubrum, in

those taxa data is averaged across cycle frequencies. In graph ofA. rubrum, means with

different letters are statistically different at p50.05.
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Figure 2.10: A values (%o) (:tSE) of 2008 and 2009 wood ofAcer rubrum trees grown in

#25 containers in a PIP production system under varying combinations of irrigation rate

(low, 1 cm or high, 2 cm) and daily cycle frequencies (one or four) (n=16; ** pS0.01).

Effect of irrigation rate was not significant; data averaged across rates.
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Figure 2.11: A values (960) (:tSE) of 2008 and 2009 wood of six deciduous shade tree

species grown in #25 containers in a PIP production system under varying combinations

of irrigation rate (low, 1 cm or high, 2 cm) and daily cycle frequencies (one or four)

(n=16; * p50.05; ** p50.01). Effect of cycle frequency was not significant.
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Abstract

Cyclic irrigation, applying a plant’s daily water allowance in multiple allotments,

is effective in increasing growth in container-grown plants. The objective of this study

was to quantify the effects of cyclic irrigation regimes on the growth and physiology of

common container-grown conifer species in Pot-in-Pot (PIP) production in the upper

Midwest. Four species of conifers (Picea glauca var. densata, Picea pungens, Abies

fraseri, and Pinus strobus), grown in #3 (10.2-L) and #7 (24.5 L) containers, were

randomly assigned to irrigation regimes with varying combinations of irrigation rates

(low, medium, or high) and daily cycle frequencies (one or four). Low, medium, and high

inigation rates of trees grown in the #3 containers corresponded to 1 cm, 2 cm, and 3 cm

depths, respectively. Low and high rates of trees grown in the #7 containers corresponded

to 1 cm and 2 cm depths, respectively. Height growth of only P. strobus trees increased

under cyclic irrigation regimes, and irrigation rates did not affect height growth.

Physiological parameters were more responsive to irrigation rate than cycle frequency.

Mid-day gas exchange and instantaneous water use efficiency (WUEi) were unaffected

by irrigation treatment. Transpiration efficiency and A in foliar and wood tissue increased

at reduced irrigation rates. Increasing cycle frequency increased A in foliar and wood

tissue. Irrigation rates of 2 cm leached more NO3-N from containers and reduced foliar N

content of P. strobus and P. pungens trees grown in #7 containers compared to the 1 cm

rate. Trees of equal size can be produced with 50% less water than traditional methods,

increasing profitability for growers by reducing input costs.
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Introduction

Increased water costs, decreased water availability due to increased competition for

water resources with urban areas, and anticipation of stricter water withdrawal and

discharge regulations have caused nursery producers to rethink water use practices

(Beeson et al., 2004). Growers commonly overwater, applying a fixed rate of irrigation

exceeding plant water use, which may result in excessive water withdrawals. Container

growing also required the addition of fertilizer for optimum crop growth. The resulting,

and often highly concentrated, container solution is highly susceptible to leaching, due to

the low cation exchange capacity of commonly used pine-bark based substrates

(Bilderback, 2001a). The development of irrigation programs which conserve water

without sacrificing tree growth and quality will allow the nursery industry to adapt to

future water use regulations, increased input costs, and decreased water availability.

One option to conserve water is cyclic irrigation, where fractions of a plant’s daily

water allowance is applied several times daily. Plant responses to cyclic irrigation include

higher growth index, root growth, trunk diameter, shoot dry weight, height, and crop

yield than plants receiving irrigation in only one cycle (Beeson and Haydu, 1995; Fain et

al., 1999; Ismail et al., 2007; Keever and Cobb, 1985; Witrner, 2000). In some cases,

caliper growth was 25% greater using cyclic irrigation compared to the traditional

method of applying a single cycle in the morning (Beeson and Haydu, 1995; Fain et al.,

1999; Witrner, 2000).

Equal or superior growth rates ofwoody ornamental crops at reduced irrigation

volumes have also been documented (Beeson and Haydu, 1995; Groves et al., 1998;

Martin et al., 1989; Roberts and Schnipke, 1987; Warsaw et al., 2009a; Warsaw et al.,
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2009b). Beeson and Haydu (1995) summarized that under cyclic irrigation the water

volume required per area can be reduced by at least 25% and 50% for xeric or mesic

species, respectively, with no effect on growth (compared to standard overhead

irrigation). However, there may be a trade-off between water conservation and plant

productivity if irrigation volume does not meet plant demand (Groves et al., 1998).

Up to 97% of water taken up by a plant is transpired through stomata (Taiz and

Zeiger, 2006), and the initial response to limited water availability is stomatal closure

(Hand et al., 1982; Medrano et al., 2002), which inhibits C02 uptake and reduces

assimilation. It has been hypothesized that cyclic irrigation increases growth by removing

or reducing mid-day water limitations, thereby delaying or preventing stomatal closure

and increasing the cumulative time of photosynthesis (Beeson, 1992; Witrner, 2000).

The relationship between transpiration and assimilation is the water use efficiency

(WUE) and can be viewed as a measure ofhow efficiently a plant is using water to

produce biomass (Anyia and Herzog, 2004). Several studies have demonstrated increases

in WUE when trees are exposed to water limiting irrigation regimes (Anyia and Herzog,

2004; Ningbo et al., 2009; Warren and Bilderback, 2002). There are three methods

commonly used to calculate WUE: instantaneous WUE, integrated WUE, and

transpiration efficiency.

Instantaneous WUE (WUEi) measures WUE at the leaf level, and is the ratio of

the rate ofC02 assimilation (measured at the leaf level) ratio to rate of water transpired

(or the rate of C02 uptake). It is calculated using gas exchange data as:
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A/E or A/gs

Instantaneous WUE excludes carbon losses associated with respiration and non-

photosynthetic functions and is referred to as intrinsic WUE, because the response of E to

changes in gs and vapor pressure deficit (VPD) is inherent to a species (Bauerle et al.,

2006; Bsoul et al., 2007; Cernusak et al., 2009). Reductions in transpirational losses

without concomitant reductions in A can increase WUE; and lead to substantial long-term

increases in WUE (Yoo et al., 2009).

Stable carbon isotope analysis has become an important method of assessing

environmental stress. Carbon isotope discrimination (A), using the ratio of intercellular

13 12 . . . .

C to C, is used to calculate integrated water use efficrency, so-called because it

provides a cumulative measure of plant status over the time tissues were formed. Plants

. . . . 13 . . . . 12

discriminate against C during photosynthesrs and preferentially incorporate C, the

lighter isotope, into biomass. As water stress increases however, isotope discrimination

13 . . . . 13 12 . .

decreases, and C 18 more readily used, increasmg the C: C in plant tissue. Water

. . 13 12 . .
stress and the subsequent stomatal closure result in increased C: C of tissue relative

. 12 . l3 .
to non-water-stressed plants, as intracellular C is depleted and C 1S used as a reactant

in the photosynthesis (Cregg and Zhang, 2000).

Ecological studies have documented decreases in A of some coniferous species in

response to limited water availability (Aranda et al., 2010; Brandes et al., 2007; Olivas-
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Garcia et al. 2000; Zhang and Cregg, 2005). By definition, A of plants grown under

. . . 1 .
ambient C02 concentrations is a product of gs and 5C 3 fixed by Rubisco

(carboxylation) and can be used as a surrogate of WUE; (Cregg and Zhang, 2000; Guehl

et al., 1995). A is inversely related to WUE; (A/gs), because as A increases or gs

. . 13 ,

decreases, Ci decreases, therefore increasmg 5 C and decreasrng A (Cregg and Zhang,

2000).

Transpiration efficiency (TE) is the relationship between water used by a plant

and the total biomass produced and represents the whole plant water use efficiency. This

method takes into account water used in other metabolic processes besides

photosynthesis and is calculated as

[biomass produced / water used]

Water-limiting irrigation regimes have been used to increase the TE of a number of plants

including Capsicum annuum L., Catharanthus roseus, and Olea europaea (Bacelar et al.,

2007; Jaleel et al., 2008; Karam et al., 2009). In a study by Ismail et al. (2007), cyclic

irrigation increased TB of tomatoes by 15% compared to single applications.

The response ofWUE to drought stress is dependent on plant type, species,

cultivar, tree age, provenance, and phenotype, and can be used as a screening process for

drought resistance (Adams and Kolb, 2004; Bacelar et al., 2007; Cernusak et al., 2009;

Tumbull et al., 2002; Zhang and Cregg, 2005;). In an effort to gain insight into the

functional morphology affecting the WUE response, models have been developed, which

explain that coniferous evergreens are more resistant to drought stress (increased WUE)
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than broadleaf trees due to sunken stomata, lignified guard cell walls, and lower pre-

dawn osmotic potential (an intrinsic measure of plant resistance to drought).

This study was designed to test the effects of cyclic irrigation regimes on PIP-

grown coniferous trees in Northern temperate climates. The overall goal was to develop

irrigation guidelines for growers in the upper Midwest that conserve water and reduce

leaching of nutrients without sacrificing crop growth. The objectives of this study were to

1) determine effects of cyclic irrigation programs on tree growth, 2) explore underlying

physiological mechanisms, and 3) examine the fate of nutrients in response to cyclic

irrigation treatments. We also sought to compare various methods of WUE

measurements.

Materials and Methods

Site description and experimental design

This study was conducted at the Sandhill site of the Michigan State University

Horticulture Teaching and Research Center (HTRC) (lat.: 42.6734°N, long: 84.4870°E,

elev.: 264 m) in Holt, Michigan. This study consisted of two experiments - one using #3

(10.2 L) containers and one using #7 (24.5L) containers. Trees were grown using a pot-

in-pot (PIP) system. The soil on site was a well-drained loamy sand (83.1% sand, 8.7%

silt, 9.3% clay). Spacing of #3 and #7 containers was 0.5 m and 1 m on-center within

rows and between rows, respectively. Rims ofthe socket pots were approximately 2.5 cm

above the ground, and the ground was covered with landscape fabric to control weeds.

Plant materials

In April 2008, 400 plug+2 or 2+2 bare-root transplants (100 of four species; from

Peterson’s Riverview Nursery, LLC, Allegan, MI)'were planted in #3 containers
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(GL1200, Nursery Supplies, Inc., Chambersburg, PA) using a 80:20 (volume: volume)

mix ofpine bark and peat moss (Renewed Earth, Inc., Kalamazoo, MI). Container

capacity of the media was 44.5%. The four species used were Abiesfraseri (Pursh) Poir,

Piceapungens Engelm. var. glauca Regel, Picea glauca (Moench) Voss var. densata,

and Pinus strobus L. Also in the spring of 2008, 100 trees grown in #3 containers from a

previous study were transplanted into #7 containers (GL2800, Nursery Supplies, Inc.)

using the standard media described above.

Irrigation treatments

Daily irrigation depths were based on daily water use estimates of a container-

grown conifer in Michigan documented by Warsaw et al. (2009a). Six trees grown in #3

containers of each species were randomly assigned to one of six irrigation regimes.

Treatments imposed on trees grown in #3 containers consisted of a combination of daily

irrigation depth (1 cm, 2 cm, or 3 cm) and daily cycle frequency (one or four). For trees

grown in #3 containers, the 1-1, 2-1, and 3-1 treatments were delivered in a single

application, while the 1-4, 2-4, and 3-4 treatments were delivered in four cycles. The 1-1

and 1-4, 2-1 and 2-4, and 3-1 and 3-4 treatments received one, two, and three cm of water

daily, respectively. Four trees grown in #7 containers of each species were randomly

assigned to one of four irrigation regimes. Treatments imposed on trees grown in #7

containers consisted of a combination of daily irrigation depth (1 cm or 2 cm) and daily

cycle frequency (one or four). For trees grown in #7 containers, the 1-1 and 2-1

treatments were delivered in a single application, while the 1-4 and 2-4 treatments were

delivered in four cycles. The 1-1 and 1-4 and 2-1 and 2-4 treatments received one and

two cm of water daily, respectively.
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Once-daily irrigation events occurred at 0600 h daily. Cyclic inigation treatments

were applied at 0600, 1000, 1400, and 1800 h daily and applied 25% of the daily total at

each watering. Irrigation was applied from 15 May 2008 to 25 September 2008 and from

21 May to 1 October 2009.

Irrigation was controlled by two timers (Nelson 8014 series Solo Rain); one ran

once daily and the other ran four times per day, and volume was controlled via selection

of emitter. At the initiation of the studies, water was delivered via non pressure-

compensating spray stakes. In July 2008, trees in #3 containers receiving low and

medium inigation rates and all trees in .#7 containers were retrofitted with pressure-

compensating drip emitters (Netafim, Fresno CA) due to low distribution uniformity

within plots. In July 2009, the #7 containers were retrofitted with PCNL pressure-

compensating spray stakes (Netafim, Fresno CA) to increase distribution uniformity

within pots.

The experimental design was a strip-split plot design with number of cycles as the

main plot factor, species as the subplot factor and irrigation rate as the sub subplot factor.

All combinations of species x irrigation rate x cycle frequency of trees in #3 and #7

containers were replicated 12 and four times, respectively. Trees were arranged to allow

for blocking in time of physiological measurements. Both experiments were surrounded

by a row of guard trees. One row on each side of the #7 container plot served as a guard

rows, and one row on three sides and three rows on one side of the #3 container plot

served as guard rows.

Trees grown in #3 and #7 containers were top-dressed with 60 and 130 grams of

®

15-9-12 Osmocote Plus 8-9 month release (The Scotts Co., Marysville, OH),
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respectively, in the spring of 2008 and 2009. Weeds within containers were controlled

through hand-weeding. Pots were turned periodically during the growing seasons to

prevent rooting out. In June 2009, squares of landscape fabric impregnated with copper

hydroxide (SpinOut®, SePRO, Carmel, IN) were placed between the growing pot and

socket pot in the plot of #7 containers. Minimal pruning was performed throughout both

seasons.

Growth

Tree growth (caliper and height) was measured monthly, and when possible,

measurements were taken approximately 30 days apart. At the beginning of each growing

season, prior to bud break, initial tree height was measured, with a standard meterstick,

perpendicularly from the rim on the north side of the container to the highest live point of

the tree. Average trunk caliper was assessed using a digital caliper. Two caliper

measurements were taken perpendicular to each other, north-south oriented and east-west

oriented, at a height level with the rim ofthe container.

Gas exchange

Picea species and A. fiaseri. Gas exchange was measured periodically in each

growing season using a portable gas exchange system (LI-6400, Li-Cor, Lincoln, NE)

equipped with a conifer chamber (LI-6400-05, Li-Cor). Mid-day gas exchange was

assessed on all trees in #7 containers and on four blocks (96 trees) of #3 containers

between 0900 HR and 1700 HR after shoots had fully expanded. One south-facing shoot

of the current season’s growth was selected from the upper third ofthe tree and flagged at

the beginning of the season so that it could be used in subsequent gas exchange sampling.

If necessary, some needles were removed with scissors to ensure that the chamber was
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adequately sealed. Light-saturated assimilation (Amax), stomatal conductance (gs), and

transpiration (B) were measured on clear days using: C02 concentration at 400

-1 . -l . . . .

pmol'mol and flow of air at 500 pmol-s . To minimize temperature effects during

each measurement run, the block temperature was set at the estimated high temperature

for the day. Measurements were recorded after the readings had stabilized on the

system’s real-time graphics screen. At the end of each season, the shoot used for gas

exchange was harvested and scanned using a leaf area meter (LI-3000, Li-Cor) to obtain

the projected shoot area, by which measurements were adjusted. Sampling dates for #3

and #7 containers were 21 July 2008 and 13 July, 6 August, 25 August, and 2 September

2009 and 22 July 2008 and 24 July, 6 August, 31 August 2009, respectively.

P. strobus. Gas exchange of P. strobus was sampled as described previously;

however, since the needles were too long to fit in the conifer chamber, a 3x2 cm leaf

chamber equipped with a red/blue light-emitting diode light source (Li-6400-02B, Li-

Cor) was used to enclose a segment of needles. Two adjacent sun-lit P. strobus fascicles

(10 needles) from the upper third of the tree were held side-by-side to prevent self-

shading and clamped inside the chamber. Amax- gs, and B were measured using optimum

conditions within the chamber as described previously and a quantum flux of 1500

-2 -1 . .

umol-m s . Gas exchange measurements were adjusted to reflect actual photosynthetic

area by harvesting a randomly selected needle for each tree and determining its radius
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under a dissecting microscope. Total surface area was calculated assuming each needle

represented one-fifth of a cylinder with a length of 3 cm (the length of the leaf chamber).

Foliar analysis

A subsarnple of sunlit needles was harvested from each tree on 27 July, 2009,

dried, and sent to a commercial lab for foliar nutrient analysis (Scotts Inc., Lincoln, NE).

Carbon isotope discrimination

All trees in #7 containers and 144 trees (six blocks) in #3 containers receiving 1-

1, 1-4, 3-1, or 3-4 treatments were sampled for carbon isotope discrimination. At the end

of the 2009 season, randomly selected branches were harvested, separated by year (2008

and 2009 growth), and dried to a constant weight. Needles were removed and ground

’with a coffee grinder. At the same time of harvest, stem tissue was sampled using pruners

or a chainsaw. A l-cm disk of the stem was removed at a height equal to the rim of the

container (where stern diameter was measured), and 2008 and 2009 growth rings were

identified. Stem discs were clamped in a vice, sanded with ISO-grit sandpaper to aid in

distinguishing growth rings, and outer bark was removed. Rings of trees in #7 containers

were separated by year (2008 and 2009) using a hammer and chisel, and tissue was

ground with a Wiley mill (General Electric, Fairfield, CT). Rings of trees in #3 containers

were sampled by removing 1-2 mg of tissue spanning the width of the ring with a razor

blade. Ground foliar tissue (2-3 mg) and wood tissue (1-2 mg) was passed through a #40

sieve and packed into 5x9 mm tin capsules and placed in a 96-well sample tray. Samples

were sent to the University of California at Davis Stable Isotope Facility for analysis of
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. l3 . .
the relative abundance of C and 12C. The resulting A values were expressed relative to

international standards PeeDee Belemnite (limestone) (Craig, 195 7).

Biomass production

Total biomass was assessed by destructively harvesting a subsample of trees and

developing an allometric relationship between caliper and biomass to estimate biomass

for those trees not harvested. To develop the allometric relationship, trees within each

container size and species were grouped into four size classes based on caliper at the end

ofthe 2009 season. Sixteen trees from each species x size class within each plot were

destructively harvested, with the stems cut at substrate level. Tissue was dried to a

constant weight, then separated by tissue type i.e. roots, shoots, or needles. Total biomass

was determined by summing the mass ofthe roots, shoots, and needles. A regression

analysis was performed between the tree biomass and caliper to estimate biomass for

each tree.

Diurnal water potential

Shoot water potential (‘1’) of all A. fiaseri in #7 containers were measured on two

dates during each growing season - once on a day with relatively low VPD and once on a

day with relatively high VPD. At two-hour intervals, from pie-dawn to 2000 hours, one

fully expanded shoot per tree was harvested and stored in a zippered plastic bag in a

cooler of ice until ‘I’ was determined using a PMS pressure chamber (PMS, Albany, OR).

Harvested shoots were stripped of their outer bark and inserted into the pressure

Chamber’s inlet so that approximately 3 cm of the shoot was exposed. The seal was

tightened, and pressure was slowly applied until a drop of sap was visible with a
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handlens. Times of sampling corresponded with gas exchange measurements. Dates of

sampling were 31 August and 18 September in 2008 and 16 July and 5 August in 2009.

Substrate moisture measurements

In July 2008, a substrate monitoring system was installed which monitored

sixteen trees (eight trees of two blocks) of#7 containers for substrate moisture and

temperature. One moisture probe (15 cm long) measuring volumetric water content

(VWC) was inserted in each container at a point halfway between the stem and the edge

of the container wall at a 45° angle. Probes were connected to a CR1000 datalogger via

an AM25T multiplexer (Campbell Scientific, Logan, UT), measuring VWC every 30

seconds, and recording 15-minute averages. Maximum, minimum, and average substrate

VWC along with time ofmaximum and time of minimum were recorded every 15

minutes and every 24 hours. Substrate VWC values were calibrated for organic substrates

according to manufacturer’s standards. Electrical rain gauge transmitters (Texas

Electronics, Inc., Dallas, TX) were installed in two empty #3 containers to estimate

precipitation and connected to the datalogger via the multiplexer.

Average leaching fraction of trees grown in #3 containers, sampled from A.

fraseri and P. strobus trees on three dates in 2009 (30 July, 31 July, and 14 August), was

11%. Leaching fraction of trees grown in #7 containers was sampled on two dates in

2009 (31 July and 14 August) and averaged zero.

Nitrate-N, pH, and electrical conductivity in leachate

Leachate was collected from a subsample oftwo species using the pour-through

procedure (Wright et al., 1986; Bilderback, 2001b). Abiesfiaseri and P. strobus in four

blocks of each experiment were sampled monthly from July to September 2008 and from
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May to July 2009. Growing pots were removed from socket pots, media was saturated,

and allowed to drain for 30 minutes. Then 0.5 L and 1.0 L of water were applied to each

tree in #3 and #7 containers, respectively; leachate was collected in 20-mL vials and

stored at 2.5C. Electrical conductivity (EC; Oakton Conl 10 series, Eutech Instruments,

Vernon Hills, IL) and pH (AB15 Accumet basic, Fisher Scientific, Pittsburgh, PA) were

measured in the laboratory after collection. Nitrate-N analysis was performed by the

MSU Soil and Plant Nutrient Laboratory using flow injection with cadmium reduction

(Huffman and Barbarick, 1981). Irrigation water, which was sampled at each collection

time, averaged: N03-N, 0.24 ppm; BC, 0.8 dS/M; and pH, 7.8.

Statistical analysis

Data were analyzed using SAS version 9.1 software (SAS Institute Inc., Cary,

NC). All variables were tested for normality using PROC UNIVARIATE. PROC

MIXED was used to conduct analyses of variance (ANOVA) for all variables. Mean

separation was performed using Tukey's adjustment. The effects of sampling time for gas

exchange, ‘I’, nitrate-N, pH, and EC data were analyzed using repeated measures within

PROC MIXED. A square root transformation was used to analyze mid-day Amax oftrees

grown in #3 containers, mid-day gs of trees grown in #7 containers, mid-day NO3-N

concentration of leachate collected from trees grown in #7 containers, and leachate EC

and foliar N content of trees grown in both size containers. A log transformation was

used for the analysis of mid-day WUEi, diurnal courses of gs, and biomass production of

trees grown in #3 containers. Pearson correlation coefficients for stem caliper, tree
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height, Amax- gs, canopy temperature, ‘I’, A, WUEi, and leachate NO3-N, pH, and EC

were determined using PROC CORR.

M

Weather

Mean maximum daily air temperatures during the growing seasons (1 May to 1

October) were 250°C and 23.8°C for 2008 and 2009, respectively. Total precipitation

amounts during that time were 462 mm in 2008 and 425 mm in 2009. Total seasonal (I

May to 1 October) reference evapotranspiration (ETO) exceeded rainfall by 308 min and

244 mm in 2008 and 2009, respectively (Fig. 3.1). The average minimum and maximum

air temperatures during the winter months (1 December 2008 to 31 March 2009), as

recorded by the Michigan Automated Weather Network (MAWN), were -7.9°C and

20°C (2010).

Substrate moisture

Afternoon irrigation applications increased substrate VWC. The 2 cm depth applied

cyclically resulted in greater increases in substrate moisture than the 1 cm depth applied

cyclically. There was temporal variation in the magnitude of these fluctuations. The

increases in VWC caused by 1000 hr and 1400 hr applications decreased in the beginning

ofAugust. Within the season, substrate moisture fluctuations varied greatly (Fig. 3.2).

Water use

Daily water use was estimated from volumetric moisture content data in 2009 (1 May to

1 October). Average daily water use was highest in P. strobus, followed by P. pungens,

P. glauca, and A. fiaseri. Total 2009 seasonal water use of P. strobus was nearly twice
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that of Picea species. Mean crop coefficients ranged from 3.4 to 5. On average, crop

coefficients were highest in P. strobus, followed by A. fraseri, P. glauca, and P. pungens.

Growth

Total height and caliper growth of trees grown in #3 containers varied among

species, but was unaffected by irrigation treatment (pS0.05; Fig. 3.4). The trend in total

mean height and caliper growth during the two-year study was P. strobus > A. fiaseri >

P. pungens > P. glauca.

Biomass production during 2009 and final rootzshoot ratios (R:S; needles

mass/root mass) of trees grown in #3 containers varied by species (p50.05). Irrigation

treatment did not affect biomass accumulation during the 2009 season. The average R:S

of P. pungens trees was 25% less than that of P. glauca, and the mean R:S of P. strobus

trees was more than twice that of P. pungens trees.

Height and caliper grth of trees grown in #7 containers was also species

specific. On average, A.fiaseri trees grown in #7 containers grew tallest, followed by P.

strobus, P. glauca, and P. pungens trees. The trend in caliper was similar (P. strobus > A.

fraseri > P. glauca > P. pungens).

Height and caliper growth of trees grown in #7 containers was greater in year two

of the study than year one. Over the two-year production cycle, irrigation regime affected

growth of only P. glauca and P. strobus trees. Picea pungens trees receiving the 2 cm

irrigation depth had greater (p50.01) caliper growth than P. pungens trees receiving the 1

cm depth (Fig. 3.3). Pinus strobus trees receiving four cycles per day had greater

(p50.05) height growth than P. strobus trees receiving only one cycle.
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The trend ofbiomass production of trees grown in #7 containers mirrored that of

height growth (A.fiaseri > P. strobus > P. glauca > P. pungens), and ranking ofmean

R:S of trees was similar (P. strobus > A.fiaseri > P. glauca > P. pungens). The average

R:S of P. pungens was similar to that of P. glauca, and the mean R:S of P. strobus trees

was more than twice that ofA.fiaseri (data not shown).

Biomass production and distribution of P. pungens trees grown in #7 containers

was affected by inigation treatment. The 1 cm depth reduced (p 30.05) total biomass

accumulation and R:S compared to the 2 cm depth. Cycle frequency affected only

biomass accumulation of P. strobus trees as trees receiving water in four cycles had mean

values double that (p $0.05) of trees receiving water in one cycle (data not shown).

Physiological responses '

Leafgas exchange

Due to differences in shoot morphology, gas exchange rates of the single-needle

conifers (Abies and Picea species) are presented on projected shoot area basis, while P.

strobus measurements are based on total needle area. Therefore, results for the gas

exchange parameters will be discussed separately for the two groups.

Mid-day gas exchange of single-needle conifers grown in #3 containers varied by

species, as well as date of sampling (Table 3.1). Average mid-day Amax and gs values of

Picea trees were nearly double those ofA. fiaseri trees (Table 3.2). The high irrigation

rate increased (p30.05) Amax and gs of P. pungens and P. strobus trees grown in #3

containers compared to the low rate on one and three dates, respectively. Increasing cycle

frequency had no effect on mid-day gs and decreased (p50.05) Amax of P. glauca on one
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date (6 August 2009). There was no effect of irrigation treatment on mid-day gas

exchange ofA. fraseri trees grown in #3 containers on any date.

Mean Amax and g5 values of P. pungens trees grown in #7 containers were higher

(p £0.05) than those ofA. fiaseri trees grown in #7 containers (Table 3.2). The response

of mid-day gas exchange of trees grown in #7 containers varied depending on sampling

date (Table 3.1). Overall, mid-day gas exchange was relatively unresponsive, except for

one date (6 August 2009) when Picea pungens trees receiving the 2-4 had higher

(p50.05) Amax and gs than trees receiving the 2-1 treatment and P. glauca trees receiving

the cyclic treatment had higher (p50.01) gs than trees receiving only one cycle. Mid-day

gas exchange ofA. fraseri and P. strobus trees grown in #7 containers were unaffected by

irrigation treatment on all sampling dates.

Diurnal courses of gas exchange, ‘1’, and canopy temperature of trees grown in #7

containers were dependent on day of sampling. The significant cycles x date and level x

date interactions in the overall ANOVAs of diurnal g5 and Amax were due to changes in

rank order of cycles and levels, respectively. On average, Amax and g5 were highest at

1000 hr and declined steadily throughout the day. Canopy temperature and ‘1’ were most

extreme at 1600 hr.

There was an effect of sampling date in the overall ANOVA of diurnal g5 and

Amax- Therefore, data were analyzed separately for each sampling date. Irrigation

treatment did not affect diurnal courses of Amaxa but influenced gs, ‘I’, and canopy
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temperature. Although gs and ‘1’ were not affected at any single sampling time, when

pooled across all sampling times within the course of a day to obtain a mean diurnal

value, gs and ‘1’ were affected by irrigation on one date (5 August 2009) when the high

irrigation rate maintained greater (P3005) gs and ‘1’ than the low rate (Fig. 3.4; Fig. 3.5.

Both cyclic applications (p_<_0.01) and the high rate (P_<_0.05) reduced canopy temperature

throughout the day compared to the once daily application and the low rate, respectively

(data not shown).

WUEi

The ANOVA for mid-day WUE; (Amax/gs) of conifers grown in #3 containers indicated

effects of irrigation regime and date of sampling (Table 3.1). When analyzed by date,

WUE; of all tree species except A.fraseri grown in #3 containers responded to irrigation

treatment on at least one sampling date. Irrigation rate had a greater effect on WUE; than

did cycle frequency. Most often, trees irrigated with lower rates had higher WUE; values

than trees receiving a higher rate. Although P. pungens, P. glauca, and P. strobus trees

responded on at least one date, the effect of irrigation treatment averaged across all dates

was not significant in any species (Table 3.2).

Mid-day WUE; oftrees grown in #7 containers varied by species and date of

sampling, and on average was unresponsive to inigation regime (Table 3.1). Cycle

frequency did not affect mid-day WUE; of trees grown in #7 containers, and irrigation

rate affected only one species on one date (2 September 2009) when decreasing the

irrigation rate increased (P3005) mid-day WUE; of P. strobus trees. Diurnal courses of

WUE; peaked at 1400 hr, but were unresponsive to irrigation regime.

Integrated water use efiiciency
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Carbon isotope discrimination values of trees grown in #3 containers varied by species

and year oftissue formation. Foliar isotopic composition of 2008 and 2009 wood and

foliage of P. glauca and P. pungens trees grown in #3 containers was similar, but differed

in A.fiaseri (p50.05) and P. strobus (p50.01) trees (wood only).

Foliar and wood A values of all species of trees grown in #3 containers, except A.

fiaseri, were affected by irrigation regime. The low rate decreased (p50.01)

discrimination in year two of the study in P. glauca wood and P. strobus wood and

needles compared to the high rate. Decreasing cycle frequency reduced (p50.05) A in P.

glauca wood in year one ofthe study and P. pungens and P. strobus wood in year two of

the study. . .

Foliar A was positively correlated (p30.05) with wood A in all species in the

second year of the study, but was positively correlated (p30.05) with A values ofwood

only in A.fiaseri trees in the first year of the study. Mid-day leaf gs was correlated with

foliar A values from 2008 (F039, p50.05) and 2009 (r=0.43, p50.01) only in P. glauca

trees. A of foliar and wood tissue from 2009 was positively correlated (pS0.05) with

height and caliper growth only in P. pungens.

The isotopic composition of trees grown in #7 containers also differed by species

and age of tissue. A of wood (p50.05) and foliar tissue @3001) of P. pungens trees

grown in #7 containers were less in year two than year one. On average, discrimination in

wood tissue ofP. strobus trees and in foliar tissue of P. glauca trees was less (p50.01) in

year two of the study than year one. Carbon isotopic composition ofA.,fiaseri foliage

was similar in both years of the study when trees were grown in #7 containers.
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The isotopic composition of trees grown in #7 containers was responsive to

irrigation regime. The reduced irrigation rate decreased (p30.05) discrimination in P.

pungens wood in year one, Picea glauca trees and A.fiaseri wood in year two, and P.

strobus foliage (p50.01) in year two of the study. The only effect of cycle frequency

occurred in P. strobus wood when trees receiving the 2-4 treatment had higher (p50.05)

A values than any other treatment (Fig. 3.6).

Foliar A values were correlated with A values of wood tissue in only P. pungens

and A.fraseri trees in years one, but were correlated in all species in year two. A of 2009

foliar tissue was correlated with mid-day Amax in all species except P. glauca. A was

correlated with tree growth in P. pungens and A . fiaseri trees.

TE

Water use estimates were not available for trees grown in #3 containers or all

trees grown in #7 containers due to logistical and equipment constraints; therefore TE

was only calculated for a subset of trees grown in #7 containers. TE was calculated as g

biomass produced per kg of water used; water used was determined by summing daily

water use (calculated from substrate VWC probes) from 1 May to 30 September 2009.

Pinus strobus trees were not used in TE analysis due to probe malfunction. Due to the

limited number probes measuring soil moisture, the effect of irrigation treatment on TE

could not be analyzed by species. TE was not affected by irrigation rate of cycle

frequency.

Leachate properties
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Mean pH and EC values collected from trees grown in #3 containers was 6.5 and 1.7

dS/M, respectively. Leachate pH, EC, and N03-N concentrations collected from trees

grown in #3 containers were affected by irrigation regime and sampling date. A

significant rate x sampling date interaction in pH, EC, and NO3-N occurred in both years

ofthe study. The 2 cm irrigation rate produced leachate with the highest pH and lowest

EC in both years ofthe study. The 3 cm rate decreased NO3-N levels in leachate in both

years of the study.

Leachate N03-N concentration collected from trees grown in #7 containers varied

by sampling date also. NO3-N concentrations peaked at the beginning of the season and

then declined. NO3-N concentrations were higher (pS0.01) in leachate collected from

trees receiving the 1 cm rate compared to the 3 cm rate.

Mean leachate pH and EC values collected from trees grown in #7 containers

were 6.4 and 1.9 dS/M, respectively. Leachate pH and EC values ranged from 4.7 to 7.5

and 0.5 to 5.0 dS/M, respectively, and varied by date of sample. The only difference in

pH as a result of irrigation program was on one sampling date (23 July 2009) when trees

receiving the 2 cm rate had higher (p50.0001) mean pH values than trees receiving the 1

cm rate. EC was higher (p50.01) in leachate collected from trees receiving the 1-4

treatment compared to trees receiving the 2-4 treatment.

Plant nutrient status

The 3 cm rate reduced foliar N levels in all species grown in #3 containers compared to

the 1 cm rate (Fig. 3.7). Only P. pungens and P. strobus trees grown in #7 containers and

receiving the 2 cm rate had lower foliar N concentrations than trees receiving the 1 cm

rate (Fig. 3.8). On average, Picea species had the highest foliar N concentrations
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regardless of the size of container in which they were grown, followed by A. fraseri and

P. strobus.

Discussion

This study was designed to test the effects of cyclic irrigation regimes on PIP-

grown coniferous trees in Northern temperate climates. The overall goal was to develop

scientifically based irrigation guidelines for growers in the upper Midwest. The

objectives of this study were to 1) determine effects of cyclic irrigation programs on the

growth of PIP-grown conifers, 2) explore underlying physiological mechanisms

governing these growth responses, and 3) examine the fate of nutrients in response to

cyclic irrigation treatments. We also sought to compare various methods of evaluating

WUE.

Growth responses

Height and caliper response

We hypothesized that cyclic irrigation would increase growth compared to once-

daily applications and that less water could be used to achieve this growth. Counter to our

hypothesis, tree height growth in three of the four species investigated was similar,

regardless of the number of cycles in which water was applied; however, we did observe

increases in height growth of one species, P. strobus, with cyclic irrigation. This growth

increase due to increasing cycle frequency is consistent with previous studies testing

cyclic irrigation on containerized woody species (Beeson, 1992; Beeson and Haydu,

1995; Fain et al., 1999; Ruter, 1998; Witrner, 2000).

Past studies testing cyclic irrigation have predominantly included broadleaf

plants, not conifers, and have been performed in the southeastern US, where
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environmental conditions are much different than those in the upper Midwest. Lower

seasonal and mid-day temperatures and a shorter growing season in Northern climates

may mean that container-grown trees are subjected to less stress than similar specimens

grown in the Southwest. Therefore, increases in growth resulting from cyclic inigation

are more subtle in the upper Midwest than in the Southwest.

Increases in tree height, the standard by which coniferous evergreen trees are sold

(ANLA, 2004), was similar regardless of irrigation rate. This is in agreement with

numerous studies which have demonstrated equal or superior grth rates ofwoody

ornamental crops at reduced irrigation volumes (Beeson and Haydu, 1995; Groves et al.,

1998; Martin et al., 1989; Roberts and Schnipke, 1987; Warsaw et al., 2009a; Warsaw et

al., 2009b).

Contrasting responses of growth parameters were also observed. Stem radial

growth was more responsive to irrigation treatment than height growth. Height grth is

largely determined during bud formation in the previous year and is completed relatively

early in the season whereas radial growth continues throughout the growing season.

Therefore, height growth is not subject to environmental stresses such as inadequate

water availability and supra-optimal temperatures, which are common in mid to late

summer.

Observations of larger, fast-growing container-grown plants being more

responsive to cyclic irrigation than those that are smaller and slow-growing have also

been documented (Beeson and Haydu, 1995; Witrner, 2000). Moreover, species

possessing the ability to adapt to drought stress also have an advantage in maintaining

growth under reduced water availability; however, some responses, like increased R:S
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may be limited by the restricted media volume of containers. We hypothesized that the

growth response to cyclic irrigation would be greater in 1) relatively fast-growing trees

like P. strobus and P. pungens and 2) year two of the study than in year one.

We expected tree grth to be more reflective of the imposed treatments in year two of

the study than in year one; however, in 2009 Michigan experienced its sixth coolest

summer on record since 1895. More importantly, the period from June to August 2009

was the fifth coolest ever recorded for this period (NOAA, 2009). Additionally, an excess

of 87 mm ofprecipitation fell from 15 June to 15 August 2009 compared to the same

period in 2008. The mild conditions of 2009 may have been a factor in the general

unresponsiveness to cyclic treatments in the second year of the study. In 2008, growth of

trees in #7 containers was more responsive to irrigation treatment than in 2009. During

2008, trees may also have been undergoing transplant stress from initial planting in May

of that year. Our results suggest that cyclic irrigation may be useful in reducing plant

water stress during establishment.

Physiological responses

Previous studies testing cyclic irrigation on broadleaf woody omamentals have

attributed the resulting increase in growth to cumulative reductions in mid-day water

stress (Beeson, 1992; Witrner, 2000) and subsequent prevention of stomatal closure

(greater gs), therefore increasing net photosynthesis (Beeson, 1992; Witrner, 2000).

Based on this theory, we expected that applying a pulse of irrigation in the afternoon

would dampen the mid-day fluctuations of gas exchange; however, most often we

obtained similar mid-day gs values regardless of irrigation cycle frequency. The
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sampling date on which increasing cycle frequency increased mid-day g5 was preceded

by four days without precipitation, whereas the other sampling dates were preceded by at

most two rain-free days. This indicates that cyclic irrigation may only be effective in

maintaining mid-day gs under hotter and drier conditions than were typical in 2009.

Empirical models describing gs as a function of soil moisture availability predict

that conifers are more drought tolerant than broadleaf trees and shrubs due to their lower

osmotic potential, sunken stomata, and lignified guard cell walls (Gao et al., 2002). This

may explain the relative unresponsiveness of conifers in our study to cyclic water

applications compared to broadleaf trees and shrubs in previous studies.

The increases in mid-day Amax and gs of P. strobus trees grown in #3 containers

due to increased substrate moisture due to higher irrigation rates is similar to observations

ofmature P. strobus forest trees under mesic and drought conditions (Maier and Teskey,

1992). Reductions in caliper grth ofP. pungens trees grown in #7 containers caused by

the decreased irrigation rate was not accompanied by reductions in mid-day Amax and

both P. pungens and P. strobus trees grown in #3 containers had lower mid-day Amax

caused by the reduced irrigation rate without concomitant reductions in growth. This

decoupling of gas exchange and grth suggests that other factors besides Amax were

limiting growth.
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Mid-day ‘1’, a measure of plant water status, is often of interest when testing cyclic

irrigation. High ‘1’ is not necessarily a result of well-watered, non-stressed trees, but can

also be caused by partially closed stomata in response to drought stress (Reich and

Hinckley, 1989); however, the concurrent higher gs and ‘1’ due to the high irrigation rate

that we observed in our study indicate that trees receiving the high irrigation rate were

less stressed than those receiving the low rate. The consistency of ‘1’ across all cycle

frequencies in our study differs from past studies testing cyclic irrigation on container-

grown broadleaf trees (Beeson, 1992; Beeson and Haydu, 1995). During the nighttime,

plant water status equilibrates with that of the substrate; as such, pre-dawn values of ‘1’

are assumed to be equivalent to those of the substrate. On two of the three days sampled,

we found differences in pre-dawn ‘1’ between plants irrigated with the high rate and those

receiving the low rate. This is similar to observations of two-year-old P. ponderosa

seedlings under water-stressed and well-watered conditions (Olivas-Garcia et al., 2000).

Furthermore, the reductions in mean diurnal ‘I’ and gs ofA.fiaseri trees caused by the

reduced irrigation rate mimics the effects of high root-zone temperatures on A. rubrum

trees docrunented by Graves et al. (1989).

The effect of irrigation regimes on WUE; was highly dependent on environmental

conditions. The parameter’s inconsistent response demonstrates the method’s limitations

as an accurate predictor of WUE. Within the #3 containers, the species with the highest

WUE; (P. strobus) was most capable of handling water stress and therefore did not

experience large reductions in grth as a result of water-limiting irrigation regimes. We
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were unable to link the growth decline of P. strobus trees in #7 containers as a result of

irrigation cycle frequency to reductions in mid-day gas exchange. Increases of WUE;

preceding 1400 hr confirm the occurrence of mid-day reductions in g3 relative to Amax

(Beeson, 1992).

WUE; and A have been correlated in a number of species (Roussel et al. 2009); however,

we did not find significant relationships between these parameters in most of the species

tested. This might be due to the fact that WUE; represents gas exchange of sun-lit foliage

on clear days and does not take into account gas exchange of shaded foliage, the effect of

cloudy days, or plant respiration.

The increases in A that we observed in response to cycle frequency indicate that the

cyclic treatments created improved the water status in some species. Foliar N can be used

as a surrogate for carboxylation capacity (Adams and Kolb, 2004; Field and Mooney,

1986). Regardless of container size in which trees were grown, leaf and wood A values of

trees receiving the high irrigation rate were equal to or exceeded those of trees receiving

the low irrigation rate, while foliar N concentrations were similar to or were reduced by

the higher irrigation rate. These contrasting responses indicate that reduced carboxylation

capacity due to reduced foliar N at high irrigation rates was not a factor affecting A of

. . . . . . . l3 . .
trees. Thus, it was thought that gs must be limiting assrmilation of C into plant tissue.

The relationship between WUE; and A is stronger than that of gs and A and Amax

and A, because the drawdown of C i is actually a function of Amaxigs- Concomitant
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reductions ofmean mid-day g5 and A were only observed in P. strobus year two wood

and foliage from trees grown in #3 containers at the low rate compared to the high rate.

WUE; is highly variable as it is a function of the relationship between A and gs and is

only a snapshot of plant functions at one point in time. A is a more accurate and sensitive

depiction of plant stress, because the signature is incorporated over the entire duration of

tissue formation.

Plant carbon pools differ in their isotopic compositions relative to leaves (Bowling et al.,

2008). We observed the well-documented l3‘C enrichment ofwood tissue relative to

bulk leaf matter, indicating postphotosynthetic carbon isotope fractionation (Brandes et

al., 2006; Damesin and Lelarge, 2003; Helle and Schleser, 2004). Similar to height

growth, needle composition is highly dependent on plant status at time of bud formation

during the previous year and growing conditions during needle expansion of the current

year. A of wood tissue is considered a more accurate representation of plant stress than

that of bulk leaf tissue, because the isotopic signal of annual rings is integrated over the

duration of the current growing season.
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Leachate and nutrient responses

Electrical conductivity levels were within the recommended range of 0.2 and 0.5

dS/M for controlled release fertilizers (Bilderback, 2001b). Theoretically, soluble salts

will accumulate faster in containers receiving low irrigation volumes, as with the low rate

and/or cyclic regimes, than containers receiving high irrigation amounts. We observed

similar EC values regardless of irrigation cycle frequency. In #3 containers, the reduction

in soluble salts at the 3 cm rate was likely due to increased leaching of nutrients and was

confirmed visually by chlorosis ofP. strobus needles during the second growing season.

Substrate pH was rarely within the recommended range of 5 to 6 (Bilderback, 2001b).

This is likely a result ofthe alkaline water (average 7.8), typical of Michigan

groundwater, which was applied to trees.

Nitrate-N levels in leachate exceeded the recommended 15 to 25 ppm (Bilderback,

2001b) for all treatments. We did not observe the previously documented reductions in

leachate NO3-N concentrations as a result of cycle frequency (Fare et al., 1996; Tyler et

al. 1996a); however, decreased leachate NO3-N concentrations were observed in trees

receiving the high rate versus the low rate. These results are consistent with findings of

previous studies (Tyler et al., 1996b; Warsaw et al., 2009b).

The reason for the differences in early season NO3-N concentrations between years is

unclear. It is unlikely that residual nutrients from the previous year played a part,

considering the low September 2008 concentrations caused by the high irrigation rate.

Most likely, differences in temperature affected the release rate early in the season and

high precipitation increased leaching ofNO3-N during the second season compared to

the first season.
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Plant nutrient status

An often cited benefit of cyclic irrigation is increased nutrient efficacy and subsequent

increases in foliar N due to reduced leaching. We found nutrient retention to be a function

of reduced irrigation rate, not increased cycle frequency. Reduced foliar N levels of P.

pungens and P. strobus trees grown in #7 containers at the 2 cm rate, representing a

typical application, indicate that growers may be leaching nutrients and sacrificing

nutrient efficacy using this application rate.

We did not observe the previously documented (Reich et a1, 1998) increases in Amax

with rising foliar N concentrations. In fact, the only significant correlation between Amax

and foliar N was when the two parameters were inversely related in P. strobus trees

grown in #3 containers. In this case, water limitations associated with the low irrigation

rate increased foliar N concentrations by retaining nutrients in the substrate, but restricted

Amax-

Conclusion

Cyclic irrigation increased grth only of container-grown P. strobus trees. It is

likely that the beneficial effects of cyclic irrigation were underestimated, due to the mild

summer of 2009. Reducing irrigation rates by 50% is a viable method of water

conservation for container nurseries in the upper Midwest. The low irrigation rate was

enough to promote reductions in caliper growth only of P. pungens trees, regardless of

the size of container in which they were grown, suggesting that this rate may be sufficient

for the other species tested. Reduced foliar N levels and increases in leachate NO3-N
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concentration at the 2 cm rate, representing a typical application, indicate that growers

are leaching nutrients and sacrificing nutrient efficacy by using this application rate.

However, the decreases in grth of some species (P. pungens) at reduced irrigation

rates suggests that in some cases growers must choose between increased nutrient

retention and growth optimization. Our findings confirm that carbon isotope composition

ofwood tissue is a sensitive and more accurate representation ofWUE than WUE].
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Figure 3.1: Weekly rainfall and reference evapotranspiration (ETo) from Michigan

Automated Weather Network at Michigan State University (MSU) Hancock Turfgrass

Research Center (2008) and MSU Horticulture Teaching and Research Center (2009),

East Lansing, MI. Rainfall deficit = ETo — rainfall.
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Figure 3.3: Stem radial growth (:tSE) over the two-year production cycle of four

coniferous tree species grown in #7 containers in a PIP production system under varying

combinations of irrigation rate (1 or 2 cm) and daily cycle frequencies (one or four).

Effect of cycles was not significant; data averaged across both cycle frequencies (n=8).

Means with different letters are statistically different at p50.05.
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Figure 3.4: Diurnal course ofmean leaf stomatal conductance (gs; mol HZO-m 's l) and

(i813) ofA.fiaseri trees grown in #7 containers in a PIP production system under two

irrigation rates (1, 2, or 3 cm) on three dates. Cycles x rate interactions were not

significant, therefore data was averaged across cycles. The high inigation rate increased

(p50.05) mean diurnal gs only on 5 August 2009 (a=0.05; n=4).
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Figure 3.5: Diurnal course of shoot water potential (MPa) (iSE) ofA.fiaseri trees grown

in #7 containers in a PIP production system under two irrigation rates (1 or 2 cm)

(a=0.05; n=8) on three dates. Cycle frequency x level interaction was not significant,

therefore data was averaged across cycles. * indicates significance of mean daily shoot

water potential at pS0.05.
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Figure 3.6: Mean (:tSE) A values of 2008 and 2009 wood of four coniferous tree species

grown in #7 containers in a PIP production system under varying combinations of

irrigation rate (1 or 2 cm) and daily cycle frequencies (1 or 4) (a=0.05; n=4).
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Significance of the study

Previous research testing the effects of cyclic irrigation has been conducted mainly in the

southeastern US. or used smaller plant material (Beeson, 1992; Beeson and Haydu,

1995; Fain et al., 1999; Fare et al., 1996; Ismail et al., 2007; Keever and Cobb, 1985;

Ruter, 1998; Tyler et al., 1996). This study was designed to test the effects of cyclic

irrigation on the growth of PIP-grown coniferous and deciduous shade trees in the upper

Midwest. In addition to classifying the growth response, we explored the physiological

mechanisms controlling these growth responses. Carbon isotope discrimination is a

parameter often tested in ecological water stress research. Few horticultural studies have

used this technique to classify the water use efficiency of trees, as we have. Our results

will contribute to the understanding of water stress physiology of container-grown

landscape and coniferous trees and aid in the development of water-conserving irrigation

guidelines for growers in the upper Midwest.

Main results and ramifications

Deciduous Shade Trees

Seven taxa (Acerfieemanii ‘Jeffersred’, A. rubrum ‘Franksred’, Gleditsia

triacanthos ‘Harve’, Gleditsia triacanthos ‘Skyline’, Quercus rubra, Ulmus ‘Morton’,

and Ulmus ‘Morton Glossy’) of bare-root liners were grown in #25 containers and

randomly assigned to varying irrigation regimes. Irrigation treatments consisted of

varying combinations of irrigation rates (low and high) and daily cycle frequencies (one

or four). Low and high irrigation rates corresponded to 1 cm and 2 cm depths,

respectively. Applications of the low irrigation rate, regardless of the number of cycles in
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which it was applied, reduced stem radial growth of all taxa except A.freemanii and G.

triacanthos ‘Harve’ compared to the high irrigation rate.

Physiological parameters were more responsive to irrigation rate than cycle

frequency. Mid-day leaf stomatal conductance (gs) of trees irrigated cyclically was equal

to or less than trees irrigated once daily. Increasing cycle frequency only increased A of

foliar and wood tissue in A. rubrum trees. Integrated water use efficiency (WUE) using

carbon isotope analysis of plant tissue is a more sensitive indicator of plant water stress

than instantaneous WUE (WUEi) derived from gas exchange measurements.

Conifers

Picea glauca var. densata, Piceapungens, Abiesfiaseri, and Pinus strobus transplants

(plug+2 or 2+2) were planted in #3 containers in a 80:20 (volumervolume) mix of pine

bark and peat moss. Also, trees ofthe same species grown in #3 containers from a

previous study were transplanted into #7 containers using the same media. Trees were

randomly assigned to irrigation regimes with varying combinations of irrigation rates

(low, medium, or high) and daily cycle frequencies (one or four). Low, medium, and high

irrigation rates of trees grown in #3 containers corresponded to 1 cm, 2 cm, and 3 cm

depths, respectively. Low and high irrigation rates of trees grown in #7 containers

corresponded to 1 cm and 2 cm depths, respectively.

Although stem caliper is the best single indicator of tree grth (Thompson,

1985), tree height is the parameter by which coniferous trees are most often sold in the

upper Midwest. We suggest growers integrate both measurements and use height: stem

caliper as an indicator of plant marketability. Moreover, stem caliper growth is a more
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sensitive indicator of tree water stress than is tree height. Height growth of only P.

strobus trees increased under cyclic irrigation regimes, and irrigation rates did not affect

height growth. Stem radial grth of only P. pungens trees were affected by irrigation

rate; the low rate reduced stem radial growth compared to the high rate in both

experiments.

Physiological parameters were more responsive to irrigation rate than cycle

frequency. Mid-day gas exchange and instantaneous water use efficiency (WUEi) were

unaffected by irrigation treatment. A in foliar and wood tissue increased at reduced

irrigation rates. Increasing cycle frequency increased A in foliar and wood tissue.

Medium irrigation rates leached more NO3-N from containers and reduced foliar N

content ofP. strobus and P. pungens trees grown in #7 containers compared to the low

rate. Trees of equal size can be produced with 50% less water than the typical irrigation

rate of 2 cm, thereby increasing profitability for growers by reducing input costs.

The effect of irrigation regimes on WUEi was highly dependent on environmental

conditions. The parameter’s inconsistent response demonstrates the method’s limitations

as an accurate predictor ofWUE. Within the #3 containers, the species with the highest

WUEi (P. strobus) was most capable of handling water stress and therefore did not

experience large reductions in growth as a result of water limiting irrigation regimes. We

were unable to link the growth decline ofP. strobus trees in #7 containers as a result of

irrigation cycle frequency to reductions in mid-day gas exchange.
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Reducing irrigation rates by 50% is an effective method by which growers in the

upper Midwest can conserve water and reduce input costs without sacrificing growth.

Reduced foliar N levels and reductions in leachate NO3-N concentration at the 2 cm

application rate indicate that growers may leach nutrients and sacrificing nutrient efficacy

using these common irrigation methods. However, the decreases in stem radial growth of

P. pungens at reduced irrigation rates suggests that in some cases growers must choose

between increased nutrient retention and growth optimization.

Future research

Our results indicate that cyclic irrigation does not increase tree growth rates of coniferous

and deciduous shade trees in the upper Midwest compared to typical once-daily

applications. However, cycle frequencies other than the four times per day we tested may

be effective in reducing water stress and increasing tree grth rate. The time at which

irrigation subvolumes are applied should also be tested, as should various cycle

frequency x rate x timing combinations. Testing cyclic irrigation on a broader scale

would be helpful in assessing environmental conditions under which tree growth would

benefit from increasing cycle frequency. Furthermore, determining the common

characteristics among taxa which benefit from cyclic irrigation and reduced inigation

rates will allow growers to group trees based on functional characteristics and irrigate

accordingly.

Reductions in mid-day canopy temperatures associated with cyclic irrigation have

been reported in past studies (Keever and Cobb, 1985; Graves et al., 1989). This easily

measurable parameter should be included in future studies testing cyclic irrigation.

Carbon isotope discrimination, regardless ofthe tissue (wood or leaf) from‘which it is
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derived, is a highly sensitive indicator of plant water stress and should be applied more

often in horticultural studies. Carbon isotope discrimination is integrative and more

reliable than WUEi measurements derived from gas exchange measurements. Because

carbon isotope analysis of tissues can be expensive (z$6.50/sample), it is important to

consider the period oftime over which is of interest. In studies testing the effect of water

stress over the entire growing season, it would likely be most cost-effective to select

wood tissue for carbon isotope analysis.

To fully assess the reduction in NO3-N by cyclic irrigation regimes, more extensive

collections systems must be developed. Leachate collection systems which measure total

leachate volume and leachate NO3-N concentration will more accurately quantify NO3-N

leaching from container nurseries in the upper Midwest. This will aid in quantifying the

effectiveness of water-conserving irrigation programs in reducing the environmental

impact.
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Figure A1.1: Diurnal course of substrate volumetric moisture content (VWC; %) of a

subsample of 16 deciduous shade trees grown in #25 containers in a PIP facility under

varying combinations of irrigation rate (low, 1 cm or high, 2 cm) and daily cycle

frequencies (one or four) (n=4).
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Figure Al .2: Mean NO3-N concentration (ppm), EC (dS/M), and pH (iSE) of pourthru

leachate samples collected in 2008 and 2009 from Acerfieemanii, Ulmus ‘Morton

Glossy’, and G. triacanthos ‘Skyline’ trees grown in #25 containers in a PIP production

system under varying combinations of irrigation rate (low, 1 cm or high, 2 cm) and daily

cycle frequencies (one or four) on four dates. Effect of species was not significant. Effect

of cycle frequency was most often not significant. Data averaged across species and cycle

frequencies (n=24). When there was a significant cycles x rate interaction, means were

separated by treatments (n=12; * p50.05; ** p50.01).
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Figure A2.1: Height growth over the two-year production cycle of four coniferous tree

species grown in #3 containers in a PIP production system under varying combinations of

irrigation rate (1, 2, or 3 cm) and cycle frequency (one or four) (n=12).
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Figure A2.2: Height growth over the two-year production cycle of four coniferous tree

species grown in #7 containers in a PIP production system under varying combinations of

irrigation rate (1, 2, or 3 cm) and cycle frequency (one or four) (n=4).
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Figure A2.3: Stem radial growth over the two-year production cycle of four coniferous

tree species grown in #3 containers in a PIP production system under varying

combinations of irrigation rate (1 , 2, or 3 cm) and cycle frequency (one or four) (n=12).
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Figure A2.4: Diurnal course of net photosynthesis (Amax; mol-m-z-s-l), canopy

temperature (C), and instantaneous water use efficiency (WUEi; Amax/gs) (iSE) ofA.

fraseri trees grown in #7 containers on 5 August 2009 in a PIP production system under

varying combinations of irrigation rate (1 or 2 cm) and daily cycle frequencies (one or

four). Mean diurnal canopy temperature was reduced when trees received the high rate or

cyclic irrigation compared to the low rate or once daily applications, respectively

(u=0.05; n=4).
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Figure A2.5: A values (iSE) of 2008 and 2009 needles of four coniferous tree species

grown in #3 containers in a PIP production system under varying combinations of

irrigation rate (1 or 3 cm) and daily cycle frequencies (one or four) (a=0.05; n=6).
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Figure A2.6: A values (iSE) of2008 and 2009 wood of four coniferous tree species

grown in #3 containers in a PIP production system under varying combinations of

irrigation rate (1 or 3 cm) and daily cycle frequencies (one or four) (a=0.05; n=6).
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Figure A2.7: A values ($813) of 2008 and 2009 foliar tissue of four coniferous tree

species grown in #7 containers in a PIP production system under varying combinations of

irrigation rate (1 or 2 cm) and daily cycle frequencies (one or four) (a=0.05; n=4).
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Figure A2.8: Nitrate-N concentration (ppm), EC (dS/M), and pH (iSE) of pourthru

leachate samples collected in 2008 and 2009 from P. strobus and A. fraseri trees grown

in #3 containers in a PIP production system under varying combinations of irrigation rate

(1, 2, or 3 cm) and daily cycle frequencies (one or four) (n=l6). Effect of cycles was not

significant; data averaged across species and cycle frequency (n=12). Means with

different letters are different at p50.05; "5 nonsignificant.
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Figure A2.9: NO3-N concentration (ppm), EC (dS/M), and pH (iSE) of pourthru leachate

samples collected in 2008 and 2009 from P. strobus and A.fiaseri trees grown in #7

containers in a PIP production system under varying combinations of irrigation rate (1 or

2 cm) and daily cycle frequencies (1 or 4). Effect of cycles was not significant; data

averaged across species and cycle frequency (n=12). Means with different letters are

different at p50.05; “5 nonsignificant.
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