Comparison of Trunk Wraps in their Ability to Protect Kiwifruit Vines from Freeze Injury

By

Joshua g&phenCook

A thesis submitted to the Graduate Faculty of
Auburn University in partial fulfillment of the
requirements for thBegree of

Master of Science

Auburn, Alabama
August § 2020

Keywords:Actinidia chinensisActinidia deliciosa Golden Kiwifruit, Insulation

Approved by

James D. Spiers, Chair, Associate Professor of Horticulture

Elina D. Coneva, Professor Hbrticulture

Edgar L. VinsonExtension Assistant Professor



Table of Contents

Y 013 1 = Lo PP UPPPPPTTR i
ACKNOWIBAGMENTS. ... e e et e e e e e e eneen] v
LISt Of TADIES.... e r e e e eeaen] Vi
LIST OF FIQUIES. ...ttt ettt e e et et e e e e e e e et e il
Chapter 1: INtrOAUCTION. ........uii e e et e e e e eeeeeeeae 1

Literature Cited..........oouuuuiiieiiieiiee e
Chapter 2: LIterature REVIEW.........oiiiiiiiiii ettt e et e e e eaeaanas 5

LItErature CIEa........ooiiiiiii ettt 19

Chapter 3Comparison of Trunk Wraps in their Ability to Protect Kiwifruit Vines from Freeze

] [ 12 PP TPPTPPTR 24
1] oo [8 o1 1] o H PP P PPPPPRPPRRPPPPPR 24
Materials and MethodS..............uuueiiiiii e 28
RESUIES. ... 32
DISCUSSION. ...ttt e e et e e ettt ettt e e e e e e e e e e e e e e e eeeeeeees 36
CONCIUSION. ...ttt e e e e e e e e e e e e e eeeees 41
LITErature CILEA........ooeiieiiiiiiie ettt e e e e e e e e 42
TADIES. . 45
T U 51



Abstract

The golden kiwifruit is a new crop to the southeastern United States, with orchards being
established across the region. Unfortunately, freeze injury is prevalent due to fluctuating winter
temperatures thamnpactcoldresistancef vines.Some vines becoeinjured developng cracks
in their trunks or experienay a softening othe vascular cambium, both of which reduce vigor
andcan result in digoack ormortality. Trunk wrapgan be usetb helpregulate temperature
fluctuations experienced by kiwifrwines, so this experiment was designed to test the
effecivenesf various materials on kiwifruit vines on an orchard in Reeltown, Alabama. Two
studieswere performed on orgearold and tweyearold vines in the winter of 2028019,and
two morestudieswere conducteth the same location over the winter of 2EA®0. Aspur
bound polypropylene rowover (GG51, GreGuard UV®, Atmore Industrieg\tmore, AL),
was wrapped around vine trunks six tsme create thé&-wrap treatment, and twelve times to
create the 1&vrap treatment. Polyethylene PVC pipe insulaftorentimeters thickfiberglass
pipe insulatior?2.2 centimeters thickand white latex trunk paint were ugedcreatehe fourth,
fifth, and sixth treatments. Data loggers were mounted ors vinderneath wraps vines
where wrapsvere used. At the end of the season, vines were inspected for injury and
temperature dataereanalyzed.

No treatments reduced the amount of damage received by the vines, but the polyethylene
treatment increased dageduring one study. There were pronounced differences in the
temperature retention of some treatments, tigi2-wraptreatmentand fiberglassvraps
maintaininghigherminimum temperatures and cooler maximum temperature than the control

during most stuies This is in contrast to polyethylene treatments, wiigthntainechigher



minimum temperatures than the control, bxteeded the contrbly as much as 7°&t
maximumtemperatures.

Theeffectof wrapswasalso compared by looking at the amount of time wrapse
exposed twvery low temperature§-5°C and-3°C) and very high temperatur€35°C and 30°C)
The 12-wrap and fiberglasgeatment®utperformed the control and the other treatmemnits
vines receiving these treatmesfgending less time abthlow and high temperaturégneath
wraps Meanwhile, the polyethylene treatmené&intained high temperatures under wraps for
greater amounts of tintban the controlThe 6wrap treatment matainedhighermaximum
temperaturearound the vine trunthan the control, but did not remain as warm as therbp
treatment.

These data implyhat whilespurrbound polyethylene has soma&luable insulative
properties, they are most useful whenwheap is applied at greater thickne$sunk paint has
negligible effectand is indistinguishable from the control when comparing temperature and
damagePolyethylendreatments used in this study had a similar insulative capacity te the 6
wrap applicatiorof trunk wrap, but th high temperaturesriéachesn the daytime are not
desirable soit isless likely to be usable as a trunk wrajpe 12wrap and fiberglassaraps were
the most effective materials tested in the experiment, and have the greaesalforuse as

trunk wraps.
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CHAPTER 1

Introduction

The golden kiwifruit(Actinidia chinensis’lanch) has thrived in its relatively short time
on the global market. Public interest in the fruit has increased over the past decade, and
southeastern statesay benefit fromgrowing golden kiwifruit. Three cultivars of golden
kiwifruit believed to have commeat potentialhave been studied at Auburn University since the
1990s These three cultivars aédU Golden Sunshin@®Dozier et al 2010adndAU Golden
Dragoro(Dozier et al 2010h)jandAA U Gul f Coast Go |.Atdhe (in@ ofzhise r
writing, theyare the main cultivars beirggownin thesoutheasto AU Gul f Coast
0AUOG Gol deareti®unajer prodactve cultivars in the state of Alabd@eéore
goldenkiwifruit can becomean economical asset to teeutheast, there are some issues that
must be overcome. A major challenge facing the southeasterfnutivindustry is freeze
damage, which can cause severe trunk crackingiaednortality. This project is designed to
evaluaterunk wraps as a method preventingfreeze injury.

In most kiwifruit produdion areas kiwifruit orchardsfrequently experience radiation
freezes These freezesankill buds, limiting fruit setfor the seasofLu andReager, 1990.

Injured vines will eventually form new buds, but this delays produeti@may reduce yield
Radiationfreezes occur when warm air stratifies above the ground on cool rafibteing air
near the ground to cool below levels plants can tolefdtey cormonly occurduring calm,
clear nights when temperatures are near freeR®adiation freeze injury can be minimized by

disrupting the temperature zones that occur as the atmosphere stiamifiesamplewind

et

Gol
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machinesnay be used in the orchard to disrupt the inversion layer, bringing warm air from
higher in the atmosphesndmixing it with loweratmospheridayers. In places wheraind
machinesare not installed, helicopters may fly over the field for the same €Recty, 1993
Overhead microsprinkler irrigation can also be used to protect tender crops from radiation
freezes.

The southeastemegion of theUnited Statesfrequentlyexperiencesadvectionfreezes
which are caused by cold froritem northern latitudemovingacross the soutii hese freezes
behave very differently from radiative freezes, andcagable ofjuickly loweling ambient
temperatureBecause these freezes caxcursuddenly afteperiods of relativelyvarm weather,
they may shock plants thiaave beguo break dormancy. Sudden temperafiuetuations that
advection freezes thrust upwernalizing plants cabausereeze injury Hewett and Young,
1981). In the case of kiwifruit, thigjury can manifest agaping wounds where the vascular
cambium freezes and spliguntingor killing the vines. Even if a vine is not completely killed
during a freeze, it becomes vulnerable to refreezing and may experience reduced vigor during the
growing seasonAdvection freezes are more injurious to younger vines. As vines mature, they
becomeamore resistant to damage by advection freezes.

Kiwifruit vines are very vigorous and will usually send out new shoots frornotite
crown after the trunk experiences freeze injlmyt these shoots neeso to threeseasons of
growth before they set fruitf vines were grafted and the graft union was kjlledes will need
to be grafted agai\n average 088 days per year have minimum temperatures below 0 °C in
centralAlabama,where this studyis located so there are many opportunities for freegery to
occur(Southern Region Climate Center, 2DIEhisimpedes thestablishment of a kiwifruit

industry in the southeastetimited StatesBecause advection freezes are associated with



different conditions than radiation freezes, protection metti@tsvork with radiation freezes
become less effective or useless under advection condiens/, 1998 Therefore, other
protectivemethods must be devised.

Advection freezes at@estcounteractegbassivelypy only plantingspeciesesistant to
the temperatures thate common in the regioin some case$ieezes willbring colder
temperatures thaan orchard can withstand, adtion must be takeio prevent injury In such
cases, ptection against advection freezes involves direct heatiagaret plant, an insulative
component, or both. The energy and materials involvelit@ttheat production are prohibitive
sodirect application oheat isuncommon(Perry, 1998)Instead, protection against advection
freezesusuallyrelies onsome form of heat retention, in the formiméulation.

For low-growing herbaceous crops, row covers may be used to trap heat radiating from
the ground. For fruit treeend other crops with greatheight row covers become impractical.
Instead orchard managers may trypootect the trunk of the tree from injury. They may opt to
protecttheirtreesby banking soil against the trunks. This process is fatiensive and subjects
tree trunks to damage associated with being buried under soiheveirtter season, but it is
capable of preventing cold damagdackson and Parsons, 199%runk wraps are a promising
alternativeto soil banksThey workby holdingatmospheriteatcaptured during warm periods
against the trunkndslowing its diffusioninto the atmospher&ome materials, especially those
with small air pockets likpolystyreneor fiberglass, can provid@meinsulationduring freeze
events which can be the difference between survival or finink wraps have beearsed to good
effecton green kiwifruitin the pas{Dozieret al, 1992 Pyke et al.1988, so there is reason to

believe that they may be able to protect the golden kiwifruit freezedamage as well.
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CHAPTER 2

Literature Review

Kiwifruit vines are dioecious vines native to the temperate woodlands and ravines of
southeastern China, where they have been used by the Chinese people since the early 1700s
(Huang,2016. Cultivation was uncommon durirtlgis era so almost all fruits were harvested
from wild vines. European botanists collecteddheenkiwifruit (Actinidia deliciosaC.F. Liang
and A.R. Fergusqrfor study and first recorded captive fruitingtive early 1900¢§Ferguson,

1983) The kiwifruit vine caught on quickly as an ornamental in New Zealand, but struggled to
move beyond ornamentalusagen t i | t h e aodnth&dabpsoductiarhoétine frait began

in earnes{Huang 2016). Early fruit quaty was wildly variable, and it was not until the advent
of Haywardin the late 1940s that fruit quality became consistent. Shortly thereafter, New
Zealand began exporting kiwifruit to other countries. The high demand for green kiwifruit lead
to an explsion of interest in kiwifruit farming in the 1970andkiwifruit production has since
spread across the world.

The Economy of Kiwifruit

According t02017 data byhe Food and Agriculture Organization of the United Nations
Chinawasthe world'dargest producen at 1,986,368 metric tonfollowed by Italy(541,150
metric tons)and New Zealan(¥10,772 metric tons)

Even though China produces more kiwifruit than any other countspjyitexported
around 19,000 metric tons in 2Q1&aving theibn's share of export to New Zealaf@b6,202

metric tons exportesh 2017, Italy (321,507 metric tong 2017, and Chile (176,050 metric



tonsin 2017 (FAOSTAT, 207). Most of New Zealandds product.i
kiwifruit, but golden kwifruit, which has only been on the kiwifruit market since the early
200006s (Martin and Luxton, 2005), has expande
export by mass and surpasses green kiwifruit by income during some months (Statistics New
Zealand 2018).
Kiwifruit are a highinvestment, highreturn crop. Orchard establishment represents a
high initial cost, as kiwi vines require expensive irrigation and support syéiewhs et al.,
1989) High installation costs, plus the high labor involved wgtafting, pruning, pollinating,
and otherwise maintaining vines, contribute to the high price of kiwifruit growing. This
represents a high input cost for growers, and vines that have beenkiliatemust be re
established, requiring many of these preesdo be done again. Despite the high costs of
orchard establishment, the southeastern United Stabgsofit from growingkiwifruit due to its
increasing popularity and potential for high returns. For example, New Zealand's 11,700 hectares
of kiwifruit production produced $232,976,775 USD in green and golden kiwifruit exports alone
(Statistics New Zealand, 2017). This eclipses
and vegetable industry produced in the same year (Fields 20HrI'). Unfotunately, high rates
of freeze injurycan result irsubstantial lossdsy freezing vines to the grounghich may cause
the kiwifruit industry to struggle in the southeastern region until preventative measures are

installed.



Kiwifruit of Alabama

There are three female cultivarsAfchinensisn use in the southeastern United States
(Spierseta) 2018). Two kiwifruit culti.2alfadand 6 AU Go
0AU Gol den Dr a.g201®, wérdpatented in cokabaooaewith the Fruit and

Tea I nstitute of Hubei, Chi na. The third cul't

(@)
Q

0AU Gol den Sunshined an dripgnhdicultvarghat producBfrud g o n 6
given 700 to 800 hours of chilling (Wall akt, 2008)that produce sweet fruit with low acidity.

The fruit size of O6AU Golden Sunshined varies
exceeding 100g. This cultivar has been known to suffer from a preharvest fruit drop, an
uncommornissueamong kwifruit vines Vines that are affected by preharvest fruit drop begin

dropping their fruit ~12 weeks prior to harvest. Most kiwifruit vines retain their fruit well into

the dormant season, so preharvest fruitdvapa n unexpected probl em t hat
Gol den Sunshinedéd from entering commerci al pr o
smal l er fruits t hamuUd ALl deind dowagBpwingdéegrea lodr
requiremen®,500 hoursso itflowers early in the growing season, which renders it vulnerable to

early spring frost damage but allows it to produce fruits that ripen much earlier than the fruits of
othercultivarsin the same growing ard€gVall et al., 2008)It does not suffer fromreharvest

fruit drop, though its fruits have an unusual hdiiet shape that many kiwifruit sellers do not
prefer. The most recently patented souf heaste
2016), a bud mutation mdny Adi aioll are ng Wailnisthii ense 6t
Suns hi n e 8lighthysmaller fauit andh without preharvest fruit drop issues. Kiwifruit
production in Al abama has focused mostly on 0

Gol do.



Kiwifruit Cultur al Requirements

Because kiwifruit vines do not have the structural means to support themselves, they are
usually grown on trellises or pergolas for support. These structures train the vines to fruit just
over six feet above the ground, makmgintenance easier and fruit easy to access (Hopping et
al., 1993). During the early life of an orchareyn-fruiting growth is frequently grown up strings
mounted above the trellis system because it allows the canopy to fill out quickly and helps
growersreach commercial production more quickly (PattermodCurrie, 2011). Kiwifruit vines
also demand consistently moist, wethined soils for healthy development and good fruit set, so
most orchards use sprinklers mounted near each vine to administedingtty to each plant
(Judd et al 1989). Kiwifruit fruits are sensitive to abrasion caused by strong winds, so shelter
belts ardrequentlyimplementedo minimize winds in the orchard (McAneney et 4B684). The
high demand of kiwifruit vines mearnisat establishment costs per plant in a kiwifruit orchard are
quite high, so plant loss (as from freeze injury) represents a major loss to growers.
Kiwifruit Production Challenges Related to Cold

Radiationand advection freezes are the main kinds of freezesdh@anhonlyaffect
agriculture.Radiationfreezes are caused by the stratification of warm air and codah aitill,
clear nightswith a layer of varm air formingabove a blanket of cold dinree ormore meters
thick. The layer of cold air can damage cr@pserry, 1998 Protectionagainst radiation freezes
onceinvolved heating the cold layer of air lsgttingsmall, contained fires throughout the
orchard. This methodias costly and fueinefficient, so it hagallen out of favor(Jackson and
Parsons1994) Anecdotal evidence estimates that fuel costs of orchard heating can be as high as
$210 per hectare perght. Assuming an average of 38 days bel6® Per yeay which is the

average for central Alabamthisrepresents a cost of $7,978 pectare peyear in fuel alone.



The costs of treatments examined in these studies are substantial¥ekesg costgall costs in
dollars per hectare per yedoy treatments tested in this experiment rafigem $25 (trunk

paint), $882 (6wrap), $1,545 (polyethylene wrap), $1,765 (12 wrap), %3880 (fiberglass
wraps).The most expensive wrap treatment tested costsldds than the fuel costs of orchard
heating.These estimates do not incluttie cost of heating units or installation costs.

Due to the high costs of orchard heating, other methods of cold protection have been
developed. For examplecammon method direezeprotection involves disrupting the
inversion layer by usingiind towersor by flying helicopters over the orchard. This physically
mixes the inversion layer and can raise ground temperatures enough to protect the orchard crops
from damagé€Ribeiro etal., 2011, NZKGI Kiwifruit Book. 2018).

Another common method of protection is use of irrigation water to raise orchard tree
temperatures through heat of fusidackson and Parson, 199%his only works during calm
conditions when aitemperatures are not far below freezing, as any heat generated by freezing
water can quickly be sapped away by evaporative cooling, lowering temperatures further than
they would have been before and causing injury that otherwise would not have ofcuiraad
Reiger 1990). It is uncommon foradiationfreezes till most temperate crops, though
radiation freezes can generate temperatures low enough to demhdgeolerantcrops like
orangesFrost protection in kiwifrufproduction is often focused on radiation freezes, which
have different protection protocols than the advection freegasrienced in the southeastern
United StategPerry, 1998). These protection methods are usually orientechd protecting
flower buds, which are highly vulnerable during radiation freezes.

Advection freezes are caused by cold fronts that moveamémea fromcolder regions

Unlike radiation freezeshey are associated with winds and cloudy skelection freezegan

10



lower temperatures very quickly anthyfluctuate rapidly between relatively warm and cool
temperatures. This can negatively impeat hardiness, as kiwifruit plants can begin to
deharden quite rapidly, and lose their cold resistéfgkeet al, 1986. Advectionfreezes are
difficult to protect against, asdiationfreeze protection strategies are not effectivewv
temperatures, combined withpid removal of heat by theind and freezingrain that frequently
accompany advection freezésach heat awalyom plants Boman and Parsons, 200Despite
this, attempts have been made to increase the cold resistance of orchards grown on the edges of
their range. Protection against advecticeze injurylargely falls topassive factors, such as
plant and site selectiqi®nyder 2000.
Causes ofFreeze Injury

In plants, freeze damage results from the formation of ice crystals inside t(feackér,
1963) Cold tolerance differs between species, with some plants receiving damagé@om 0
temperatures, while other plants can survive temperatures well below frdeaage resistance
is primarily determined by the presence of water within tissue that is exposed to freezing
temperaturegBurke et al, 1976. As temperatures drop, ice cryisthegin to form in and around
cells. Ice crystals that form within cells damage cellular machinery and pierce cell walls, causing
cellular contents to leak out and killing the cell. If this kind of injury occurs en masse, it can Kkill
enough tissue teeveely stunt or killa plant. Depending on the vigor of the plant in question,
regrowth may occur from unaffected buds near the gradodt kiwifruit vines thatare frozen
to the groundvill grow back from the roots unless roots have been previously conggonas
by diseas€Testolin and Messina, 198 AJines that receive cold injury may diethe groundat
the beginning of the season if injury is severe, though injury does not atillaygright. Fruit

production may be harmed, or vines may begidieémr become stuntddter in the season as
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damaged vascular tissue prevents water from reaching growing tisgueifruit vines, injury
typically appears as cracking or sloughing of the bahnle cold hardiness @ctinidia deliciosa,
which has been are thoroughly researched th&nchinensisis between9°C and-12°C
(NZKGI Kiwifruit Book, 2018; Pyke et al., 1986).
Southwest Injury

Southwest injury, also known as sunscald ¢emmon cause of cold injury to woody
plants It is believedto be caused by rapid freeziafjer a period of latafternoon warmth
(Biggs, 1993) The warmth of the afternoon soauses plants to experience sap flow, only for
subfreezing nocturnal temperaes tofreezethe freshly flowing sap, causing it to crystallize
and damage vascular tissugutke et al., 1976 This form of injury received its name by its
appearancen affected plants. Because the damage is ddoyse/arming of trunk tissue, it
frequentlyappears on theide of the trunk that has received the most warmth from thimsha
evening in the northern hemisphere, this is the sag$ternside of the tree. Damage manifests
as cracking and bark sloughing the affected surfac&éhesesymptoms are remarkably similar
to those displayed by freesgured kiwifruit vines, which raises the question if southwegtry
protection will reduce freeze injury in kiwifruit vines.
Freeze Resistance

Under normal conditions, plants protect themsekgainst freeze through hardening. As
nights grow cooler and days become shorterstdeciduougplants begin to store energyroots
and shoot¢Dickson, 1989 Further into the fall, dioecious plants begin dropping leaves to
reduce energgnd watercosts.According to Burke et a(1986, there are a variety of factors
associated with the beginning of plant dormarfegnspiration decreases, and water inside

vascular tissue is reduced. Depending on the species, some plants may sezegtecfretion
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proteins into their cytoplasm, or they may concentrate sugars in their cytoplasm, lowering the
freezing point of intercellular watéBurke et al., 1986)Some plants will also alter the lipid

structures of their cell walls, substituting éigaof unsaturated lipids for saturated lip{@hen et

al., 2014 Genitsariotis et al., 1999 vely plantspecies has a different approach to cold

tolerance, resulting in different cold tolerances for different species. Furthermore, genetic
variationamong conspecificaffects cold hardineg8urak et al., 2004 Hardening does not

occur instantlyplants build resistance over time during conditions that encourage hardening.
Similarly, plants will reverse the hardening process and begin to become active again as weather
warms(Hewett and Young, 1981This poses an issue for many crops in the sosthas plants
frequently interpret unseasonable warmtldanuaryas the beginning of spring, leading them to
break dormancy only to experience freeze injury when the weather becomes col@Gagestin

al., 2008. For many plants, this manifests as earbolohs which are killed by frost. Winter

warmth can also lead kiwifruit to break bud early in the year, leaving flower buds susceptible to
damage. Kiwifruit cultivars that are currently used in the southeast appegodorbeadapted

to southeastern growgnconditionsasthey canbegimct i ve gr owt h after a f e
developing fully formed leaves as early as January, only to be fbaxauring subsequent
freezesSolutions to this early dormancy breakage still beingexplored in the southeastern

United States, but likely involve the use of germplasm Wigfher growingdegree hour

requirements than those currently in usetinidia deliciosareportedly tolerate temperatures

much lower than the temperatures experienced in the southeast (Ebrahami et al., 2011; Lawes et
al., 1995), but continues to experience freeze damage in the southeast. This may be due to rapid
fluctuations in temperatur€old hardiness is nmnly affected by the species of a plant, but also

by temperature fluctuations and length of cold periods. If temperatures drop quickly, as they
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often do during advection freeze events, plant tissues may still contain substantial amounts of
water that cafreeze, expand, and cause trunk cracking that is frequently seguréd

kiwifruit vines(Sakai and Larchef,987. Cold damage has traditionally been visually

categorized or based on vine mortality, but advancements in technology have allowed for more
sophisticated methods of damage measurement. The leakage of cell contents caused by ice
crystal formation can be recad by measuring the leakage of electrolytes from damaged tissue.
This technique provides quantifiable data on an indivighlet basis, but it requires the use of
small cuttings, so it is not viable for trunk wrap evaluations (Muetagl, 1989.

Factors Relevant to Kiwifruit Cold Hardiness

There idimited research omethods oprotectingA. chinensigrom groundkilling
caused by advection freezes. There is less still on the protection of kiwifruit orchards in the
southeastern United States. Most of the data that exists focusesleliciosa which is better
understood crop due to its market semyoriin spite of the dearth of data focused on kiwifruit
protection, we can estimate teiéectivenesf cold protection strategies based on their usage in
other crops.

Several factors can contribute to cold injury in kiwifruit. Vine age appdeangluence
vulnerability. As is the case for many woody plants, younger specimens are more sensitive to
cold, but sensitivity tapers off with maturity. This may be a functiochahges in dormancy
behavioras plants mature (Vitasse et, 2014)

Cold hardiness in kiwifruit is somewhat variable, but it is betw&B@ and-12°C in
Actinidia deliciosaa speciesommorny usedas a rootstocky kiwifruit producers in New
Zealand NZKGI Kiwifruit Book, 2018) Othermembers of the genuike A. kolomiktaandA.

polygamaare capable of resistingwer temperatures. This is reflected in a studydsileChat
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(1995) which subjected. kolomiktaA. polygala and multiple cultivars (therefore multiple
genetic profiles) oA. deliciosato cold tempeatures at intervals 62°C, -10°C, and-18°C
(Chat, 1995)Actinidia deliciosawas not able to tolerate temperatures belb®C, though both
A. kolomiktaandA. polygalawere. This study indicates that deliciosashould be able to
withstand temperatures well belowotiefrequently seein the southeastern United States,
where mean low temperatures are approximately 0°C (NOAA, 2020). Despite the warm
temperature of the site on which kiwifruit vines are being griovthe southeastern United
States, they continue to receive freeze damBge.damage above hardiness ranggy be due
in partto the influence of fluctuating temperatures on vine cold hardness.

A study by Pyke et a(1986)in New Zealand tested the &ze resistance of kiwifruit
under controlled conditions. Rooted cutting®\ofleliciosab Hay war d6 wer e expose
temperatures betweed.5°C and-13°C at different times of year. Plant injury was inversely
correlated closely with dormancy lev@lplants that were not dormant received damage at
temperatures as warm as @5while vines that were fully dormant could resist temperatures as
low as-7°C. Electrolyte leakage was strongly correlated with vine mortality as(Rghe et al.,
1986)

Role of Trunk Protection in Reducing Freeze Injury

In the case of cropghat have not been adapted to new growing environmiétgs
kiwifruit, it is essential to provide protection from the elements. The trunk is a vital structural
component to orchard crops and is easier to protect from cold than branches, so it is a prime
target for protective measurées simple method of protecting against cold is the act of banking
soil at the baseof trunks, providing a great deal of insulatig®ose and Yelenosky, 1978

Banking and usbanking is a labemtensive process, amdoist soil pilel around the bases of
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plants can invite diseas€runk wrapsaresimilar in function tosoil banking, atheyretain heat
around the trun& but are less labeintensive to apply.
Protective Abilities of Trunk Wraps

Further studies into prettion of southeastercrops reveal that trunk wraps behave in a
somewhat predictable fashidfor example a study of foyyrearold A. deliciosain Clanton,
Alabamaconductedy Dozier et al(1992 compared the effectiveness of microsprinkler
irrigation and clipon trunk wraps made of polystyrene with a reservoir of-hetatningliquid,
the makeup of which was undisclos&auntreated control vines of various cultivars. Vines were
subjected to loviemperatures ranging between4to -15 °C duringan advective freez&he
study measured how high above the ground injuries were found and how many vines were
injured and compared injury across treatmentghis experiment, trunk cracking was used as
the metric for injuryWhen applied to vinesabh trunk wraps and micrpsnkler irrigation
caused injury to occur closer to the ground than in the control. In control trimgs cracking
occurred between 55 and 164 above the ground. On wrdpeated vines, damage occurred
between 6.4 and 8m above the ground. Microspkter-treated vines in this experimentcha
damage occurring even closer to the gr@aubeétween 14.1 and 20cn highd but more
cultivars were damaged overalkuhk wraps completely prevented injury imeé cultivas:
oromurid AU 1F§ andHaywardy while microsprinkler irrigation only managed to prevent
injury in one:GAU 1Fa Even in cultivars that sustained injury, the amount of injury was greatly
reducedby both trunk wraps and microsprinkler irrigatiddnly ~17% of vines in both
treatments wer injured.By comparison, ~85% of controls were injur@i.the injured vines,

3% of the trunkwrapped plants were killed by freezes, compared to 6% of irrigated plants and
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11% ofthe control groupTemperatures were not compared between treatments, but the low
incidence of injury in trunk wrapped vines indicates that wraps may be favorable.

Yelenosky and Reeg&979 used trunk wraps with a similar design to those of Dozier et
al. This studywas foaised ortitrus trees. These wraps were made of polystyrene and contained
a plastic bag partially filled with water. Water inside the bag would freeze as temperatures inside
the wraps fell, and heat released during the freezing process would help incegasernal
temperature of the wrap, allowing them to retain temperaturesigtoigherthan the ambient
temperature. These wraps were occasionally confronted with the phenomenon of supercooling,
where water inside the wrap would drop below its freepimigt without crystallizing, greatly
reducing the wrapbés effectiveness. To sol ve
to the bags. These crystals provided ice nucleation sites, reducing the chances that a wrap would
supercoolLatent heat ofusion, coupled with the high insulative capacity of polystyrene,
allowed the wraps to maintain an even temperature at 0°C for égemsas ambient
temperatures continued to drautperforming wraps described by other researdfvatenosky
and Reese,79).

Rose and Yelenoskil978)indicated that trunk wrapsithout water pouchearealso
able to providesomeprotectionto citrus treesThe study compared the protective prowess of
fiberglass wraps, aerolite generated foam, polyurethane foam wraps, and soil banks across
multiple years. It found that soil banks were better at moderating temperature than wraps,
maintaining temperatures tp 8°C above ambient temperature, but the high costs associated
with soil banking is not feasible for largeale commercial applications. Fiberglass insulation
did not insulate as strongly as soil banks, but its ease of installation coupled with its still

effective heat retention (approximately 2°C above ambient temperature) made it a viable strategy
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against freezes that were not too long and intense, according to the study. In some of their
experiments, plants protected by wraps were only frozen babk tops of their wraps. In
amother experiments where weatheached7°C, the plants were killed completely regardless of
the treatment (Rose and Yelenosky, 1978).

Pyke et al. (1988)anductedanother studytestinga diversty of wrapmaterials while
looking ateffects ontemperatureThey testedhe insulative capacity of several materials
including hay, paper, insulating foil, fiberglass, and polyethylene foam. Most wraps were found
to slow changes in the temperature of air beneath the wraps, withigtblme wraps and
sawdusbermsproducing the most gradual chang&alyurethane wraps and wraps made of
black paper tended to become quite warm during the daytime, with temperatures under wraps
exceeding ambient atmospheric temperatures byRB3&m wrap provided an average of 1.4°C
of protection, with fiberglass and straw wrap providing around 0.5°C protectionWaahs that
incorporated natural materials, like hstyffed wraps and sawdust banks, had the disadvantage
of being used as shelter by inseand rodents, which put kiwifruit vines at risk of disease or
damage from gnawing. Furthermore, natural wraps were moreilabosive to instaland held
moisture more effectively than synthetic wraps, makiatyral wraps less desirable for use on
orchardgPyke et al., 1988)

A more recent study by Kwek et al.(2014) found that foam padded wraps were able to
raise minimum surface temperatures of kiwifruit vines by®.i8 Feh 2013 and 5.9C in Feb.
2014,with similar but less extreme resultsJan.(3.9°C and 5.4°C) and March (2.8°C and
2.7°C).This study also tested simple wraps made of straw, but they had little insulative capacity,

raising vine temperature approximately 1°C above ambient tempefidtuaek et al., 2014)
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Across these studies, trunk wraps behaved in a predictable fashion. They did not
permanently increase temperatures around plants, but in the case of Dozidr9&2aand Rose
and Yelenosky1978) they slowed heat loss dramaticadiyough to increase survivorship of
protected plants versus unprotected specir{iazier et al., 1992; Rose and Yelenosky, 1978)
Nature of Trunk Wraps

While any flexible material can be used as a trunk wrap, not all materials are created
equal interms of insulative capacitiany materials have been tested, but most fall into a few
categories. Wraps are usually made of natural materials (like leaves, straw, or sawdust), or they
are made of paper, rubber foam, or fiberglass.

As demonstrated by Resnd Yelenosky1978, Polyurethanend polyethylen&raps
are moderate insulators withe advantage of being flexible and conforming to the trunks of the
plants they are attachebheytendto retain rainwater, howevéPyke et al., 1988).

Polystyrengbranded aStyrofoant ) wraps are rigid and neconforming, making them
difficult to apply in most situations, but they are competent insuléDmzier et al., 1992
Yelenosky and Reese, 197%iberglass wraps are alswderately strongisulators(Rose and
Yelenosky, 1978)Theymay notinsulae as wellas polystyrene wraps, but their flexibility
affordability, and tendency to dry more quickly than polyethylene (Rose and Yeled®@sig),
make them desirable alternatives. Paper wrapsleronstrated by Pyke et. 41988, are weak
insulators and may hold water against the trunks of the plants they are wrapped\Maynsd.
rely heavily on external heat sources for warmth, as plants produce little to no heat themselves.
Thereforeas suggested by Pyke et@l983), wrapslikely offer the most protectiom
conditions where temperaturae tolerabldor some time befarbecoming dangerously cqld

which is common throughout the southeastern United Stayée et al., 1988)
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Cold Resistance by Cultivar

Ultimately, control of kiwifruit freeze injury will likelydepend orcultivar. Coldresistant
cultivarsdo not needold protection and need not be grafted if they reliably prodooe
quality fruit. This would represent a huge labor savings to growers, but researoldoasistant
cultivars in the United States is laoki At the time of writing, growers do not commonly use
other, more coldesistant species of kiwifruit as rootstocks, though they exist. Rather, most
kiwifruit rootstocks areA. deliciosaor A. chinensigNZKGI Kiwifruit Book, 2018). This is
likely due to a multitude of factors, not the least of which is the impact of Attievidia species
on vigor when used as rootstocks. While other kiwifruit species can accept grafts from
commercial specieshe grafts are not always hégl. For example, notoriously ccleardy
species likéA. kolomiktaandA. argutareduce vigor of vines grafted to them (Clearwater .et al
2007), and grafts made between them AndeliciosaandA. chinensidave a high failure rate
(Chartier and Blanchg997) Until more coldhardy cultivars are implemented in the field, cold

protection measures, such as trunk wraps, will be necessary.
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CHAPTER 3

Comparison of Trunk Wraps in their Abil ity to Protect Kiwifruit Vines from Freeze Injury

Introduction

Growers in the southeastern United states are beginning to attempt tgajden
kiwifruit (Actinidia chinensi$lanch.) which is a highvalue crop that fares well in humid
subtropical climatesGoldenkiwifruit has the potential to become a very profitable crop in the
Southeast. New Zealand, whichadargeglobal exporter of kiwifruit, has seen golden kiwifruit
approaching the popularity of green kiwifruit. In particular, the mass of gold kiwifruit exported is
approaching 50% of kiwifruit exported from New Zealand (Statistics New Zealand), 20
incomefrom the golden kiwifruit is surpassing the green kiwifruit at certain times of the year
(Statistics New Zealand, 29)1 Three cultivars of golden kiwifruit are currently being grown
Alabamai6 AU Gol den Suns.,2010apddA U DXozlideern elir aaggon d ( Do 2
2010b), and AU Gul f . 2018&pidrs e@b, P &KiwiffuDvinesiaeer et al
demanding, requiring extensive trellis systems to support the vines, and frequent irrigation, as the
vines do not tolerate dught well(Judd et al., 1987Many kiwifruit orchards also incorporate
shelter belts, as strong winds can abrade kiwifruit, making them unsellable (McAnenegy et al.
1984).These factors, coupled with high labor involved in kiwifruit orchard maintenamales
input per kiwifruit vine quite highif vines die before they fruit reliably, these costs may be
difficult to recover.

A limiting factor for kiwifruit vine establishment in the southeastern U.S is the
susceptibility of young vines to freeze injubg.kiwifruit, freeze injury frequemy manifests as

bark crackingFig. 3.1)and softening of the cambial lay€Fsg. 3.2) which canstunt vinesor
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kill them to ground level. Kvifruit vines have been reported to tolerate temperatures lower than
those typically seen in th8outheast, with hardines$ Actinidia deliciosa a major species of
rootstock usedor supportingA. chinensiscions reported to be betwees®C and-12°C (Lu
and Reiger, 1990; New Zealand Kiwifruit Growers Kiwifruit Book, 20R8ke et al.1986). In
spite of this proposed cold tolerance level, kiwifruit vines frequently experience coldanjury
highertemperaturesvhen notcompletely dormant (Pyke at., 1986) Temperature fluctuations
during winter months can occur the southeasteld.S. There can beifferencesof as much as
10°C within a 24hour periodand temperatures in the months preceding freezes may not reach
sustained low temperatures imvay that causes dormancy. In the 2018 and 2019, the years in
which these studies were performed, average temperatures a month ahead of the first freeze
events only dropped below 10°C, a dormammjucing temperature for kiwifruit, for 2 and 5
days, respdively (Lionakis, S., and W. Schwabe, 198Bluctuatng temperaturesiaylead to
sap flow during the daytim@offinet,2004) If this sap refreezes at night, it can cause injury
(Sakai and Larchef,987. The same thawingndfreezing phenomenon is responsible for
sunscald, which is caused whityie temperature dfark that has been warmed by the sun (in the
northern hemisphere, this is the southwestern saegily drops belovireezing (Biggs, 1993).
Tissue below the warmed bark begins to experience some thawing, and when refrozen can cause
cracking in the cambial layers, similar to that seen in kiwifruit vines. Protection from sunscald
typically involves some form of shade or reflection applied to thektrilihis can be achieved
through use oifvhite latex paint (Ophardt and Hummel, 2016).

Radiation freezeare known to cause injury to reproductive buds in the early springtime.
They typically occuduring calm nights with clear skiewhich allowstratification of warm air

above a layer of cool aio occur The cool layer of air becomes progressively cooler with time,
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eventually reaching critical temperature and injuring plants. Protection agadregion freezes
frequently involves disruption of layer formation usinond machinesbut it may also involve
microsprinkler irrigation. Microsprinkler irrigation uses watteat is abovdreezing temperature

to warm target plants above critical temgperas and works very well under radiation freeze
conditions, but it begins to falter under advection freezes, which are common in the winters of
the southeastern Unit&iates. The strong winds common in advection freezes can cause
substantialoss of heaby evaporative coolin¢Perry, 1998)The winds of advection freezes also
prevent air from stratifying, seind machinesre rendered useless. Because of these traits,
Advection freezes can be difficult to protect agaifgbtection strategiefr advection freezes
usually rely ordirectly warning plant tissues, insuliaig them, or bothThe cost of directly
warming more than a few plants quickly becomes prohihiigesmudge pots and their fuel are
costly. Thereforejnsulation is a preferable protection method against advection freezes.
Insulation not only helps to keep the protected material warmer at night, but can also help reduce
temperature fluctuations.

While little research has been dqmertaining to the efficacyfdrunk wrapsto reduce
freeze injury ofA. chinensisresearcton the closelyrelatedA. deliciosa as well as other
horticultural crop in thé&outheast, indicate that trunk wraps may be able to reduce or prevent
damageStyrofoam wrapgontaining watefilled pouches greatly reduced freeze injury in young
kiwifruit (A. deliciosa compared to untreated vines (Dozier et al., 198®&)rosprinkler
irrigationwas also able to redutiee incident of vine deatlout not to the same extent asnk
wraps(Dozier et al., 1982)The trunk wraps used indh study are no longer manufactured, so it

wasnot possible for us to use themtire currenstudy.
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Severalstudieshave determined that trumkraps are able to slow heat loss from plant
tissue, reducing the amount of timees are exposed tninimum temperatuie In South Korea,
it is common to cover Kiwifruit trunks with rice straw to preclude freeze injury (Kwack et al.,
2014). However,rtunk wrapsmade of padded foam coated in silver fodre able tanaintain
temperatureat the vine surfacef 5to6 yearo | d 6 H A.ydeliciasa®.&C - 7.3°C greater
thanminimum temperatures experienced by vines wrapped in rice. Skl@minimum
temperature experienced by vines wrapped in rice straw WS DA C°C greater than
unwrapped vines (Kwack et al., 201Byke et al(1988 discovered that foam wraps could
provide an average of @ of protectionpwith fiberglass and straw wraps providing 0.5°C of
protection. The wraps in thegudyproduced a lag period, where wrapped vines took longer to
cool than untreated vines. This lag period varied by treatment, angreatsiin vines protected
with strorger insulatorssuch as the hagndpolyethylene wrap anbam wraps described by
Pyke et al. (1988)r'his delayed cooling was more pronounced when there were greater
differences between day and night temperatures (Pyke et al., 1988). In a separate study,
fiberglass wraps provided wp 2°C of insulation to citrus trees, protecting the graft union from
dedh in some instancgfose and Yelenosky, 1979emperature lags were also reported in this
study, with temperatures under wraps changing more slowly than the ambient temperature.

These studies used a variety of treatments, demonstrating that diffeterialmaaan
behave very differentlin trunk protection application§tyrofoam has shown great promise as
an insulator(Dozier et al. 1982;Pyke et al.1988), but its rigid nature makes it impractical to
install throughout an orchanf kiwifruit, the twisted vines of which make installation of rigid

insulatorgdifficult. Wraps such as polyurethaftmm and fiberglass have also been successfully
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used toslow heat losandreduce coldnjury (Pyke et al.1986 Rose and Yelenosky, 197&nd
their flexibility makes thenmore suited to routine application

This experiment was designeddetermine theisefulnessf several availablenaterials
astrunk wrapsand the efficacy of these trunk wrapsmodera¢ temperature fluctuations and
prevent freeze injury of young kiwifruit vines
Materials and Methods

Four studies were conducted to determine the efficacy of treatments to protect young
kiwifruit vines from freeze injury. These studies were conductegitem locations known to
experience advection freeze injuaSoutheast Kiwi Farming CooperatjJyeeltown AL,

USDA hardiness zone 8ahe soil in this location was a sandy loam.

Eachstudyuseda randomized block desighach studyhad a minimum of five blocks,
though study 1 had eight blockshe number of treatments varied from three treatments (study
1) to six treatments (study 4). Treatments were replicated 5 times in each bthakaaeth
replication consisting of a single vin@f these five vinespnewas assigned a data loggleat
recorded temperature every 30 oties The loggers were mounted 3@ above the ground,
underneath trunk wraps if applicable. They were mounted on thefaortly side of the vines to
ensure direct sunlight did not heat the loggers during daylight Kieigy.s3.3).

Due to the sheer number of data points recordetidgata logger$ was not practical to
analyze the entirety of the data points collected. Therebog thecoldest five nights (those
with theabsolutdowest ambient temperaturasgre analyzed. The nights selecteere based
on the mean minimum amdaximum temperatures of the control vines in each block, which
varied by study. Once theldest nighthiad been selected, mean temperatimethose nights

were calculated for each treatmént givenstudy. For each treatment)¢ lowestmeanvalue
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over a 24hour periob e c ame t he fi mi nforthetreatrheatpwhikthe dighest e 0
meanv al ue became t he ffonthat periodThe tengpengueerdatd far the o
duration of each study was grouped into hours betd@, -3°C, 0°C, andibove 25°C and 30°C
for further analysis.
An analysis of variance was performed on all high/low temperature responses using PROC
GLIMMIX in SAS version 9.4 (SAS Institute, Cary, NC). The experimental design was a
randomized complete block with blocks rand The treatment design was emay. Where
residual plots and a significant Chi square, covariance test indicated heterogeneous variance
among treatments, a RANDOM statement with the GROUP option was used to correct
heterogeneity. Least squares means @isepns among treatments were done using the
simul ated method. All significances were at
Study 1Effect of polypropylene trunk wrapsi@&nd 12) on freeze protection of yogkiwifruit
vines @7 Nov.2018to 20 March 2019.

This studyconsisted ofhree treatments: controlv@rap, and 12vrap across eight
blocks Each of the three treatments were replicated once per block, with five vines in each
replication The control treatment in this and all subsequent studies was composed abjpeavr
vines, as would be seen in an orchard not employing any cold protection strategies.

Vines in this study were ongearold ungraftedA. deliciosaseedlingslescended from
0 Ha y wdth teddto three trunks, each with an approximate diameter of 1.3 cm on most vines
(Fig. 3.4) On vines that received wrap treatments, all trunks were bound together inside a single
wrap.The vines received three rounds of pruning per year, with two summning performed
once during May, and again in July. A winter pruning was performed in midwinter, between

December and February. Vines were fertilized with a mixture of liquid Ammonium Nitrate
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applied at a rate &3 liters per hectarevery two weekshroughmicrosprinklernrrigation
between April and July. Irrigation was applied throughout the year as soil became dry, but water
was withheld when atmospheric temperatures were below the freezing point oBettenrap
treatments were created usingpaunbound polypropylene product typically marketed as a row
cover (GG51, GreGuard UVM, Atmore Industries, Inc., Atmore, AL). The density of the
product used in this study (G&l) is 50 g-m?2 The product was wrapped around the vine
trunk(s) 6 for the6-wrap treatment (Fig. 8) and 12 for the 12wrap treatment (Fig. 8). The
cloth was then cut and zip tied around the vines with at least three diptiesat ground level,
one at migheight, and one near the top of the wrap. The wrap extdrmladhe ground to ~2m
the height of the trunk.

The dates of the coldest freeze events for this study 2vdkev. 2018,
5Dec.2018, 11Dec.2018, 29Jan.2019, and 30dan. 2019All five freeze events in this study
were advective in naturdlean minimumand maximum temperatures, as well as the mean
amount of timeeach treatment was exposed to very low and very high temperatares
assessed for each of these freeze events and used to determine efficacy of trunk wrap treatments.
Study 2Effect ofpolypropylene trunk wraps ¢Gand 12), polyethylene trunk wraps, and white
latex trunk paint on freeze protection of kiwifruit virj@ Dec.2018to 22 March 2019.

The wraps in study 2 were applied to tyearold seedlingA. deliciosavinesdescended
f rom O Hwithwsirgle tuhksKig. 3.7). Vines had a diameter of approximately 5.5 cm.
The vines in this study received three rounds of pruning per year, with two summer prunings
performed once during May, and again in July. A winter pryimias performed in midwinter,
between December and February. Vines were fertilized with a mixture of liquid Ammonium

Nitrate applied at a rate d6 liters per hectarevery two weeks througicrosprinkler
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irrigation between April and Julyn addition tothis, vinesweredressedvith a mix offertilizers

in Feb. The fertilizers used in the Feb. dressing were Potassium Sulfate (168 kg/ha), Potassium
Chloride (84 kg/ha), Sulfur (56 kg/ha), Iron (16 kg/ha), Boron (10 kg/ha), and lime (3.36
tonneshectarg. Irrigation was applied throughout the yes soil became dry, but water was
withheld when atmospheric temperatures were below the freezing point of Stathy.two used

five treatments: contrpb-wrap, 12wrap, polyethylene, and paint treatments across five blocks,
with 5 subsampleger block The control, éwrap, and 12vrap treatments were created in the
same way as study 1.

The polyethylene treatment waeated by wrapping two pieces of polyethylene
insulation, which is frequently used to protect w4ided PVC pipes from bursting, arodrvine
and ziptying them multiple timegFig. 3.8). Because polyethylene is less pliable than row cover
material, more zip ties were necessary ensure a firm seal around th&emés fifteen were
used per vine, opposed to the three ties usedhirap and 12vrap.Forthefipai nt 06 tr eat me
single coat of white latex paifit A r i z o nTaeé Baint&eodVell Brands Tempe, AZ) was
applied to vines using paintbrush&sg. 3.9).

The dates of the coldest freeze events for this study 2efan.2019, 25Jan.2019, 29
Jan.2019, 30Jan.2019, and Mar. 2019All five of these freeze events were advective in
nature.Meanminimum and maximuntemperaturesas well as the mean amount of time
wrapped vinesvere exposed to very low and very high temperatwese assessddr each of
these freeze evendmdused to determine efficacy of trunk wrap treatments.

Study 3 Effect of polypropylene trunkraps (6 and 1) and white latex paint on freeze

protection of kiwifruit vinesl2 Nov.2019to 17 Feb.2020.
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Study three used four treatmentstwoyearold A. deliciosaseedlingscontrol, 6wrap,
12-wrap, and paintas previously described studies 1 and.Zl'here were five blocks in this
study, with five subreplications of each treatment per block. The vines in this study were in the
same field as study. In Sept., the vines were prunedotained to singktrunks, as opposed to
the multitrunked vines used in study\ines had an average diameter of 1.7 cm. Because these
vines were in the same plot as the vines used in study 1, they are also seedlings descended from
OHaywardodé. Vines were fertili zedpplhedathrataofmi xt u
46 liters per hectarevery two weeks throughicrosprinklerirrigation between April and July.
Irrigation was applied throughout the year as soil became dry, but water was withheld when
atmospheric temperatures were below the fregzangt of waterVines were inspected for
damage at the end of the study and injury per treatment was compared by binomial probability
distribution.The dates of the coldest freeze events for this study I#2dxev. 2019, B Dec.
2019, 20Jan.2020, 21Jan.2020, an®7 Feb.202Q All of these events were adveaiMean
minimum and maximum temperatures, as well as the mean amount of time wrappedevenes
exposed to low and very high temperatyuresre assessed for each of these freeze eardts
used to determine efficacy of trunk wrap treatments.
Study 4 Effect of polypropylene trunk wrapi{@nd 12%), polyethylene trunk wraps, fiberglass
trunk wraps, and white latex trunk paint on kiwifruit vinB$ec.2019to 6 March2020.

This experiment contained five treatments across five blocks, with fiveeglibations
in each block. This experiment used six treatments: contwetap, 12wrap, polyethylene,
paint,and fiberglass wrap3he first five treatments are the same asilesd in studies And 2

but the fiberglass treatment is unique to this experiment. To creatsingle piece of fiberglass
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insulation, commonly used to protect walidled PVC pipes from cold, was wrapped around the
base of the vine argkcured with zip tiefFigure3.8).

These vinedad single trunkand located in the same field as study 2 was in the previous
year.They were fouyearold A. deliciosaseedlingsl e s cend e d f mraftedvwithhay war d 6
chinensisd AU Go | d e nVinguhadah averagé diameter of 4 centimeténes were
pruned once in Feb. to control canopy growth, and one in Sept. to reockeyghat began to
arise from the base of theubk. Vines were fertilized with a mixture of liquid Ammonium
Nitrate appled at a rate 046 liters per hectarevery two weeks througticrosprinkler
irrigation between April and July. Besides this, vines received a dressed of additional fertilizers
in Feb. The fertilizers used in the Feb. dressing were Potassium Sulfategy(thé Potassium
Chloride (84 kg/ha), Sulfur (56 kg/ha), Iron (16 kg/ha), Boron (10 kg/ha), and lime (3.36
tonneshectarg. Irrigation was applied throughout the year as soil became dry, but water was
withheld when atmospheric temperatures were beloviréeing point of waterAt the end of
the study, ines were inspected for damagdinjury per treatment was compared by binomial
probability distributionThe dates of the coldest freeze events for this study 18bec.2019,
20Jan.2020, 21Jan.2020,15 Feb. 2020and27 Feb.2020.All of these events were advective
except for 15 Feb. 2020, which was a radiative frellean minimum and maximum
temperatures, as well as the mean amount of time wrappednene&xposed to very lownd
very high temperaturesvere assessed for each of these freeze events and used to determine

efficacy of trunk wrap treatments.

35



Results
Studyl

The 6wrap and 12vrap trunk wraps performed similarly in regards to minimum
temperatures experienced during the freeze events (Table 3.1). The minimum temperature
reached by vines under the trunk wraps were slighgiizerfor all dates, but only signifantly
higheron two of the freeze evenfBhe minimum temperaturexperiencedvas ~EC higher
under the trunk wraps during the freeze event of 27 Nov. 2&Bperatureof thevines under
the 6wrap treatment as~0.5°Chigher than the minimum temperature of control vines on 11
Dec. 2018, whereas the-##ap treatment performed similarly to both control angrép on
this date The maximum temperatures were quite variable among the treatments for the dates of
the freeze eents (Table 3.1). The\@rap treatment had a greater maximum terafure
compared to the control dwo of the datesind a greater maximum teematurecompared to 12
wrap on 29 Jan. 201%hile the vines undepoth trunk wrap treatments had a lower maximu
temperatureon 11 Dec. 2018The maximum tengraturewas similar among treatmerdaa 27
Nov. 2018. As observed in Figs13:3.15, the unwrapped vines (control) experienced greater
temperature fluctuations compared to the wrapped vines (Figs335).

There were no differences in the number of hous8G:for this study (Table 3.2).
However, vines with trunk wraps experienced ~10 h less than controlatie&SC and ~16 h
more than control vineat <0°C. Vines with6-wraptreatment experiendemore hours >2%
than the 12vrap treatment, and there were no differences in the numbeu*80°C. The
incidence ofcold injury was not recorded for this study, but it was observed to be minimal.

Study2
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During freeze eventshe minimumtemperatureof vine which receivedhetrunk wrap
treatmentsvereconsistentlyhigherthan the control and the paint treatm@irdble 3.3) Mean
temperatures of 1@&rapped vinesverethe warmestbetween 1.3C and3.2°Chigherthan the
control.On 20Dec.2019,the minimum temperature was different for each ofwthegs, with
12-wrap being the warmest of the wraps, followed byrép, then polyethylene. During the
other freeze eventgunkwraptreatmentsvere more difficult to distinguish from one another
The 6-wraptreatmentemainedhigherthan the control on all nights except 2&n.2019 and
wassimilar to12-wrapon 25Jan.2019, 29Jan.2019, and 5 March 2019. The meamimum
temperature othe 6-wrapwasl1.26- 2.4°Chigherthan the controlThe mlyethylenewrap
treatmenkept trunksbetween 0.5°C and 1.98%tgherthan the control on all nights except 5
March 2019, whe it was similarto the control.The temperature of thenes treated wit white
trunk paint treatmentould not be distinguished from the controhahimumor maximum
temperatures for all freeze event¢raptreatment effest were less distinguishable from one
another at maximum temperaturébe 6-wrap and polyethylengeatmentslid not differ from
the controlor each otheon any days monitored. 42rap was cooler than the control on all days
monitored except 20an.2019 and 5 March 2013he effect othe mint treatmentwvasnot
distinguishal# from 12wrap on any day except 3@n.2019 and itdid not differ from the
control on any day.

Figs.3.16-3.20reveal that botlé-wrap and 12vrap treatmentaerehigherthan the
control at night and cooler during the d&plyethylene wrapperformed similar to the other
wrap treatmentsutbecame warmer than the contdolring the dayKigs.3.16- 3.20).

All treatments except the paint treatmesgtre exposed to tempéuaes belowat-5°C

ard-3°C for less time than the contrflable 3.2) Only the polyethylene treatment, which spent
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34 morehoursbelow0°C than the controlwas distinguishable from the contfol hours <0°C

At higher temperaturepolyethylene beeameeven further removed from the control. The
polyethylenewrapped vinespent 111 more hours above 25°C than the control. Other treatments
did not differ from the control at this temperature. Similarly, polyethylerepped vinespent

68 more hours above 30°C than the contwdtile other treatmentsere similar tahe control.
12-wrap, while not differing from the control at these temperatures, did differ framag. It

spent 23 fewer hours below 0°C thawfap did, and 70 fewer houabove 25 than-@rap.

When vines were inspected for injury, only polyethylemapped vines experienced
more damage than the control (Table 3Mjotal of nine vines in the treatment were damaged
Damage seen among polyethylemepped vines was characed by many small, shallow
fissures with mean length of 2. These fissures were often accompanied by enlarged
lenticels, which are a symptom of cold injury in kiwifruit vines.

Sudy3

Thel2-wraptreatmenimaintained a minimum temperaturel 7- 1.6°C higherthan the
controlon four of the five nights analyzedhile 6wrap maintained temperatures 1-08°C
warmer than the contrgfTable 3.4) The 6wrap treatment was 1.08%tGgherthan the control
on 18Dec.2019, and it was 1.68°Righerthan the control on 21an.2020. Neither é&vrap nor
12-wrap were different from each other during any of the freeze events anala&tinum
temperatures of wraps did not differ from each other nor thealahiring this sudy.

As demonstrated blyigs. 3.21-2.25, control vines experienced more extreme temperature
changes than those protectedimaps (Figs 3.21-3.25). No treatmentseduced rates of injury

below those of the controlhe6-wrap and 12vraptreatmentspent~ 8 hours fewer than the
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control at-5°C and~ 17 fewer hours belowd°C than the control. Treatments were not
distinguishable at higher temperatures.
Study4

All wrap treatments had minimum temperatunegerthan the contrdior each of the
freeze eventanalyzedTable 3.6) The 6wrap treatment was.4 - 2.56°Chigherthan the
controlon the five freeze event¥he 12wrap treatment was.5- 2.93°C higherthan the
control,fiberglasswraps werel.7 - 2.79°Chigherthan the control, and polyethylene wag -
2.3°Chigherthan the controlPolyethylenewrapshad maximum temperaturbstweer3.92C
and 5.62C higherthan the control, while fiberglass was able to maintain maximum temperatures
that were7.4°C to 8.1°C coolerthan the controlThe maximum temperatures thie 6-wrap and
12-wraptreatmentslid not differ from the control on arday except27 Feb.2020, where their
maximum temperatures wete38C cooler than the contrédr 6-wrap and3.95°C cooler for
12-wrap.

Figs. 3.26-3.30illustrate similar the warming and temperature moderating effects of
wraps, similar to those in previous studiegs. 3.243.30). Treatments did not affect vine injury
in this study nor didwrapped vines differ from the control in the amount of tiney thpent at

any temperature
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Discussion

The results indicate that the trunk wrap treatmbatsgreater effean the vines in
studies 2 and than on vinesn studies 1 and.3Vhen the trunk wrap treatments were applied to
1-2-yearold vines (Studies 1 and 3jeefficacy of the wraps to insulate the vines were
inconsistent during freeze events, or only slightly effectivee wraps provided more consistent
insulation and predtable results when applied to the thicker, older vines (Studies 2 afhides).
discrepaniesbetween the studidsand 3 versus studies 2 anthdy be due to the size of the
vines.The wraps were likely lessapable of trapping and retainihgat during the warmth of the
dayon the smaller diameter vindsurthermorethevines used in study were multitrunked.
While all vineswere wrappeas tightly as possibl@ll the trunks of multtrunked vines were
included within a single wrajgomeair spaceemained inside thimside wrag of multi-trunked
vines, trapped between the individual trunkbis allows more&onvection to occuwithin the
wrapsthatcould result irheat loss.

Interestingly,the spurbound polypropylenbad a mild daytime warming effect on vines
when wrapped around vined & studiesl, 2, and3, whileit resulted ina cooling effectvhen
wrapped 12. This seems strange becausentdap has morénsulative capacity than@rap,
which makes it seem more likely to warm vinlest this phenomenolikely has to do with light
and heapenetrationThe 12-wraptreatmenis twice as thick ag-wrap and thereforis more
subject toself-shadng, reducing the amount of ligkintering and being trapped in the wiap
innermost layersThe outer six layers of ¥&rapare likely beingheatedn the same way as 6
wrap, but the inner layers of 42rap may block the heat from reaching the vine. This trapped
daytime heat may also hedpplain why 12wrap is able to maintainighernighttime

temperatures thamérap.
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Polyethylenenrapsfrequently becam8-7°C hotter than other wraps mid-day. This is
likely due tothe material absorbingplar radiation. Tan polyethylene was usetidn of black
polyethylene aan attempt t@ircumventthis kind of solar heating, but the wraps still became
higherthan the control. This heating reaction may be responsible for the increased incidence of
damageobserved othe polyethylendreated vinesNo other treatments increased or decreased
damage to the vineBykeet al. (1988)escribed a similar phenomenon in their study, where
darkcolored wraps became more than 3figherthan the control durinthe daytime (Pyke et
al., 1988).

White latex paint was used in studies 2, 3, and 4 to see if it would reflect sunlight and
lower vine temperature, possibly reducing damage. Sunscald is caused by a sudden change in
temperatures between the late afternoahearly evening, when bark that has been warmed by
the afternoon sun quickly drops to freezing when the sun sets (Biggs, C@88)hat were
beginning to break dormancy in the cambium arigaeen,causing cracking that closely
resembles the injury seen in kiwifruit vin&ghite paint is known toeducesunscald (Ophardt
and Hummel, 2016), so it was used in these studies to isedfécted injury Painted vines were
not expectedo deviate fromhe controlandtemperature data collecteustudy 2revealed that
they did notBecause the temperatures of painted vines were so similar to the control,
temperature was not tracked painted vines in subsequent studidgere was hope that the
white pant would reduce injury, but no difference was seen between painted vines and the
control. This indicatethat southwest injury may not be the prevailing cause of injury to kiwifruit
vines in the southeast.

Lack of proper acclimation leading to reduceald hardiness is a likely contributor to the

damage seen in these studies. In the month preceding the first freeze events of 2018 and 2019,
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the average temperatures of only 2 days in 2018 and 5 days in 2019 were below 10°C, which is
the temperature at whickctinidia chinensidegins to gain coldesistancéLionakis, S., and W.
Schwabe, 1984 Otherwise, temperatures were closer to 20°C and 15°C. This lack of chilling
temperaturebefore the onset of freezing conditions may well have worsened damage
experienced by vines.

This is supported by vine injury patterns in study 3. In studye®zE injurywas
observed at two different tim&sonce in early January, and once at the end of the experiment.
Most of the damage that occurred over the course aperimentad occurredby the first
observationwith 24 of the 100vinesin the study receiving damag®nly 9vines receied
damage between the first and second observatidns i likelydue to an incomplete hardening
in the vines beforaitial winter freezesas mentioned abovBamage seen in thateseason
damagewas likelyloss ofcold hardness.This is described by Pyke et €1.986 who stated that
kiwifruit vine lose their cold tolerance quickly as temperatures increase (Pyke et al., 1986).
There wereseveral periods lateDec.2019 and earlyan.2020spanning multiple daywhere
temperatures never fell below&. Many of the vines in study had begun to break dormancy
andhaddevelogdsmall, fully-formed leaves at the tips of their branchedbyan.2020Q
Interestingly, no vines in study whichwereless than a kilometer awayad broken dormancy.
This mayals help explain the lack of damage seen in mature dimEshaps, as vines mature,
their dormancy periods become more stable, reducing their likelihood of receiving freeze
damageThis is supported by Vitasse et @014, who found that juvenildeciduougrees
(Fraxinus excelsioandPrunus aviumwere more likely to be damaged by calten they
flushed out earliethan their mature counterparts, which wsleverin leaf production(Vitasse

et al., 2014)
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Damagethroughout studiedid not appear to b&trongly correlated to treatment usage
This is likely due to genetic variabilitffhese studies usegedlingA. deliciosarootstocls
(graftedwith A. chinensi® AU Go | d e nfor Sudies?land @éhé freeze injury observed
at this location that prompted this research was quite variable, and not observed to be closely
correlated with location. Hence, the genetic variability of the seedling rootstocks is thought to be
the primary factor for freezejury observedDifferences betweeruttivars of A. deliciosahave
indicated thatntraspecificcold tolerancecan vary measurabl\B(irak et al., 2004 It was
expected that a highly effective treatment might prevent injury in spite of this variatiohjut t
was notsubstantiatedUse ofasexually propagated clonal rootstogkses might improve
correlation between treatments andidence of freeze injury

Therewasa trend of wragireaed vines being exposed éatremely low temperatures
-5°C and-3°Cfor less time than the contfblthe 12-wraptreatmenis particularly notable in this
regard.Interestingly vines ofsome of the wrap treatments sperore time below freezing than
the control (Bwrap and 12vrap in study 16-wrap and polyethylene in studyal display this
trait). Thisis due to the temperaturaoderating effect of the wraps, which remslightly below
zero as the control fluctuatasross it.This is supported bgomparisons othe averagamount
of time wrap-treated vinesvere exposetielow-1°C and-2°C (not reported), which shows that
the control still spends more time beltivese temperaturéisan the other treatmenihis
implies that the controlines areable to move more freely across the 0°C mark than the-wrap
treaed vineswhile the wraped vineswhich are experiencing temperature lag as described by
Rose and Yelenosky (1978) appear to stay cooler longer thaoritrel, even though the

difference in temperature is slight (Rose and Yelenosky, 1978).
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Thedesirable attributes farunk wrapmaterialsare the ability to keep vinemperatres
higherthan the control at night, cooler than the control during the day, armdbilitg to regulate
the changes between minimum and maximum temperatures into a gentle curve, as opposed to the
harsh changes that the ambient temperature may go thidagiraptreatmentvas able to keep
vines above freezing temperatures entirely, which is in line with other studiesKl&tval,
2014 Rose et a).1978).The6-wraptreatment only provided moderate insulation, if any, during
the freeze event®olyethylene wraps performed similar tovBap at minimum temperatures, but
treated vinebecame much hotter during the d@yerheating is an undesirable trait in a trunk
wraptreatmentso polyethylene wraps like the ones used in this experwigmot likely
prevent freeze injuryand may increase the incidence of freeze injury as observed in this study
On the other handhe 12-wrap and fiberglasseatmentdoth maintaired minimum
temperaturesf the vinedetween 0.52°C and 2.95 higher tharthe control The fberglass
wrapsmaintained a maximum temperatinretween 5.87°C and 7.90 coolerthan the control
Both thel2wrap treatment and fiberglaggsaps demonstrate more gradual heating and cooling
of kiwifruit vinesthan the control. Overall,2-wrap and fiberglasaerepromising trunkwrap
materialstestedn these studiesThe gunbound polypropyleneroduct used for the-@rap and
12-wrap treatmentdisplays attributes that are desirable for a tramétp material. Increasing the
thickness of the material may continue to enhance its protective abilities, as demonstrated by the

differencedn efficacy between th&wrap and 12vraptreatments
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Concluson

Due to high cost of trunk wraps, it is unlikely that they Wwéla viable longterm solution
to cold injuryin kiwifruit vines. Instead a better longerm strategyikely lies inthe
development of coldesistant cultivarsAt the time of writing stronglycold-resistant varieties of
A. deliciosaandA. chinensidave yet to be discovered. Until the discovery of geklstant
alternatives to current methods, trunk wragesybe tre best tool at our disposal. Even after eold
resistant cultivars are discovered, trunk wraps may still be useful in protecting against
unexpected cold fronts under certain conditionsThe trunk wrap materials tested in this study
did not have strong impacbn injury received by kiwifruit vines, though some of them are
capable of regulatinfunktemperature well. The lack of damage prevention in these studies
may not be due to shortcomings of any particular treatment, but rather genetic variability among
the seedlings used in the experiments. Based on their ability to regulate temperature fluctuation
while keepingvine minimum temperature higher and maximum temperatures leperbound
polypropylene 12-wrap) and fiberglass treatments have the most piatiior use as trunk

wraps, while polyethylene@rap, and trunk paint didot provide adequate protection.
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Table 3.1Effect of trunk wrap treatment®n theminimum and maximum temperatures
recorded for 234 (5:00pm-4:30pm) onl-yearold A. deliciosaseedling during the five
coldest freeze even(@7 Nov. 201820 March 2019)n Reeltown, Alabama

Study 1 Dates Control Min 6-wrap Min 12-wrap Min

(Minimum Temperatures)

27 Nov. 2018 -4.360" -3.27a -3.13a <0.0001
5 Dec. 2018 -5.0 -4.5 -4.4 0.0609
11 Dec. 2018 -4.12b -3.60a -3.66ab 0.0339
29 Jan2019 5.7 5.1 5.1 0.0567
30 Jan. 2019 -5.3 -5.0 -4.9 0.2008

Study 1 Dates Control Max 6-wrap Max 12-wrap Max

(Maximum Temperatures)

27 Nov. 2018 13.7 14.7 13.6 0.3824
5 Dec. 2018 17.20b 21.96a 19.32ab 0.0082
11 Dec. 2018 16.53a 11.44b 9.36b <0.0001
29 Jan2019 15.35ab 17.27a 15.02b 0.0257
30 Jan. 2019 21.79b 25.49a 22.86ab 0.0177

“Treatments used in study 1 wereustreateccontrol and wraps made ofspurrbound
polypropyleng(Gro-Guard UVGG-51, Atmore Industries, Atmore, Altpow covers wrapped
around the vin&® (6-wrap)and 12 (12-wrap).

YMeans followed by the same lettgithin each roware not significantly different_east squares
means comparisons among treatments were done using the simulated method. All significances
were at U=0.05.
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Table 3.2Effect oftrunk wraptreatment®n the amount of timA. deliciosavinesabove or
below specific temperature threshoteer the duration of four studiésn Reeltown, Alabama.

Study 1 Hours<-5 Hours<-3 Hours<0 Hours>25 Hours>30
Control* 9.31 50.88¥ 175.88b 83.19ab 16.19
6-wrap 6.63 39.56b 192.19a 108.19a 27.06
12-wrap 6.69 40.81ab 191.69a 72.00b 11.56
P-value 0.1361 0.0409 0.0168 0.0460 0.1304
Study 2 Hours<-5 Hours<-3 Hours<0 Hours>25 Hours>30
Control 14.7a 38.6a 155.3bc 113.8bc 22.1b
6-wrap 2.1bc 22.1cd 159.5b 143.8b 33.4b
12-wrap 0.2c 16.3d 136.6¢ 73.3c 8.6b
Polyethylene 4.5b 30.3bc 189.3a 224.3a 90.0a
Paint 14.5a 36.8ab 154.9bc 111.3bc 17.0b
P-value <.0001 <.0001 <.0001 <.0001 <.0001
Control 14.4a 45.5a 188.0 95.2 7.0
6-wrap 5.5b 28.7b 172.4 132.7 27.1
12-wrap 6.3b 29.2b 191.6 88.9 19.5
P-value 0.0126 0.0360 0.0591 0.2834 0.3292
Study 4 Hours<-5 Hours<-3 Hours<0 Hours>25 Hours>30
Control 8.0a 50.9a 225.2a 51.3b 2.3b
6-wrap 0.0b 9.1b 175.6bc 42.1b 0.7b
12-wrap 0.0b 4.0b 153.1c 7.6b 0.0b
Polyethylene 0.0b 18.1b 207.4ab 152.7a 39.9a
Fiberglass 0.0b 4.3b 205.4ab 1.6b 0.0b
P-value <.0001 <.0001 0..0016 <0.0001 0.0070

#Study 1 and study 2 take place in the winte2@f82019. Study 3 and study 4 take place

during the winter of 201:2020.

Y Columns contain the mean number of hours each treatment stayed within the range indicated by
the column header.

X Treatments were an untreated control, wraps made oflspumd polypropylene (GrGuard

UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri-wrap)
and12 (122wr ap), white | atex trunk {NeliBrahds epd, zonad

AZ.), tancolored polyethylene 2cm thick, and fiberglassulation2.2cm thick.

“Means followed by the same lettareach columrare not significantly differenLeast squares
means comparisons among treatments were done usisgrhl@ated method. All significances
were at U=0.05.



Table 33. Effect of trunk wrap treatmenton 2-yearold A. deliciosaseedling rootstockgrafted
with A. chinensi® AU Go | d e non tBeumminimturin and daximum temperatures recorded
for 24-h (5:00pn -4:30pm) during the five coldest freeze everit8 Dec. 2018, 22 March 2018

in Reeltown, Alabama

Study 2 Dates Control Min 6-wrap Min 12-wrap Min Paint Min Polyethylene Min

(Minimum Temperatures)

20 Jan. 2019 -3.67d -2.41b -1.93a -3.65d -2.91¢ <0.0001
25 Jan. 2019 -4.79b -3.79ab -2.90a -4.12ab -3.53ab 0.0125
29 Jan. 2019 -6.61c -4.21ab -3.46a -6.56¢ -4.80b <0.0001
30 Jan. 2019 -6.02¢ -4.160 -3.1% -6.17¢ -4.04ab <0.0001
5 Mar. 2019 -3.14c¢ -2.12ab -1.80a -2.44abc -2.83bc 0.0024

Study 2 Dates Control Max 6-wrap Max  12-wrap Max  Paint Max Polyethylene Max P-value

(Maximum Temperatures)

20 Jan. 2019 12.64ab 13.42a 8.75b 11.82ab 14.16a 0.007
25 Jan. 2019 17.15a 18.60a 12.26b 16.22ab 18.26a 0.0065
29 Jan. 2019 13.73ab 13.56ab 9.21c 12.02bc 15.26a 0.0002
30 Jan. 2019 18.54a 16.61a 10.97b 18.41a 19.00a 0.0023
5 Mar. 2019 13.61ab 15.79a 12.53b 12.56b 16.40a 0.313

“Treatments used in study 2 were an untreated control, wraps made -tiosjmneh
polypropylene (GreGuard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped
around the vin&® (6-wrap) and 12 (12-wrap),whi t e | atex trunk paint

Paint, GreWell Brands, Tempe, AZ.), and taolored polyethylene 2cm thick.

YMeans followed by the same letter are not significantly diffedezast squares means
comparisons among treatments were done ubmgimulated method. All significances were at
U=0.05.
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Table 34. Effectof trunk wrap treatmenfsonincidence of coldnjury to A. deliciosaseedling
and seedlingootstockgyrafted withA. chinensi® AU Go | d e noveBtbhedusationoh e 6
four studied in Reeltown, Alabama

Study1l Study?2

n/a P=0.0227
Treatment Undamaged Treatment Damaged Undamaged
Control n/a n/a Control 3alf 22
6wrap n/a n/a 6wrap 1b 24
12wrap n/a n/a 12wrap 2b 23
Paint 2b 23
Polyethylene 9a 16
P=0.4548 P=0.8848
Treatment Damaged Undamaged Treatment Damaged Undamaged
Control 17 8 Control 0 25
6wrap 13 12 6wrap 0 25
12wrap 17 8 12wrap 1 24
Paint 13 12 Paint 0 25
Polyethylene 4 21
Fiberglass 0 25

“Treatments were an untreated control, wraps made oftspumd polypropylene (GrGuard

UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri-wrap)
and12 (122wr ap), white | at ex t r un kGropveliBrands,Tehpe, z on a o

AZ.), tancolored polyethylene 2cm thick, and fiberglassulation2.2cm thick.

YVines in study 1 were ongearold ungraftedA. deliciosaseedlings, vines in study 2 were 2

yearold A. deliciosaseedlings grafted witA. chinengs6 AU Go |l d e nciocBgjvinesin ne 6 s
study 3 were dearold ungraftedA. deliciosaseedlings, and vines in study 4 wergearold A.
deliciosaseedlings grafted witA. chinensi® AU Go | d e nscidduStudiés il and & took

place over the wintesf 20182019 and studies 3 and 4 took place over the winter of-2020.

*Means followed by the same letter are not significantly different. Least squares means

comparisons among treatments were done using the simulated method. All significances were at

U=0.05.
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Table 3.5Effect of trunk wrap treatmentapplied to 2yearold A. deliciosaseedling rootstocks
on the minimum and maximum temperatures recorded fér B3400pm-4:30pm) during the
five coldest freeze event$Z Nov. 201927 Feb.2020 in Reeltown, Alabama

Study 3 Dates

(Minimum Temperatures) Control Min 6-wrap Min 12-wrap Min P-value
12 Nov. 2019 -7.2b -5.3a -6.0ab 0.0254
18 Dec. 2019 -4.428 -3.34a -3.20a 0.0115
20 Jan. 2020 -5.47b -4.52ab -4.30a 0.0281
21 Jan. 2020 -6.93b -5.25a -5.33a 0.0281
27 Feb. 2020 -4.49b -3.27a -3.29a 0.0136
?I\jll;i)iln?:uDr:t?:mperatures) Control Max 6-wrap Max 12-wrap Max

12 Nov. 2019 20.0 20.4 22.0 0.5752
18 Dec. 2019 20.60 23.84 19.97 0.0559
20 Jan. 2020 14.55 17.91 14.78 0.0615
21 Jan. 2020 18.56 22.19 18.69 0.086
27 Feb. 2020 22.8 23.8 21.6 0.0993

*Treatments used in study 3 were an untreated control and wraps made-lbbspdn

polypropylene (GreGuard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped
around the vin&® (6-wrap) and 12 (12-wrap).

YMeans followed by the same lettgithin each roware not significantly different.east squares
means comparisons among treatments were done using the simulated method. All significances
were at U=0.05.
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Table 36. Effect of trunk wrap treatmentapplied to 3yearold A. deliciosaseedling on the
minimum and maximum temperatures recorded feh 28:00pm-4:30pm) during the five

coldest freeze event&§ Dec. 2019 27 Feb.2020) in Reeltown, Alabama

Study 4 Dates

(Minimum Temperatures)

Control Min  6-wrap Min 12-wrap Min

Fiberglass Min

Polyethylene Min

P-value

18 Dec. 2019 -5.900 -3.36a -3.08a -3.17a -3.60a <0.0001
20 Jan. 2020 -5.85¢c -3.32ab -2.92a -3.06a -3.96b <0.0001
21 Jan. 2020 -5.55¢ -2.99a -2.72a -2.89a -3.82b <0.0001
14 Feb. 2020 -4.3c -2.9ab -2.8ab -2.6a -3.1b <.0001
27 Feb. 2020 -5.50b -3.41a -3.13a -3.29a -3.50a <.0001

Study 4 Dates

(Maximum Temperatures)

Control Max 6-wrap Max 12-wrap Max

Fiberglass Max

Polyethylene Max

18 Dec. 2019 19.95b 18.48b 15.51bc 12.40c 25.57a <0.0001
20 Jan. 2020 12.96b 12.64b 10.89b 5.30c 18.06a <0.0001
21 Jan. 2020 17.99b 16.85b 14.34b 10.00c 22.45a <0.0001
14 Feb. 2020 26.2b 24.8b 22.8b 18.1c 31l.7a <0.0001
27 Feb. 2020 23.24b 21.86¢ 19.32c 15.74d 27.16a <0.0001

“Treatments used in study 4 were an untreated control, wraps made -tiosjmneh

polypropylene (GreGuard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped
around the vin&® (6-wrap) and 12 (12-wrap), fiberglassnsulation2.2 cm thick, and tan

colored polyethylene 2cm thick.

YMeans followed by the same lettgithin each roware not significantly different_east squares
means comparisons among treatments were done using the simulated method. All significances

were at U=0.05.
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Fig. 3.1. Cold injury manifesting as trunk cracking in twearold A. deliciosarootstockgrafted
toA.chinensi®¥ AU Gol d Sunshined PR9MaRe20l9t own, Al abama
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Fig. 3.2. Cold injury manifesting as a delicate cambial layer in-jwarold A. deliciosaseedling
in Reeltown, Alabama 19 Dec 2019
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Fig. 3.3. Hoboware datalogger mounted on the néathing side of aneyear oldActinidia
deliciosaseedlingn Reeltown, Alabama o8& Jan. 2019
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Fig. 3.4. Multi-trunkedoneyearold A. deliciosaseedling being fitted with a data logger
Reeltown, Alabama on 27 Nov. 2018
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Fig. 3.5. The6-wrap treatmenis composed of Atmore Industries Gé@uard UV GG51 row
coverwrappedsix timesaroundoneyearold A. deliciosaseedling
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Fig. 3.6. The 12-wrap treatmenis composed of Atmore Industries G&uard UV GG51 row
cover wrapped twelve times around tywarold graftedA. deliciosaseedlingrootstockgrafted
with A. chinensi®¥ AU Gol den Sunshined scion in Reeltown
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Fig. 3.7. Two-yearold graftedA. deliciosaseedlingrootstockused as a contrat Reeltown,
Alabama on 18 Dec. 2018
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Fig. 3.8. Two-yearold graftedA. deliciosaseedling rootstock wrapped with polyethylene
insulationin Reeltown, Alabama on 19 Jan. 2020
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Fig. 3.9. Two-yearold graftedA. deliciosaseedlingrootstockpainted with a coat of latex trunk
paintin Reeltown, Alabama on 13 Dec. 2018
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Fig. 3.10. Threeyearold graftedA. deliciosaseedlingrootstocksurrounded by fiberglass
insulationin Reeltown, Alabama on 19 Jan. 2020
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Fig. 3.11 Effectof trunk wrap treatmentson trunk temperaturef d-yearold Actinidia
deliciosaseedlings growing in Reeltown labamaduringthe freeze event c27-28 Nov. 2018
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“Treatments were an untreated control and wraps made obspua polypropylene (Gro
Guard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped around the67ir{6-

wrap) and 12 (12-wrap).Temperatures were recorded atrBhuteintervals.Times shown are
between 5:00 PM o087 Nov. 2018 and 4:30 PM o&8 Nov. 2018.
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Fig. 3.12. Effect of trunk wrap treatmenton trunk temperature ofylearold Actinidia
deliciosaseedlings growing in Reeltown, Alabama during the freeze evehddec. 2018.
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“Treatments were an untreated control and wraps made obspua polypropylene (Gro
Guard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped around the67ir{6-

wrap) and 12 (12-wrap). Temperatures were recorded atrBhute intervalsTimes shown are
between 5:00 PM o6 Dec.2018 and 4:30 PM onBec.2018.
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Fig. 3.13. Effect of trunk wrap treatmenton trunk temperature ofylearold Actinidia
deliciosaseedlings growing in Reeltown, Alabama during the freeze eveht-&@ Dec. 2018.
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“Treatments were an untreated control and wraps made chsgpma polypropylene (Gro
Guard UV GG51, Atmore Indussies, Atmore, AL) row covers wrapped around the \6h€6-

wrap) and 12 (12-wrap). Temperatures were recorded atrBhute intervalsTimes shown are
between 5:00 PM ohl Dec.2018and 4:30 PM on 1Pec.2018.
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Fig. 3.14. Effect of trunk wrap treatmenton trunk temperature ofylearold Actinidia
deliciosaseedlings growing in Reeltown, Alabama during the freeze eve2®-80 Jan. 2019.
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“Treatments were an untreated control and wraps made cbspua polypropylenéGro-
Guard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped around the67ir{6-

wrap) and 12 (12-wrap). Temperatures were recorded atrBhute intervalsTimes shown are
between 5:00 PM 089 Jan.2019and 4:30 PM 0130 Jan.2019
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Fig. 3.15. Effect of trunk wrap treatmenton trunk temperature ofylearold Actinidia
deliciosaseedlings growing in Reeltown, Alabama during the freeze eve3®-8t Jan.2019
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“Treatments were an untreated control and wraps made obspua polypropylene (Gro
Guard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped around the67ir{6-
wrap) and 12 (12-wrap).Control vines wer@otwrapped. Temperatures were recorded0

minute intervalsTimes shown are between 5:00 PM3fhJan.2019and 4:30 PM or31 Jan.
2019
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Fig. 3.16. Effect of trunk wrap treatmentson trunk temperaturef @-yearold Actinidia
deliciosaseedlingsootstocks grafted witA. chinensi® AU Go | d e ngro®Bingrins hi ne 6
Reeltown, Aabama or20-21 Jan 2019.
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“Treatments were an untreated control, wraps made oftspumd polypropylene (GfGuard

UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri6-wrap)

and12 (12wr ap) , whi te | atex tr unk {eliBrahds, Telpa, zon ad
AZ.), and tarcolored polyethylene 2cm thickemperatures were recorded atr8ihute

intervals.Times shown are between 5:00 PM2ihJan.2019and 4:30 PM or21 Jan.2019
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Fig. 3.17. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings rootstocks grafted wigh chinensi®¥ AU Gol den Sunshined gr
Reeltown, Alabama o85-26 Jan 2019
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“Treatments were an untreated control, wraps made oftspumd polypropylene (GfGuard

UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri6-wrap)

and12 (12wr ap) , whi t e | at ex t r un kGropVeli Brnahds,(Tehmpe, z on a o
AZ.), and tarcolored polyethylene 2cm thickemperatures were recorded atr8ihute

intervals.Times shown are between 5:00 PM2inJan.2019and 4:30 PM or26 Jan.2019
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Fig. 3.18. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings rootstocks grafted wigh chinensi®¥ AU Gol den Sunshined gr
Reeltown, Alabama 089-30 Jan. 2019

80

70

Temperature {C)
N al o
o o o

w
o

10

< < < < < < < < < < < < < < < <
9, 9, o TN T, 9, N9, "o, "o o T, 9, "o, TN, T T
o Rp Ty Gy 8y o, o Sp T S S o, o p % 6
W, Vo Cp Dp D %, 0 P, P, D, D, G “0 D, D, D,
I e e A T A e e T TR T TR T 7
Time
Control = ===6wrap e 12wrap — — - Polyethylene Paint

“Treatments were an untreated control, wraps made oftspumd polypropylene (GfGuard

UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri6-wrap)

and12 (12wr ap) , whi te | atex tr unk {eliBrahds, Telpa, zon ad
AZ.), and tarcolored polyethylene 2cm thickemperatures were recorded atr8ihute

intervals.Times shown are between 5:00 PM2$hJan.2019and 4:30 PM o180 Jan.2019
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Fig. 3.19. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings rootstocks grafted wigh chinensi®¥ AU Gol den Sunshined gr
Reeltown, Alabama 080-31 Jan. 2019
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“Treatments were an untreated control, wraps made oftspumd polypropylene (GfGuard

UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri6-wrap)

and12 (12wr ap) , whi te | atex tr unk {WeliBrahds, (Telpa, zon ad
AZ.), and tarcolored polyethylene 2cm thickemperatures were recorded atr8hute

intervals.Times shown are between 5:00 PM3ihJan.2019and 4:30 PM o131 Jan.2019
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Fig. 3.20. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings rootstocks grafted wigh chinensi®¥ AU Gol den Sunshined gr
Reeltown, Alabama 05-6 March2019
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“Treatments were an untreated control, wraps made oftspumd polypropylene (GfGuard

UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri6-wrap)

and12 (12wr ap) , whi te | atex tr unk {eliBrahds, Telpa, zon ad
AZ.), and tarcolored polyethylene 2cm thickemperatures were recorded atr8ihute

intervals.Times shown are between 5:00 PM®Nlarch 201%nd 4:30 PM o6 March 2019
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Fig. 3.2L. Effect of trunk wrap treatment®n trunk temperature ofygearold Actinidia
deliciosaseedlings growing in Reeltown, Alabama d1B Nov. 2019.
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“Treatments were an untreated control and wraps made obspuna polypropylene (Gro
Guard UV GG51, Atmore Industries, Atmore, AL) rovwoeers wrapped around the vife (6-

wrap) and 12 (12-wrap). Temperatures were recorded an#fute intervals. Times shown are
between 5:00 PM on 12 Nov. 2019 and 4:30 PM on 13 Nov. 2019.
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Fig. 3.22. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings growing in Reeltown, Alabamalfil9 Dec. 2019.
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“Treatments were an untreated control and wraps made obspuna polypropylene (Gro
Guard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped around the67ir{6-

wrap) and 12 (12-wrap). Temperatures were recorded atrBlhute intervalsTimes fiown are
between 5:00 PM on 1Bec.2019 and 4:30 PM on 1Dec.2019.
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Fig. 3.23 Effect of trunk wrap treatmenton trunk temperature ofyearold Actinidia deliciosa
seedlings growing in Reeltown, Alabama2ih21 Jan. 2020.
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“Treatments were an untreated control and wraps made obspua polypropylene (Gro
Guard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped around the67ir{6-

wrap) and 12 (12-wrap). Temperatures were recorded atrBhute intervalsTimes shown are
between 5:00 PM 080Jan.2020 and 4:30 PM o&1 Jan.2020.
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Fig. 3.24. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings growing in Reeltown, Alabama2ik22 Jan. 2020.
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“Treatments were an untreated control and wraps made obspua polypropylene (Gro
Guard UV GG51, Atmore Industries, Atmore, AL) row covers wrapped around the67ir{6-

wrap) and 12 (12-wrap). Temperatures were recorded atrBhute intervalsTimes shown are
between 5:00 PM 081 Jan.2020 and 4:30 PM o082 Jan.2020.
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Fig. 3.25. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings growing in Reeltown, Alabama2f28 Feb. 2020.
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“Treatments were an untreated control and wraps made obspuna polypropylene (Gro
Guard UV GG51, Atmore Industries, Atmore, AL) rovwoeers wrapped around the vife (6-

wrap) and 12 (12-wrap). Temperatures were recorded atrBhute intervalsTimes shown are
between 5:00 PM 087 Feb.2020 and 4:30 PM o028 Feb.2020.
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Fig. 3.26. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings rootstocks grafted wigh chinensi®¥ AU Gol den Sunshined gr
Reeltown, Alabama oh8-19 Dec. 2019
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Control = ===6wrap e 12wrap — — - Polyethylene Fiberglass

“Treatments were an untreated control, wraps rmédpunrbound polypropylene (GfGuard
UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri-wrap)
and 12 (12-wrap), fiberglass insulation 2.2 cm thick, and-taored polyethylene 2cm thick.

Temperatures were recorded atr8hute intervalsTimes shown are between 5:00 PM1ih
Dec.2019 and 4:30 PM of9 Dec.2019
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Fig. 3.27. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings rootstocks grafted wigh chinensi®¥ AU Gol den Sunshined gr
Reeltown, Alabama 0B0-21 Jan. 2020.
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Control = ===6wrap e 12wrap — — - Polyethylene Fiberglass

“Treatments were an untreated control, wraps made oftspumd polypropylene (GfGuard
UV GG-51, Atmore Industries, Atmore, AL) row ers wrapped around the vi6g (6-wrap)
and 12 (12-wrap), fiberglass insulation 2.2 cm thick, and-taored polyethylene 2cm thick.

Temperatures were recorded atr8hute intervalsTimes shown are between 5:00 PM2th
Jan.2020 and 4:30 PM oR1 Jan2020.
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Fig. 3.28. Effect of trunk wrap treatmenton trunk temperature ofygearold Actinidia
deliciosaseedlings rootstocks grafted wigh chinensi® AU Go | d e ngro®Bingrins hi ne 6
Reeltown, Alabama o81-22 Jan. 2020.
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“Treatments were an untreated control, wraps made oftspumd polypropylene (GfGuard
UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri-wrap)
and 12 (12-wrap),fiberglass insulation 2.2 cm thick, and {emlored polyethylene 2cm thick.

Temperatures were recorded atrB8hute intervalsTimes shown are between 5:00 PM2in
Jan./2020 and 4:30 PM o2 Jan.2020.
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Fig. 3.29. Effect of trunk wrap treatmenitsn trunk temperature of-gearold Actinidia

deliciosaseedlings rootstocks grafted wigh chinensi®¥ AU Gol den Sunshined gr
Reeltown, Alabama on 145 Feb. 2020. Fig. 3.30. Effect of trunk wrap treatméotstrunk

temperature of ¥earold Actinidia deliciosaseedlings rootstocks grafted with chinensi® A U

Gol den Sunshi ne &, Addpbamavarid-1bFeb.202Be el t o w
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“Treatments were an untreated control, wraps made oftspumd polypropylene (GfGuard
UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&iri6-wrap)
and 12 (12-wrap), fiberglass insulation 2c¢n thick, and tartolored polyethylene 2cm thick.

Temperatures were recorded atrBhute intervals. Times shown are between 5:00 PM on 27
Feb. 2020 and 4:30 PM on 28 Feb. 2020.

“Treatments were an untreated control, wraps made oftspumd polypropylea (GreGuard
UV GG-51, Atmore Industries, Atmore, AL) row covers wrapped around the&irié-wrap)
and 12 (12-wrap), fiberglass insulation 2.2 cm thick, and-taored polyethylene 2cm thick.

Temperatures were recorded atr8hute intervalsTimes shown are between 5:00 PM on 14
Feb. 2020 and 4:30 PM on 15 Feb. 2020.
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