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Temperate Region fruit and nut trees, and many other perennial plants, require
cool winter temperatures (chilling hours) to ensure leaf and flower bud production in the
following season. Temperate Regions are characterized by variable winter and spring
temperatures. Failure of meeting sufficient chilling requirement results in deformed
fruits, unequal maturation, and other plant deformities, thereby reducing quality and
yields. Chilling requirements are expressed as number of accumulated hours within a
range of approximately 32° to 45°F or 0° to 7.2°C.

These requirements are specific for level of temperature, length of temperature
period, and species and cultivar of plants. Information on chilling hour production by the
diverse Kentucky environments and chilling requirements of its plants is limited. Global
warming is reducing the occurrence and length of chilling conditions, thereby negatively
impacting perennial fruit production (IPCC, 2014). There is increasing interest in fruit
crops by the state’s producers and consumers. The Kentucky Mesonet Weather System
provides temperature data, which can readily be converted to chilling units. Also,
commercial nurseries are beginning to publish chilling requirement data for their fruit
stocks. The present study included data collected over A 5-years period at 33 Mesonet
sites.

The average number of chilling hours overall years and sites was 1544, year

means ranged from 1427 to 1842, sites means ranged from 1422 to 1682. Chilling hour
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production exceeded chilling requirements of fruit and nut crops commonly grown in

Kentucky.



Introduction

The chilling requirement of perennial fruit and nut crops grown in the Temperate
Region of the World has been studied for more than two centuries. The chilling period
begins with autumn leaf drop and continues with cooling temperatures until essential
developmental processes are completed. Unless chilling requirements are met, leaf and
flower production during the following season may be irregular and reduced in number
resulting in lower yield or in complete crop failure. Global warming is creating renewed
interest in chilling conditions. Major climate models are projecting progressively rising
temperatures that will lead to fewer and shorter periods of chilling conditions. Chilling
requirements are specific for plant species and for cultivars within species. Chilling unit
production varies with environmental conditions.

Successful fruit production can occur only when crop varietal requirements are
matched with environmental chilling units. Low chill cultivars may receive sufficient
chilling early in winter permitting plants to respond to brief warm temperature, but be
killed by the succeeding freezing temperature. High chilling requiring varieties may
receive insufficient chilling during the entire winter and fail to produce normal leaves,
flowers, and fruits.

Chilling units are based upon clock hours in which the recorded weather
temperature is within a specific range for a portion of the year. In Kentucky, such
requisite temperature data are collected by Kentucky Mesonet. These weather data are
available for conversion to chilling hours. Orchardists need inventories of base line

chilling hour production specific to their locations and their perennial fruit and nut crops.



Review of Literature

The Temperate Region of the middle latitudes is characterized by seasonal
rhythms of alternating warmer temperature in the summer with colder temperature in the
winter. Freezing damage is reduced when deciduous trees drop their leaves and become
dormant. Loss of leaves minimizes transpiration and moisture loss while the ground is
frozen. New leaves are produced when spring weather conditions become favorable
(Gabler et al., 2004).

The chilling requirement of perennial plants is met by a minimum period of time
in which environmental temperature is within a range specific not only for the botanical
species but also for the cultivated variety within the species. The number of chilling
hours varies with environmental characteristics including climate, elevation, proximity to
large bodies of water and slop aspect. Failures to meet chilling requirements during the
fall and winter reduces fruit production in the following season. Parker and Werner
(1993) reported that, for varieties of peaches with low chilling requirements, conditions
were met early in the winter permitting buds to develop during brief warm periods and be
killed by subsequent freezing temperature. Varieties with high unmet chilling
requirements bloomed erratically, produced deformed leaves, and bore little or no fruits.
Both the distribution and extent of chilling conditions were critical in meeting
requirements of peach varieties.

Life cycle and underlying mechanism of physiological rest period. Although the
chilling requirement has been known and studied for more than two centuries (Knight,
1801), the underlying physiological and genetic principles and processes involved in the

“rest” period continue to be only partially understood (Luedeling and Brown, 2010). The



rest period is a protective mechanism against low and fluctuating temperature
characteristic of the Temperate Region. During the rest period, leaf and flower buds will
not open, maintaining the buds in dormancy until the chilling requirements are met. The
rest period begins at autumn leaf drop by deciduous plants and continues until the
physiological processes associated with cool temperatures are completed. Failure of the
chilling requirements to be fulfilled results in deformed leaves and fruits or barren trees
(Luedeling et al., 2009).

Physiological and genetic control of chilling is hormonal. Abscisic Acid (ABA), a
growth inhibitor, functions in leaf and fruit abscission, onset of seed dormancy, and in the
early stages of the rest period. Gibberellic Acid (GA), a growth stimulator, functions in
initiation and development of leaf and flower buds. An antagonistic relationship exists
between these two hormones in regulation of the resting effect. The high concentration of
ABA results in leaf drop and prevents growth of succulent shoots and buds which would
be killed by winter freezing. During their rest period, buds will not open when the plant is
exposed to favorable temperature, moisture, and light. As the rest period continues under
favorable cool temperature, ABA concentration decreases and GA level increases until
the chilling requirement is fulfilled. At this point, endormancy is complete and bud break
occurs as temperature and other environmental conditions become favorable. The fruiting
cycle begins with leaf and flower bud initiation in late spring or early summer prior to the
following year of flowering and fruit production. The buds remain dormant through
autumn leaf drop and into winter until chilling is completed permitting bud break and

spring growth for the next year (Hartmann et al., 1988).



Plant dormancy is the inability to resume growth when placed in a favorable
environment. Lang et al. (1987) separated dormancy into three types: ecodormancy,
endodormancy, and paradormancy. Ecodormancy is the cessation of growth induced by
environmental factors. Paradormancy is regulated by buds elsewhere on the same plant.
Endodormancy is the stage of dormancy in which growth is contributed by regulators
within the bud itself. Endodormant plants do not resume growth when ecodormant factors
such as temperature, moisture, or other environmental factors are made favorable. For
growth to resume, the plants must be exposed to sufficient cool temperatures to satisfy
their chilling requirements.

The physiological and biochemical reactions occurring during the chilling period
were elucidated further by Faust (1991) using Magnetic Resonance Imaging (MRI) of
buds in apple (Malus domestica Borkh). They observed that MRI failed to excite water in
unchilled buds and, consequently, made no image. However, when chilling was
completed, images were produced. The researchers concluded that water was in
structured form in dormant buds before the chilling requirement was met and was
converted to free form when chilling was complete. They concluded that the chilling
process involved conversion of water in the buds from structured to free form.
Thidiazuron (TDZ) a dormancy-breaking agent, applied to partially chilled buds resulted
in more rapid conversion of bound water to free form. Lewak (1984) reported that
specific lipases were involved in mobilization of stored proteins and lipids during the
removal of dormancy in apple seed. Liu et al. (1991) studied lipase activity during
endodormancy in leaf buds of apple and found that its activity greatly increased in buds

as chilling requirements were nearing completion. The increased activity coincided with



the release of water from bound to free form. Lipase activity greatly increased in a low
chill variety after 400 chilling hours and in a high chill cultivar after 2600 chilling hours.
These results indicated that lipase activity was involved in changing membrane lipid
composition permitting the release of bound water into free form.

Insufficiently chilled buds have been induced to break resulting from various
chemical treatments. Dozier et al. (1990) reported that budbreak was obtained by
treatment with hydrogen cyanamid, thiourea, potassium nitrate, dinitrophenols,
gibberellins, and cytokinins. In a study of 55 peach and nectarine varieties at Gulf Coast,
Alabama, 38 varieties with chilling requirements < 650 hours foliated and bloomed
normally. The remaining 17 varieties with chilling requirements of 750 to 1050 hours
showed no sign of bud swell and were treated with hydrogen cyanamid (Dormex; SKW
Trostberg AG, Trostberg, Federal Republic of Germany). Treatments of 0%, 1% or 2%
Dormex resulted in 15.9, 44.7, and 70.7% budbreak; respectively. Thidiazuron was
shown to be effective in breaking dormancy of partially chilled apple buds (Faust, 1991).

Genetics of chilling requirements have been studied in different species. In
almonds, Sanchez-Perez et al. (2012) found that chilling requirement was quantitatively
inherited. However, there was evidence that a major qualitative gene altered progeny
distribution. A close relationship existed between chilling requirements and flowering
time in some progenies. In apricot, Tzonev and Erez (2003) and Olukolu et al. (2009)
observed quantitative inheritance of the chilling requirement.

Models for estimating winter chill. Winter chill data are calculated from hourly
temperature records. Several models have been developed for converting clock hours

recorded within specific temperatures ranges into chilling hours. Three major winter chill



models were compared by Luedeling and Brown (2010): Chilling Hours Model, Utah
Model, and Dynamic Model. The Chilling Hours Model is the oldest and most widely
used. It utilizes the summation of all clock hours with temperatures between 0°and 7.2°C
(32° and 45°F) as being effective in contributing to winter chill. Freezing temperatures
are not included in winter chilling hour calculation. Accumulation of chilling hours
begins with the first autumn temperature in this range and continues until the last
occurrence in the spring season. The Utah Model is a modification to the Chilling Hours
Model that assigns different weights to different temperature ranges, including negative
chilling values for fluctuating low and high temperatures. The Dynamic Model is more
complex resulting from an assumed two-step process in which the first formed product is
produced under cold temperature conditions. An intermediate product is subject to
destruction by warm conditions for a period of time until the reaction becomes
irreversible. The three models were compared on a global basis involving approximately
five thousand locations. Results revealed that chilling predictions based upon the
different models varied among sites and were not interchangeable, indicating need for
conversion factors among models. Bennett (1949) and Weinberger (1950) concluded that
the Chilling Hours Model was the easiest and most common approach to estimating
chilling conditions. It has been the most widely used model by practicing horticulturalists
across many fruit species.

Chilling hours required by different crops. Chilling requirements of crops vary
among species and varieties within species. Lists of chilling requirements of crops were
provided by Hartmann et al. (1988) (Appendix A) and by Baldocchi and Wong (2007);

and Luedeling et al. (2008). Among the lists, chilling hours ranged from 0 to 1800.



Examples of chilling hour requirements for commonly grown Kentucky fruits and nuts
included: apple 800-1700, pears 600-1400, peaches 200-1200, blueberries 650-1200, sour
cherries 500-1400, grapes 100-500 (Appendix A).

The 2012 plant sale brochure, Cumberland Valley Nurseries, Inc., located near
Nashville, Tennessee, included requirements for 70 peach varieties ranged from 300 to
1100 hours with mean of 800 and mode of 850 (Appendix B). Parker and Werner (1993)
tested chilling requirements for 112 peach varieties in North Carolina and found a range
of 550 to 1050, mean of 824 and bimodal at 750 and 850 (Appendix B).

Chilling hours produced by different environments. In the early studies of chilling
requirements of fruit and nut crops grown in California, several factors were found to
influence chilling conditions of environments (Chandler et al., 1937). Factors enhancing
chilling included: colder and longer winters, a period of hardening or transition into
slower growth, adequate moisture and temperature for post-budbreak, and shading or
winter fog that kept temperature cooler.

Taylor (2011) used current and historically synthesized chill data, based upon the
regression relationship between weather data and chilling hours to compute chill hours
for Byron, Georgia. The average number of chill hours for the 63-year period (1937
through 1990s) was 1189. Winter chilling began October 1st and continued through
February 28th each year. Average percentage chilling hour accumulations for the months
were: October (3.0%), November (17.6%), December (45.8%), January (77.0%),
February (100%). For the decades of the 1940s through 1990s, total accumulated hours
averaged by decade were: 1940s (1127), 1950s (1146), 1960s (1313), 1970s (1194),

1980s (1197), 1990s (1082). Parker and Werner (1993) reported that the peach



production region of North Carolina usually received in excess of 1,000 chilling hours
annually. They recommended that only varieties with chilling requirements of 750 hours
or greater be grown. Varieties with lesser requirements would have a high probability of
loss due to freeze injury.

Luedeling and Brown (2011), in their global comparison of winter chill models,
concluded that data on chilling requirements varied with model and should be supported
by weather information on the location and condition of the site. They incorporated daily
minimum and maximum temperatures, precipitation data, and occurrence of dry and wet
periods in calculating site parameters. The entire daily weather records were used when
generating synthetic weather records.

Global warming is creating renewed interest in chilling requirements. The major
climate models are projecting progressively rising temperature. In California, climate
trends indicate that chilling hours are decreasing by 50 to 260 per decade, resulting in the
prediction of < 500 per winter by the end of the 21% century. These winter chill levels
will not be sufficient for continued production of many fruits and nuts. Existing and
newly established orchards will not be fully productive even though other conditions are
favorable (Baldicchi and Wong, 2008). Luedeling et al. (2009) used synthesized 100-year
weather data and the Chilling Hours Model to compare chilling at six sites in California’s
Central Valley. Their results for years 1950 and 2000 were as follows (1950 first, 2000
second): Davis (1112, 1007), Hollister (894,833), Red Bluff (1221,1179), Shafter (1127,
1096), Tracy (1054, 903), Winters (1277,995). Chilling hours varied by location and

decreased by year.



The following assessments were based on the Intergovernmental Panel on Climate

Change (IPCC) Synthesis Report (2014). Climate change refers to change in climate over

time, whether due to natural variability or human activity. Assessments were based upon

expert judgment and statistical analyses of the body of evidence:

1.

2.

Global warming of the climatic system is unequivocal.

Cold days and nights and frost have become less frequent.

Hot days and nights have become more frequent.

Recent changes in temperature have impacted physical and biological systems.

Most changes in physical and biological systems have been consistent with the

direction expected as a response to warming.

Objectives

To elucidate the concept and importance of chilling hours to the production of
perennial fruits and other perennial crops.

To gather chilling hour requirement information produced by regional nurseries and
other resources for important perennial crops grown in Kentucky.

To convert Mesonet weather data from different Kentucky sites, establishing
inventories of chilling units for different locations.

To speculate on the impending threat of global warming on chilling requirements of
perennial crops.

To establish a basic format for collecting and distributing accumulated chilling hour
data to present and future orchardists.

To speculate upon the impact of global warming on chilling effectiveness in

Kentucky.



Materials and Methods

Weather data were provided by the established Kentucky Mesonet system. Sites
are located throughout the State in 62 of the 120 counties. Although data were obtained
from each of the 62 sites, the present study was based upon 33 sites where data had been
recorded for 5 years (2009-2010 through 2013-2014). Temperature recordings were made
at 15-minute intervals, combined into hourly averages, and accumulated for monthly
totals. Recordings began September 1 and continued through April 30 each year. The
Chilling Hours Model was used to convert clock hours into chilling hours. Each clock
hour in which the environmental temperature occurred between 0° and 7.2°C (32° and
45°F) was counted as a chilling hour according to the Chilling Hours Model. Data for the
combinations of 33 sites and 5 years were analyzed for total chilling hour production by
site and year using the Analysis of Variance procedure and for similarities of production
patterns using Linear Correlation (r), and Coefficient of Determination (R?) (Steel and
Torrie, 1980).

Average monthly minimum and maximum temperature were recorded at each site
for the period of study and related to chilling hours. The data were used to predict the fate
of buds in the ecodormancy stage. Ongoing favorable temperatures would result in bud
break and development. Temporary favorable conditions followed by freezing conditions
could be lethal to the buds.

In addition to experimental results obtained in the present study, information from
other states and agencies was employed to gain more complete information on chilling
conditions in Kentucky. Likewise the impact of global warming on chilling requirements

of perennial fruit and nut crops was inferred from results of other research studies.
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Results

The 33 Mesonet sites included in the study are identified by county and global
locations (Appendix C). Individual sites were distributed across the state (Fig. 1) and
included within each of the three Plant Hardiness Zones (6a, 6b, 7a) (Fig. 2) (USDA,
2012).

According to Kentucky Climate Center (2014), the climate in Kentucky is divided
into Western, Central, Bluegrass, and Eastern divisions (Fig.3). The summary of chilling
hours by month for each county is included in Table 1, by climate division is included in
Table 2 and presented in Figure 4. All four climate divisions shared an increase in
chilling hours from September to December, while chilling hours decreased from
December to January, which was opposite to the freezing conditions (Fig. 4). Crops could
accumulate most of the chilling requirements in December and March.

Calculated chilling hour data for all sites and years are presented in Figure 5 and
summarized in Table 3. The mean number of chilling hours overall was 1544, site means
ranged from 1422 to 1682 and year means ranged from 1427 to 1842. There were
significant (p<0.05) (Table 4, 5) differences among site means and among year means,
due to their ranges could be as high as 260 in sites and 415 in years, which is much
higher than 141 and 38. In general, higher chilling sites were located in the north-
northeast and lower sites in the south-southwest (Fig. 5). This production of chilling
hours exceeds production reported for Georgia (Taylor, 2011) and for several sites in
California (Luedeling, 2009); also, the level exceeds requirements for the several fruit

crops grown in Kentucky (Hartmann et al., 1988) and for peach varieties tested in North

11



Carolina (Parker and Werner, 1993). Number of chilling hours produced at all sites and in

all years appeared more than adequate for fruit crops being grown in Kentucky.
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Selected 33 Counties in Kentucky

1. Adair 12. Cumberland 23. Marshall
2. Allen 13. Fayette 24. Mason
3. Barren 14. Franklin 25. McLean
4. Breathitt 15. Grayson 26. Mercer
5. Bullitt 16. Hopkins 27. Morgan
6. Caldwell 17. Jackson 28. Ohio
7. Calloway 18. Johnson 29. Owen
8. Carroll 19. Knox 30. Rowan
9. Casey 20. Lincoln 31. Taylor
10. Christian 21. Logan 32. Union
11. Crittenden 22. Madison 33. Warren
Source:
US Census, Kentucky Mesonet
Projection:
0 50 100 NAD 1983 StatePlane Kentucky FIPS 1600 Feet
e Miles Yao Xue 2015-03

Fig. 1. Selected 33 Mesonet sites in the study. Source: Kentucky Mesonet
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Kentucky Climate Divisions

N
Climate Divisions A

Source:
US Census, Kentucky Climate Center
Projection:
0 50 100 NAD 1983 StatePlane Kentucky FIPS 1600 Feet
e Miles Yao Xue 2014-11

Fig. 3. Kentucky Climate Divisions. Source: Kentucky Climate Center,

http://www.kyclimate.org/graphlets/climatechange.html
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Table 1. Chilling hours condition by month at Mesonet sites (2009-10 to 2013-14).

ID County Site Sep Oct Nov Dec Jan Feb Mar Apr
1 Adair CMBA 3 110 241 308 252 255 270 091
2 Allen SCTV 2 92 220 300 249 255 247 68
3 Barren MROK 3 101 234 302 250 259 266 81
4 Breathitt QSND 4 134 272 320 271 284 289 109
5 Bullitt CRMT 4 124 257 292 244 258 284 98
6 Caldwell PRNC 4 105 249 280 251 246 271 88
7 Calloway MRRY 2 82 229 289 264 258 262 78
8 Carroll CRRL 4 135 276 300 238 282 300 112
9 Casey PCWN 5 139 263 295 243 255 279 108

10 Christian PGHL 1 84 235 281 251 242 257 75

11 Crittenden RPTN 3 88 250 275 251 245 277 75

12 Cumberland GRDR 5 129 256 323 260 261 273 113

13 Fayette LXGN 2 122 260 286 239 256 283 95

14 Franklin LSML 6 142 257 288 235 255 283 105

15 Grayson BLRK 6 131 254 280 225 244 284 103

16 Hopkins ERLN 1 78 238 275 253 245 268 65

17 Jackson OLIN 5 154 268 284 242 245 270 111

18 Johnson BTCK 9 157 269 294 251 271 291 124

19 Knox BMBL 3 124 261 319 263 275 270 94

16



Table 1 (continued). Chilling hours condition by month at Mesonet sites (2009-10 to

2013-14).

ID County Site Sep Oct Nov Dec Jan Feb Mar Apr
20 Lincoln LGNT 5 133 261 290 244 281 275 105
21 Logan RSVL 3 95 234 280 246 243 252 84
22 Madison ELST 8 153 267 288 237 250 284 118
23 Marshall DRFN 2 86 229 286 263 257 263 72
24 Mason WSHT 6 151 270 289 226 257 285 117
25 McLean PVRT 7 120 260 288 242 256 286 87
26 Mercer HRDB 3 117 252 287 245 247 278 96
27 Morgan WLBT 7 139 267 293 251 262 273 95
28 Ohio HTFD 5 114 246 275 246 248 270 83
29 Owen SWON 5 145 264 273 218 254 292 105
30 Rowan MRHD 9 165 280 290 235 264 290 119
31 Taylor BNGL 5 134 254 297 244 258 278 99
32 Union STVC 3 93 255 287 251 248 291 76
33 Warren FARM 3 104 246 306 254 266 262 82

17



Table 2. Average chilling hours in each climate division for September through April

over 5 years (2009-10 to 2013-14).

Site Sep Oct Nov Dec Jan Feb  Mar  Apr  Total

Western 4 97 244 282 250 249 272 78 1475
Central 5 127 255 299 245 257 277 101 1564
Bluegrass 6 140 262 286 234 257 283 108 1576

Eastern 6 146 270 300 252 267 280 109 1630

18
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Fig.4. Distribution of chilling hours, freezing hours and warm hours through September

to April (2009-10 to 2013-14) in Kentucky.
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Accumulated Chilling Hours in Selected Counties
(Between 32°F and 45°F)

Accumulated Chilling Hours A
Unit: hour

[ ]1zor - 1300
[ ]300 - 1400
[ 1901 - 1500
B 50 - 1600
B o - 1700
|:| County

Source:
US Census . Kentucky Mesone: t
0 50 100 Projection:
Mil NAD 1983 StatePlane Kentucky FIPS 1600 Feet

Yao Xue 2015-03

Fig.5. Average accumulated chilling hours in selected counties in present study (2009-10

to 2013-14). Source: Kentucky Mesonet and US Census.
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Table 3. Chilling hour means of 33 Kentucky Mesonet sites included in the study.

2009- 2010- 2011- 2012- 2013- Mean

ID County Site
10 11 12 13 14 Sites
1 Adair CMBA 1414 1454 1482 1850 1449 1530
2 Allen SCTV 1310 1391 1402 1709 1352 1433
3 Barren MROK 1375 1449 1456 1803 1392 1495
4 Breathitt QSND 1629 1583 1580 1978 1642 1682
5 Bullitt CRMT 1306 1394 1232 1525 1428 1377
6  Caldwell PRNC 1359 1462 1504 1802 1339 1493
7 Calloway = MRRY 1225 1234 1231 1440 1369 1300
8 Carroll CRRL 1605 1593 1639 1924 1475 1647
9 Casey PCWN 1343 1357 1310 1496 1482 1398
10  Christian PGHL 1253 1417 1460 1698 1296 1425
11  Crittenden RPTN 1303 1431 1491 1778 1317 1464
12 Cumberland GRDR 1561 1583 1497 1902 1555 1620
13 Fayette LXGN 1285 1262 1402 1571 1400 1384
14 Franklin LSML 1425 1425 1620 1846 1400 1543
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Table 3 (continued). Chilling hour means of 33 Kentucky Mesonet sites included in the

study.

2009-  2010- 2011- 2012- 2013- Mean
ID County Site
10 11 12 13 14 Sites

15  Grayson BLRK 1252 1346 1248 1472 1425 1349

16 Hopkins ERLN 1242 1413 1440 1731 1284 1422

17 Jackson OLIN 1488 1510 1558 1851 1487 1579

18  Johnson BTCK 1624 1560 1616 1958 1581 1668

19 Knox BMBL 1550 1449 1446 1934 1593 1594

20 Lincoln LGNT 1504 1484 1596 1862 1526 1594

21 Logan RSVL 1225 1279 1184 1446 1341 1295

22 Madison ELST 1559 1534 1586 1842 1509 1606

23 Marshall DRFN 1286 1425 1448 1795 1328 1456

24 Mason WSHT 1506 1499 1654 1919 1429 1601

25 McLean PVRT 1369 1509 1571 1857 1419 1545

26 Mercer HRDB 1448 1443 1544 1820 1374 1526

27 Morgan WLBT 1469 1500 1602 1916 1449 1587

28 Ohio HTFD 1200 1335 1243 1499 1314 1318
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Table 3 (continued). Chilling hour means of 33 Kentucky Mesonet sites included in the

study.

2009- 2010- 2011- 2012- 2013- Mean
ID County Site
10 11 12 13 14 Sites

29 Owen SWON 1492 1420 1604 1860 1396 1554

30 Rowan MRHD 1431 1328 1272 1611 1518 1432

31 Taylor BNGL 1488 1523 1520 1876 1437 1569

32 Union STVC 1324 1451 1535 1840 1376 1505

33 Warren FARM 1415 1467 1480 1806 1448 1523

Mean years 1402 1440 1468 1764 1428
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Table 4. Mean chilling hour production by Mesonet sites arranged by ascending order*

(2009-10 to 2013-14).

ID County Site Mean

16  Hopkins ERLN 1422
10  Christian PGHL 1425
2 Allen SCTV 1433
21 Logan RSVL 1436
23 Marshall DRFN 1456
7 Callowmay MRRY 1464
11 Crittenden RPTN 1464
28 Ohio HTFD 1487
6  Caldwell PRNC 1493
3 Barren MROK 1495
32 Union STVC 1506
33 Warren FARM 1523
15  Grayson BLRK 1526
26 Mercer HRDB 1526
1 Adair CMBA 1530
13 Fayette LXGN 1543
25 McLean PVRT 1545
29 Owen SWON 1555
5 Bullitt CRMT 1561

31 Taylor BNGL 1569
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Table 4 (continued). Mean chilling hour production by Mesonet sites arranged by

ascending order! (2009-10 to 2013-14).

ID County Site Mean

14 Franklin LSML 1571
17 Jackson OLIN 1579

9 Casey PCWN 1585
27 Morgan WLBT 1587
20 Lincoln LGNT 1594
24 Mason WSHT 1601
22 Madison ELST 1606
19 Knox BMBL 1608
12 Cumberland GRDR 1620

8 Carroll CRRL 1647
30 Rowan MRHD 1652
18  Johnson BTCK 1668

4 Breathitt QSND 1682

1 Tukey’s w procedure: Sites W 0.05 level = 141, 0.01 level = 153.
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Table 5. Mean chilling hour production by years arranged by ascending order”.

Year Mean
2013-14 1428
2009-10 1440
2010-11 1479
2011-12 1532
2012-13 1842

1 Tukey’s w procedure: Years W 0.05 level = 38, 0.01 level = 46.

26



Since fruit crops differ in chilling hour requirements, accumulation of hours is
critical. Thus, chilling hour production was recorded by month for all sites and years
(Table 1). Although total chilling hour production differed among sites and among years,
there were high levels of consistency in monthly distribution of chilling hour production
was tested using linear correlation and coefficient of determination (Tables 6 and 7).
Correlations for chilling hour production between each site mean and the overall mean
for all other sites were significant (p<0.05) for all comparisons for both total production
and distribution of production over months. Both r and R? were more variable for years
than sites, indicating less variability among sites than among years.

Temperature data were collected at each Mesonet site permitting the number and
deviation of freezing periods to be recorded (Fig.6; Appendix D). There were similarities
between the distribution of counties with high chilling hours (Fig.5) and those with high
freezing hours (Fig.6). From September through April, the number of freezing
occurrences ranged from 89 in Calloway to 156 in Ohio, average duration hours ranged
from 872 in Allen to 1253 in Mason and Owen Counties (Appendix D). This information
would be useful in selecting among varieties with known chilling requirements. Those
with higher requirements and longer endodormancy protection would have shorter

periods of susceptibility to ecodormancy conditions.
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Table 6. Linear Correlation (r) and Coefficient of Determination (R?) for chilling units

comparing mean productions and mean distributions for each site with these for other 32

sites.
Over Totalt By Month?
ID County Site
r R? (%) r R? (%)

1 Adair CMBA 0.987 97 0.996 99
2 Allen SCTV 0.988 97 0.986 97
3 Barren MROK 0.993 98 0.994 98
4 Breathitt QSND 0.918 84 0.998 99
5 Bullitt CRMT 0.986 97 0.999 99
6 Caldwell PRNC 0.986 97 0.997 99
7 Calloway MRRY 0.993 98 0.987 97
8 Carroll CRRL 0.965 93 0.994 98
9 Casey PCWN 0.999 99 0.997 99
10 Christian PGHL 0.999 99 0.993 98
11 Crittenden RPTN 0.978 95 0.993 98
12 Cumberland GRDR 0.915 83 0.994 98
13 Fayette LXGN 0.958 91 0.998 99
14 Franklin LSML 0.986 97 0.996 99
15 Grayson BLRK 0.989 97 0.994 98
16 Hopkins ERLN 0.964 92 0.990 98
17 Jackson OLIN 0.997 99 0.989 97
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Table 6 (continued). Linear Correlation (r) and Coefficient of Determination (R?) for
chilling units comparing mean productions and mean distributions for each site with these

for other 32 sites.

Over Total' By Month?
ID County Site

r R? (%) r R? (%)
18 Johnson BTCK 0.963 92 0.993 98
19 Knox BMBL 0.872 76 0.996 97
20 Lincoln LGNT 0.977 95 0.996 97
21 Logan RSVL 0.998 99 0.995 99
22 Madison ELST 0.987 97 0.990 98
23 Marshall DRFN 0.984 96 0.988 97
24 Mason WSHT 0.972 9 0.988 97
25 McLean PVRT 0.974 9 0.998 97
26 Mercer HRDB 0.986 97 0.999 99
27 Morgan WLBT 0.996 99 0.997 99
28 Ohio HTFD 0.983 96 0.998 99
29 Owen SWON 0.954 91 0.985 97
30 Rowan MRHD 0.979 95 0.985 97
31 Taylor BNGL 0.988 97 0.998 99
32 Union STVC 0.979 95 0.993 98
33 Warren FARM 0.987 97 0.993 98
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Table 6 (continued). Linear Correlation (r) and Coefficient of Determination (R?) for
chilling units comparing mean productions and mean distributions for each site with these

for other 32 sites.

For sites with 32 degrees of freedom, ‘r’ values of 0.811 or greater are significant at the

0.05 level.

For months with 7 degrees of freedom, ‘r’ values of 0.666 or greater are significant at

the 0.05 level.
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Table 7. Linear Correlation (r) and Coefficient of Determination (R?) for chilling units

comparing mean productions for each year with these for other 4 years

Years r R? (%)
2009-10 0.945 88
2010-11 0.848 70
2011-12 0.683 46
2012-13 0.914 82
2013-14 0.847 70

For years with 4 degrees of freedom, ‘r’ values of 0.339 or greater are significant at the

0.05 level.
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Average Accumulated Freezing Hours in Selected Counties
(Through September to April, below 32°F)

Accumulated Freezing Hours A
Unit: hour

[ ]eo- a0
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Fig. 6. Average accumulated freezing hours in selected counties (2009-10 to 2013-14).

Source: Kentucky Mesonet and US Census.
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Discussion and Summary

Perennial plants, including fruit and nut trees, evolved in the Temperate Region of
the earth. Their requirement for a chilling period following autumn leaf drop has been
known and studied for centuries. However, global warming is threatening long-
established relationships involving weather conditions necessary for processes involved
within the plant during the chilling period. This threat to continued fruit and nut
production has resulted in a new commitment to the study of chilling conditions.
Understanding of the chilling process is incomplete and its requirements vary among
plant varieties and local weather conditions. Thus, progress in maximizing chilling
conditions has been limited. Also, for validity, chilling studies need to be conducted at
several locations and years. Perennial trees require longer growth periods to reach sexual
maturity prolonging evaluation and selection of desired types.

In general, Kentucky has excellent resources for producing fruit and nut crops that
are adapted to the Temperate Region. Its record of production (Table 8) indicates that
great potential exists for increasing production of these crops. Those comparative
advantages includes favorable climate providing mild winter and summer temperature,
adequate amount and distribution of precipitation, suitability for both northern and
southern crop species, productive soils, and accessible markets. Although response of
crops to chilling conditions likely contribute to their assessment in variety trials, recent
increased concern about global warming has given greater emphasis to chilling
requirements.

Results of the present study are based upon observation from 33 sites over 5 years

and can be considered only as preliminary for establishing a foundation for local chilling
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Table 8. Fruit and Nut Production in Kentucky.

Total
Fruits Year Kentucky Warren County
Farms Acres Farms Acres
2012 554 962 13 58
Apples
2007 623 1,268 10 62
2012 411 626 3 D
Grapes
2007 385 618 2 D
2012 368 512 10 41
Peaches
2007 353 584 11 48
2012 316 358 15 40
Blueberries
2007 192 207 7 7

Source: USDA. (2012). Census of Agriculture. http://www.agcensus.usda.gov/
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inventories and of chilling hour production. Chilling hours were rather consistent over
sites and over years.

Chilling levels were generally adequate for Kentucky fruit and nut crops and were
compatible with those reported in the literature for other surrounding states. The data
suggest that the immediate problem will likely not be in the total production or
distribution of chilling hours, but rather in the early fulfillment of crop requirement.
Using data for peaches as example, in North Carolina, Parker and Werner (1993) and the
Cumberland Valley Nurseries (2012-13), reported mean and mode chilling hour
requirements of approximately 800. For North Carolina, varieties requiring fewer than
750 were considered high risk. In Kentucky, chilling hour accumulation of 800 occurred
about mid-January ending endodormancy and its protection from freezing; leaving two or
three months in which open buds are subjected to freeze damage. This risk could be
mitigated by selecting peach varieties with higher chilling hour requirements, thereby
extending endodormancy protection through more of the winter freezes. However, care
must be taken to avoid varieties with chilling requirements that receive insufficient
chilling and fail to be productive.

Further studies are needed to explore combinations in which margins exist
between requirements and availability that would tolerate further environmental warming.
Plant nurseries are providing chilling information on fruit and nut stocks. Orchardists can
select among and within crops for cultivars having different requirements.

These preliminary results suggest that available chilling hours exceed those
required by currently grown Kentucky plants. This margin will be extremely important

during the early period of response to global warming. Studies on the effects of climate
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change, especially California based research, show that warming is steadily reducing
chilling conditions. Continued production of some long-established fruit and nut crops is
in jeopardy. Also, warming delays fulfillment of chilling requirements and prolongs
opening of buds for the new crop, thereby shortening the growing season and lowering
fruit production.

Variation in chilling requirements among varieties within crops is evidence that
genetic variability exists and that breeding of new varieties of fruit and nut crops is likely
presently being directed toward chilling requirements. Also, utilization of MRI
technology for determining the end of endodormancy should provide an effective
selection procedure. Since perennial fruit and nut plants grown in the Temperate Region
can be propagated vegetatively, plants possessing desired chilling responses could be
increased as needed to most market demands. Chemical treatments that induce bud break
have shown promise and warrant further study. Although established perennial orchards
are fixed in place, sites for new orchards, whenever possible, should be located at higher
elevation or on the leeward side of massive bodies of water because of their colder
temperature and, consequently, reduced likelihood of fluctuations resulting in bud break
during brief warming periods.

The Kentucky Mesonet Weather System is continuing to add weather stations in
new sites. Meanwhile, approximately 20 additional sites are in the final year of the five-
year requirement for inclusion in the chilling study. Also, computer programs have been
developed enabling site data to be converted directly into chilling hour, thereby
eliminating large amount of time consuming calculation. The computerized processes

enable chilling data summaries and reports to be made available to orchardists, education
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agencies, and fruit gardeners in a short period. Successful managing of chilling
requirements depends upon information on both the fruit stocks and the environment.
Thus, suppliers of fruit propagations need to be encouraged to include pertinent chilling

information.
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Appendix A: Winter chilling required for overcoming the rest period in buds of various

deciduous fruit species.

Approximate number of hours below 45°F

Species
(7°C) and above freezing
American plums 700 to 1800 hrs
European plums 700 to 1700
Japanese plums 700 to 1000
Apple 800 to 1700
Pear 600 to 1400
Pistachio 1000
Sweet cherry 500 to 1300
Peaches and nectarines 400 to 1200
Persian walnuts 700 to 1500
Apricots 400 to 1000
Blueberries 650 to 1200
Almonds 200 to 500
Oriental persimmons Less than 100
Figs None
Grapes 200 to 500 (estimated)

Source: Hartmann, H.T. et al.,1988
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Appendix B: Chilling requirements of 112 peach varieties tested in North Carolina.

Variety (Examples) Chilling Requirement (hours)
Belle of Georgia 850
Blake 750
Elberta 850
Idlewild 550
Junegold 650
Nectar 1050
Raritan Rose 1000

Chilling hours distribution:

CH 550 600 650 700 /50 800 850 900 950 1000 1050

NV 1 1 10 2 29 2 39 8 15 3 2

Range: 550-1050, mean 824, mode 39 at 850, 29 at 750

CH: chilling hours

NV: number of varieties

Parker, M.L. and D.J. Werner. 1993.
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Appendix B (continued): Chilling requirements of 70 peach varieties.

Variety (Examples) Chilling Requirement (hours)
Flordadawn 300
Gulfcrimson 400

Southern Pearl 650
Majestic 800
Reliance 950
Intrepid 1000

China Pearl 1100

CH | 300 350 400 425 450 500 650 700 750 800 850 900 950 1000+

NV | 1 1 2 1 2 0 6 1 11 4 27 1 9 5

Chilling hours distribution:

Range: 300-1100, mean: 800, mode: 850

CH: chilling hours

NV: number of varieties

Cumberland Valley Nurseries, Inc. 2012-2013.
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Appendix C: Location of 33 Kentucky Mesonet sites included in the present study.

ID County Site Relative location Latitude Longitude Elevation (ft)
1 Adair CMBA Columbia 3 N 37.14° -85.29° 848
2 Allen SCTV Scottsville 2 W 36.74° -86.22° 818
3 Barren MROK  Glasgow 11 W 37.01° -86.11° 696
4 Breathitt QSND Jackson 3 SE 37.54° -83.34° 688
Shepherdsville 6
5 Bullitt CRMT 37.92° -85.66° 546
SE
6 Caldwell PRNC Princeton 2 SE 37.10° -87.86° 509
7 Calloway = MRRY Murray 1 W 36.61° -88.34° 568
8 Carroll CRRL Carrollton 2 E 38.69° -85.14° 472
9 Casey PCWN Liberty 3 SW 37.28°  -84.96° 958
10  Christian PGHL  Hopkinsville6 N 36.95° -87.52° 729
11 Crittenden RPTN Marion 4 NE 37.38° -88.04° 594
12 Cumberland GRDR  Burkesville3W  36.80° -85.43° 551
13 Fayette LXGN Lexington 7 S 37.97° -84.53° 1044
14 Franklin LSML Frankfort 7 S 38.12° -84.88° 748
15 Grayson BLRK Leitchfield 3 W 37.46° -86.34° 722
16 Hopkins ERLN  Madisonville4S  37.27° -87.48° 592
17 Jackson OLIN McKee 5 S 37.36° -83.97° 1319
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Appendix C (continued): Location of 33 Kentucky Mesonet sites included in the present

study.

ID County Site Relative location Latitude Longitude Elevation (ft)
18 Johnson BTCK Paintsville 4 W 37.83° -82.88° 755
19 Knox BMBL  Barbourville 3E  36.87° -83.83° 1016
20 Lincoln LGNT Stanford 4 NE 37.58° -84.62° 977
21 Logan RSVL  Russellville2 W 36.85° -86.92° 660
22 Madison ELST Richmond 8 E 37.72° -84.15° 860
23 Marshall DRFN Benton 4 N 36.92° -88.34° 469
24 Mason WSHT  Maysville 3 SW 38.62° -83.81° 909
25 McLean PVRT Calhoun 5 NW 37.59° -87.32° 404
26 Mercer HRDB  Harrodsburg3N  37.81° -84.84° 896

West Liberty 2
27 Morgan WLBT 37.90° -83.27° 1071
SW
28 Ohio HTFD Hartford 3 E 37.46° -86.86° 538
29 Owen SWON Owenton 5 E 38.55° -84.74° 870
30 Rowan MRHD  Morehead 4 NE 38.22° -83.48° 851
Campbellsville 7
31 Taylor BNGL 37.36° -85.46° 785
w
32 Union STVC  Morganfield4E  37.69° -87.84° 440
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Appendix C (continued): Location of 33 Kentucky Mesonet sites included in the present

study.

ID County Site Relative location Latitude Longitude Elevation (ft)
Bowling Green 5

33 Warren FARM 36.93° -86.47° 559

S
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Appendix D: Annual 5-year (2009-10 through 2013-14) average numbers (N) of
occurrence and durations (D) of freezing hours by sites and months at 33 Kentucky

Mesonet sites.

ID County Unit Total Sep Oct Nov Dec Jan Feb Mar Apr

N 103 103 103 101 87 64 37 15 2

1 Adair

D 952 952 952 948 886 654 315 79 5

N 93 93 93 91 81 58 32 12 1
2 Allen

D 872 872 872 868 819 603 278 63 0

N 99 99 99 97 85 62 35 13 2
3 Barren

D 930 930 930 925 867 635 296 67 1

N 125 125 125 122 101 76 49 24 5
4 Breathitt

D 1017 1017 1017 1012 927 683 337 99 9

N 108 108 108 105 91 68 40 18 3
5 Bullitt

D 1069 1069 1069 1064 995 732 358 87 7

N 103 103 103 101 88 65 38 16 2
6 Caldwell

D 1011 1011 1011 1006 945 685 329 73 4

N 89 89 89 88 77 55 29 10 0
7 Calloway

D 876 876 876 874 826 594 271 49 0

N 119 119 119 116 9 74 46 22 4
8 Carroll

D 1183 1183 1183 1177 1095 808 392 106 10

N 116 116 116 112 95 70 43 19 4
9 Casey

D 1070 1070 1070 1063 983 724 362 110 22
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Appendix D (continued): Annual 5-year (2009-10 through 2013-14) average numbers
(N) of occurrence and durations (D) of freezing hours by sites and months at 33

Kentucky Mesonet sites.

ID County Unit Total Sept Oct Nov Dec Jan Feb Mar Apr

N 96 96 96 95 85 61 35 14 1
10 Christian
D 965 965 965 963 914 660 311 64 1

N 95 95 95 94 84 61 35 14 1
11 Crittenden
D 1020 1020 1020 1018 967 697 335 68 1

N 123 123 123 119 98 73 45 19 4
12 Cumberland
D 083 983 983 975 885 657 320 85 8

N 135 135 135 133 121 98 71 17 2

13 Fayette
D 1043 1043 1043 1039 977 688 355 104 4
N 120 120 120 116 9 75 47 24 4
14 Franklin
D 1161 1161 1161 1154 1073 790 393 107 9
N 110 110 110 107 90 67 39 16 2
15  Grayson
D 1126 1126 1126 1119 1039 759 370 90 4
N 94 94 94 93 83 60 33 12 0
16  Hopkins
D 964 964 964 962 915 663 315 62 1
N 118 118 118 115 99 75 48 24 8
17 Jackson

D 1145 1145 1145 1137 1055 777 404 129 16

N 144 144 144 133 109 82 54 27 5
18 Johnson
D 1107 1107 1107 1097 989 709 396 123 10
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Appendix D (continued): Annual 5-year (2009-10 through 2013-14) average numbers
(N) of occurrence and durations (D) of freezing hours by sites and months at 33

Kentucky Mesonet sites.

ID County Unit Total Sept Oct Nov Dec Jan Feb Mar Apr

N 116 116 116 114 9% 72 45 20 3

19 Knox

D 926 926 926 921 846 625 302 88 6

N 111 111 110 107 91 68 41 17 3
20 Lincoln

D 1094 1094 1094 1088 1008 740 372 102 7

N 102 102 102 100 88 65 37 15 2
21 Logan

D 969 969 969 964 903 656 313 72 4

N 126 126 127 122 102 77 49 23 5
22 Madison

D 1180 1180 1180 1172 1070 788 405 119 11

N 96 96 96 94 83 60 33 12 0
23 Marshall

D 908 908 907 904 852 612 292 58 0

N 117 117 117 114 99 75 48 23 3
24 Mason

D 1253 1253 1253 1249 1163 861 438 128 8

N 109 109 109 106 91 66 38 16 3
25 McLean

D 1091 1091 1091 1084 1009 738 351 74 4

N 109 109 109 108 94 70 42 18 2
26 Mercer

D 1104 1104 1104 1101 1031 754 377 101 6

N 114 114 114 110 93 70 44 21 3
27 Morgan

D 1094 1094 1094 1088 1012 741 375 107 7
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Appendix D (continued): Annual 5-year (2009-10 through 2013-14) average numbers
(N) of occurrence and durations (D) of freezing hours by sites and months at 33

Kentucky Mesonet sites.

ID County Unit Total Sept Oct Nov Dec Jan Feb Mar Apr

N 156 156 156 153 138 66 38 15 3

28 Ohio

D 1021 1021 1021 1014 945 724 340 76 6

N 111 111 111 108 95 71 44 20 2
29 Owen

D 1253 1253 1253 1249 1173 858 426 117 7

N 123 123 123 118 98 76 49 24 6
30 Rowan

D 1196 1196 1196 1188 1093 801 407 122 12

N 123 123 123 115 98 74 46 22 4
31 Taylor

D 1047 1047 1047 1039 961 703 342 91 8

N 99 99 99 98 87 63 35 13 1
32 Union

D 1067 1067 1067 1065 1009 739 357 74 2

N 95 95 95 93 83 60 32 14 2
33 Warren

D 942 942 942 936 871 635 294 66 4
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