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Chilling and heat requirements for breaking dormancy and flowering were studied in 63 nectarine and
118 peach genotypes (Prunus persica (L.) Batsch) for seven years. We compared two methods for estima-
tion of requirements and four models for calculation of chill accumulation: Chilling Hours (CH), Chilling
Units (CU), Positive Chilling Units (PCU) and Dynamic, while heat accumulations were estimated in grow-
ing degree hours (GDH). Additionally, correlations between chilling requirements, heat requirements and
flowering date were established. Our results suggest that the Luedeling model is better than the Alonso
model to estimate chilling and heat requirements in our field conditions. Moreover, it is recommend-
able to calculate the chill accumulation in accordance with the Chilling Hours or Positive Utah models.
Additionally, since chilling requirements were positively correlated with flowering dates, they seem to
be important to regulate blooming in nectarine and peach genotypes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Bud dormancy, the inability of a meristem to resume growth
under favourable conditions (Rohde and Bhalerao, 2007), prevents
actively growing tissues from freezing injury during winter season.
Dormancy may be divided in two successive stages. Endodormancy
is induced in early autumn as a result of physiological changes that
inhibit bud development and is released after sufficient exposure
to chilling temperatures (Barros et al., 2012). At the following stage,
known as ectodormancy, flower buds growth mostly depends on
heat accumulation and this stage is considered to end at the anthe-
sis of 50% of the flowers. Chilling and heat requirements are specific
for each genotype and play a key role in the selection of materi-
als for a given geographical region (Bassi et al., 2006). Since early
bloom may cause important loss by frost while late bloom may
cause irregular floral development, dormancy is a trait that influ-
ences plantyield (Leidaetal.,2012). Thus, for successful production,
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accessions must be chosen to match the chilling regime of a par-
ticular location so that adequate chilling is received for normal
development but bloom is late enough to avoid frost (Okie and
Blackburn, 2011). Failure to meet the climatic requirements of
tree crops can have devastating consequences for growers because
orchards must remain productive over several decades to pay off
the investments needed for their establishment (Luedeling et al.,
2009a). Therefore, understanding the phenology would provide
not only an assessment about the performance and adaptation of
genotypes in certain growing areas, but also reliable information
for breeding programs and a better scheduling of cultural tech-
niques such as pest management and frost protection. In recent
years, the study of dormancy has piqued additional interest from
the perspective of global climate change to evaluate the impact
of possible changes in winter chill accumulation under different
scenarios (Rea and Eccel, 2006). Consequently, knowledge of tree
chilling and heat requirements has been a central theme of hor-
ticultural research. Unfortunately, as the state of dormancy buds
cannot be observed easily, there is no way to infer the endodor-
mancy breaking date directly from observations in the field. Several
approaches to estimate requirements were performed such as bio-
logical methods (Bassi et al., 2006), anatomical methods (Szabd
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et al., 2002), biochemical methods (Bartolini et al., 2004), detached
twigs (Egea et al., 2003) and changes in carbohydrate composi-
tion (Marquat et al., 1999). However, determination of the thermal
requirements for breaking dormancy under laboratory conditions
based on one year data must be carefully considered because chill
and heat accumulation were shown to be interdependent processes
(Alonso et al., 2005). Besides, these procedures are costly and time-
consuming when analyzing a large number of genotypes (Leida
et al., 2012). Thus, statistical models that rely on the analysis of
historical blooming dates have been developed to estimate chilling
and heat requirements for flowering (Alonso et al., 2005; Luedeling
et al., 2009b). In order to quantify chill and heat, researchers have
proposed several models that convert temperature records into a
metric of coldness or heat, respectively. Due to the lack of informa-
tion of the biochemical and physiological mechanisms controlling
dormancy, almost all models have been developed empirically or
statistically to fit the responses of tree species to local weather con-
ditions (Fan et al., 2010). In peach (Prunus persica (L.) Batsch), few
reports dealt with the estimation of chill and heat requirements.
The first estimates of chill requirements were quantified in 18 vari-
eties through the variation of dry weight in the flower buds method
(Tabuenca, 1964). Citadin et al. (2001) investigated differences in
heat requirement for blooming in 7 peach accessions using artifi-
cially chilled excised shoots and potted trees. Later, Pawasut et al.
(2004) determined chilling and heat requirements of 11 ornamen-
tal peach genotypes by the classical method of bud breaking, when
flower buds are able to sprout by placing branches in warm con-
ditions during the progress of dormancy. The same procedure was
employed by Razavi et al., (2011) to study the requirements for
breaking dormancy and flowering in 5 peach genotypes.

The aims of this study were to estimate the requirements for
flower bud break of 63 nectarine and 118 peach accessions grown
in Argentina and compare the accuracy of four chilling models and
two statistical methods. Moreover, we took advantage of these esti-
mates to find a relationship between the effects of chilling and heat
accumulation on blooming date.

2. Materials and methods
2.1. Data collection

Observations of nectarine and peach phenology have been
recorded at the Estacién Experimental Agropecuaria INTA, San
Pedro, Argentina (31°41'12°5-60°47'32°W) in 2003 and from 2005
to 2012. In order to estimate the requirement for floral bud break
we considered the date of anthesis for 50% of the flowers (F50) of
63 nectarine and 118 peach genotypes for at least four years. Geno-
types were arranged in a completely randomized design with three
replications, each of them consisted of three trees planted at5 x 4m
row spacing. Daily and hourly air temperatures have been recorded
at the meteorological station placed in the experimental field since
1965. We extracted daily and hourly mean temperatures between
1 May 2003 and 1 October 2011 from the complete dataset.

2.2. Chilling and heat models

To calculate the requirements for flower bud break we used four
chilling models that require hourly temperatures as input data.
The Chilling Hours model, also known as the Weinberger model,
calculates the accumulated ‘chill hours’ (CH) as the number of
hours when the temperature is between 0 and 7.2 °C (Weinberger,
1950). Although it was first developed for peaches in United States,
nowadays is widely used to describe accession requirements since
it is easy to understand and calculate (Okie, 1998). The second
model tested was the Utah model which quantifies the degree of

accumulated chilling in ‘chill units’ (CU). It assigns different weights
according to different ranges of temperatures and accounts for
negative influence of high temperatures during dormancy period
(Richardson et al., 1974). As in milder climates weather patterns
usually result in heat and chill units on the same day, unlim-
ited negation may be a problem. Therefore, Utah model has been
adapted by limiting or ignoring the chill negation. One of the mod-
ified versions is the Positive Utah model and has performed well
in warm regions such as South Africa. It consists on removing the
negative contributions of warm temperatures from the original
equation. Each temperature hour is treated independently and is
allocated a ‘positive chill unit’ (PCU), then they are summed over
(Linsley-Noakes and Allan, 1994). The last chilling model tested was
the Dynamic which is the only one that explains experimental evi-
dence from controlled temperature studies in Israel. It has been also
used in South Africa (Erez etal., 1990; Fishman et al., 1987a, 1987b),
Spain (Ruiz et al., 2007) and Chile (Pérez et al., 2008). It postulates
that winter chill accumulates in a two-step process. During the first
step, cold temperatures lead to the formation of a precursor for the
dormancy breaking factor. Then, once a certain quantity has accu-
mulated, the precursor can be transformed into Chill Portion (CP) by
a process that requires relatively warm temperatures. On the other
hand, the accumulation of heat was calculated as ‘growing degree
hours’ (GDH) (Richardson et al., 1975). Then, the minimum accu-
mulation of GDH per hour is 0°C GDH and the maximum amount
20.5°C GDH.

2.3. Estimation of chilling and heat requirements for flower bud
break

Two different procedures were carried on to estimate the chil-
ling requirements (CR) and heat requirements (HR) for flower bud
break. The methodology developed by Alonso et al. (2005) is based
on the temperature effects on blooming dates according to the dor-
mancy stage in almond. We defined a temperature matrix by the
number of days from 1 May (day 1) to 1 Oct (day 154) and years
(2005-2011) and the average of the mean daily temperature mea-
sured during a 5 days period was introduced in each cell. The matrix
of blooming dates was defined by two axes: years and genotypes.
Then, the vector of each day was correlated to the vector of bloom-
ing dates of each accession by calculating the Pearson coefficients
between both vectors and the endodormancy breaking date was
considered to be given by the first significant negative coefficient.
After that, chill was computed yearly until the transition date and
heat from that day to F50. The average chill and heat accumula-
tion were considered to be the CR and HR, respectively. The other
method was proposed by Luedeling et al. (2009) to explain walnut
phenology. It assumes that endodormancy ends when the chilling
requirements are fulfilled, whereas ectodormancy length is deter-
mined by the necessary time to complete the heat requirements.
Therefore, we plotted the accumulated chill since 1 May against
the heat that remains to be accumulated to flower bud break and
obtained a yearly curve per genotype. Since an approximation of
the theoretical intersection point was acquired, we were able to
estimate CR and HR for floral bud break for each accession.

2.4. Validation of modelled requirements

Inan attempt to confirm whether chilling and heat requirements
were properly estimated, F50 of 51 genotypes were predicted based
on hourly temperatures recorded in 2003 and modelled require-
ments. Then, expected dates were compared to the ones registered
in 2003 blooming season. We used two indicators of prediction
accuracy to verify if the statistical methods and chilling models
were useful to estimate the requirements for flower bud break. To
begin with, we calculated the differences between theoretical and
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Table 1
Chill accumulation in seven years according to Chilling Hours, Utah, Positive Utah and Dynamic models.
15-May 31-May 15-Jun 30-Jun 15-Jul 31-Jul 15-Aug 31-Aug

Chilling hours model
2005 13.0 70.0 26.0 55.0 50.0 143.0 68.0 62.0
2006 20.0 75.0 61.0 25.0 24.0 62.0 94.0 78.0
2007 78.0 101.0 125.0 141.0 199.0 133.0 157.0 148.0
2008 74.0 34.0 94.0 110.0 17.0 31.0 79.0 71.0
2009 28.0 55.0 125.0 106.0 104.0 152.0 85.0 50.0
2010 55.0 29.0 43.0 55.0 99.0 155.0 156.0 48.0
2011 32.0 22.0 60.0 88.0 93.0 115.0 75.0 107
Mean 429 55.1 76.3 829 83.7 113.0 102.0 80.6
Standard deviation 26.2 28.7 39.1 40.0 62.1 48.2 38.1 35.8
cv (%) 61.0 52.1 513 48.2 74.2 42.6 373 44.4
Utah model
2005 21.0 50.0 53.0 118.0 64.5 184.0 105.5 102.0
2006 14.5 84.0 74.0 98.0 46.5 73.0 132.0 54.5
2007 118.0 192.5 187.5 221.0 222.0 185.0 195.0 216.0
2008 31.5 46.0 108.0 198.5 0.0 127.0 101.5 26.5
2009 385 80.5 175.0 122.5 116.0 187.0 66.5 0.0
2010 29.0 28.0 1255 140.0 113.0 243.0 220 28.5
2011 1.0 98.5 153.0 148.5 109.5 194.0 50.5 181.5
Mean 36.2 82.8 125.1 149.5 95.9 170.4 124.4 87.0
Standard deviation 38.1 54.3 50.4 44.7 70.0 54.6 63.1 83.2
cv (%) 105.2 65.6 40.3 29.9 73.0 32.0 50.7 95.6
Positive Utah model
2005 70.0 141.0 73.0 142.5 116.0 2315 129.0 156.5
2006 108.0 125.0 126.5 1315 85.5 1155 162.5 1385
2007 125.5 217.5 216.5 222.0 228.0 2125 225.5 241.0
2008 139.5 63.0 150.0 2175 77.0 145.5 154.0 134.0
2009 85.5 113.0 198.0 169.5 164.5 197.0 155.0 95.0
2010 83,5 91.0 151.5 156.5 121.0 251.5 225.5 99.0
2011 83.5 126.0 176.0 159.5 144.5 2225 117.5 200.0
Mean 99.4 125.2 155.9 171.3 133.8 196.6 167.0 152.0
Standard deviation 25.6 48.2 47.7 35.3 51.6 48.9 43.0 52.9
cv (%) 25.7 38.5 30.6 20.6 38.6 249 25.7 34.8
Dynamic model
2005 3.0 5.7 4.0 7.3 6.0 8.4 7.2 7.5
2006 3.0 6.0 7.2 6.4 4.0 4.6 8.3 6.7
2007 6.1 10.6 9.0 10.4 10.6 10.0 9.6 10.7
2008 34 2.6 7.7 10.3 4.0 7.2 7.9 6.3
2009 1.8 4.9 8.3 8.0 8.7 10.2 5.4 45
2010 1.7 4.0 7.9 8.6 5.3 113 10.3 5.0
2011 3.0 7.0 8.9 8.2 7.4 10.9 5.2 11.1
Mean 3.1 5.8 7.6 8.5 6.6 8.9 7.7 7.4
Standard deviation 1.5 2.5 1.7 1.5 25 24 1.9 2.6
cv (%) 46.2 43.9 224 17.4 373 26.9 25.3 35.1

actual F50 and a modified version of Shapiro-Wilk normality test
was applied (Mahibbur and Govindarajulu, 1997). Then, differences
between groups were evaluated by paired t-test for normally dis-
tributed data or Wilcoxon signed rank test for skewed data. We also
performed a classical linear regression between the estimated and
actual F50 verifying if the residuals were normally distributed. Nev-
ertheless, if the assumption of normality was violated, robust linear
regression was achieved. Finally, we tested if the slope and the ori-
gin of the regression equation were equal to 1 and 0, respectively.
Analyses were performed with R Development Core Team (2013),
SAS Institute Inc. (2011) and InfoStat (Di Rienzo et al., 2013).

3. Results and discussion
3.1. Chilling accumulation in field conditions

Chilling accumulations were calculated by the four models from
1 May to 31 August at the experimental station during 7 consecu-
tive years and are presented in Table 1. In our field conditions, the
average chilling accumulation during May is generally rather low
while the most efficient month is July. These results were consistent
with all chilling models. The coefficients of variation (cvs) allow a
comparison among models. The most homogeneous results along
with years were obtained with the Positive Utah model and the

Dynamic model. On the other hand, the variability achieved with
the Utah model was very high as the cv; for the chilling accumu-
lation of each fortnight were approximately twice those obtained
with the modified version and the Dynamic model. Considering
the cvs of each range of time obtained with the Dynamic and Utah
models, the first fortnight of May and the last fortnight of June had
the highest and lowest variation among years, respectively. When
chill was quantified according to the Chilling Hours Model, the first
fortnight of July and August had the highest and lowest variation
among years, respectively. However, those obtained with the Pos-
itive Utah model were homogeneously distributed in all periods of
time.

3.2. Chilling and heat requirements for breaking dormancy

Chilling and heat requirements for breaking dormancy and flow-
ering were estimated according to the models proposed by Alonso
and Luedeling. Fig. 1 shows an example of the estimation of the
endodormancy breaking date according to the Alonso model. On
the other hand, Fig. 2 depicts an example of chilling and heat
requirements estimation by the Luedeling model.

Some of the estimated requirements are in Table 2. The first
accession to break endodormancy depends on the model used to
estimate the CR. Among the cultivars shown in the table, in the cli-
matic conditions of San Pedro, genotype Lara (98 CH, 103 CU, 225
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Fig. 1. Establishment of endodormancy breaking of ‘Maria Delizia’ cultivar by analysing the evolution of the correlation coefficients between the average temperatures in
a 5 days period and the date of full bloom during the 2005-2011 seasons. The arrow indicates the first negatively significant correlation coefficient obtained, and thus the

endodormancy breaking date.
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CPU, 9 CP) is the first to break endodormancy, considering the esti-
mates obtained by Alonso model, and accessions Late Dwarf (71 CH,
5 CU) and Flordaglo (46 PCU, 1 CP) are the first to break endodor-
mancy according to the requirements estimated by the Luedeling
model. On the other hand, the lowest heat requirement estimated
by Alonso model corresponds to Gala (1348 GHD), whereas the
lowest values obtained by the Luedeling approach belong to geno-
types Maria Anna (5853 GDH, 4275 GDH, 4617 GDH) and Early
Giant (3960 GDH), considering the Chilling Hours, Utah, Dynamic
and Positive Utah models, respectively. The requirements showed
a huge variability not only among accessions but also among mod-
els. So as to conclude which approach is the best for our germplasm
collection, a validation of the modelled requirements must be per-
formed.

3.3. Validation
Predicted blooming dates were compared with the observed

ones during 2003 season. The analysis revealed significant differ-
ences between expected and actual F50 when we considered the

chilling requirements in CU, PCU and CP and heat requirements
in GDH obtained by the Alonso model. The same results were
achieved when we calculated the blooming dates based on the
chilling requirements in CU and CP and heat requirements in GDH
obtained by the Luedeling model. In contrast, we did not obtain
significant differences between registered and modelled F50 when
we considered the requirements estimated by the procedure pro-
posed by Luedeling with Chilling Hours and Positive Utah models
(Table 3). Chilling requirements estimated by the Alonso model in
CH were not included in the analysis since we were able to predict
the F50 of only 15% of the accessions tested. As the requirements
were overestimated, it seemed that winter cold of 2003 season
had not been enough for flower bud to release endodormancy in
85% of the genotypes studied. However, as all accessions had flow-
ered in that season we conclude that those requirements were not
accurately estimated.

Additionally, we evaluated the models through a classical or
robust linear regression between estimated and actual F50 if the
distribution of regression residuals was normal or not, respectively.
After testing if the slope and the origin of the regression equation
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Table 2

Average blooming dates and requirements for breaking dormancy estimated by Alonso and Luedeling models.
Cultivar Mean F50°  Alonso Luedeling

CR HR CR HR
(CH) (CU) (PCU) (CP) CH/CU/PCU(GDH) (CH) (CU) (PCU) (CP) CH(GDH) CU(GDH) PCU(GDH) CP(GDH)

Nectarine
Caldessi 2000 254 633 745 1179 54 2640 316 210 732 33 9002 11004 8294 8291
Early Giant 256 636 776 1201 56 2796 342 249 1111 46 8677 10260 3960 5772
Firebrite 253 646 757 1206 55 1794 308 198 735 34 7498 9436 6933 7054
Lara 218 98 103 225 9 10242 93 47 219 9 9338 8699 8973 8809
Maria Anna 257 631 774 1194 55 3393 426 392 1005 46 5853 4275 4489 4617
Maria Lucia 251 667 816 1240 57 15131 413 244 1112 47 6777 9933 3964 4901
May Glo 214 101 108 227 9 9039 98 84 275 12 8242 7367 7413 7296
Roseprincess 254 646 757 1206 55 2077 313 207 741 33 9000 11201 8248 8288
Sunraycer 212 131 144 275 11 8728 90 45 226 10 9086 8852 8642 8396
Peach
Babygold 5 268 642 786 1219 56 5464 498 364 1186 53 8505 10797 5148 5481
Fireprince 256 631 774 1194 55 2938 341 226 863 36 8488 10783 7133 8007
Flordaglo 201 244 269 538 24 1830 79 11 46 1 8394 12588 12973 13571
Gala 247 631 774 1194 55 1348 306 206 858 30 7415 9433 5075 7399
Guglielmina 266 642 786 1219 56 5115 488 381 1137 51 8543 10737 6136 6509
Late Dwarf 249 331 409 668 30 8978 71 5 148 6 16493 17784 16396 16018
Maria Delizia 266 631 774 1194 55 5576 338 223 1135 47 11504 13723 6148 8187
Maria Marta 257 644 752 1196 55 2829 327 212 771 34 9252 11406 8429 8581
Rich Lady 240 325 404 657 30 6985 73 6 161 11 14086 15116 14137 12034
Rosa del West 269 644 752 1196 55 6211 434 378 1145 51 9879 11360 6106 6572

@ Days after 1 January.

Table 3
Results of t and Wilcoxon tests of differences between predicted and actual blooming
dates.

t-test Wilcoxon
t value Z value
Alonso-Utah model -4.70"™"
Alonso-Positive Utah model —5.79"
Alonso-Dynamic model 588"
Luedeling—Chilling Hours model —0.99ns
Luedeling-Utah model 6.03""
Luedeling-Positive Utah model —1.58ns
Luedeling-Dynamic model -2.13"
ns,%""": non-significant or significant at P<0.05 or P<0.001, respectively.

Table 4

Results of the test for the null hypothesis that slope (m) and origin (h) of the regres-
sion equation were equal to 1 and 0, respectively. Values obtained for the slope (m),
origin (h) and coefficient of determination (R?) of each linear regression.

Fvalue M h R?

Classical linear regression

Luedeling-Chilling Hours model 217" 1.16 —40.28 0.79
Luedeling-Positive Utah model 2.60ms 1.13 -32.95 0.80
Luedeling-Dynamic model 2.88ns 1.12 -31.55 0.69
Robust linear regression

Alonso-Utah model 2447 0.73 80.19 0.48
Alonso-Positive Utah model 158.8™ 0.76 70.73 0.55
Luedeling-Utah model 173" 0.99 -0.79 0.64
Alonso-Dynamic model 298.4M 0.68 92.10 0.58

ns. """ non-significant or significant at P<0.001, respectively.

were 1 and 0, respectively, we conclude that the Luedeling model is
better to estimate CR and HR for flower bud break of nectarine and
peach genotypes than the Alonso approach when the Chilling Hours
or Positive Utah models are applied in our field conditions. More-
over, when the Dynamic model is applied both methods seem to
estimate the requirements correctly (Table 4). However, based on
the coefficients of determination and the results shown in Table 3, it
is recommendable to calculate the chilling accumulation in accor-
dance with the Chilling Hours or Positive Utah models and estimate
the requirements for flower bud break by the Luedeling method in
our field conditions.

3.4. Chilling requirements, heat requirements and blooming dates

Once we recognized that requirements were accurately esti-
mated by the Luedeling approach when we quantified chill in CH
or PCU, we measured the strength of association between those
requirements and average blooming dates. As the variables were
not normally distributed, Spearman’s rank correlation analysis was
used. The analysis revealed that the correlations between chilling
requirements and average F50 were 0.69*** and 0.73***, when they
were estimated in CH and PCU, respectively. On the other hand, cor-
relations between heat requirements and average blooming dates
were 0.08™ and —0.04"5, when they were estimated considering
a data set based on chill accumulation in CH and PCU, respec-
tively. Thus, only the associations between average F50 and chilling
requirements for flower bud break are significantly positive. Conse-
quently, accessions with low CR will flower earlier than genotypes
with high CR. In agreement with our results, studies carried on
in south-east Spain showed that flowering date of some almond
accessions was influenced more by chilling than heat requirements
(Egea et al., 2003) as well as differences in chilling requirements
had stronger influence on blooming date of sweet cherry geno-
types than do heat requirements (Alburquerque et al., 2008). In
addition, our results suggest that in the climatic condition of San
Pedro, chilling requirements seem to be more important than heat
requirements to regulate blooming date in nectarine and peach
accessions due to the late satisfaction of chilling, mostly in August.

4. Conclusions

The Luedeling method was reliable for estimating chilling and
heat requirements for flower bud break from historical blooming
dates of nectarine and peach trees grown in the Estacién Exper-
imental Agropecuaria INTA, San Pedro, Argentina. Our analysis
clearly made the Chilling Hours and Positive Utah models stand
out as the most accurate ways of quantifying winter chill in our
field conditions. Moreover, our results suggest that chilling require-
ments have stronger influence on blooming date than do heat
requirements of nectarine and peach genotypes. Knowledge of the
requirements for flowering is important not only to select acces-
sions according to the climatic conditions but also to choose parents
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in breeding programs concerning blooming date. Additionally, this
information would allow progress in research on control mecha-
nisms for the activity-dormancy cycle in buds as well as on the
impact of climate change on peach phenology.
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