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Abstract. Determining the chilling requirement for ‘Sirora’ pistachio (Pistacia vera L.)
production in Australia and monitoring winter chill accumulation is desirable to allow
growers to take timely mitigating action in years of insufficient chill. Based on greenhouse
work, historical data analysis, and field validation, the Chilling Hour, Utah, and Dynamic
Models were compared. The Dynamic Model produced the best determination for
fulfillment of chilling requirement with 59 chill portions. The required number of growing
degree-hours above 4.4 8C from chill fulfillment to 50% bloom was 9633. Relations
among the level of fulfillment of chilling requirement, bloom delay, and yield are
discussed.

Cool winter temperatures are required by
many fruit and nut trees that originate from
temperate or cool subtropical regions to over-
come winter dormancy (Erez, 2000; Samish,
1954; Saure, 1985). Sufficient winter chill
results in homogeneous and simultaneous
flowering (Luedeling et al., 2009c). When
fruit and nut crops are grown outside their
traditional growing regions, estimating the
amount of chill required and that which is
available is important (Luedeling et al., 2009a).
‘‘In order to select appropriate fruit and nut
species and cultivars for the climate of a given
site, researchers have developed chilling models,
which convert temperature records into a metric
of coldness’’ (Luedeling et al., 2009c).

The chilling process in trees is not com-
pletely understood and it is difficult to produce
a model that perfectly explains the accumula-
tion of winter chill (Dennis, 2003; Erez, 2000;
Saure, 1985). Chilling models can be used
to determine the chilling requirement of a cul-
tivar and the chill available at a particular
location; however, they are not completely
accurate (Luedeling et al., 2009a). Quantita-
tive measurements of winter chill are required
to determine the suitability of a cultivar to a
particular growing region, to determine the
timing of management practices such as ap-
plying rest-breaking chemicals, and to predict

yield potential. Understanding the effect of
dormancy completion level on interannual
variation can also be facilitated by the use of
chilling models (Luedeling et al., 2009c).

The Chilling Hour Model is one of the
earliest, developed in the 1930s (Chandler and
Tufts, 1934) and 1940s (Yarnell, 1940) and is
the simplest. Bennett (1949) quantified winter
chill as the number of hours 0 to 7.2 �C (32 to
45 �F), whereas Weinberger (1950) suggested
using the number of hours 7.2 �C or less (45 �F)
during the winter season. Luedeling et al.
(2009c) proposed that ‘‘freezing temperatures
did not contribute to winter chill accumula-
tion’’ and used 0 to 7.2 �C and denoted it the
Chilling Hour Model. However, it has been
found that high temperatures have a negative
chill contribution (Richardson et al., 1974).
Erez and Lavee (1971) reported that 10 �C was
approximately half as efficient in breaking
dormancy as 6 �C. The Utah Model, a weighted
Chilling Hour Model with high temperatures
having a negative effect on chilling accumula-
tion, was developed in the 1970s (Richardson
et al., 1974). This model has been adapted to
adjust to varying climatic conditions. Norvell
and Moore (1982) extended effective temper-
ature ranges compared with the Utah Model.
Shaltout and Unrath (1983) adjusted the re-
lationship between chill units and temperatures
by assigning greater chill contribution to lower
temperatures and more negative effect to
temperatures greater than 21 �C (North Caro-
lina Model). Disregarding chill units accumu-
lated on days when there is a negative total has
been found to be more suitable in marginal
areas in South Africa (Allan et al., 1995).
This model is called the Positive Utah Model
(Linsley-Noakes et al., 1995).

All these models treat the effect of hourly
temperatures on chilling accumulation, in
mathematical terms, as a time-homogeneous

stationery process. In other words, they assume
that 2 h at the same temperature recorded at
different times in a long-term observation con-
tribute equally to the breaking of dormancy
(Fishman et al., 1987a). Results obtained by
Erez et al. (1979) in experiments with peri-
odically changed temperatures contradicted
this assumption. ‘Redskin’ peach plants were
exposed to differing temperatures for cycles
of 1, 3, 6, and 9 d with temperatures of 4 to
6 �C for two-thirds of the cycle length and
24 �C for the remaining one-third of the cycle.
Each cycle was repeated until all plants were
exposed to 1150 chilling hours, or 575 chill
units based on the Utah Model. However,
plants showed significantly different responses;
when plants were exposed to cycles of greater
length, a higher percentage of budbreak was
observed. The same amount of high tempera-
ture when applied in long cycles resulted in less
chilling negation. Because stationary processes
do not sufficiently explain these results, non-
stationary and time-inhomogeneous processes
should be introduced to chilling models. This is
implemented in the Dynamic Model.

The Dynamic Model (Fishman et al.,
1987a, 1987b) was developed in the 1980s
and defined a new concept for the negation
process. Winter chill is assumed to accumu-
late in a two-step process. Cold temperatures
initially result in the formation of an inter-
mediate chilling product; high temperatures
can destroy this product. Once a critical amount
of this chilling product has accumulated, it
converts to a chill portion, which cannot be
destroyed. A certain chill portion accumula-
tion indicates fulfillment of chilling require-
ment. Although a few papers support the
Dynamic Model on peach (Allan et al.,
1995; Erez et al., 1990), apricot (Ruiz et al.,
2007), and walnut (Luedeling et al., 2009c),
the Dynamic Model has not been widely
adopted (Luedeling et al., 2009a). Studies of
chill requirements in pistachio have mainly
used the Chilling Hour and Utah Models
(Afshari et al., 2009; Rahemi and Pakkish,
2009). The amount of chill required for ‘Sirora’
pistachio grown in Australia has not been
established.

After chill fulfillment, temperatures above
some base level will result in growth and bud
development (Richardson et al., 1975). Grow-
ing degree-hours (GDH) are the number of
hours of heat required for budbreak or bloom
after the chilling requirement is fulfilled. A
few models for GDH have been proposed in
this area (Anderson and Richardson, 1987;
Richardson et al., 1974, 1975).

The Australian pistachio industry was es-
tablished in southeastern Australia in the
early 1980s and nut bearing began in the early
1990s with full yield production reached in
the early 2000s. The climate is classified as
warm grassland using a modified Köppen
classification system (Stern et al., 2000). In
general, winter maximum temperatures range
from 16 to 19 �C and minimum temperatures
4 to 8 �C with 5 d of 0 �C or less. Figure 1
shows two extreme winters at two locations
within this region. In Winter 2005, chill was
low, whereas high chill was experienced in
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Winter 2006. Typical winters fall between
these extremes.

In Spring 2005, budbreak was clearly de-
layed, for most orchards, by 1 month with
some buds breaking 2 months and even 4
months late. This suggested a lack of winter
chill. Winter oil application is a useful agent
to overcome low-chill winters (Beede and
Ferguson, 2002) and is used by growers to
promote even and timely budbreak. The de-
cision to apply oil to alleviate low chill needs
to be made before 31 Aug. Mid–late August
is the best time for winter oil application
in Australia or mid–late February in the
United States (northern hemisphere) (Beede
and Ferguson, 2002). Thus, by mid-August,
growers need a prediction of chill accumula-
tion to decide whether to apply oil.

This article reports on the evaluation of three
chill models to determine the chilling require-
ment for ‘Sirora’ pistachio trees in southeastern
Australia to calculate chill accumulation using
historical data and to predict the necessity for
winter oil application after mild winters.

Materials and Methods

Models
Chilling Hour Model. The Chilling Hour

Model sums the number of hours with tem-
peratures between 0 and 7.2 �C from 1 May to
31 Aug. each year.

The Utah Model. Hourly temperatures are
transferred into Utah chill units according to
Table 1 (Richardson et al., 1974). Because
negative chill units accumulate above 16 �C
and the average late summer temperatures
exceed this threshold, a plot of chill unit

accumulation in late summer gives an in-
creasingly negative curve until average tem-
peratures drop below negation levels (16 �C)
and positive chill unit accumulation begins.
This maximum negative accumulation can be
used as the starting point for physiological
chill unit accumulation. Such a ‘‘point event’’
works well in temperate zone climates with
definite seasons (Seeley, 1996). We began
calculating chill unit accumulation on 1 Mar.
and ended on 31 Aug. each year. The equiv-
alent time in the northern hemisphere is 1
Sept. to the end of February.

The Dynamic Model. The equations used to
calculate chill portions are more complex than
the other models. Although they are difficult to
derive from the original publications, Luedel-
ing et al. (2009c) extracted them from a spread-
sheet commonly used by practitioners:

xi =
eslp�tetmlt� T k �tetmltð Þ=Tk

1 + eslp�tetmlt�ðT k �tetmltÞ=Tk

xs =
a0

a1
� e
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t > t0LinterEt�1
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chill portionst =
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8<
:

The experimentally derived constants slp,
tetmlt, a0, a1, e0, and e1, were set to 1.6, 277,
139,500, 2.567 · 1018, 4153.5, and 12,888.8,
respectively (Erez et al., 1988). Tk is the
measured hourly temperature in Kelvin,
whereas t denotes the time during the season
(in hours) with t0 being the starting point
of chilling accumulation. As a result of the
self-limiting effect of the destruction of the
intermediate product, this model starts accu-
mulation automatically. However, our calcu-
lation started on 1 Mar. and ended at 31 Aug.
each year.

The number of portions accumulated be-
tween 15 Aug. and 31 Aug. was also calcu-
lated to allow the estimation of the number of
portions that needed to be accumulated by
15 Aug. to enable timely decisions on the
application of dormancy-breaking chemicals
to be made.

Growing degree-hours. A model for GDH
from Shaltout and Unrath (1983) was used.
It is

GDH =
X
ðTm� 4:4�CÞ

where Tm is temperature at a given hour in
the day; 4.4 �C is the base temperature, or, if
any hour has a temperature 4.4 �C or less, it
was recorded as 0.

Greenhouse. In Winter 2006 to 2010, 10
shoots from five 15- to 19-year-old ‘Sirora’
pistachio trees were taken weekly from Dare-
ton Research Station, Industry and Invest-
ment, New South Wales (long. 34�05# S, lat.
142�00# E). The trees were grown under
normal cultivation without winter oil appli-
cation. The shoots were put into a vase with
water in a greenhouse at 23 ± 1 �C for 3
weeks. After 3 weeks, percentages of buds
reaching the cluster appearance stage (Zhang,
2006) were recorded. When 50% budbreak
occurred in 2 consecutive weeks, fulfillment
of chill requirement was said to have been
reached in the first of those weeks. Chilling
hours, chill units, and chill portions were
calculated using hourly temperature records
taken from a weather station located at the
research station. Each year the flowering date,
when 50% of flower buds had reached the
loose cluster stage, was recorded for these five
trees.

Correlation between historic winter chill
and observed yields and validation of model
prediction of chill accumulation. The major-
ity of pistachio production in Australia is
located around Renmark (long. 34�11# S, lat.
140�45# E) and Mildura (long. 34�11# S, lat.
142�09# E). Historical hourly temperature
data from Bureau of Meteorology weather
stations from both Renmark and Mildura
were used to calculate chill accumulation
using the three models for the period 1999
to 2005. Data from 2006 to 2010 were used
to validate each model’s determination of
chill accumulation. Where there were several

Fig. 1. Daily maximum and minimum winter temperatures (May to September) for Mildura and Renmark
2005 and 2006.

Table 1. Conversion of selected temperatures to chill units (Richardson et al., 1974).

Temperature (�C)
Less than

1.4 1.5–2.4 2.5–9.1 9.2–12.4 12.5–15.9 16–18
Greater
than 18

Chill units 0 0.5 1 0.5 0 –0.5 –1

HORTSCIENCE VOL. 46(3) MARCH 2011 421



consecutive missing hourly values, these values
were estimated by averaging the temperatures
immediately before and after. No hourly data
were available for Mildura or Renmark on 8
July 2001; the missing values were estimated
using the daily minimum and maximum tem-
perature. Flowering dates (50% of flowers at
loose cluster stage) in these areas were also
recorded for orchards with and without oil to
compare the effects of winter oil application on
flowering dates since 2006. Between 2000 and
2010, yield was recorded from four orchards in
the Renmark region and six in the Mildura
region.

Results

Greenhouse. Chill in Winter 2006 was
high. Shoots collected on 10 Aug. reached
50% budbreak in the greenhouse, indicating
fulfillment of chill requirement. In the field,
50% bloom occurred on 20 Sept. (Table 2).
This was extremely early compared with
historical bloom dates, which were approxi-
mately early October. Chill in Winter 2008
and 2010 was high. The chill requirement
was fulfilled on 3 Sept. and 25 Aug., respec-
tively, and the bloom date was close to average.
Winters 2007 and 2009 had low chill accumu-
lation. The dates of fulfillment of chill re-
quirement were late and the 50% bloom dates
were much later than average.

Each winter the Dynamic Model pro-
duced similar results with chilling fulfillment
occurring between 58 to 62 chill portions
(Table 2). The difference between the lowest
and the highest was only 6.5%. Variations in
fulfillment of chilling requirement from the
Chilling Hour and Utah Models were much
greater with 39% (412 to 677 chilling hours)
and 30% (752 to 1123 chill units) difference
between the lowest and highest, respectively.

GDH requirements for bloom, after ful-
fillment of the chilling requirement, were
also calculated based on greenhouse work.
In Spring 2006, at Dareton Research Station,
GDH from fulfillment of chilling require-
ment (10 Aug.) to 50% bloom was 9633.
Based on GDH of 9633, 50% bloom dates
were predicted and listed in Table 2. In 3 of
the 4 years, the predicted bloom date was
within 1 d of the actual date. However, the
prediction in 2007 was very poor; by the end
of August, chill portions were below the
chilling requirement with bloom in the field
occurring 20 d after the predicted date. The
bloom date for the five trees at Dareton was
later than other orchards in that area, which
bloomed only 2 weeks after the predicted
date.

Correlation between historic winter chill
and observed yield. Figure 2 shows the bi-
ennial bearing pattern of pistachio production
between 2000 and 2010 in selected orchards
in the Mildura and Renmark regions. In the
Mildura region, the biennial bearing pattern
was clear; 2001, 2003, 2005, 2007, and 2009
were ‘‘on’’-years. In the Renmark region,
2001, 2005, 2007, and 2009 were clearly
‘‘on’’-year crops but 2003 was not. This re-
sulted in very even yield between 2001 and

2004 but a large increase in 2005. This in-
dicates factors other than biennial bearing
influence yield. Winter chill for Renmark in
2002 was low. This is supported by observa-
tions of uneven budbreak. This low chill may
have led to relatively low yield in the ‘‘on’’-
year of the biennial bearing cycle.

Another low-chill winter in both the Mil-
dura and Renmark regions was Winter 2005.
Bloom in 2005 was late and in some orchards
bloom was delayed by more than 4 weeks and
some flowers were still emerging in Feb. 2006,
just before harvest.

Results from the Winter 2006 greenhouse
work (Table 2) were used as standards for
each chill model to compare historical chill
and industry yield records. The Dynamic
Model correctly indicated the chill in all
years when matched to evenness of flowering
(Table 3) and yield records (Fig. 2). How-
ever, the Chilling Hour Model incorrectly

indicated that 1999 and 2003 were low-chill
years for Renmark. In these years, yield data
and evenness of budbreak indicated sufficient
chill. Similar inaccurate predictions were made
for Mildura in 1999, 2001, 2002, 2003, and
2004. The Utah Model indicated poor chill for
Renmark in 1999, 2001, 2003, and 2004 when
industry yield records indicated sufficient chill.
Average yield in Renmark was low in 1999 as
a result of orchards there were just beginning to
bear commercial quantities. Budbreak in these
orchards was even. The Utah Model indicated
low chill in Mildura in 2002 and 2005;
however, in 2002, observations showed even
budbreak and high yield.

Model prediction validation. Since Win-
ter 2006, chilling accumulations were calcu-
lated using the three models. Winter 2006 had
very high chill (Table 4) and warm weather in
September led to budbreak in spring being
10 d earlier than usual. However, in 2006,

Table 2. Accumulation of chilling hours, chill units, and chill portions for chilling requirement each winter
with predicted (based on 9633 GDH established in 2006) and actual bloom dates and field GDH (twigs
taken from Dareton Research Station, Industry and Investment, New South Wales).z

Winter
Chilling

fulfillment date
Chilling

hours
Chill
units

Chill
portions

50% bloom
date predicted

50% bloom
date in the field GDH

2006 10 Aug. 645 990 59 20 Sept. 9,633
2007 13 Sept. 677 919 58 8 Oct. 7 Nov. 17,297
2008 3 Sept. 569 1,078 62 9 Oct. 10 Oct. 9,818
2009 9 Sept. 412 752 60 17 Oct. 16 Oct. 9,411
2010 25 Aug. 535 1,123 61 9 Oct. 10 Oct. 10,063
zChilling hours calculated from 1 May to chilling fulfillment date and chill units and chill portions
calculated from 1 Mar. to chilling fulfillment date.
GDH = growing degree-hours.

Fig. 2. Average yields (kilograms per hectare) for six orchards in the Mildura region and four orchards in
the Renmark region, 2000–2010.

Table 3. Observations of evenness of budbreak and chilling accumulations calculated using historical data
from weather stations at Mildura and Renmark.z

Winter

Evenness of budbreak Chilling hours 645y Chill units 990y Chill portions 59y

Renmark Mildura Renmark Mildura Renmark Mildura Renmark Mildura

1999 Even Even 602x 600x 818x 1028 59 66
2000 Even Even 706 715 1097 1291 70 75
2001 Even Even 645 635x 955x 1062 64 63
2002 Uneven Even 591 640x 764 940x 56 59
2003 Even Even 620x 629x 953x 1037 63 64
2004 Even Even 652 625x 971x 1100 63 65
2005 Very

uneven
Very

uneven
604 574 829 894 55 57

zChilling hours calculated from 1 May to 31 Aug. and chill units and chill portions calculated from 1 Mar.
to 31 Aug.
yChill standard for each model calculated from 2006 chill accumulation at Dareton Research Station.
xA poor match between the observed evenness of budbreak and the chill predicted by the model.
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when Renmark only had 974 chill units (Table
4), this was not reflected in the observed
budbreak and yield was excellent. All the
models determined that in Renmark Winter
2007 would have low chill and this was re-
flected in the observed lack of evenness in
budbreak. In that year, winter oil application
advanced budbreak more than 2 weeks. Chill
in Mildura in 2007 was satisfactory; how-
ever, chill units observed at Mildura were
below the standard although budbreak was
even and yield was reasonable. Chill in 2008
was satisfactory; winter oil advanced bloom
by 1 week or less. Winter 2009 had low chill
and all models determined this. Orchards
without winter oil application in 2009 still
had flower buds bursting in early December
and the effects of low chill on crop yields
were clearly visible. In 2010, the Chilling
Hour Model predicted that chill would be
satisfactory in Renmark but in Mildura, there
was one less chilling hour than required; the
other two models predicted high chill. Ob-
servations of even budbreak and winter oil
application advancing budbreak by less than
1 week indicate satisfactory chill.

Over the 5 years, the Dynamic Model
produced more reliable determination than
the other two models.

Decision-making for winter oil applica-
tion. Table 5 lists the increase in chill portions
between 15 Aug. and 31 Aug. in Mildura and
Renmark. The minimum gain in the last 12
years was three in Mildura and four in Ren-
mark. To allow for variance, we assume that
two chill portions can be obtained in this
period. Thus, 57 chill portions accumulated
by 15 Aug. indicates chilling requirements

will be fulfilled. If chill accumulation is below
this on 15 Aug., winter oil should be applied.

Discussion

The pistachio industry in Australia re-
quires a reliable model to determine the
accumulation of chill to assist in orchard
management decisions. Provided the role of
chilling models as nothing more than proxies
for winter chill is recognized, using a chilling
model to quantify both a cultivar’s chilling
requirement and the amount of chill available
at a given location becomes possible, if not
completely accurate (Luedeling et al., 2009a).
The Dynamic Model has been found to be
better or at least equal to the Utah Model in
studies at various locations (Alburquerque
et al., 2008; Allan et al., 1995; Luedeling
et al., 2009a; Ruiz et al., 2007; Viti et al.,
2010). In our study, the range of chill portions
measured was relatively small (58 to 62). In
late August and early September, between
two and six chill portions can accumulate in 1
week and had we collected samples more
frequently, the range may have been smaller.
After 5 years of observations it appears that
the chill requirement for ‘Sirora’ pistachio is
59 chill portions. In those years when chill
portions reached 59, no reduction in yield
resulting from chill was observed. The only
year when greenhouse experiments indicated
a chill requirement of less than 59 chill
portions was 2007, which was also the only
year when poor correlation between pre-
dicted and actual bloom was observed at the
Dareton Research Station. This discrepancy
may be the result of inconsistencies in the

10-shoot samples collected. At Renmark, chill
portions were less than 59 in 2002, 2005,
2007, and 2009, all years when observations
of uneven budbreak and poor yield also in-
dicated that these were years with insufficient
winter chill. Mildura had chill portions of less
than 59 in 2005 and 2009, which correspond
with observations of uneven budbreak and
low crop if no winter oil was applied.

The large variation produced by the other
two models makes selecting a chilling re-
quirement value for these difficult. There was
poor correspondence between the calculated
chill and observed budbreak with both the
Chilling Hour and Utah Models. The Chilling
Hour Model focuses on hourly temperatures
between 0 and 7.2 �C. However, in the Mildura
and Renmark regions, hourly temperatures
7.2 �C or less are usually infrequent as shown
in Figure 1. Even in the cold winter of 2006,
there were still many days when the minimum
temperature was greater than 7.2 �C. Pro-
viding temperatures between 7.2 and 12.9 �C
is useful for the chill process; it is obvious
that the Chilling Hour Model is not suitable
for those areas.

If the chilling requirement of 990 chill
units determined in 2006 is used to interpret
historical temperature records in Renmark,
all years except 2000, 2008, and 2010 should
have had insufficient winter chill. Even for
2006, a very high chill year, the chill units
accumulated in Renmark were still below the
‘‘standard.’’ Of course, if the 752 chill units
calculated in 2009 were used as a ‘‘standard,’’
almost all years would have been deemed
to have had sufficient chill. In Winter 2006
in Renmark, warm temperatures resulted in
249 h with –1 unit and 243 h with –0.5 units.
In Winter 2008 in Renmark, the Utah Model
had the highest values in the last 12 years
when there were only 194 h with –1 and 231 h
with –0.5 in Renmark. However, not only did
both the Chilling Hour Model and the Dy-
namic Model have lower values in 2008 than
2006, but bloom in 2006 was earlier and
shorter than in 2008. So, even when the Utah
Model indicated that chill in 2006 was low,
the plant response indicated that chill was
high. The frequent warm temperatures expe-
rienced in winter resulting in so many nega-
tive units make the Utah Model unsuitable at
least for the Renmark region.

Average winter temperatures in Renmark
and Mildura are very similar. However, Ren-
mark has higher maximum and lower mini-
mum temperatures than those of Mildura.
Under this situation, Renmark usually has
more chilling hours 7.2 �C or less than Mildura
because it has lower minimum temperatures.
However, Renmark usually has less chilling
units than Mildura because it has higher
maximum temperatures. When the Chilling
Hour Model (0 to 7.2 �C) is used, the hours
less than 0 �C at Renmark do not account for
any extra chill and this results in a similar
amount of chilling hours as Mildura.

Although the Dynamic Model has not been
widely used, it has advantages in regions
where warm temperatures sometimes occur
during winter. The major reason is that the

Table 4. Observations of evenness of budbreak and chilling accumulations calculated from weather station
data at Mildura and Renmark to predict sufficiency of chill.z

Winter

Evenness of budbreak Chilling hours 645y Chill units 990y Chill portions 59y

Renmark Mildura Renmark Mildura Renmark Mildura Renmark Mildura

2006 Even Even 727 773 974x 1137 68 72
2007 Uneven Even 573 688 837 970x 55 59
2008 Even Even 657 662 1122 1152 65 68
2009 Very

uneven
Very

uneven
445 488 678 823 55 58

2010 Even Even 645 644x 1030 1198 65 69
zChilling hours calculated from 1 May to 31 Aug. and chill units and chill portions calculated from 1 Mar.
to 31 Aug.
yChill standard for each model calculated from 2006 chill accumulation at Dareton Research Station.
xA poor match between the observed evenness of budbreak and the chill predicted by the model.

Table 5. Number of dynamic portions accumulated at 15 Aug. and 31 Aug. at Mildura and Renmark and
the number of portions accumulated in the interval.

Yr

Mildura Renmark

15 Aug. 31 Aug. Gain 15 Aug. 31 Aug. Gain

1999 61 66 5 54 59 5
2000 64 75 11 60 70 10
2001 54 63 9 56 64 8
2002 52 59 7 49 56 7
2003 54 64 10 53 63 10
2004 62 65 3 58 63 5
2005 51 57 6 49 55 6
2006 66 72 6 63 68 5
2007 55 59 4 51 55 4
2008 60 68 8 56 65 9
2009 55 58 3 51 55 4
2010 58 69 11 56 65 9
Average gain 6.9 6.8
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Dynamic Model treats hourly temperatures
as a non-stationary and time-inhomogeneous
process.

The Chilling Hour and Utah Models add
or multiply a factor and then add each hour
together. Whatever the order of accumula-
tion, when the sum reaches a given value,
these models indicate that the chill require-
ment has been fulfilled. Does the chill process
really only require these individual accumula-
tions? The Dynamic Model takes into account
the temperatures that precede and follow a
particular time as well as those occurring at
that particular time. Erez et al. (1979) states
that ‘‘the period of chilling duration and the
frequency of high temperature infusion during
the chilling period are of prime importance.’’
For example, ‘‘temperatures of 13 to 16 �C
may enhance response if cycled with lower
temperatures’’ (Dennis, 2003). This indicates
that those hours are not time-homogeneous.
The effect of the second hour is based on what
happens in the first hour, whereas the effect
of the third hour is based on what happens in
the first 2 h. This is the core principle of the
Dynamic Model.

Predicted temperature increases resulting
from climate change will reduce the amount
of available winter chill (CSIRO and Bureau
of Meteorology, 2007). Any reduction in winter
chill will present challenges to growers with
changes in management practices and perhaps
even cultivars needed to accommodate new
growing conditions (Luedeling and Brown,
2010; Luedeling et al., 2009b). Consequently,
it is important to identify the most suitable
model for this region and also one that will
continue to be useful in the future in a climate
with increased temperatures. Luedeling et al.
(2009a) indicated that the Dynamic Model has
the least variation compared with the Chilling
Hour and Utah Models and our studies have
shown that for the pistachio-growing regions
of southeast Australia, this is also true. The
Dynamic Model has also been shown to be the
model that best describes the budbreak and
yield responses of pistachio to chill in south-
east Australia.

Between leaf fall and budbreak, there are
two phases necessary to break dormancy,
chill requirement, and heat requirement. It
is not known when these two phases start and
end; Luedeling et al. (2009a) tried to calcu-
late this ‘‘intersection point’’ based on ‘‘phe-
nological observations.’’ Harrington et al.
(2010) believe ‘‘that chilling and forcing can
occur at the same time (in the temperature
range where they overlap).’’ If that is the case,
then there will always be some inaccuracies
when using existing chill and heat accumula-
tion models to predict bloom dates in regions
that experience warm temperatures during the
‘‘chilling’’ season. For this study, we assumed
that heat requirement starts immediately after
chill requirement fulfillment. From our obser-
vations, when winter chill is satisfied, then the
assumption that heat accumulation only starts
when the chill requirement is achieved ap-
pears to be valid and the prediction of bloom
dates is accurate. However, when winter chill
is low, prediction of bloom dates is less

accurate and it therefore appears that chill
and heat accumulation is a much more com-
plex process. Based on calculations from the
Dynamic Model, predictions of 50% bloom
dates were within 1 d of the actual bloom date
for all years except 2007 (Table 2). Predictions
were also made for the Mildura and Renmark
regions with reasonable results except 2007
(unpublished data). In 2007, temperatures in
August, September, and October were higher
than average. This resulted in the chill re-
quirement fulfillment being achieved much
later than usual. Fishman et al. (1987a) as-
sumed that dormancy completion could be
proportional to an accumulated amount of
some changes in plants such as an accumu-
lation of a chemical substance or changes in
physical structures and called this the ‘‘dor-
mancy breaking factor (DBF).’’ When the
chill requirement is fulfilled within the nor-
mal period, it may be assumed that all buds
obtain enough DBF. When the chill require-
ment is not fulfilled within the normal period,
the DBF produced only satisfies a proportion
of buds. These buds break earlier, whereas
some other buds still require DBF and break
late. This may explain why we observed dif-
ferences in budbreak in the greenhouse and in
the field. In Winter 2007, the shoots collected
and placed in the greenhouse had accumulated
enough DBF for 50% budbreak to occur,
whereas those left on the tree did not.

A relationship among chill accumulation,
50% budbreak in the greenhouse, bloom in
the field, and yield has yet to be established.
Many authors (Erez and Lavee, 1971; Linsley-
Noakes and Allan, 1994; Richardson et al.,
1974; Shaltout and Unrath, 1983) have tested
chill fulfillment but they mainly focus on
budbreak. However, growers are more in-
terested in the influence of chill accumulation
on yield and how the ability to predict chill
accumulation can influence orchard manage-
ment practices to maximize yield. It is im-
portant to include consideration of the yield
when comparing models.

In the pistachio industry in Australia,
winter oil has been commonly used in most
orchards for some years. Oil application in
mid–late August may advance budbreak by
0 to 4 weeks or more compared with orchards
without winter oil application. From our ob-
servation in the field, if by 31 Aug., chill
portions were 68 or greater, oil application
had no influence on bloom date or yield.
When chill portions were between 61 and 67,
oil application advanced bloom by �1 week
but our observations indicated that it had no
influence on yield. When chill portions were
between 59 and 60, we observed no clear
reduction in yield; however, oil application
advanced bloom by �2 weeks. When chill
portions were 58 or less, without application
of oil, yield was reduced and oil application
advanced bloom by 3 or more weeks.

Winter oil application plays a major role
in pistachio production during low-chill
years. All data shown were based on chill
accumulations to 31 Aug. each year. How-
ever, the decision to apply oil to alleviate low
chill needs to be made before 31 Aug. Mid–

late August is the best time for winter oil
application in Australia. Thus, by mid-August,
growers need a prediction of chill accumula-
tion to decide whether to apply oil. Based on
our data, 57 chill portions accumulated by 15
Aug. provides a reasonable level of confidence
that chilling requirements will be fulfilled. If
chill accumulation is below this on 15 Aug.,
winter oil should be applied. Otherwise, the
possibility of reduction in yield is high. Five
years of practical application shows this esti-
mate (57 chill portions) works well. Although
occasionally this model will underestimate the
final chill portions such as in Winter 2010
when 56 chill portions had accumulated by
15 Aug. and nine chill portions accumulated
between 15 Aug. and 31 Aug., growers have
still accepted it as a management tool that
provides security in years when sufficient
chill may not accumulate.
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