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Abstract: Fruit and nut trees production is an important activity across the southwest United States
and this production is greatly impacted by the local climate. Temperature is the main environ-
mental factor influencing the growth and the productivity of the fruit and nut trees as it affects
the trees’ physiology and the vulnerability of flower bud, flowers, and young fruit and nut to the
low temperatures or spring frost. The objective of the present study is to estimate the chilling and
heat accumulation of fruit and nut trees across New Mexico. Three study sites as Fabian Garcia,
Los Lunas, and Farmington were considered and climate variables were collected at hourly time step.
The Utah model and the Dynamic model were used to estimate the accumulated chilling while the
Forcing model was used for the heat accumulation. The possible fruit and nut trees endodormancy
and ecodormancy periods were also determined at the study sites. The results obtained chilling
hours of 715 + 86.60 h at Fabian Garcia, 729.53 4+ 41.71 h at Los Lunas, and 828.95 + 83.73 h at
Farmington using the Utah model. The accumulated chill portions during trees” endodormancy was
3.12 £ 3.05 CP at Fabian Garcia, 42.23 £ 5.08 CP at Los Lunas, and 56.14 + 1.84 CP at Farmington.
The accumulated heat was 8735.52 + 1650.91 GDH at Fabian Garcia, 7695.43 4 212.90 GDH at Los
Lunas, and 5984.69 =+ 2353.20 GDH at Farmington. The fruit and nut trees are at no risk of bud flowers
vulnerability at Fabian Garcia while they are under high risk of bud flowers and or young fruit and
nut vulnerability to low temperatures early spring as hourly temperature can still drop below 0 °C
in April at the end of ecodormancy and flower blooming and young fruits and nuts development
stage at Los Lunas and Farmington. Severe weather, especially frost conditions during winter and
early spring, can be a significant threat to sustainable nut and fruit production in the northern New
Mexico while high chilling requirement fruit and nut trees might not meet chill requirements in the
southern New Mexico.

Keywords: fruit and nut trees; chilling; heat accumulation; modeling; New Mexico

1. Introduction

Temperate fruit trees production is an important activity which heavily depends on the
prevailing climatic conditions in the production area and air temperature is the main factor
controlling fruit trees phenology [1]. Under cold winter conditions, the temperate plants
go dormant to protect the fragile growing tissue from frost and preserve accumulated nu-
trients. When chilling requirements are not met for a fruit tree, crop growth, bud initiation,
flowering and fruit set are delayed in the following growing season [2,3]. On the other
hand, increasing air temperature may accelerate winter chill accumulation and advances
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crop growth and flowering dates [4-7]. In contrast, spring phenology of fruit trees is
delayed by warm winter [8-11]. Plants are affected by the winter temperature causing
chilling effects and spring temperature causing forcing effects and these two mechanisms
are determinant to spring phenology of the fruit trees [12]. Each fruit tree has accumulated
chilling requirements and goes dormant by releasing winter endodormancy and ecodor-
mancy [13,14]. Endodormancy is initiated by low temperature, whereas ecodormancy is
driven by heat [15,16]. There is also accumulated heat requirement for the fruit trees for
plant growth, leaf unfolding, bud burst initiation, and flowering [17]. The chilling and heat
requirements are considered as the driving factors in breaking endodormancy and ecodor-
mancy [16]. It is widely adopted that chilling period covers 1 November-30 April [12,18].
However, Guo et al. [19] found that chestnut chilling period covered from 14 September to
24 March, while the forcing period started on 4 January and ended on 23 May in Beijing,
China. On the 1963-2008 period average, the forcing period therefore overlapped with
the chilling period indicating that heat accumulation started when only about 50% of the
chilling requirement had been fulfilled [19]. Guo et al. [19] reported that for jujube, the forc-
ing phase begins when 55% of chilling requirements were fulfilled. While the occurrence
of freezing conditions induces variation in a possible chill effectiveness in Beijing [19],
that variation was also reported by Luedeling and Gassner [20] and Luedeling et al. [21]
in studies on walnuts in California where temperatures rarely drop below 0 °C.

The chilling and heat requirements of the fruit trees have been quantified and es-
timated by horticulturist using modeling tools: Chilling Hours Model [22], the Utah
Model [23], the Dynamic Model [24,25], Richardson-based Models, the North Carolina
Model [26], the Melo-Abreu Model [27], the Positive Utah model [28] and the Low Chill
Model [29], the Modified Utah Model (MUM) [30]. The North Carolina Model is an adapta-
tion of the Utah model with adjusted temperature ranges for apple trees. The Melo-Abreu
et al. [27] model is the generalization and simplification of the Utah Model which was
applied to olive trees with good performance. Among these models, the Chilling Hours
Model, the Utah Model, and the Dynamic Model are worldwide used with reasonably good
performance [2,4,16,31-44]. These models showed different performance across the globe
and the responses also vary with years, observation sites, and the growing regions [39,40].
Among the different chilling models, the dynamic model appears the most robust chilling
model [20,34,36,41,45]. Heat requirement of the trees is modelled by the Forcing model also
called the Growing Degree Hour model [46] which assumes heat accumulation starting
when air temperature falls between a base temperature and the critical temperature with
a maximum heat accumulation at the optimum temperature. The base temperature of a
plant species is the minimum threshold temperature at which plant growth starts and the
critical temperature is the upper threshold temperature at which all crop physiological
activities cease [47].

Chill requirements vary with tree species. In Alabama, chill requirements are 800-1100
for standard apple, 400-750 for Japanese plum, about 1000 for cherry, and 50-800 for
blackberry [48]. Luedeling et al. [43] found chill and heat requirements for cherry trees to
be 68.6 & 5.7 chill portions (CP) equivalent to 1375 £ 178 chilling hours or 1410 £ 238 Utah
chill units and a heat requirement of 3473 £ 1236 growing degree hours in Bonn, Germany.
Chilling and heat requirements were 79.8 & 5.3 CP and 13,466 £ 1918 GDH for chestnut
bloom in Beijing, 104.2 £ 8.9 CP and 2698 + 1183 GDH for cherry bloom in Germany,
and 37.5 £ 5.0 CP and 11,245 £ 1697 GDH for walnut leaf emergence in California [43],
respectively. Chill portion and heat requirements of cherry cultivars varied from 30.4 to
57.6 CP and from 7326 to 9450 GDH, in Spain, respectively, [49]. Chilling requirements of
15 peach cultivars ranged between 263 and 2123 chill hour (CH), 377 and 1134 chill unit
(CU), and 21.3 and 74.8 CP and the heat requirements varied from 4824 to 5506 GDH in
Korea for the 1919-2018 period [50]. Local almond cultivars chilling and heat requirements
ranged from 3.4 to 15.5 CP and between 3962 and 8873 GDH, respectively, while the
corresponding values for foreign cultivars varied from 6.7 to 22.6 CP and from 2894 to
10,504 GDH, respectively, in Tunisia [51].
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Fruit and nut trees are a rewarding addition to backyard landscapes beside the
medium to large commercial fruit and nut trees fields across New Mexico where the
climatic conditions are variable. Different fruit crops are grown over 1206.37 ha and nut
trees grown over 20,769.28 ha across New Mexico with the market value of $210.253 mil-
lion [52]. Fruit and nut trees such as Apricots, plums, apples, cherries, peaches, pears,
grapes, persimmons, figs, pecans, pistachios, almonds, jujubes, blueberries, and different
berries are produced across New Mexico. The late-blooming and non-uniform varieties
with some late flowers have a better chance to produce than uniform and early blooming
varieties [53]. Apples (466.60 ha), grapes (518 ha), peaches (62 ha), apricots (41.68 ha),
pears (40.47 ha), and sweet cherries (33.18 ha) are the main fruit trees while pecan trees are
the main nut trees grown in New Mexico [52]. The State of New Mexico is characterized by
recurrent occurring late spring frosts across the state, injuring the flowers and young fruits
of early flowering species [53]. The recurrent question growers ask the extension agents
is related to fruit and nut tree species and cultivars choice with reference to their local
environmental or climatic conditions. While the answer is not straightforward, very limited
information exists on the chill and heat requirements of different fruit and nut trees across
the main agroecological zone in New Mexico. Therefore, it is critical to estimate the chill
portions and chill units in different parts of the state to assist growers with tree species
and cultivars selection for each location for sustainable and profitable fruit production.
The objective of this study is to help growers in decision-making regarding the fruit trees
choice depending on their chill and heat requirement at different parts of the state of New
Mexico, USA.

2. Materials and Methods
2.1. Study Sites and Data Collection

This study is focused on the State of New Mexico. Three locations were chosen as
Fabian Garcia (32.28°, —106.77°, elevation 1186.0 m), Los Lunas (34.77°, —106.76°, eleva-
tion 1476.0 m), and Farmington (36.69°, —108.31°, elevation 1720.0 m) and are situated in
the southern, central, and northwestern New Mexico, respectively, and where fruit and
nut production is the predominant agricultural activity. New Mexico is characterized by
a semiarid climate at the eastern and southern regions while the central, the northern,
and western regions are characterized by arid climate. All climatic variables were moni-
tored on an hourly basis at each site using an automated weather station. For the present
study, only hourly and daily average temperatures were used.

2.2. Data Management

In this study, the following calendar was adopted: for the fruit trees across New
Mexico. The dormancy season is assumed to start on 1 July and ends on 30 June of the
following year. The period of July 2015 to June 2020 at Fabian Garcia, July 2017 to June 2020
at Los Lunas, and July 2015 to June 2020 at Farmington were considered under the present
study due to data availability with no gap or periodic missing data. The time series data
were checked for quality control following the methodology described by Allen et al. [54]
and the abnormal data point were removed before the analysis.

2.3. Estimation of the Heat and Chilling Accumulation: Heat and Chilling Model

Among the numerous models developed and evaluated for chill and heat accumu-
lation by fruit trees, the Forcing model [46], the Utah Model [23], and the Dynamic
Model [24,25] are the most used across the globe. The Forcing model revealed to be
accurate with high precision. Similarly, the Utah model and the Dynamic model are the
most used and the most precise chill accumulation models. For the present study we
consider the three models to estimate the potential heat and chill accumulation at the three
research stations. The chilling requirement was calculated each year as the sum of hourly
chilling units (CU) from endodormancy onset until the transition from endodormancy to
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ecodormancy. Similarly, the heat requirement is the sum of the growing degree hours from
the onset to the end of the ecodormancy.

e  Forcing model: Growing Degree Hour (GDH) Model

The Forcing model is the Growing Degree Hour (GDH) Model [46]. The GDH Model
equivalent to the thermal unit accumulation model assumes heat accumulation when the
actual hourly temperature (Ti) is between the fruit trees base temperature (Tb) which is
the lowest temperature threshold and the critical temperature (Ic) which is the upper
threshold temperature, and the optimum temperature (Tu) at which the maximum heat
accumulations occurs. The GDH function is described below:

F(@)(l +cos(7t+ ”ﬁi:%));Tu >Ti >Tb
GDH = ¢ F(Tu—Tb)(1+ Cos(% + 7T(TliTu));Tc >Ti>Tu ¢y

2(Tc—Tu)
0;Ti > TcorTi < Tb

F is a plant stress factor that is commonly set to 1, if no particular stress exists. Tb, Tu,
and Tc were set to 4, 25, and 36 °C, respectively, as suggested by Anderson et al. [46] for
fruit trees.

e  Chilling requirement of fruit trees: The Utah Model [23]

The Utah Model attributes the weighing parameter as function of actual temperature
to determine the effectiveness of chilling. The Utah Model introduces the concept of
negative chill accumulation and the chilling effectiveness. Thus, the temperature ranging
between 0 and 16 °C promotes the breaking rest while all temperature greater than 16 °C
accounts for negative chill. The chilling accumulation is effective at 7 °C. The distribution
of chill accumulation as function of temperature is presented in Table 1.

Table 1. Temperature conversion to chill unit factor.

Temperature (°C) Chill Unit Accumulated

<14 0.0
1.5-2.4 0.5
2.5-9.1 1.0
9.2-124 0.5
12.5-15.9 0.0

16-18 —0.5

>18 -1.0

e  The dynamic model [24,25]

The dynamic model developed in Israel assumes winter chill accumulation as a result
of two-step process: production of intermediate chilling products which are destructible by
the high temperatures, and the conversion of the intermediate products into permanent
chill portions under moderate temperatures. The chill portions are accumulated and
summed throughout winter. The detailed description of the dynamic model with all the
used equations is presented in Fishman et al. [24,25], Luedeling et al. [2], Darbyshire
et al. [55], and Luedeling and Brown [4].

The chilling portions, chilling hours, and heat requirement were estimated using
the diagram presented in Figure 1 while the bud and flowers and or young fruit or nut
vulnerability to low temperatures early spring was computed through the frequency of
occurrence and or exposure to the below zero degree Celsius and below the killing freezing
temperature of —2 °C using the daily average temperature and the hourly temperature
from January to the end of April of each year.
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Figure 1. Schematic illustration of chilling and heat accumulation during the dormancy period as a
function of time, under the assumption that chilling and heat are accumulated sequentially [2].

3. Results
3.1. Variation in Air Temperature at Fabian Garcia, Los Lunas, and Farmington

Air temperature increased at Fabian Garcia from 1.6 °C early January to the maximum
daily average temperature of 30 °C late June—early July and decreased thereafter (Figure 2a).
On average, chilling accumulation period by the Utah Model (1.5 < temperature < 12.4)
started from 8 November and ended late February. Daily average temperature was never
negative according to our study period. For the period from October to March, average
daily temperature was 11.3 £ 3.0 °C while the average temperature for the rest of the year
was 24.7 & 2.2 °C. Average annual temperature was 18.0 2.6 °C.

At the Los Lunas site, daily average temperature was maximal at mid-July and mini-
mal late December—early January and varied from —3.4 to 28.6 °C (Figure 2b). Annual daily
temperature was 8.0 & 1.3 °C. Daily average temperature fell within the range [1.5, 12.4]
during the period from 8 October to 14 December and from 6 January to 23 March on
average. For the period from October to March, average daily temperature was 6.2 £+ 2.8 °C
while the average temperature for the rest of the year was 21.7 + 2.0 °C.

Daily air temperature at Farmington varied from —4.3 £ 6.4 °C early January to
25.6 & 1.6 °C late June and the annual average air temperature was 11.7 & 3.1 °C for the
period of 2015 to 2020 (Figure 2c). Seasonal average air temperature for the period of
October-March was 6.5 £ 3.6 °C while the average temperature from April to Septem-
ber was 19.2 & 2.6 °C. The appropriate period for chilling accumulation at Farmington
(1.5 < temperature < 12.4) varied from 4 October to 27 November and from 30 January to
9 May.

On annual basis, annual air temperature is 10.0 °C and 6.3 °C lower at Los Lunas and
Farmington than the air temperature at Fabian Garcia, respectively. In the October-March
period average air temperate was 5.1 °C and 4.8 °C lower at Los Lunas and Farmington
than the air temperature at Fabian Garcia and there is more chance for greater chilling
accumulation at Farmington and Los Lunas than at Fabian Garcia. In other words, greater
chilling requiring fruit and nut trees are recommended at Los Lunas and Farmington than
at Fabian Garcia.

Long-term monthly absolute minimum and maximum temperatures and average
monthly minimum and maximum temperatures at Fabian Garcia, Los Lunas, and Farming-
ton for the 1985-2020 period are presented in Table 2. The long-term February absolute
minimum temperature was —13.9 °C at Fabian Garcia, —18.4 °C at Los Lunas, and —19.3 °C
at Farmington. March and April absolute minimum temperatures were —7.4 and —2.7 °C
at Fabian Garcia, —7.7 and —5.4 °C at Los Lunas, and —11.5 and —7.4 °C at Farmington,
respectively, (Table 2). These early spring absolute minimum temperatures demonstrate
the high probability of bud, flowers, and young fruit and nut vulnerability and exposure
to early spring frost mostly at the Farmington area. Long-term summer period June, July,
and August absolute maximum temperatures were quite high as 43.4, 42.5, and 40.8 °C at
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Fabian Garcia, 40.5, 40.3, and 37.6 °C at Los Lunas and 37.9, 39.0, and 37.0 °C at Farmington
(Table 2) and which might expose the fruit and nut trees to heat stress.
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Figure 2. Daily average air temperature with standard deviation from 1 July to 30 June for the 1 July 2015 to 30 June 2020
period at (a) Fabian Garcia and (b) Los Lunas, and (c) Farmington.

3.2. Variation in Daily Chill Portion and Seasonal Total Chill Hours for the Period of 2015 to 2020
at Fabian Garcia, Los Lunas, and Farmington

Chill portion estimated by the Utah model at all three study sites is presented in
Figure 3. Daily chill portion was null or negative from the beginning of June to the end of
September at Fabian Garcia (Figure 3a). Chill portion varied with years and became positive
early October, increased and was equal to unity during few days mostly in December and
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January, and decreased toward the end of April. The 2005-2020 period chill portion
increased from early October, reached a maximum average chill portion value of 0.55 from
early December to mid-January, and it decreased and became null by the end of April.
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Figure 3. Daily chill portion for the 2015-2020 period at (a) Fabian Garcia, (b) Los Lunas, and (c) Farmington (Utah model)

At Los Lunas, chill accumulation was effective from the beginning of October to the
end of May. While it averaged 0.4 on the daily time step, it varied from 0.1 to 1 with few
days’ chill portion of 0.9 (Figure 3b). There was abrupt drop in chill portion to null at the
end of December with the lower daily average temperature of —3.5 °C. Daily chill portion
was null or negative from the beginning to mid-August. The variation in the chill portion
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during the effective period is due to the variation in hourly and daily air temperature at
Los Lunas.

Chill portion by the Utah model at Farmington was slightly negative from 1 June to
15 September. Chill portion varied between 0 and 1 during the period of 15 September to
30 May, and averaged 0.4 during the favorable chilling accumulation period (Figure 3c).
Overall, chill portion increased from mid-September and reached an average maximum of
0.5 early November and decreased thereafter up to 0.1 at the end of December. It increased
again up to 0.7 on average at mid-March and decreased again until late May.

With reference to Figure 3, the chill hours” values recorded at Fabian Garcia were
689.06, 660.84, 617.82, 791.10, and 820.64 h for the consecutive seasons from 2015-2016 to
2019-2020 seasons, respectively (Table 3). The recorded seasonal chill hours were 686.08,
733.26, and 760.24 h at Los Lunas for the 2017-2018, 2018-2019 and 2019-2020 seasons,
respectively. In Farmington, the chill hours were higher than that at Los Lunas and Fabian
Garcia and varied from 750.50 to 964.04 h. The endodormancy accumulated chill hours
averaged 715 + 86.60, 729.53 + 41.71, and 828.95 £ 83.73 h at Fabian Garcia, Los Lunas,
and Farmington, respectively. There was 1.9 and 16% more chill hours at Los Lunas and
Farmington compared to Fabian Garcia. In other words, chill hour increased with latitude
across the state of New Mexico.

3.3. Variation in Daily Growing Degree Hours and Seasonal Total Heat Accumulated from 2015 to
2020 at Fabian Garcia, Los Lunas, and Farmington

The variation in the daily growing degree hours by the Forcing model at Fabian Garcia,
Los Lunas, and Farmington is presented in Figure 4. Considering the fruit and nut trees
growing season that covers the period from 1 July to 30 June, the daily growing hours at
Fabian Garcia increased from 1 July to 30 September and decreased until its minimum
value was close to zero at the end of December, increased again up to the end of April
and decreased toward the end of June (Figure 4a). Daily growing degree hours ranged
from 0 to 480 GDH and showed two peaks at the end of September and at the end of
April. The most important part of the growing degree hour curve is the increasing section
from January to April which represents the accumulated heat during the ecodormancy
phase of the fruit and nut trees after the endodormancy had been accomplished. Therefore,
daily heat accumulation increased from January to April with an abrupt decrease during
the second half of February (Figure 4a). With the overall ecodormancy period covering
early January to 18 March, the accumulated heat values at Fabian Garcia varied from
6947.58 to 11,352.27 GDH and averaged 8735.52 &= 1650.91 GDH (Table 3).

At Los Lunas, the daily heat varied from 0 to 480 GDH (Figure 4b). It slightly increased
during July and August and decreased from the beginning of September to early December
and stayed at its lowest level in December and January and increased thereafter. There were
some regular drops in the growing degree hours in February, March, and April (Figure 4b)
due to the changes in the hourly average temperature during the period of February-April
at Los Lunas. While the ecodormancy period covers the period from early January to
8 April, the possible total accumulated heat by fruit and nut trees varied from 7544.88 to
10,748.86 GDH and averaged 7695.43 + 212.90 GDH (Table 3).

Daily growing degree hours varied from 0 to 450 GDH with few days when the
daily heat was 580 GDH at Farmington (Figure 4c). Overall, daily heat decreased from
an average of 350 GDH late August to 0 by the end of November and remained stable at
the minimum value during December and January. Heat started to accumulate from the
beginning of February to end May at 360 GDH a day. The possible total accumulated heat
varied from 4007.80 to 9894.20 GDH and averaged 5984.69 + 2353.20 GDH (Table 3) during
the ecodormancy period that covers early January to late April at Farmington.

The accumulated heat during trees ecodormancy varied greatly with location and
decreased from the southern to the northern New Mexico. This change in the heat is
due to the severity of the winter weather with latitude. There were 11.9 and 31.5% less
accumulated heat at Los Lunas and Farmington, compared to the accumulated heat at
Fabian Garcia during the ecodormancy respectively.
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Table 2. Long-term monthly absolute minimum and maximum temperatures and average monthly minimum and maximum temperatures at Fabian Garcia, Los Lunas, and Farmington
for the 1985-2020 period.

Fabian Garcia Los Lunas Farmington
Month
oS Abs. Tmin  Ave. Tmin  Abs. Tmax Ave. Tmax Abs. Tmin Ave. Tmin Abs. Tmax Ave. Tmax Abs. Tmin Ave. Tmin  Abs. Tmax Ave. Tmax
January 7.7 —0.7+1.0 24.0 131+19 —-15.2 -37+11 21.1 92420 —-194 —57+18 159 52+1.8
February —13.9 12+14 27.1 162+ 1.8 —184 —-23+11 241 123 +19 —19.3 —41+13 20.7 79+18
March —74 43+1.5 30.9 20.6 £1.7 7.7 04+13 27.6 170 £ 1.7 —-11.5 -14+12 255 129+1.8
April —2.7 81+15 35.3 254 +1.6 —-54 39+14 31.8 216 £1.7 —74 1.7+£14 28.5 176 £ 1.6
May 3.1 132+1.1 39.3 304+£1.6 —-14 92+13 379 26.8+1.9 —4.0 69+15 36.2 23.3+£2.0
June 10.7 189 +1.3 43.4 35.5+1.6 54 149+13 40.5 32.8+£1.6 2.3 128+ 14 379 301+£17
July 14.9 21.1+1.0 42.5 345+1.6 10.6 18.1 £ 1.0 40.3 32.7£15 7.9 16.5+ 1.0 39 31.7 £ 1.5
August 14.1 202 +£1.1 40.8 333+17 9.8 171+ 1.1 37.6 31.3+1.6 5.9 155+1.1 37.0 299 +1.6
September 6.7 165+ 14 379 30517 0.7 128 £ 14 36.2 281+£1.5 —-1.1 108+ 14 354 26.0 £ 1.5
October —-3.5 102 +£1.3 35.1 254 +1.5 —7.1 6.1+14 31.9 221+1.6 —9.8 41+15 29.7 191+17
November -7.0 36+17 28.7 182 +1.9 -84 —-02+15 247 14.6 £2.0 —-125 -19+14 22.6 112 +£22
December —8.3 -05+11 243 128 £ 1.5 —17.6 -36+11 20.3 89+16 —23.2 —-55+14 17 51+15
Abs. Tmin is absolute minimum temperature; Abs. Tmax is absolute maximum temperature; Ave. Tmin is average minimum temperature; Ave. Tmax is average maximum temperature.
Table 3. Estimated chill portion, chilling hours and heat accumulation at Fabian Garcia, Los Lunas, and Farmington for the 2015-2020 period.
Sites Fruit Tree Growing Seasons Endodormancy Period Ecodormancy Period Chill Portions Chilling Hours Accumulated Heat (GDH)
2015-2016 20 October-31 December 1 January-10 March 33.8 689.06 8855.81
2016-2017 6 November-30 December 31 December-27 February 0 660.84 6947.58
Fabian Garcia 2017-2018 21 October-31 December 1 January-18 March 1.6 617.82 11,352.27
2018-2019 24 October-31 December 1 January-8 March 59 791.1 7817.70
2019-2020 18 October—31 December 1 January-14 March 3 820.64 8702.91
2017-2018 6 October-01 January 2 January-8 April 36.4 686.08 10,748.86
Los Lunas 2018-2019 5 October-03 January 4 January-7 April 45.7 733.26 7845.97
2019-2020 4 October-01 January 2 January-1 April 44.6 760.24 7544.88
2015-2016 7 October-17 January 18 January-13 April 53.5 750.50 6316.67
2016-2017 26 October-29 January 30 January—29 March 57.9 781.46 4475.90
Farmington 2017-2018 24 October—11 January 12 January—28 April 57.9 964.04 9894.20
2018-2019 1 October-6 January 7 January-9 April 55.1 798.50 4007.80

2019-2020 5 October—6 January 7 January-15 April 55.7 850.24 5228.87
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Figure 4. Daily growing degree hours for the 2015-2020 period at (a) Fabian Garcia, and (c) Farmington and for the
2017-2020 period at (b) Los Lunas.

3.4. Variation in Daily Chill Portion and Seasonal Total Chill Portion during Fruit and Nut Trees
Endodormancy at Fabian Garcia, Los Lunas and Farmington during the 2015 to 2020 Period

The Dynamic model estimated chill portion during the fruit and nut trees growing
season is presented in Figure 5. On average according to the Dynamic model, the chill
portion started accumulating as late as the end of December at Fabian Garcia while it started
accumulating by early to mid-October at Los Lunas and Farmington (Figure 5). The total
growth season chill portion varied from 58 to 85 chill portions and averaged 68 chill portions
at Fabian Garcia (Figure 5a). It varied from 87 to 107 chill portions and averaged 98 chill
portions at Los Lunas (Figure 5b) while it varied from 108 to 128 chill portions and averaged
118 chill portions at Farmington (Figure 5c). However, the magnitude of the total chill
portions of the trees during the growing season are not ergonomically and physiologically
important for fruit and nut trees production at the study sites. In contrast, the accumulated
chill portions during trees endodormancy are physiologically most important for tree
production. As the endodormancy period of the fruit and nut trees varied with the study
site, the physiologically possible chill portions at Fabian Garcia, Los Lunas, and Farmington
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are presented in Table 3 and varied from 0 to 33.8 CP and averaging 9.26 &+ 13.9 CP at Fabian
Garcia, from 36.4 to 45.7 CP and averaging 42.23 £ 5.08 CP at Los Lunas, and from 53.5 to
57.9 CP and averaging 56.14 & 1.84 CP at Farmington. It is important to indicate that the
effective chill portions at Fabian Garcia were as low as 5.9 CP during four growing seasons
out of five (80% of seasons) and averaged 3.12 £ 3.05 CP and should be considered for
decision-making regarding tree species and cultivars choice by fruit and nut producers to
minimize the risk of non-productive fruit trees which will never meet their chill requirement
in Fabian Garcia region.
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Figure 5. Accumulated chill portions estimated by the Dynamic model for fruit trees growing seasons and the average
accumulated chill portions at (a) Fabian Garcia, (b) Los Lunas, and (c) Farmington for the 2015-2020 period (dynamic model).
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3.5. Vulnerability of Flower Bud to Early Spring Low Temperatures at Fabian Garcia, Los Lunas,
and Farmington

The ecodormancy basically ends at the latest by mid-March with flower blooming and
fruit formation and development in Fabian Garcia area. The daily average air temperature
never reached the kill freezing temperature of —2 °C at Fabian Garcia. It increased and
remained above 4 °C at the beginning of February, above 9 °C from 16 February toward
the end of April (Figure 6¢). Therefore, there is no risk of frost damage on the flower bud
of fruit and nut trees in the Fabian Garcia area. However, due to the variability of climate
and hazardous abrupt change in climate variables, we considered looking into the hourly
air temperature during early spring period. Figure 7 presents the changes in the hourly air
temperature at Fabian Garcia. Hourly air temperature fell below 0 °C the latest around the
last week of February during the 2015-2020 period at Fabian Garcia and there is a minimal
risk of frost damage on the bud and flower and young fruits and nuts.
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—e— Average
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Figure 6. Variation in the daily air temperature from 1 January to 30 April during the 20162020 period at (a) Fabian Garcia,
(b) Los Lunas, and (c) Farmington.
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Figure 7. Variation in the hourly air temperature from 1 January to 30 April during the 20162020 period at Fabian Garcia.
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Daily air temperature was below —2 °C mostly in January in 2018 and only once
early 2020 February at Los Lunas. Air temperature reached —2 °C late 2019 February.
Daily air temperature was above 0 °C by the end of February and steadily increased
as in March and April, (Figure 6b) minimizing the risk of vulnerability of trees flower
bud as the ecodormancy ends early April at Los Lunas. The close look at the hourly air
temperature at Los Lunas (Figure 8), in opposite to Fabian Garcia, hourly temperature
was below 0 °C several times in January and February 2018, 2019, and 2020. Hourly air
temperature was below 0 °C few times in March each season and as late as 15 April 2018,
14 April 2019, and 15 April 2020. The occurrence of the 0 and or negative temperature
mid-April remains a recurrent risk for fruit and nut trees production at Los Lunas as the
ecodormancy might end the latest in early April and exposing the flowers and or young
fruits or nuts to frost damage. The damage might be more important up to the loss of the
whole annual production in the case of early flowering trees species with low chilling and

heat requirements.
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Figure 8. Variation in the hourly air temperature from 1 January to 30 April during the 2018-2020 period at Los Lunas.

At Farmington, daily air temperature was below the kill freezing temperature of
—2 °C several days every spring and the latest was early March and it increased thereafter
(Figure 6¢). However, the daily temperature was 0 °C on very few days even at the
beginning of April, implying higher risk of bud flower, flower, and young fruit and nuts
exposure to frost at Farmington. The hourly air temperature shown in Figure 9 was null and
negative instantaneously until the end of 2016 April 2017, mid-April 2019, and 2020. As the
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ecodormancy theoretically ends from mid to end April, there is a very high probability for
the bud flower to be under frost damage risk and the young fruits and nuts of the early
flowering and low heat requirements trees to be exposed to frost damage at Farmington

where a very late frost usually occurs during the third week of May [56].
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Figure 9. Variation in the hourly air temperature from 1 January to 30 April during the 2016-2020 period at Farmington.
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4. Discussion

The present study simulated the chilling and heat that the fruit and nut trees could
possibly accumulate at Fabian Garcia, Los Lunas, and Farmington during the 2015-2020
period. As summarized in Table 3, chill accumulation was very low as 3.12 CP at Fabian
Garcia and 42.23 and 56.14 CP at Los Lunas and Farmington, respectively. This study
provided the small and commercial fruit trees and nuts producers as well as urban back
yard gardeners with the basic information for fruit trees choice with reference to their
locations and the chill and heat requirements as compared to the values in Table 3. As an
example, the Table 4 gives some fruit and nut trees chill and heat requirements across the
globe and we strongly recommend reader, decision-makers, and fruit trees growers to refer
to a larger study record across the literature as the heat and chilling requirements vary
greatly within the same tree species.

While other sources of fruit and nut trees phenology data could be used in the present
study to validate the selected models, fruit and nut trees orchards create a microclimate
specific plant growth environment and the climatic conditions in the leaf canopy is usually
influenced by light intensity, temperature, and relative humidity. Several satellites are used
for terrestrial vegetation phenology monitoring, however, a strong deviation of ground
base phenology data from the satellite-based data is observed and the relationship is stage
dependent [57,58]. Fan et al. [59] pointed that remote sensing observations are at the plant
population or plant community level and ground observations are at the level of individual
species and differences in phenological observations may result from the difference in
observation scales. Therefore, ground-observed phenology might offer a better and accurate
data set with high temporal resolution and detailed information about individual fruit
and nut tree species [60]. Schwartz et al. [61] indicated that satellite remote sensing allows
exploration of landscape phenological events while ground phenological performance
observations are plant species specific during the vegetation period. Nezval et al. [62]
demonstrated that the modern method of phenological observation by phenocameras is
suitable for mixed forests, but classical ground-based observations by a phenologist are
still crucial in order to verify the simulated results using the meteorological approach.

In New Mexico, the timing of fruit and nut trees flowering is critical for the yield
and the profitability and early emergence is risky and put crop growth and reproduction
under early spring frost conditions. There is greater risk or flower bud vulnerability to
low temperature in early spring at Farmington and Los Lunas than at Fabian Garcia as
shown by Figures 7-9 and the long-term absolute minimum temperature and average
temperature data presented in Table 2. Rodriido [63] reported that the buds lose their
cold tolerance ability at the onset of swelling. Frost is the main cause to economic losses
in fruit production across the United States [64]. Frost has multiple effects as it can
physically damage plant tissue [65,66], cause cellular deshydratation with development of
ice crystals [67], diseases infestation through cellular lesions and loss of buds and shoots
from 60 to 100% during seven seasons out of eight [66]. Salazar-Gutiérrez et al. [68,69]
reported that early spring frosts cause significant injury to floral tissue of sweet cherry
and apples and is a resinous problem for fruit trees growers and commercial producers
in the Pacific Northwest and other regions of the United States. The risk reported in the
present study might be greater for the fruit trees planted in the valley and flood plains in
New Mexico. In fact, air temperature is usually lower in the valley and flood plains than
on the plateaus during winter time. The research sites under this study are located on the
plateaus. Personal communication with fruit trees growers in Farmington area indicated
75% of production loss due to the impact of spring frost on buds, flowers, and young fruits
such as apples, sweet cherries, plums, apricots, and peaches.

While this study might provide some guidelines for fruit and nut trees production
across the state of New Mexico, it is lacking real field data to confirm the models” per-
formance. Across New Mexico, apples are much more grown in Bernalillo, Rio Amba,
Santa Fe, Sandoval, Taos, San Miguel, Dona Ana, and San Juan counties; apricots in
Bernalillo, Rio Amba, Otero, and Santa Fe, Taos, and Valencia counties; cherries in Bernalillo,
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Rio Amba, Otero, Mora Taos, Valencia counties; grapes in Cibola, Dona Ana, Lincoln, Otero,
Rio Amba, Sandoval, San Juan, San Migel, and Socorro counties; pomegranates in Otero,
Sierra, and Dona Ana counties; and the nuts (pecans, almonds, chestnuts, walnuts, hazel-
nuts, and pistachios) are grown in Dona Ana, Eddy, Chaves, Otera, Bernalillo, Lea, Grant,
Luna, Sandoval, Sierra, and Valencia counties [52]. It is therefore critical to estimate the
chilling and heat requirements for the grapes, cherries, apples, apricots, plums, almonds,
peaches, pecans, and other fruit and nuts trees grown across New Mexico for fruit and nut
tree production viability and for the profitability of the production system for increasing
the revenue of fruit and nut tree growers.

With the global combined ocean and air temperature increase of 0.65-1.06 °C during
the 1880-2012 period [70] in general and with the overall increase in annual maximum
temperature at the rates that varied from 0.6 to 3.1 °C per century and the increase in
the minimum temperatures at the rates that varied from 0.1 to 8 °C over the last century
across the southwest Unites States [71], there could be a shift from plant vegetative to
reproductive phase in response to the elevated temperature [72]. Campoy et al. [3] indicated
that climate change may significantly alter fruit and nut trees growth and reproduction
with a reducing impact of the production. Santos et al. [73] projected increase in heat
accumulation and decrease in chilling accumulation in Portugal. Lagave et al. [74] and
Guo et al. [75] reported anticipated plant phenological timing in fruit trees. Projections
showed advancing trends in bloom dates of different fruit and nut trees with changing
dormancy breaking processes [76,77]. The shift in air temperature could be beneficial or
detrimental to the fruit quality depending on the chilling and heat requirements of the
fruit tree species [74,78] which affect budburst, flowering, and fruit maturation [79,80].
With the elevated temperature conditions, chilling accumulation is expected to start later
and end earlier with lengthening effect on the endodormancy but shortening chilling
accumulation period [81] and this phenomenon will be more pronounced in the regions
with mild winter [82,83]. At Fabian Garcia where chill portion is almost null, chilling
accumulation risks do not exist and some fruit and nut trees species and cultivars may
not be viable at Fabian Garcia while the bud or flower or young fruit vulnerability may be
increased at Farmington and Los Lunas. This aligned with Wang et al. [84] who suggested
that with the global warming, southward planting has become difficult than the northward
planting in the northern hemisphere. Luedeling [16] reported that projections of future
chill indicate substantial losses for the warmest growing regions, while temperate regions
will experience relatively little change, and cold regions may even see chill increases.
Benmoussa et al. [85] reported a decline in the projected winter chilling accumulation by
almond, pistachio, and peach cultivars in Tunisia and by the year 2100, pistachios and
peaches may experience alarming chill shortfalls and only almonds may remain viable.
However, the major source of variation and inaccuracy in chilling assessments is the choice
of the chill model used to make the assessment [16,86,87].

Table 4. Some examples of estimated chill portions, chilling hours, and heat requirement by different fruit trees across

the globe.
References Locations Tree Species Chill Portions Chilling Hours Heat Requirement (GDH)
Bailey et al. [88] New Jersey, USA Apricots 873-1343
Anderson et al. [46] Sour cherry 954 6130
Linvill [30] South Carolina, USA 65
Kuden et al. [89] California, USA Pistacho 600-1050
Dokoozlian [90] California, USA 50-400
Egea et al. [91] Santomera, Spain Almond 266-996 5942-7577
Alonso et al. [92] Spain Almond 400-600 5500-9300
Ruiz et al. [34] Calasparra, Spain Apricots 596-1266 4078-5879
Okie et al. [93] Plums 450
Alburquerque et al. [49] Murcia, Spain Sweet cherry 30.4-57.6 335 4 38-1323 + 68 7326-9450
Luedeling et al. [40] Walnuts 53.3-79.5 700
Rahemi and Pakkish [94] Iran Pistachio 750-1400 8 852-15 420
Schalau [95] Yavapai, Arizona Fruit trees 500-1000
Chaar and Astorga [96] Junin, Argentina Peach 2177-6490

Klein-Altendorf,

Luedeling [16] Germany

Cherry 68.6 £5.7 1375 £ 178 3473 + 1236
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Table 4. Cont.
References Locations Tree Species Chill Portions Chilling Hours Heat Requirement (GDH)
Western Cape, .
Campoy et al. [97] South Africa Apricot 26.6-57.2 312-1022
Campoy et al. [97] Murcia, Spain Apricot 31-51.8 4605-6247
Luedeling et al. [21] Beijing, China Chestnu 79.8 £5.3 13466 + 1918
Luedeling et al. [21] Kleg"Alte“dorf' Cherry 104.2 + 89 2698 + 1183
ermany
Prudencio et al. [98] Spain Almonds 49-66 308-843 32,225-36,087
Raminrez et al. [99] Chile Almonds 23-32 220440 5814 4+ 669-12,341 + 637
Elloumi et al. [100] Tunisia Pistachio 36 206
Ikinci et al. [101] Tuekey Pomegranate 25,000-88,052
Guo et al. [19] Beijing, China Jujube 89+6 13,619 + 2033
Guo et al. [19] Beijing, China Chestnut 93 +6 17,418 + 1983
Scott Clark [102] Pecans 17-83 200-1000
Funes et al. [103] Girona, Spain Apple 62.5-68.4 7416.2 + 687-10,272.5 4+ 1032
Yaacoubi et al. [104] Palmas, Brazil Apple 20.3-30.8 6893
Yaacoubi et al. [104] Marsillargues, France Apple 39.1-70.8 9443
Yaacoubi et al. [104] Ain Taoujdate, Morocco Apple 64.2-67.2 5985
Yaacoubi et al. [104] Ain Taoujdate, Morocco Almonds 12.4-16.4
Zhuang et al. [105] Nanjing, China Japanese apricot 24-82 691.9-2634.7
Benmoussa et al. [51] SfaxEl-Maou, Tunisia Local almond 3.4-15.5 3962-8873
Benmoussa et al. [51] SfaxEl-Maou, Tunisia Foreign almond 6.7-22.6 2894-10,504
Measham et al. [106] Western Australia Cherries 30.4-61.7
Thomppson [107] Georgia, USA Peach 800
Montazeran et al. [108] Iran Barberry 1400 2904-3432
Gaeta et al. [109] Italy Almond 24-62 3263-6699
Chavez et al. [110] Georgia, USA Japanese plums 500-900
Chavez et al. [110] Georgia, USA Europian plums 700-1000
Diez-Palet et al. [111] Egypt Almond 840+ 3'2_52'85 + 6232 + 1221-10,201 + 1834
Diez-Palet et al. [111] Egypt Apple 378 +£27-544+3 7471 £ 1191-9501 + 1556
Kaufmann and Blanke [112] Sweet cherries 400-750 4000-13,000
Parkes et al. [113] Australia Apple 57 +£29-77 £ 15 662 + 44.5-908 + 23.3
Yang et al. [114] Hellong]g}ﬁi frovmce, Ulmus pumila 86 5853
Yang et al. [114] Hml"“gﬁcaﬁ‘ii provinee, Populus simonii 86 5853
Yang et al. [114] He1long]1cakrlli§ f rovince, Syringa oblata 86 5853
Nasrabadi et al. [115] Iran Pomegranate 605.56-700 7750-9000
Kwon et al. [50] Republic of Korea Peach 21.3-74.8 377-1134 4824-5149
Camargo-Alvarez et al. [116] Washington State, USA Grapevines 947-1162

5. Conclusions

The Utah model and the Dynamic model were used to estimate the accumulated
chill portions while the Forcing model was used for the potential heat accumulation by
fruit and nut trees at Fabian Garcia, Los Lunas, and Farmington in the State of New
Mexico (USA). Reasonable chill portions might have been accumulated by the fruit and
trees at Los Lunas and Farmington and negligible to very low chill portions occur to be
accumulated at Fabian Garcia in the Southern New Mexico. The accumulated heat during
trees ecodormancy varied with locations and is not a constraint for fruit and nut production
across the study area. While the results of the present study are from the meteorological
approach, they could help tree growers, crop consultants, and university researchers in
understanding the present trend in fruit and nut trees phenology and production across
the study areas. These findings may help in the choice of fruit and/or nut trees species and
cultivars across New Mexico with regards to the chilling and heat requirements of the tree
species or cultivars for endodormancy and ecodormancy versus the potential accumulation
of chilling and heat by the trees and reducing the risk of nonproductive fruit and nut trees
under certain environment. They might also be a valuable resource for the adoption of
adaptation and mitigation strategies under global warming and improve the resilience of
fruit and nut trees production in New Mexico and cope with climate change. With the high
probability of bud, flower, and young fruit and nut vulnerability to low temperatures early
spring in Farmington and Los Lunas areas, more cold-tolerant cultivars should be adopted
for the production sustainability and profitability in those areas. For the future research,
in situ observation data should be collected and used to validate the applied models and to
develop decision-making tools for fruit and nut trees phenology prediction across New
Mexico and the neighboring regions.
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