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1. Introduction

Phenology is the study of the rhythm of repetitive biological events, the biotic and abiotic
causes of these events, and the relationship between phenophases (i.e. periods during which
specific phenological events occur) for individual or different species (Lieth, 1974). The
knowledge of the phenological patterns of fruit tree crops is essential to estimate their
behavior in a new growing area by extrapolation of experimental results from one region to
another, or to predict changes in the tree phenology in a given area caused by the variation
of the environmental factors between years (Broadhead et al., 2003). Thus, phenological
studies can provide criteria for selection of suitable genotypes, helping to improve fruit
yield and quality, and reduce environmental risk (Petri et al., 2008).

The time of flowering strongly influences the reproductive traits of animal-pollinated plants
(Kudo, 2006), being one of the most important phenological events of the temperate fruit
tree crops. The occurrence of late frosts during blooming or at fruit set can severely affect
the annual fruit tree production, mainly in early flowering plants such as stone fruits.
Harvesting time also has a great agronomic interest in temperate fruit trees, since each
variety of peach, plum and nectarine has its own specific harvest time which lasts for about
10 days. Furthermore, these fruits have a short shelf life (Gorny et al., 1999); therefore,
cultivation of a large number of crop varieties with a harvesting period in succession in time
is required so that a farm or an entire production area can achieve a wide harvest period
and a long presence in the regional market.

Fruit tree production in Argentina is over 7.5 million T, mainly including citrus (32.5%),
grape (31.5%), pomes fruits (26.5%), stone fruits (5.3%), tropical fruits (3%), and other minor
fruits (1.3%) such as walnuts, cherries and figs (CFI, 2011). The Santa Fe province
contributes a small proportion of the whole fruit tree production of Argentina (INDEC,
2002), but there is an important encouragement for the expansion of fruit tree crops, due to
the propitious ecological conditions, the abundant availability of high quality water, and the
possibility of obtaining early fruit production (Gariglio et al., 2009). Nearly 50 new small-
scale enterprises over 50 hectares of different crops such as low chilling peach and apple,
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raspberry, fig and citrus appeared in the last four years in the central area of the province,
allowing the diversification of the production system characterized by the cultivation of
annual horticultural crops.

One of the most widespread fruit tree crops in Argentina is peach (Prunus persica L. Batsch),
which is grown on 29,660 hectares mainly located in the Mendoza and Buenos Aires
provinces (INDEC, 2002). Both area of production are characterized by the use of medium
and high chilling varieties (Carra de Toloza, 2001; Valentini, 2002). In contrast, in the central-
east area of Santa Fe, early maturing peach varieties are mainly used (Gariglio et al., 2009)
because their low chilling requirements are compatible with the accumulation of cold in the
region (~ 300 chilling hours), which is lower than half in comparison with the traditional
peach production areas of Argentina (Gariglio et al., 2006a).

The quantity of chilling hours accumulated in a certain area is a very important ecological
requirement for the adaptation of temperate fruit trees (Erez et al., 1998; Faust, 1989; Lang,
1996; Squire, 1990) due to the influence of chilling on the release of dormancy (Dennis, 2002;
Faust et al., 1997). Currently there is no valid method for the quantification of chilling
accumulation in the region. Consequently, it is important to test the agronomic behavior of a
wide range of varieties, mainly those with low chilling requirements, which are not widely
grown and known in Argentina (Alayon Luaces et al., 2004). The introduction and
evaluation of low chilling fruit trees in Santa Fe occurred from 1996, and now at least 10
varieties have been recommended for cultivation in view of their adequate phenological and
reproductive traits (Gariglio et al., 1999, 2006b, 2009; Ortiz de Zarate et al., 2007). However,
these studies are still continuing due to the rapid varietal replacement and the interaction
between environment and genotype, which requires many years of research.

The phenology and the agronomic performance of peach trees may be greatly affected by
some cultural practices. Autumn defoliation, for example, can modify the time of spring
bloom. However, the results have been contradictory; in some cases it was observed that
autumn defoliation delayed spring bloom of peach trees (Couvillon & Lloyd, 1978), whereas
in others it was reported that warm field temperatures delayed defoliation extending the
rest period (Walser et al., 1981). Moreover, removal of leaves of low chilling apple at the
onset of winter released dormancy and advanced flowering (Mohamed, 2008).

The study of dormancy is difficult under field conditions where solar radiation, diurnal
fluctuations in temperature and other factors cannot be controlled (Dennis, 2003).
Consequently, it is considered that experiments using isolated buds as one-node cuttings
(Balandier et al., 1993) or excised shoots (Dennis, 2003) are appropriate methods for
studying dormancy. This was the methodology adopted in our experiments.

Pruning also greatly affects the performance of the fruit trees. The traditional pruning of
peach trees is done during winter (Marini, 2003), and is a time-consuming cultural practice
that demands highly skilled labor. In addition, low chilling peach trees in our region have a
short period of winter rest which limits the time for winter pruning to only 30-40 days. As a
consequence, this agronomical practice is difficult to implement and usually fails to be
completed. However, low chilling peach has a long growing season after the harvest period.
Thus, pruning the fruit-bearing shoots after harvesting is an alternative cultural practice that
may be used to extend the time for pruning and to encourage the growth of the new
desirable shoots (Weber et al., 2011). Summer pruning is generally used as a complementary
method to winter pruning, but it has not been sufficiently evaluated as an alternative to
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traditional winter pruning for reproductive shoots renovation. Thus, the effect of summer
pruning on the phenology and on a range of vegetative and reproductive parameters of
peach trees may be evaluated before recommending this cultural practice.

The aim of this work was to study the phenological behavior and the reproductive traits of
different peach and nectarine varieties in the central area of Santa Fe, Argentina. Extreme
changes in the phenology of peach varieties in a nine-year period were analyzed taking into
account temperature, chilling requirements of the varieties, and the influence of cultural
practices such as artificial defoliation and summer pruning.

2. Material and methods

This research was carried out in Esperanza city (31° 26' S; 60° 56' W.; 40 m above sea level), in
Santa Fe, Argentina. Table 1 summarizes temperature and rainfall conditions in the study area.

Average Maximum Minimum

Annual temperature (°C) 18.95 19.55 18.08
Maximum annual temperature (°C) 25.61 26.85 24.55
Minimum annual temperature (°C) 13.24 13.63 12.67
Warmest month temperature (January) 25.94 27.20 25.10
Coldest month temperature (July) 12.07 15.50 9.00
Chilling accumulation (CH H) 301 493 183

Annual rainfall 1004 1426 571

Table 1. Main temperature and rainfall parameters in the central-east area of Santa Fe,
Argentina. Data are the means of nine years (2002-2010).

Four-year-old peach trees (Prunus persica L. Batsch) were used, planted 5 x 3 m apart in a
silty-loamy soil and grafted onto ‘Cuaresmillo’ seedling rootstock, with complementary
drip irrigation and trained to the standard open vase system. Fifteen peach and five
nectarine (n) cultivars with different chilling requirements were evaluated: ‘Spring Lady’,
(650 chilling hour (CH) requirement), ‘Maycrest’ (600 CH), ‘June gold” (520 CH),
‘Flavorcrest” (509 CH), ‘Flordaking’ (450 CH), ‘Hermosillo” (350 CH), ‘Don Agustin’ (Fla. 81-
12; 300 CH), ‘San Pedro 1633 (297 CH), ‘Early grande” (260 CH), “Tropic snow’ (250 CH),
‘Flordastar’ (250 CH), ‘Flordaprince’” (150 CH) (Valentini, 2002), ‘Fla. 91-8¢" (100 CH,
according to its behavior in Santa Fe, Argentina), ‘Fla 1-8’, ‘Fla 1-8 bis’, ‘Lara” (n) (350 CH),
‘Carolina’” (n) (325 CH) (INIA Salto Grande, 2003), ‘Nectarina 22’, ‘Nectarina 24’, and
‘Nectarina 29'. Where cultivars’ chilling requirements are not presented, it is because they
are unknown, but according to their vegetative and reproductive traits, using the
methodology of excised shoots exposed to artificial chilling (Dennis, 2003), and observations
of their behavior in the experimental orchards in the central area of Santa Fe (unpublished
data), their need is lower than 350 CH.

2.1 Phenology and reproductive traits of peach and nectarine

Trees of each variety were chosen by their uniformity in size and vigor. During the winter,
10 homogeneous current season shoots per plant were randomly selected at 1.8 m above the
ground level and their length was measured. The phenological phases of leafing, beginning
of flowering, full flowering, and fruit set, were observed weekly from the end of the winter
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rest to the end of harvest time in these twigs by using the Biologische Bundesanstalt,
Bundessortenamt and Chemical industry (BBCH) scale for stone fruit (Meier et al., 1994).
Furthermore, the number of new vegetative shoots, flowers and fruits were measured
weekly on the one-year-old selected shoots from the release of dormancy to the stage of pit
hardening. Data were expressed as the mean number of flowers per meter of shoot length,
percentage of vegetative bud break, and percentage of fruit set. The percentage of fruit set
was calculated as the ratio between the number of fruit at pit hardening and the maximum
number of flowers measured at full bloom in each selected twig. The experiment was
conducted over a nine-year period (2002-2010), with the exception of ‘Fla 1-8’, ‘Fla 1-8 bis’,
‘Nectarina 22’, ‘Nectarina 24’, and "Nectarina 29, in which the study was conducted over
three years (2008-2010).

A randomized complete-block design with one-tree plots and eight replications per cultivar
was used. Analysis of regression and variance was performed on the data, and means were
compared by Tukey’s test (p < 0.05). Extreme date of the occurrence of each phenological stage
in the nine-year period were recorded and expressed in days. Extreme variation of the
medium month temperature was also registered and expressed as a percentage of the medium
value. The relationships between the variability of the phenological stage with the chilling
requirement of the variety, and with climatic data were performed using the Infostat software.

2.2 Autumn defoliation and peach phenology

This experiment was conducted over three consecutive years (2005-2007) using trees of the
cv. ‘Flordaking’. Two treatments were performed; at the beginning of leaf fall plants were
manually defoliated (D) whereas another group of plants remains as control (C) in which
the physiological process of autumn leaf fall occurred naturally. Ten twigs per tree were
randomly and periodically collected from both treatments (20, 50, 65, and 90 days after leaf
fall) from leaf fall to the end of July, to measure the evolution of dormancy during the rest
period. Twigs were cut into segments 15 cm long obtaining 80 stem cuttings for each
treatment. Only one node with three axillary buds (two floral buds and one central leaf bud)
per stem cutting was kept, removing the remaining buds.

Excised shoots were placed with their basal tip in water and forced in a phytotron with an
8-h photoperiod (22.5 mmol m2 s-1) (Citadin et al., 2001), at 20.0 + 1.0 °C. The basal ends of
the shoots were cut weekly and water was replaced daily (Balandier et al., 1993; Citadin et
al., 1998). Floral and leaf budbreak were observed three times a week. The number of buds
that reached the balloon or green tip stage was recorded (Citadin et al., 2001). Results were
expressed as the percentage of excised shoots that reached floral and vegetative budbreak,
and as the mean time of budbreak (MTB). MTB was expressed in days (arithmetic mean of
each eight groups of 10 excised shoots) (Balandier et al., 1993). This trial was conducted in a
complete randomized design with eight replicates of 10 cuttings per treatment. In the field,
phenological phases and reproductive traits of peach trees were observed on selected shoots
as was described previously (see item 2.1). A randomized complete-block design with one-
tree plots of eight replications each was used.

2.3 Summer pruning and peach phenology

Two experiments were conducted over seven consecutive years (2002-2008), using six-year-
old peach trees [Prunus persica (L.) Batsch], cvs. ‘Flordaking” and ‘Early grande” grafted onto
‘Cuaresmillo” seedling rootstocks.
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In the first experiment (2002-2004), representative trees of the cv. ‘Flordaking’ selected for
their uniformity in size and trunk girths received different treatments after harvesting,
during the first week of November. One group of plants remained unpruned (NP) as control
trees, whereas a second group of plants was pruned each year (P). Summer pruning
consisted of heading back the recently harvested bearing shoots to basal current season
shoots which were at least 10 cm long; bearing shoots were thinned out when a new current
season shoot (10 cm long) protruded directly from the branch framework. In order to avoid
sunburn, care was taken not to prune branches that protected the scaffold from direct
sunlight. In both treatments, vigorous watersprouts were removed after harvesting. NP
trees received traditional dormant pruning 15-25 days before the beginning of their bloom;
in P trees, a light pruning was also performed during the dormant period to remove
branches that were previously left to avoid sunburn of the tree scaffold.

In the second experiment, using the cv. ‘Early grande’, pruning was performed at different
times from harvest to 15-20 days before the next flowering. Six times of pruning were
evaluated: November, December, February, March, April, and June. The combination of
summer pruning with traditional winter pruning (WP) was also evaluated, being performed
on 11 treatments: (Nov-P, Nov-P+WP, Dec-P, Dec-P+WP, Feb-P, Feb-P+WP, Mar-P, Mar-
P+WP, Apr-P, Apr-P+WP and Jun-P). The last treatment, in which pruning was performed
15-25 days before the beginning of blooming, was considered as control treatment. In trees
that received summer and winter pruning, the last were performed to remove branches that
were previously left to avoid sunburn of the tree scaffold and to adjust the number of
bearing shoots.

In both experiments, phenological phases and reproductive traits of the treatments were
evaluated on selected shoots as was mentioned in section 2.1. Moreover, the number and
distribution of fruits per plant were evaluated at harvest taking into account their
distribution in three levels of plant height; L1: lower, up to 1.5 m height; L2: intermediate,
from 1.5 to 2.5 m height; and L3: upper, from 2.5 m and higher.

A randomized complete block design with a single tree plot of five replications was used.
The data was tested for normal distribution and variance homogeneity and means were
compared via an LSD test using the software Statgraphics plus for Windows 3.1 (Statistical
Graphics Corp). A 5% probability level was used to indicate significant differences between
treatments.

3. Result and discussion
3.1 Field behavior of peach and nectarine
3.1.1 Time of occurrence of the different phenological stages

The most precocious peach variety began to sprout the first week of July (‘Fla. 91-8¢”), but
80% of the low chilling cultivars sprouted during 10 days from July 11th. High chilling
requirement genotypes (> 500 CH) showed sprouting during the second and third weeks of
September, two months later than the low chilling group. With the exception of “‘Maycrest’
and ‘Spring Lady’, all cultivars reached over 60% of budbreak, despite its chilling
requirement. These data did not show significant changes from data reported previously for
a minor number of varieties and for a shorter period of analysis (Gariglio et al., 2009).
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Full bloom occurred from the middle of July to the first week of August for the low
chilling varieties; ‘Carolina’, ‘Lara’, ‘Flordaprince’, and ‘Flordaking’ being the later
cultivars of this group (Fig. 1). On the other hand, full blooming was observed from
September 10th to 20th for high chilling varieties. Most low chilling cultivars reached fruit
set from August 10th to 23rd, whereas those varieties with higher chilling requirements
reached fruit set from the end of September, around two months later than the most
precocious genotypes (Fig. 1).

July August  September  October = November December
Weeks

Peach Varieties 12341234123 4123412341234
Fla. 91-8¢
Flordastar '
Earlygrande '
Nectarine 24 (n) >
Flordaking1
Flordaprince !
San Pedro 1633
Don Agustin (Fla. 81-12) '

Nectarine 29 (n)
Maycrest !
Nectarine 22 (n)
Lara (n) '

June Gold *

Tropic Snow '

Spring Lady '
Carolina (n) '
Fla18’

Fla 1-8 bis >
Hermosillo *

1
Flavorcrest

Beginning of blooming (61)
Full blooming (65)

Fig. 1. Main phenological stages for different peach and nectarine (n) cultivars grown in the
central-east area of Santa Fe, Argentina. Data are the means of nine-year (2002-2010) @ or
three-year (2008-2010) @ periods. Numbers in the color legend indicate the phenological
stages according to the BBCH scale (Meier et al., 1994).

Petal fall (69)
Fruit set (72)

Harvest (87)

Harvesting began on October 20th with the cv. ‘Flordastar” (Fig. 1), which was around 10
days before the harvesting date of the most important peach production areas of the
central region of Argentina (Valentini & Arroyo, 2000), and finished in the middle of
December with the cv. ‘Flavorcrest’. The period of harvesting was reduced in 10 days
when only low chilling varieties were taken into account, with “Hermosillo” as the latest
harvest variety.
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The harvest showed continuity but the incorporation of new low chilling varieties should be
evaluated to prolong the harvesting period. The use of varieties more precocious than
‘Flordastar” does not seem to be appropriate because of the risk of late frost occurrence and the
difficulty in obtaining a proper fruit size. However, it is possible to extend the whole harvest
period, and improve fruit size and quality, with the use of varieties with a later harvest period
than ‘Hermosillo’. In this way, new low chilling varieties recently incorporated in our
experimental orchard are being tested with promising results; therefore, in the future, the
harvest period would be extended, reaching nearly three months of duration.

3.1.2 Influence of the chilling requirements of the variety and the climate on the tree
phenology

The extreme variation in the occurrence of the phenological stages of 15 varieties with different
chilling requirements during nine years of study showed that the phenological variability
diminished with the advance of the growing cycle (Fig. 2). The extreme variation at the
beginning of flowering was nearly 35 days, whereas it reached 21 days at fruit set and only 11
days at harvest (Fig. 2). However, it was observed that the variability at the beginning of
blooming reached 55 days for the cv. ‘Flordastar’, and 48 and 49 days for the cvs. “Tropic snow’
and ‘Hermosillo’, respectively. On the other hand, the extreme variation at this stage reached
only 18 days in ‘June gold” and 23 days in ‘Maycrest,, indicating a reduction in the
phenological variability with the increase of the chilling requirement of the variety (Table 2).
The model that expresses the relationship between the chilling requirement (x) and the
extreme variation (in days) of each variety at a given phenological stage () was significant (P
< 0.05) from the beginning of flowering to the beginning of fruit set, despite the medium value
reached by the coefficient of regression. In contrast, the variation of the phenological stages
between extreme years did not show any relationship with the chilling requirement of the
variety from the stages of fruit set to harvesting (Table 2).

40 -
35 T

30 I\§

25 - \I\L

20

5 | \
10

5
0

days

60 65 67 69-72 87

Phenological stage

Fig. 2. Maximum variation (in days) in the occurrence of different phenological stages of
peach and nectarine trees in the central-east area of Santa Fe, Argentina. Data are the means
of 15 varieties with different chilling requirements (150-650 CH) during nine years.
Phenological stages according to the BBCH scale (Meiers et al., 1994): 60 = beginning of
flowering; 65 = full flowering; 67 = beginning of fruit set; 69-72 = fruit set; 87 = harvesting.
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Phenological stage Model 12 p-value
Beginning of flowering y = —0,0344x + 46,65 0.23 0.046
Full flowering y = —0,0280x + 40,39 0.32 0.045
Beginning of fruit set y =—0,0239x + 34,21 0.38 0.025
Fruit set y =-0,0023x + 22,43 0.003 0.850
Harvesting y = 0,0078x + 8,184 0.071 0.380

Table 2. Equation, coefficient of regression (r2) and p-value of the model that represents the
relationships between the extreme variations (y, in days) of different phenological stage
occurrence during the nine-year period (2002-2010) with the chilling requirement of the
variety (x).

The higher phenological variability observed in low chilling peach trees can be explained by
taking into account the physiology of dormancy of peach and the temperature conditions in
the central area of Santa Fe. The depth of dormancy (measured by the MTB value) declines
with the accumulation of chilling in all peach varieties (Balandier et al., 1993; Citadin et al.,
2001; Gariglio et al., 2006b). This means that the need of heat, expressed as growing degree
day (GDD) accumulation over 7°C to reach flowering decreases with chilling (Balandier,
1993; Citadin et al., 2001). However, low chilling peach trees have a very low depth of
dormancy that allows them to reach more than 50% of floral budbreak in less than 30 days
(MTB value) when they were forced at 25°C and without any need of chilling (Gariglio et al.,
2006b). On the other hand, peach varieties with higher chilling requirements (> 500 CH)
were unable to reach budbreak when they were forced at 25°C due to their major depth of
dormancy (major MTB value), and they need a certain accumulation of chilling to diminish
their heat requirement for blooming. However, during May and June, only 120 chilling
hours were accumulated as an average of the last nine years in the central area of Santa Fe
(Gariglio et al., 2006a), which is insufficient to cause an important modification of the depth
of dormancy of these varieties.

Furthermore, the major variability of the average medium temperature and that of the
monthly heat accumulation observed in the central area of Santa Fe occurs from May to
August, being highest during July (Fig. 3), coinciding with the period of dormancy and
flowering of low chilling peach. As a consequence, the variability of the temperatures between
years that occurs during the first period of dormancy, and that modifies chilling and GDD
accumulation, mainly affects the phenology of the next growing cycle of low chilling varieties,
explaining the major variation of the phenology of these groups in comparison with that of
high chilling varieties. This last group reaches blooming when the climatic variability decline
and the GDD accumulation increases nearly 80% in comparison with that of the time of
flowering of low chilling peach. Furthermore, the high GDD accumulation allows
compensation for the differences in the phenology between years of high chilling varieties in a
minor lapse of days, reducing its variability. In the same way, high GDD accumulation and the
lower climatic variability can explain why the difference in the occurrence of the phenological
events between years diminished with the advance of the growing cycle (Fig. 2).

3.1.3 Reproductive traits of peach and nectarine

Most of the studied varieties showed a flower density (FD) between 20 and 30 flowers per
meter of mixed shoots (FMMS). Nectarines reached the higher FD, around 50 FMMS, with
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the exception of ‘Nectarine 24" (Fig. 4A). “Tropic snow’ and ‘Hermosillo” were the only
peach cultivars that were able to reach an FD like nectarines, whereas ‘Flordastar’, ‘Fla 1-8
bis’, and ‘Nectarine 24’ showed more than 30 FMMS. The remaining cultivars presented
lower values of FD, the lowest one being ‘Flavorcrest’ (Fig. 4A). Flower density showed
relatively low values in comparison with other researches. ‘Springlady’ peach cultivated
under Mediterranean climatic conditions showed an FD 2.2-fold higher (51.1 flowers m-1)
(Gonzélez Rossia et al., 2007), whereas the average FD of 33 peach germplasm was 67
flowers m in the highlands of central Mexico, with only two peach varieties that showed
less than 30 flowers m-! (Pérez, 2004).

160%
140%
120%
100%
80%
60%
40%
20%
0%

Variability (%)

——GDD ——MT

Fig. 3. Maximum variability of the monthly growing degree day (GDD) accumulation and
the medium month temperature (MT) during a nine-year period (2002-2010) in the central
area of Santa Fe, Argentina. GDD was calculated using a base temperature of 7°C. Standard
error is represented by the vertical bar.

Fruit set was around 30% in several varieties, with only three genotypes that reached over
40% of fruit set (‘Flordastar’, ‘Flordaprince’ and ‘Flordaking’) (Fig. 4B). ‘Don Agustin’,
‘Lara’, ‘Nectarine 22" and ‘Nectarine 29" were the low chilling varieties that showed the
lowest fruit set, similar to that observed in high chilling ones (6.3% to 15.7%) (Fig. 4B).

Fruit size showed great differences among genotypes. ‘Hermosillo” and ‘Fla 1-8 bis” had the
biggest fruit size, whereas six other varieties reached a fruit size near 120 g fruit! ("Early
grande’, ‘Fla 1-8’, ‘Flordaking’, ‘June gold’, ‘Nectarine 22, and ‘“Tropic snow’) (Fig. 4C).
‘Flordastar” and nectarine ‘Carolina” were the low chilling varieties that had the lower fruit
size. High chilling varieties also showed low fruit size with the exception of ‘June gold’.
‘Flavorcrest” was not able to develop normal fruit, being small with a high percentage of
aborted embryos. Fruit size was lower in this experiment than that observed in Valencia,
Spain (Badenes et al., 1998), but these differences varied among varieties; it was slightly
different for “Tropic snow’ but significant for ‘Flordaking’, ‘Flordastar’, and ‘Flavorcrest’.

As a consequence of their better reproductive behavior, ‘"Hermosillo” and “Tropic snow” had
the highest fruit yield (Fig. 5). The other low chilling varieties (< 450 CH) had lower fruit
yield than these varieties. In ‘Flordastar’ and ‘Carolina’, fruit yield was mainly limited by
fruit size, whereas in ‘Don Agustin’, ‘Lara’, ‘Nectarine 22’, “Nectarine 24" and ‘Nectarine 29’,
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fruit yield was limited by fruit set. Fruit yield of high chilling requirement varieties (= 500
CH) was insignificant due to its lower fruit set (Fig. 4B), and late fruit drop.

Tropic Snow
Spring Lady
San Pedro 1633
Nectarine 29 (n)
Nectarine 24 (n)
Nectarine 22 (n)
Maycrest

Lara (n)

June Gold
Hermosillo
Flordastar
Flordaprince
Flordaking
Flavorcrest
Fla.91-8¢

Fla 1-8 bis
Fla1-8
Earlygrande
Don Agustin
Carolina (n)

20 30 40 50 60 70

Flower density (flowers m"l)

Tropic Snow
Spring Lady
San Pedro 1633
Nectarine 29 (n)
Nectarine 24 (n)
Nectarine 22 (n)
Maycrest

Lara (n)

June Gold
Hermosillo
Flordastar
Flordaprince
Flordaking
Flavorcrest

Fla. 91-8¢

Fla 1-8 bis

Fla 1-8
Earlygrande
Don Agustin
Carolina (n)
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Tropic Snow
Spring Lady
San Pedro 1633
Nectarine 29 (n)
Nectarine 24 (n)
Nectarine 22 (n)
Maycrest

Lara (n)

June Gold
Hermosillo
Flordastar
Flordaprince
Flordaking
Flavorcrest
Fla.91-8c

Fla 1-8 bis

Fla 1-8
Earlygrande
Don Agustin
Carolina (n)

0 20 40 60 80 100

C Fruit weight (g)

120

140

Fig. 4. Flower density (A), fruit set (B), and fruit weight (C) of different peach and nectarine

(n) varieties grown in the central-east area of Santa Fe, Argentina.

Tropic Snow
Spring Lady
San Pedro 1633
Nectarine 29 (n)
Nectarine 24 (n)
Nectarine 22 (n)
Maycrest

Lara (n)

June Gold
Hermosillo
Flordastar
Flordaprince
Flordaking
Flavorcrest

Fla. 91-8c

Fla 1-8 bis
Fla1-8
Earlygrande
Don Agustin
Carolina (n)

0 5 10 15 20

Fruit zield (kg plant 1)

25

30

Fig. 5. Fruit yield of different peach and nectarine (n) varieties grown in the central-east area
of Santa Fe, Argentina. Data are the means of a nine-year period (2002-2010) beginning with
four-year-old plants, with the exception of ‘Fla 1-8’, ‘Fla 1-8 bis’, ‘Nect. 22’, “Nect. 24’, and

‘Nect. 29’, which are the means of a three-year period.
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In the temperate fruit tree crops, the most critical phenological period affected by frost is
from full bloom until fruit set (stages 71 and 72 in the BBCH scale for stone fruits)
(Fideghelli, 1987). September 5t is the average date for last frost occurrence in the central
area of the province of Santa Fe (Panigatti, 1980). Consequently, in our experiment,
blooming and fruit set took place during the period of frequent late frost occurrence for low
chilling but not for high chilling varieties. However, although high chilling varieties can
avoid spring frost, they showed a very low fruit yield because they were unable to cover its
chilling requirement in the central area of Santa Fe (Gariglio et al., 2006a), explaining the
negative correlation between flowering density, fruit set and crop load with the chilling
requirement of the cultivar that was observed for peaches and nectarines grown in the
region (Gariglio et al., 2009). In contrast, low chilling varieties showed a better adaptation in
spite of the high risk of late winter frost, because these cultivars exhibited an extended
blooming period and had a higher opportunity for fruit set after the occurrence of low
temperature (Pérez, 2004). Furthermore, in the central area of Santa Fe, the Parana River
tempers the intensity and duration of frosts.

Low yield of the group of high chilling varieties can also be attributed to the reduction of the
pollination and fertilization caused by relatively warm temperature occurrence at the time
of flowering and fruit set as was mentioned for peach accessions with late blooming in the
Mexican subtropics (Pérez, 2004).

3.2 Modification of peach phenology caused by the time of autumn defoliation

Artificial defoliation of ‘Flordaking” peach performed at the beginning of natural leaf fall
advanced sprouting and beginning of blooming of the next growing cycle by 15 days, in
comparison with the control. This difference between treatments decreased to 8 days at full
flowering and fruit set, and disappeared at harvest time. Furthermore, autumn defoliation
did not affect the percentage of budbreak, but reduced fruit set (-40%) and crop load at
harvest (—35%).

The depth of dormancy (MTB value) of floral buds from shoots excised during winter rest
was highest at leaf fall for both treatments, and decreased during 65 days, remaining
constant until the end of dormancy (Table 3). However, artificial defoliation reduced to half
the depth of dormancy at leaf fall in comparison with the control. Differences between
treatments diminished one month later, and it disappeared from 50 days after leaf fall to the
end of dormancy (Table 3). The MTB value of vegetative buds was also affected by
defoliation but the reduction was only 12% at leaf fall and the differences between
treatments disappeared 20 days later.

Defoliation only modified MTB on shoots excised from the trees during the first 40-45 days
after leaf fall because the endodormancy of ‘Flordaking’ peach is released at this time; the
depth of dormancy (MTB value) of its buds did not decrease further over time, i.e. MTB
does not show further decreases with chilling, indicating that buds are under eco-dormancy
(Balandier et al., 1993; Dennis, 2003). Defoliation also reduced fruit set with regard to control
trees, as in apple (Mohamed, 2008), perhaps for the major probability of lower temperature
occurrence and lower activity of pollinators during flowering.

The role of the presence of leaves during autumn in the onset and progression of dormancy
is attributed to the perception of the photoperiodic stimulus via phytochrome-mediated
signaling that triggers the onset of dormancy of deciduous trees under a shortening
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photoperiod (Rinne & van der Schoot, 2004), mainly by the stimulation of the synthesis of
ABA and other growth inhibitors (Tanino, 2004). Thus, defoliation near the period of natural
leaf fall interferes with the physiological process of the onset of dormancy, explaining the
great reduction of the depth of dormancy (Table 3) and the advances of blooming in the next
spring that was observed in this work.

Time of shoot MTB (days) Sienificance
extraction Control Defoliation N

May 3rd 47.0 225 f

May 24th 27.1 20.0 I

June 22nd 11.5 11.0 ns

July 7th 7.2 8.5 ns

July 29th 6.5 8.8 ns

* = significant; ns = not significant at P < 0.05

Table 3. Effect of autumn defoliation on mean time to budbreak (MTB) of floral buds from
shoots of ‘Flordaking” peach excised at different times of winter rest period and forced at a
constant temperature (20°C).

3.3 Modification of peach behavior caused by summer pruning
3.3.1 Summer pruning and autumn defoliation

Summer pruning showed a great effect on the time of autumn leaf fall, and blooming in the
next spring. Natural leaf fall of ‘Flordaking” peach began at the end of March and pruning
performed after harvest delayed it 11 days (Fig. 6). Summer pruning after harvest also
changed the patterns of defoliation, which showed significant differences between
treatments until late April. However, complete defoliation was reached during the first
fortnight of May in both treatments (Fig. 6).

When pruning was performed at a different time of the growing cycle using the cv. ‘Early
grande’, it was observed that autumn defoliation was also delayed by summer pruning after
harvest (November), regardless of whether the trees were pruned again during winter or
were only summer pruned (Fig. 7). On the other hand, autumn defoliation occurred earlier
when peach trees were pruned at the beginning of February or February and June; these
trees reached 50% of defoliation in the middle of February, one month earlier than trees
pruned during April or June, and nearly two months earlier in comparison with trees
pruned during November (Fig. 7). Pruning performed at the beginning of April did not
affect the evolution of leaf drop in comparison with trees that were pruned only during the
winter period (Control = Jun-P, Fig. 7).

In Japan, summer pruning after harvest also delayed leaf fall by two months in comparison
with non-summer pruned trees (Hossain et al., 2005). Leaf senescence is an active process
programmed by genetic information and modulated by several plant hormones and
environmental factors, but basically it is an age dependent process (Srivastava, 2002).
Consequently, the delay of leaf fall caused by summer pruning can be explained by the
presence of younger leaves at the time of leaf fall in trees that were summer-pruned after
harvest (November) in comparison with trees that were not summer-pruned or were pruned
in February. Summer pruning after harvest but not summer pruning at the beginning of
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February induces the appearance of new axes which are able

to continue growing almost to

the end of the vegetative period (Médiene et al., 2002; Weber et al., 2011; Weibel et al., 2003).
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Fig. 6. Pattern of leaf senescence (percent of leaf defoliation) of peach trees, cv. ‘Flordaking’,
pruned (P) or not pruned (NP) after harvest. Vertical bars represent the standard error for
each sample. Arrows indicate the time at which each treatment reached 50% of defoliation.
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Fig. 7. Pattern of autumn defoliation evolution in ‘Early grande” peach trees pruned only in
summer (Nov-P; Feb-P; Apr-P), both in summer and winter periods (Nov-P + WP; Feb-P +
WP; Apr-P + WP), or only during winter (Jun-P, control treatment). Data correspond to 2007.
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3.3.2 Summer pruning and time of blooming

As was discussed previously for the autumn defoliation experiment, the time of leaf fall can
also affect dormancy induction and release. Thus, the delay of leaf senescence caused by
summer pruning after harvest can explain why this treatment delayed the occurrence of the
different phenological stages of flower buds of ‘Flordaking’ peach in the next spring. Non-
summer pruned plants reached the beginning of flowering eight days before and were
harvested three days earlier in comparison with summer-pruned plants (Table 4).

Phenological growth stage BBCH! ND Date D Dl(f[f)?;;(:e
Full flowering 65 August 28th September 05th +8
Fruit set 69-72 September 11th  September 14th +3
Harvest 87 November 10tr  November 13th +3
First leaves emerging 10 August 15th August 18th +3

(Phenological growth stage according to BBCH (Meiers et al., 1994)

Table 4. Main phenological events of peach trees, cv. ‘Flordaking’, pruned (P) or not pruned
(NP) after harvest.

However, the modification of the tree phenology by summer pruning in relation with
autumn defoliation was easier to observe in the experiment in which “Early grande” peach
was pruned at a different time of the growing cycle. The treatments of pruning that
delayed autumn defoliation (Nov-P) also delayed spring bloom by 7 to 10 days in
comparison with the control; on the other hand, the treatments that advanced autumn
defoliation (Feb-P) also advanced spring bloom by 6 to 8 days (Table 5). This effect was
explained by the modification of the depth of dormancy caused by summer pruning;
pruning during February (late summer) showed the lowest depth of dormancy at leaf fall
in comparison with the other treatments, and this effect was attributed to the early
defoliation caused by pruning (Lloyd & Firth, 1993; Weber et al., 2010). Trees defoliated
closer to the time of natural defoliation advanced the blooming date over naturally

defoliated controls; however, this effect was variable when defoliation occurred early
(Lloyd & Firth, 1990).

Treatment Full flowering deviation (days)
Nov-P +10

Nov-P + WP +7

Feb-P -8

Feb-P + WP -6

April-P -1

April-P + WP 0

Table 5. Phenology variation (days) regarding control (winter pruning; Jun-P) at the
phenological stage of full flowering in peach trees, cv. ‘Early grande’, pruned only during
summer (Nov-P; Feb-P; Apr-P), or both in summer and winter period (Nov-P + WP; Feb-P +
WP; Apr-P + WP).
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3.3.3 Relationships between summer pruning, autumn defoliation and time of
blooming

Summer pruning treatments performed at a different time of the growing cycle modified the
time of autumn defoliation and the time of spring blooming with a strong and direct
relationship between both variables (Fig. 8). Treatments of pruning that advance autumn
leaf fall also advanced spring bloom whereas treatment that delayed autumn defoliation
also delayed flowering in the next spring. According to the slope value of the fit line (Fig. 8),
the time of spring flowering was modified in one day when the time of autumn defoliation
was changed in three days. However, this effect was clearly observed in only one of three
years of experimentation.
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Fig. 8. Relationships between the modification of the time of autumn defoliation and the
consequent variation in the time of blooming in the next spring caused by summer pruning
performed at a different time of the growing cycle. Data were expressed in comparison with
trees that were pruned during winter rest, in peach trees, cv. ‘Early grande’.

These results showed the relationships between summer pruning and artificial defoliation
on the time of leaf fall, and provide further evidence of the importance of the presence of
leaf during autumn and the time of leaf abscission on the phenology of low chilling peach
varieties in the next spring. Any cause (abiotic, biotic, cultural practices) that modifies the
time of leaf fall occurrence changes the period of tree exposition to the short day inductive
condition, and may alter the physiological process of dormancy in temperate fruit trees
(Heide, 2008). As low chilling peach also had a low depth of dormancy (Citadin et al., 2001;
Gariglio et al., 2006b), any modification, however small, in the depth of dormancy seems to
have a great effect on the tree phenology in the next spring. These observations can also
explain different results obtained with the defoliation technique on the time of blooming in
the next spring (Citadin et al., 2001; Egea et al., 2003; Ganji Moghadam & Mokhtarian, 2006).
In addition, it is expected that the treatments that reduce the depth of dormancy can
increase the variability of peach phenology as was previously discussed when the
phenological variability of low and high chilling requirement varieties were mentioned (see
Fig. 2). Otherwise, the time of sprouting was less affected by summer pruning in relation
with blooming (Table 4).
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It is important to mention that summer pruning performed during February caused an
important density of flowering during the autumn period. In the middle of April, Feb-P
trees showed open flowers in 21% of its mixed shoots, causing a budbreak that reached up
to 35% of the flower buds of these branches. No vegetative budbreak during the autumn
period was stimulated by this pruning. Clearly, the occurrence of autumn flowering was
due to the reduction on the depth of dormancy caused by summer pruning performed at the
beginning of February. Furthermore, as flower bud had lower depth of dormancy than leaf
bud (Gariglio et al., 2006b), blooming but not sprouting was stimulated by summer pruning
at the beginning of February.

3.3.4 Summer pruning on vegetative and reproductive traits of peach trees

The pattern of the percentage of sprouting evolution was also modified by summer pruning
after harvest (Fig. 9); vegetative budbreak increased faster in non-summer pruned trees but
not in pruned ones. Non-summer pruned trees reached 50% of sprouting before August 25th
whereas summer pruned plants arrived at this threshold value during the second week of
September. The final percentage of vegetative budbreak was slightly above 60% in both
treatments (Fig. 9). This behavior of vegetative budbreak observed in summer pruned trees
can be a consequence of the delays on the time of sprouting and blooming of the next
growing cycle, and on the increases of the depth of dormancy of vegetative and
reproductive buds caused by summer pruning after harvest, mentioned and discussed
previously.
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Fig. 9. Pattern of the vegetative budbreak evolution at the beginning of the growing cycle in
‘Flordaking’ peach trees that were pruned (P) or not pruned (NP) after harvest.

Summer pruning after harvest significantly reduced fruit size at the beginning of the fruit
growth period (-23.7%), but this difference diminished from the last 15 days of fruit growth,
becoming insignificant at harvest.
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In relation to the reproductive traits of peach trees, summer pruning after harvest did not
affect flower density and fruit set of ‘Flordaking’ peach. Floral induction of low and
medium chilling peach varieties occurred after harvest (Gonzalez-Rossia et al., 2007), and
summer pruning performed at this time stimulated vegetative growth rate (Weber et al,,
2011). Therefore, as vegetative growth and floral induction are a competitive process (Reig
et al., 2006), it is expected that summer pruning after harvest caused a reduction on the
flower density of pruned trees. However, summer pruning stimulates vegetative growth,
but also improves light penetration into the canopy (Marini, 2003; Marini & Barden, 1982;
Weber et al., 2011) which is required for floral induction and floral bud differentiation
(Marini, 2003). Thus, it is possible that both effects may be neutralized and flower intensity
would not be affected.

Although pruning treatment did not significantly affect fruit load over three years of
experimentation (NP, 231 and P, 259 fruits per plant in average), it did significantly affect
the distribution of the fruits in the plant height, increasing the proportion of those located in
the intermediate stratum of the plant height (+10% to +40%), and decreasing those of the
upper one (—45% to —50%). This effect is related to the major proportion of reproductive
shoots observed in the medium stratum for summer pruned trees in comparison with non-
pruned ones (Weber et al., 2011). This effect of pruning is explained by an improvement of
the internal distribution of light (Stebbins, 1997; Weber et al., 2011) and a change in the
dominant position of vegetative growth which is transferred from the apical to the basal
zone of the canopy after pruning (Li et al., 1994a).

Unlike the previous experiment, summer pruning performed at a different time of the
growing cycle using ‘Early grande’ peach caused a significant modification on fruit set, and
consequently on the number of fruits per plant at harvest. Both variables (fruit set and
number of fruit per plant) were significantly reduced by winter pruning during the years
characterized by light late frost occurrence (Table 6). In this experiment, trees that were only
pruned during the summer period showed a fruit set from 1.25- to 3.2-fold higher and the
number of fruit per plant was 1.17- to 5.5-fold higher in comparison to trees that were
pruned during winter. This effect was not observed during years without late frost
occurrence.

Treatment Fruit set (%) Fruits/plant
Jun-P 38¢ 77 d
Nov-P 16.0 a 293 a
Nov-P + WP 41c 87d
Feb-P 122 a 206 b
Feb-P + WP 49c 54 e
Apr-P 6.2b 102 c
Apr-P + WP 50c 55 e

Table 6. Fruit set and total fruits per plant in “Early grande” peach trees that were pruned in
summer (Nov-P, Feb-P and Apr-P), both in summer and winter periods (Nov-P + WP, Feb-P
+ WP and Apr-P + WP) or only during winter (Jun-P, control). Data are the means of two
years (2007 and 2008), characterized by light spring frost occurrence. Means with different
letters in the same column differ significantly (P < 0.05).
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This effect of winter pruning on fruit set is difficult to explain because the treatments
showed different times of blooming (Table 5) and the sensitivity to frost increases with the
development of the flowers (Racskoé et al., 2007); however, comparing trees that received
pruning only during the summer period with trees that were pruned twice (summer and
winter time) and that reached blooming at the same time (Nov-P and Nov-P + WP; Feb-P
and Feb-P + WP; Apr-P, Apr-P + WP, and Jun-P), showed that treatments that received
winter pruning had a lower fruit set (Table 6). It is also possible to demonstrate that this
effect is due to the winter pruning and not by the number of prunings that received each
treatment because the control (Jun-P) received only one pruning during winter and showed
the lowest fruit set in comparison with trees that received one pruning treatment during the
growing cycle or two pruning treatments (summer and winter pruning).
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Fig. 10. Relationship between flower density and fruit set of different low chilling peach
cultivars growing in the central-east area of Santa Fe, Argentina. Data are the means of a
nine-year period (2002-2010).

This negative effect of winter pruning on fruit set was previously observed when long
pruning and short pruning techniques were evaluated in peach trees growing in China (Li et
al., 1994b; Singh & Daulta, 1985). They observed that long pruning increased resistance of
flowers to late frost in spring because the high quality buds that have a higher resistance to
frost were generally situated at the mid region of the shoot, and these buds were eliminated
when short pruning was practiced (Li et al., 1994b). However, in our experiments long
pruning was practiced during winter and consequently the importance of bud quality in the
mid region of the shoot cannot explain our results. The competence between growing
organs caused a great diminution of fruit set in citrus (Agusti, 2003) and other subtropical
crops such us mango (Ramirez & Davenport, 2010). Fruit set of stone fruits seems to be
unaffected by flower intensity (Gonzalez-Rossia et al., 2007), but despite this we found a
negative tendency of fruit set of peach with the flower density of the cultivars (Fig. 10); fruit
set decreased by half (40% to 20%) when the flower density increased from 20 to 60 flowers
per meters of mixed shoots. Furthermore, we did not observe changes of flower density
caused by pruning treatments. Instead, there is good evidence that winter pruning
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stimulates vegetative growth (Li et al., 1994a; Marini, 2003) of deciduous trees, and that
competition for carbohydrates from shoot growth accentuates early fruit abscission, even at
a relatively low crop load (Racsko et al., 2007).

In low chilling peach a great proportion of floral bud abortion was observed when excised
shoots received excessive chilling that stimulated vegetative growth when they were forced at
25°C (Gariglio et al., 2006b). Similar effects were induced by the use of hydrogen cyanamide to
stimulate budbreak under conditions of low chilling accumulation (Lloyd & Firth, 1993). Thus,
it is possible that winter pruning diminishes fruit set under suboptimal low temperature
conditions by increasing competition between vegetative and reproductive growth.

4. Conclusion

Low chilling peach and nectarine varieties (< 450 CH) grown in the central area of Santa Fe,
Argentina, showed high flower density, fruit set, number of fruit per plant, and consequently,
higher fruit yield with regard to peach varieties with higher chilling requirement (> 500 CH).
The phenology of high chilling requirement varieties had the advantage that blooming and
fruit set occurred after the period of risk of late frost occurrence; however, they did not satisfy
their chilling requirement, showing an inadequate vegetative and reproductive behavior.
Phenology variability between years decreased with the advance of the growing cycle and
with the chilling requirement of the variety, and this behavior is explained by the low depth of
dormancy of low chilling peach, and the high variability of the temperature during the period
of dormancy and blooming of low chilling peach.

Artificial defoliation at the beginning of leaf fall and summer pruning greatly affect
phenology of low chilling peach. Summer pruning delayed autumn leaf fall when it was
performed after harvest (November), but advanced leaf senescence when it was done at the
beginning of February. The time of blooming and sprouting in the next spring was directly
related to the time of autumn leaf fall. This effect can be explained by the role of the
presence of leaf on the onset and progression of dormancy; thus, the advances of leaf fall
(artificial autumn defoliation and summer pruning during February) reduce the depth of
dormancy, advancing blooming and sprouting, while the delay in leaf fall (summer pruning
during November) increases the depth of dormancy of low chilling peach, delaying
blooming and sprouting in the next spring. As a consequence, by changing the time of
autumn leaf fall through the use of different cultural practices such as artificial defoliation or
summer pruning, it is possible to modify by nearly 20 days the time of flowering in the next
spring, allowing growers to improve precocity or to avoid late frost occurrence, among
other possible objectives.
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