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Abstract: Almond is an important tree nut crop worldwide, and planted areas have been increasing
year after year. While self-fertility is one of the key factors when it comes to improved almond
productivity of new cultivars, yield is also affected by the number of flowers produced, pollination,
fruit set, fruit drop, and fruit weight. Almond fruit drop patterns of 20 Mediterranean almond
cultivars were studied over three years. In addition, fruit drop patterns of two scion cultivars
‘Marinada’ and ‘Vairo” budded onto eight to 10 different rootstocks managed with three different
pruning strategies were studied for two years. Cumulative flower and fruit drop ranged from 50% to
90% among cultivars and treatments, and there were up to four fruit drop events during the growing
season, the main one occurring from 20-60 days from full bloom (DFFB). Subsequent drops were at
100 DFFB, 120-140 DFFB, and the last one at 160-180 DFFB. The later drops were less apparent. In
general, about half of the cumulative drop was comprised of buds and flowers, and the remaining
percentage was fruit that dropped 20 or more days after full bloom. Furthermore, different fruit
drop patterns were observed depending on the cultivar. For late- and extra-late flowering cultivars,
cumulative fruit drop began to decrease earlier, with most of the drops occurred already at full
bloom, whereas the opposite was observed for the early flowering cultivars. Rootstocks also had
an important effect on the fruit drop pattern, with different effects depending on the scion cultivar.
Tree management, such as type of pruning, also had an important effect on the rate of fruit drop and
cumulative drop. Therefore, each combination of cultivar x rootstock X pruning type will require
different strategies in order to reduce the fruit drop and optimize crop loads.
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1. Introduction

Almond (Prunus dulcis (Mill.) D. A. Webb. syn. Prunus amygdalus Batsch) is an
important tree nut crop in terms of commercial production worldwide, and due to the
release of new cultivars that provide late blooming times and self-fertility, the planted area
has been increasing in recent years [1-3]. Regarding production, the USA is currently in
the lead, with 79% of the world’s production, followed by recent exponential growth in
Australia (7%), and then Spain in third place, with a harvest volume that accounts for 6%
of the world total [4-6]. However, considering production surface, Spain has the largest
growing area with 657,768 ha, followed by the USA with 628,000 ha, and Australia with
53,014 ha [4—6]. Currently, 86% of the almond growing area in Spain is not irrigated, and
in many cases on drylands with less than 300 mm of annual rainfall. Therefore, in these
large areas, yearly productivity is still very low and in many cases does not exceed 100 kg
of kernel-ha=1 [6,7].

The reproductive process in almond trees spans two years from flower bud induction
to fruit set and fruit maturity [1,8], and while there is substantial knowledge on the
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American traditional almond cultivars such as ‘Nonpareil’, there is lack of knowledge
about the newly bred cultivars grown in Mediterranean areas. In addition to the planting of
recently released cultivars, increasingly Mediterranean orchards are being irrigated, thus a
better knowledge about almond tree behavior under these growing conditions is required.

While self-fertility is one of the key factors when it comes to improved almond pro-
ductivity of new cultivars, yield is also dependent on the number of flowers produced, the
percentage of flowers that set fruit, and fruit weight [8]. These yield components are geno-
type dependent and are influenced by environmental and management conditions [1,8-12].

Fruit set of almond flowers can range between 15-40%, with most of the orchards
having average fruit set between 20-30% [1,13]. In addition, three periods of flower/fruit
drop have been described for the ‘Nonpareil” cultivar in California [14]. The first drop takes
place during bloom or shortly thereafter, the second drop occurs about a month after bloom,
and the third drop takes place six to seven weeks after bloom [14]. However, since these
drops seem to be driven by genetic and environmental factors that affect carbohydrate
and hormone balances [1,8,11,14], it is likely that the large number of cultivars recently
released, from various and different genetic origins, may have different drop patterns.
Hence, management should be specifically adapted to each combination of cultivar x
rootstock in order to optimize productivity and enhance orchard profitability.

The aim of this study was to assess the fruit drop patterns of 20 of the most popular
almond cultivars grown in the Mediterranean areas. In addition, fruit drop patterns of
‘Marinada’ and ‘Vairo’ cultivars budded onto eight to ten different rootstocks and managed
with different types of pruning were also examined.

2. Materials and Methods
2.1. Orchards and Experimental Design

The study was performed over either two or three years on mature almond trees
in three different orchards (P1, P2, and P3) planted at the Experimental Station of IRTA
(Institute of Research and Technology, Food and Agriculture) in Les Borges Blanques,
northeastern Spain (41°30'31.89"" N; 0°51'10.70" E). The P1 orchard was planted in 2009,
using bare-root trees (1 m in height), with twenty different almond cultivars. Among the
cultivars included, fifteen were from three different Spanish breeding programs: seven
from IRTA (self-compatible: ‘Constanti’, “Francoli’, ‘Marinada’, and ‘Vairo’; and self-
incompatible: ‘Glorieta’, ‘Masbovera’, and “Tarraco’) [15,16]; four self-compatible cultivars
from CITA (‘Belona’, ‘Guara’, ‘Mardia’, and ‘Soleta’) [3,17-19]; and four self-compatible
cultivars from CEBAS-CSIC (“Antofieta’, ‘Marta’, ‘Penta’, and “Tardona’) [20,21]. Two other
cultivars were obtained at INRA, France (‘Ferragnés’ self-incompatible, and ‘Lauranne’
self-compatible) [22,23]. Two traditional Spanish self-incompatible cultivars, ‘Desmayo
Largueta” and ‘Marcona’ [24], and one Italian self-compatible cultivar commonly planted
in some Mediterranean countries, “Tuono’ [17,24], were also included in the study. All
cultivars are considered hard-shelled and were budded onto INRA GF-677 rootstock [25].
Trees were planted in a randomized complete block design, with four replications and with
each block containing four trees of each cultivar. Trees were trained to a central axis system,
with a tree spacing of 45 m x 2 m.

The P2 orchard was planted with dormant budded trees in 2010 using ‘Marinada’
and “Vairo’ as the scion cultivars. These cultivars were selected due to their late-flowering
and self-fertility, and their different vegetative and productive habits; ‘Marinada’ being a
medium-weak vigor cultivar, and ‘Vairo” a strong vigor cultivar [15,26]. For the ‘Marinada’
trial, trees were planted in a randomized complete block design, with twelve single-tree
replications. Rootstocks included in this trial were Cadaman®, Garnem®, INRA GF-677,
IRTA 1 and IRTA 2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R [27]. For
the “Vairo’ trial, trees were planted in a randomized complete block design, with six single-
tree replications. With the exception of Cadaman® and Garnem®, the same Rootstocks as
before were included in this trial [27]. All trees were trained to an open vase system, with a
tree spacing of 5m x 4.5 m.
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The P3 orchard was planted with dormant budded trees in 2010, again with ‘Marinada’
and ‘Vairo’ as the scion cultivars, both grafted onto IRTA 2 rootstock [27,28]. In this plot,
trees were managed according to three different pruning strategies: (i) no pruning, by
leaving all natural main branches and then pruning cuts were only made when branches
appeared to be dying or dead; (ii) long pruning, choosing 4-6 branches as scaffolds and after
that no more cuts were done on these branches and/or secondary and tertiary branches;
and (iii) short pruning, three main branches were chosen for primary scaffolds, and then
these branches and secondary and tertiary branches were headed back to 1/3 of their
length during the dormant season. The trial was designed as a randomized complete block
experiment with a split plot and eight single-tree replications. Cultivar was the main plot
with each main plot consisting of three 50 m long rows. Pruning management was in
sub-plots, which each consisted of a 50 m long row. Trees were trained to an open vase
system, with a tree spacing of 6 m x 6 m.

For all the orchards, the soil was a clay-loam type, with good water holding capacity,
well drained, and fertile with about 2% organic matter content. Trees were drip-irrigated
(climate is semi-arid Mediterranean, with a mean annual rainfall of 350 mm) on a daily
basis, calculating water requirements through a water balance method for replacing crop
evapotranspiration (ET.) as follows: ET, = (ET, x Kc)—effective rainfall. The ET, was
collected from the public network of weather stations closest to the study site [29], which
uses the Penman-Monteith method [30] to calculate it. The total amount of water applied
throughout the growing season (from April to October) ranged from 600 mm to 650 mm,
depending on the trial and year. Plots were managed within IPM management according
to industry standards, with the exception of P1 where no fungicides were applied. Beehives
were placed every year in all the orchards, at a rate of 5 hives/ha from budbreak to petal
fall, circa of one month.

2.2. Horticultural Assessments & Data Analysis

All the assessments were visually made on fully mature trees. Phenological stage
was also recorded every year on a biweekly-basis from bud break (B) to fruit growth
(I) [31]. Fruit drop was assessed by noting the number and development stage of buds,
flowers, and fruitlets located on 1-2-year-old shoots every 10-15 days, from pink bud to
harvest (~40-60 buds/shoot) (Table 1). Observations were made on one branch per tree
and 2 trees/rep for P1 (8 trees/cultivar), two branches per tree and 1 tree/rep for P2 (four
trees for rootstock), and two branches per tree and 2 trees/rep for P3 (8 trees/pruning
treatment). Data was recorded over three seasons (2015-2017) for P1 (cultivars), and over
two years (2017-2018) for P2 (rootstocks) and P3 (pruning management). For this study;,
17,009 buds were assessed in P1; 14,828 buds in P2; and 7,563 in P3; totaling 39,400 assessed
buds for the whole study (Table 1). Fruit drop was calculated as the number of either buds,
flowers, or fruits at the sampling day in relation to the initial number of buds (cumulative
% fruit drop) or to the previous sampling day (fruit drop rate, % fruit drop from previous
observation). Data for each treatment, plot, and year was then normalized in relation to
days from full bloom (DFFB). For P2 and P3, tree height and tree width in the row and in
the alley were measured each year. Tree volume (4/37 r®) was then calculated. Every year
at harvest, trees from P2 and P3 were shaken mechanically by commercial equipment. The
in-shell nuts were then harvested with an inverted-umbrella and hulls removed using a
self-moving huller. Once the in-shell nuts were dehulled, their fresh weight was measured,
and the gross yield calculated. A 1 kg in-shell nut sample was collected from each replicate
and naturally dried for about three—four weeks (until reaching 6% of kernel moisture). Dry
weight was determined, and then one sample of 100 in-shell nuts per 1 kg was collected to
determine shell and kernel dry weights, and shelling percentage (kernel weight/in-shell
weight x 100). Kernel yield was calculated by multiplying in-shell nut yield (kg/tree) for
shelling percentage (kernel weight/in-shell weight). Production in kernel yield per tree
was normalized in relation to tree volume.
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Table 1. Number of buds assessed per year (2015-2018) to calculate fruit drop rate for each cultivar, rootstock, and pruning
type in each of the three plots at Les Borges Blanques, Spain.

Number of Buds Sampled

Plot # Cultivar Rootstock Pruning Type 2015 2016 2017 2018 Y by Row

Antonieta INRA GF-677 173 257 178 608
Belona 278 369 235 882
Constanti 226 380 242 848
Ferragnes 183 405 257 845
Francoli 225 357 318 900
Glorieta 259 323 156 738
Guara 183 292 229 704
Lauranne 350 298 326 974
Largueta 236 257 257 750
Marcona 138 153 260 551
1 Mardia 162 242 218 622
Marinada 191 334 304 829
Marta 278 243 267 788
Masbovera 354 412 163 929
Penta 280 247 264 791
Soleta 404 351 437 1192
Tardona 247 212 390 849
Tarraco 430 617 543 1590
Tuono 198 255 184 637
Vairo 300 402 280 982

Total Plot 1 5095 6406 5508 17,009
Marinada 3376 5303 8679
Adesoto 332 548 880
Cadaman 410 531 941
Garnem 291 465 756
INRA GF-677 302 554 856
IRTA 1 421 542 963
IRTA 2 294 522 816
Ishtara 295 573 868
Rootpac 20 318 452 770
Rootpac 40 358 569 927
2 Rootpac R 355 547 902
Vairo 2521 3628 6149
Adesoto 374 495 869
INRA GF-677 268 412 680
IRTA 1 336 408 744
IRTA 2 280 410 690
Ishtara 301 554 855
Rootpac 20 317 431 748
Rootpac 40 345 419 764
Rootpac R 300 499 799

Total Plot 2 5897 8931 14,828
Marinada IRTA 2 1947 2125 4072
No pruning 604 827 1431
Long 765 572 1337
Short 578 726 1304
3 Vairo IRTA 2 2086 1405 3491
No pruning 633 573 1206
Long 774 431 1205
Short 679 401 1080

Total Plot 3 4033 3530 7563
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Specialized modeling for cumulative fruit drop and DFFB from bud break and up to
180 days after full bloom were performed for each cultivar (P1), rootstock (P2) and pruning
management (P3) in order to identify the curve with the best fit. Models were selected
according to the lowest Corrected Akaike’s Information Criteria (AIC.). Analysis of Means
(ANOM) was used to compare parameters for each treatment. Data for all years were
pooled together for the analysis. Four two-way hierarchical cluster analyses using the Ward
method were built in order to classify the pruning type and rootstocks for both cultivars
‘Marinada’ and ‘Vairo” based on cumulative percentage fruit drop, inflection point, and
kernel yield (kg/tree) normalized by tree volume (m?). Data were analyzed using the JMP
statistical software package (Version 14; SAS Institute Inc., Cary, North Carolina).

3. Results
3.1. General Fruit Drop Patterns

There were up to four periods of almond drop. The first fruit drop peaked at 20 DFFB,
the second one at 100 DFFB, a third one at 120-140 DFFB, and the last one at 160-180 DFFB
(Figure 1A). The first fruit drop, which had the peak around 20 days after full bloom,
started a few days before bloom through 60-80 days after bloom, and was the main fruit
drop period (Figure 1A). At that period, fruit drop in relation to the previous sampling day
mainly ranged from 10-50%, but in some cases reached up to 70%. The remaining three
later fruit drops had a maximum of 30% fruit drop in relation to the previous sampling day.
When looking at the cumulative almond drop, once fruit set reached 50 to 60 days after full
bloom, fruit drop tended to stabilize and, in general, no more significant fruit drops were
observed. Cumulative fruit drop ranged from 50% to 90% (Figure 1B).

Drop % from previous day

A 100

90
80
70
60
50
40
30
20
10

&
40 -20 49 0 20 40 60 80 100 120 140 160 180 200

Cumulative drop %

100
90
80
70
60
50
40
30.
20
10

&

-40 -20.10 O 20 40 60 80 100 120 140 160 180 200
DFFB

Figure 1. Fruit drop percentage from previous sampling day (A) and cumulative fruit drop percentage
of almond crop along days from full bloom (DFFB) (B) at Les Borges Blanques, Spain. Each dot
represents the average of trees during 2015-2018. Data belongs to twenty different cultivars (P1),
two almond cultivars grafted onto eight to ten rootstocks (P2), and two cultivars with three different

pruning types (P3).
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3.2. Fruit Drop Patterns by Cultivar

Overall, in all cultivars the main fruit drop coincided with the first period (20-60 DFFB)
(Figure 2). In addition, ‘Antofieta’, ‘Belona’, ‘Ferragnes’, and ‘Tarraco’ cultivars had a
further small fruit drop around 160 DFFB, ‘Guara’ and ‘Lauranne” had one at 180 DFFB,
and the last ‘Glorieta’ fruit drop ranged from 120-140 DFFB.

Glorieta Guara Lauranne

Marcona Mardia Marinada

Masbovera Penta Soleta

DFFB DFFB DFFB

Figure 2. Fruit drop percentage from previous day for twenty different almond cultivars along days from full bloom (DFFB)
at Les Borges Blanques, Spain (P1). Each dot represents the average of eight trees and one branch/tree. Data was recorded

during 2015-2017.

Cumulative fruit drop for all the cultivars had a good fit under a logistic three-
parameter model (R? = 0.87, data not shown). Growth rate, inflection point, and asymptote
were highly significant for all the cultivars (<0.0001), with the exception of ‘Penta’” and
‘Tardona’, which had no significant inflection point (data not shown). While there were
no significant differences among cultivars regarding the growth rate, ‘Marinada’, ‘Marta’,
‘Masbovera’, ‘Soleta’, and ‘Vairo’ tended to have higher fruit drop rates than the rest of the
cultivars (Figure 3). There were significant differences among cultivars regarding the time
in which the fruit drop began to decrease (inflection point). As a result, ‘Belona’, ‘Francolf’,
‘Largueta’, and ‘Marcona’ were the varieties which had steep fruit drops for a longer period
of time (Figure 3). A second group comprised ‘Antofieta’, ‘Constanti’, ‘Ferragnes’, ‘Glorieta’,
‘Guara’, ‘Lauranne’, ‘Mardia’, “‘Marta’, ‘Masbovera’, ‘Soleta’, “Tarraco’, and ‘“Tuono’. A third
group comprised ‘Marinada’, ‘Penta’, “Tardona’, and ‘Vairo’, which were the varieties where
cumulative fruit drop started to deaccelerate earlier (lower inflection point value). There
were significant differences regarding the maximum cumulative fruit drop depending on
the cultivar (asymptote). ‘Largueta’, ‘Marcona’, ‘Soleta’, and “Tarraco’ were the cultivars
that had higher cumulative fruit drop, with values around 90% (Figure 3). A second group
comprised ‘Antofieta’, ‘Constanti’, ‘Ferragnes’, ‘Francoli’, ‘Glorieta’, ‘Guara’, ‘Lauranne’,
‘Mardia’, ‘Marinada’, ‘“Tardona’, “Tuono’, and ‘Vairo” with values that ranged from 72-87%.
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A third group comprised ‘Belona’, ‘Marta’, ‘Masbovera’, and ‘Penta’, which had the lowest

maximum cumulative fruit drop (62-72%).
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Figure 3. Fitted curves and parameter comparison for the logistic three-parameter models fitted to

describe the relationship from bud break until 180 days after full bloom between cumulative fruit
drop (%) and days from full bloom (DFFB) for ‘Antofieta’, ‘Belona’, ‘Constanti’, ‘Ferragnes’, ‘Francoli’,
‘Glorieta’, ‘Guara’, ‘Lauranne’, ‘Largueta’, ‘Marcona’, ‘Mardia’, ‘Marinada’, ‘Marta’, ‘Masbovera’,

‘Penta’, ‘Soleta’, “Tardona’, “Tarraco’, “Tuono’, and “Vairo” almond cultivars at Les Borges Blanques,

Spain (P1). Data were recorded during 2015-2017.
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3.3. Fruit Drop Patterns by Rootstock

For ‘Marinada’ and ‘Vairo’ logistic three-parameter models for cumulative fruit drop
with days from bud break until 180 days after full bloom had a good fit (R* = 0.86 and
R? = 0.88, respectively; data not shown). Growth rate, inflection point, and asymptote were
highly significant for all the rootstocks with either ‘Marinada’ or “Vairo” (<0.0001) (data not
shown). There were no significant differences among rootstocks for ‘Marinada’ regarding
the growth rate and inflection point (Figure 4). Nevertheless, there were different patterns
regarding the inflection point, suggesting that Ishtara® tended to stop the fruit drop earlier
than Garnem®, Rootpac® 20, and Rootpac® 40 (Figure 4). In addition, even though there
were no significant differences, Ishtara® seemed to have higher fruit drop rate than for
instance Garnem®, INRA GF-677, and Rootpac® 40. In terms of maximum cumulative fruit
drop, Rootpac® R had significantly less fruit drop than when ‘Marinada’ was grafted onto
the rest of the rootstocks (Figure 4).

For “Vairo’, there were no significant differences among rootstocks regarding the
growth rate or inflection point (Figure 5). However, for this cultivar INRA GF-677 seemed
to have higher fruit drop rate than for instance Adesoto, which had the lowest. On the other
hand, INRA GF-677 seemed to stop the fruit drop earlier than for instance when ‘Vairo’
was grafted onto IRTA 2 or Rootpac® 20 (Figure 5). In terms of maximum cumulative fruit
drop, IRTA 1 (55%) had significantly less cumulative drop than the rest of the rootstocks
(~64%).

3.4. Fruit Drop Patterns by Pruning Type

There was a good fit (R? = 0.93) when using logistic three-parameter models to describe
the relationships between cumulative fruit drop and days from bud break until 180 days
after full bloom for all the different pruning types and cultivars (data not shown). Growth
rate, inflection point, and asymptote were highly significant for all the pruning types
with either ‘Marinada’ or “Vairo’ (<0.0001) (data not shown). There were not significant
differences regarding the fruit drop rate among cultivars and pruning types (Figure 6).
However, there was a clear trend where short pruning had lower fruit drop rate than
either long pruning or no pruning for both cultivars (Figure 6). ‘Marinada’ decelerated the
cumulative fruit drop significantly earlier than ‘Vairo’. For ‘Marinada’ this was especially
significant when no pruning was done, whereas for ‘Vairo’ no pruning and short pruning
fruit drop began to decrease significantly later than when long pruning was done (Figure 6).
Overall, “Vairo” had higher fruit drop levels, with the exception when short pruning was
done, which was lower than the average. For ‘Marinada’, both long pruning and short
pruning had significantly lower fruit drop than when no pruning was done.

3.5. Fruit Drop Patterns and Yield

Taking into account the cumulative fruit drop pattern—the moment that the fruit
drop rate began to deaccelerate (inflection point)—and the kernel yield, rootstocks were
clustered into five different groups, depending on the cultivar (Figure 7). For ‘Marinada’,
the first group included Adesoto, INRA GF-677, IRTA 1, and IRTA 2. This group had
medium values for all three parameters (inflection point, normalized kernel yield, and
cumulative fruit drop). A second group comprised Garnem® and Rootpac® 40. This group
had higher inflection point values than the first group, suggesting that with similar yield
and cumulative fruit drop, their fruit drop period lasted longer, reaching the deacceleration
point later on time (20 or 18 DFFB, respectively). Rootpac® 20 was clustered alone since
that was the rootstock that had the highest normalized kernel yield (0.2 kg/m?3) and
among the ones with the highest inflection point (19 DFFB). The fourth group comprised
Cadaman® and Ishtara®, which were the rootstocks where the fruit drop began to decrease
earlier (8-10 DFFB), but still had high cumulative fruit drop (59-67%). The last group
only comprised Rootpac® R, which had the lowest values on normalized kernel yield
(0.16 kg/ m?3) and cumulative fruit drop (52%), and was among the lowest regarding
inflection point (12 DFFB).
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Figure 4. Fitted curves and parameter comparison for the logistic three-parameter models fitted
to describe the relationship from bud break until 180 days after full bloom between cumulative
fruit drop (%) and days from full bloom (DFFB) for ‘Marinada’ grafted onto Adesoto, Cadaman®,
Garnem®, INRA GF-677, IRTA 1, IRTA 2, Ishtara®, Rootpac® 20, Rootpac® 40, and Rootpac® R
rootstocks at Les Borges Blanques, Spain (P2). Data were recorded during 2017-2018.
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Figure 5. Fitted curves and parameter comparison for the logistic three-parameter models fitted to
describe the relationship from bud break until 180 days after full bloom between cumulative fruit
drop (%) and days from full bloom (DFFB) for ‘Vairo’ grafted onto Adesoto, INRA GF-677, IRTA
1, IRTA 2, Ishtara®, Rootpac® 20, Roo’cpac® 40, and Rootpac® R rootstocks at Les Borges Blanques,
Spain (P2). Data were recorded during 2017-2018.
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Figure 6. Logistic three-parameter model and parameter comparison to describe the relationship
from bud break until 180 days after full bloom between cumulative fruit drop (%) and days from full
bloom (DFFB) for ‘Marinada’ under three different pruning types at Les Borges Blanques, Spain (P3).
Data were recorded during 2017-2018.
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Figure 7. Clustering of ‘Marinada’ and ‘Vairo’ cultivars grafted onto Adesoto, Cadaman®, Garnem®,
INRA GF-677, IRTA 1, IRTA 2, Ishtara®, Rootpac® 20, Rootpac® 40, and Rootpac® R rootstocks
based on cumulative fruit drop (%), inflection point (days from full bloom that fruit drop began to
deaccelerate), and kernel yield (kg/tree) normalized by tree volume (m?®) at Les Borges Blanques,
Spain (P2). Data were recorded during 2017-2018.

For “Vairo’, Adesoto, Rootpac® 40, and Ishtara® were clustered together. This first
group comprised the rootstocks that had medium average values on all three parameters
(Figure 7). Rootpac® 20 was clustered alone, since it was one of the rootstocks with higher
inflection point (21 DFFB) and the lowest normalized kernel yield (0.11 kg/ m?3). The
third group comprised IRTA 1, which had high inflection point (19 DFFB), the lowest
cumulative fruit drop (54%), and low normalized kernel yield (0.11 kg/ m3). The fourth
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group comprised INRA GF-677, and Rootpac® R. This group had high normalized kernel
yields (0.15 kg/m?), the highest cumulative fruit drop (68-69%), and the lowest inflection
points (13-14 DFEFB). IRTA 2 was clustered alone. This rootstock had the highest normalized
kernel yield (0.17 kg/m3) and inflection point (21 DFFB), and one of the highest cumulative
fruit drop (67%).

When looking at the effect of pruning type, for ‘Marinada’ long pruning had the
highest normalized kernel yield (0.27 kg/ m?) and the lowest cumulative fruit drop (59%)
(Figure 8). On the other hand, short pruning had the lowest kernel yield (0.25 kg/m?3),
medium fruit drop (60%), and the highest inflection point (11 DFFB). No pruning had
the shortest period of time before cumulative drop deacceleration started (2 DFFB), yet it
reached the highest cumulative fruit drop (70%) and medium kernel yield (0.25 kg/m?).
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Figure 8. Clustering of ‘Marinada’ and ‘Vairo” according to their pruning type (no pruning, long
pruning, and short pruning) based on percentage fruit drop (%), inflection point (days from full
bloom that fruit drop began to deaccelerate), and kernel yield (kg/tree) normalized by tree volume
(m3) at Les Borges Blanques, Spain (P3). Data were recorded during 2017-2018.
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For ‘Vairo’, no pruning had the highest values of kernel yield (0.16 kg/m?3) and
cumulative fruit drop (85%), whereas the inflection point was the second highest among
the three (16 DFFB) (Figure 8). Mid-range yield values were attained when short pruning
was performed, with the lowest values of cumulative fruit drop (61%). Long pruning had
the lowest kernel yield (0.15 kg/ m?3) and inflection point (11 DFFB), with medium value
regarding the cumulative fruit drop (80%).

For ‘Marinada’ long and short pruning were more similar to each other than to no
pruning (Figure 8). On the other hand, for “Vairo’, no pruning and short pruning had more
similarities than long pruning.

4. Discussion

Fruit drop patterns were mainly the result of different drops of buds, flowers, and
fruits at diverse stages of the biological cycle. There were up to four fruit drops during
the season, the main one occurring from 20-60 days after full bloom. Subsequent fruit
drops were at 100 DFFB, at 120-140 DFFB, and the last one at 160-180 DFFB, even though
these subsequent fruit drops were significantly less apparent. The organ that dropped
could be assigned according to the time it happened. For instance, from 40 days before
bloom until bloom (—40 to 0 DFFB) was bud drop. Since average bloom length in our
conditions was about 16 days [27], we assigned flower drop as occurring from 0 to 16 DFFB.
After that, all drops were counted as fruit drops. As a result, and in general terms for all
the different cultivars, about half of the cumulative drop comprised buds and flowers,
and the remaining percentage were fruit drops, which occurred from 20 days after full
bloom onwards.

In previous studies, three periods of almond fruit drop have been described [14],
however, all these three periods of fruit drop may not coincide during the same season. In
that study, which was carried out on the ‘Nonpareil’ cultivar, cumulative fruit drop reached
up to 60-70% within 55 days after full bloom. This coincides with the results of our study,
where cumulative fruit drop for all cultivars happened within —30 to 60 DFFB. Nonetheless,
different cumulative fruit drops were observed in our study depending on the cultivar. The
highest cumulative fruit drops (~90%) were for ‘Largueta’ ‘Marcona’, ‘Soleta’, and “Tarraco’;
whereas the lowest (<70%) were for ‘Marta’, ‘Masbovera’, and ‘Penta’. Average fruit drop
for all the cultivars was 79.6%. In previous studies on different cultivars, average fruit drop
has been reported to fluctuate between 60-80% [8-10]. However, to our knowledge, there
are no reports on timing about when they occur for the cultivars we used in our study.
In addition, different trends regarding fruit drop rates were also observed depending
on the cultivar. For instance, ‘Marta’, ‘Masbovera’, ‘Soleta’, and “Vairo” had the highest
relative rates of fruit drop, whereas ‘Constanti’ and ‘Guara’ had the lowest. Even though
there were no significant differences, the trends we observed in the means for growth
rate estimates suggest different plasticity in terms of cultivar management, since cultivars
with the steepest slope have less margin for manipulation. In addition, depending on the
cultivar, fruit drop may deaccelerate earlier in the season, right at bloom or petal fall, or
keep dropping for a long period of time (high inflection point). For instance, we observed
that late- and extra-late flowering cultivars, such as ‘Mardia’, ‘Marinada’, ‘Penta’, “Tardona’,
and ‘Vairo’, had the lowest inflection point estimates, which indicated that the period of
steep fruit drop lasted significantly less time, suggesting that most of the drops occurred
already at full bloom, which may be linked to either bud or flower abortion. It may be
that these cultivars have poor flower quality, and/or poorer fruit set than other cultivars.
On the other hand, cultivars such as ‘Belona’, ‘Francoli’, ‘Largueta’, and ‘Marcona’ had
significantly higher inflection points than the average, which indicates longer periods of
steep fruit drop. Therefore, each cultivar requires a different strategy in order to reduce
the fruit drop and optimize cropping. Thus, depending on the cultivar profile, different
management actions may need to be adopted. For instance, we could find four different
scenarios in our study. First one was the case of ‘Penta’” which had a short period of steep
fruit drop (most of the drop occurred a few days after full bloom, less than five days) and
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with low final cumulative fruit drop (70%). Then we had the case of “Tardona” which also
had a short period of fruit drop, since the growth rate began to deaccelerate already at
bloom (inflection point = 0), but had high cumulative fruit drop (>85%). A third scenario
was the case of ‘Belona’, with long period of fruit drop (inflection point 20 days after
full bloom) and lower cumulative fruit drop (~70%). The forth scenario was the case of
‘Largueta’ and ‘Marcona’, both with long period of fruit drop (more than 20 days after
full bloom) and high final cumulative fruit drop (~90%). This suggests that management
actions to reduce fruit drop should be adopted earlier on ‘“Tardona’ and ‘Penta’ type than
on ‘Belona’, ‘Largueta’, or ‘Marcona’ type. Hence, improving pollination and fruit set may
have higher impacts on “Tardona’ than ‘Largueta’, whereas reducing fruit drop by lowering
competition between fruits and carbohydrate deficits may have a better impact on ‘Belona’
rather than ‘Penta’. Therefore, for cultivars that had high cumulative fruit drop already at
bloom, actions should be taken before bloom or the year before in order to improve flower
quality and fruit set.

Different fruit drop patterns and behaviors among cultivars may be attributed to
diverse survival strategies, which can affect induction and differentiation (year before)
and bloom, pollination, fruit set, and fruit growth (current year). However, this was not
the purpose of this study, and further research needs to be done in order to explain what
triggered the fruit drop at each timing.

Since different factors may be the cause of fruit drop depending on the period that
they occur, adopting management practices in order to reduce fruit drop will depend
on how and when they need to be applied. Fruit drops before bloom may be due to
flowers that were not fully developed before opening [14]. In fruit species, drops that
take place during bloom or shortly thereafter have been related to defective flowers, poor
setting, and carbohydrate depletion, associated with mild winters [14,32-36]. In addition,
environmental factors, such as temperature, may also affect pollen germination [11] and,
thus, flower drop. On the other hand, drops that occur 40-50 days after full bloom have
been attributed to competition between fruits and vegetative parts that affect carbon and
hormone balances [12,14,37-41].

Rootstocks also had an important effect on the fruit drop patterns, with different
effects depending on the cultivar. Overall, for both cultivars there were no significant
differences among rootstocks regarding the fruit drop rate or the length of the mentioned
fruit drop period. On the other hand, rootstocks had an effect on the final cumulative fruit
drop. For ‘Marinada’, Rootpac® R had less cumulative drop than the average, whereas
for “Vairo’, Rootpac® R was amongst the rootstocks with highest cumulative drop, and
IRTA 1 the one with the lowest. These differences may be attributed to how the rootstocks
affect the different low—medium vs high inherited vigor of the cultivar. For instance, based
on our results, the most vigorous cultivar (‘Vairo’) budded onto one of the most vigorous
rootstocks (INRA GF-677 and Rootpac® R) tended to have higher cumulative fruit drop
and higher relative fruit drop rates, suggesting that vigor enhances fruit drop. Similar
behavior was also observed for a less vigorous cultivar such as ‘Marinada’, when the higher
vigorous rootstocks as INRA GF-677, IRTA 2, and Rootpac® R were among the ones with
higher cumulative fruit drop.

Rootstock effects on cultivar performance have been widely reported [27,42,43], and
even how rootstocks affect the hormonal profile of the scion has also been observed in
other tree crops, like apple and other Prunus [44-46]. Thus, since fruit drop is related to
carbohydrate and hormonal balances [33,38,40,41], we may expect that rootstocks affect
the fruit drop pattern, as seen in this study. Thus, as suggested, the higher the vigor of the
combination cultivar x rootstock, the higher the fruit drop.

Tree management such as pruning type had also an important effect on fruit drop
rate, length of fruit drop period, and cumulative fruit drop. When comparing different
pruning types with the same rootstock and under the same input management (P3), fruit
drop rates and cumulative fruit drop for both cultivars (‘Marinada’ and ‘Vairo’) tended to
be lower when short pruning was performed. However, there were some nuances to this.
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For instance, for vigorous cultivars such as “Vairo’, final cumulative fruit drop responded
similarly to long pruning and no pruning; whereas for less vigorous cultivars such as
‘Marinada’, long pruning had a more similar effect to short pruning than no pruning at all.

Pruning can have a large effect on the number of buds and the crop load. According
to our results, short pruning significantly reduced the final cumulative fruit drop. In this
regard, pruning type may have had greater effect on the carbohydrate balance than the
number of flowers.

In some cases, the highest cumulative fruit drop coincided with the lowest yields
(‘Marinada’ onto Cadaman or ‘Vairo” with long pruning); whereas in other cases highest
yields also occurred when high cumulative and fruit drop rates were observed (‘Marinada’
onto Rootpac® 20 or INRA GF-677, or ‘Vairo’ with no pruning). Tombesi, Lampinen,
Metcalf, and DeJong [8] reported yield to be also dependent on the number of flowers
produced, the percentage of fruit set, and fruit weight. Therefore, reducing the final
cumulative fruit drop and its fruit drop rate will not be the unique solution when aiming
for yield increase.

5. Conclusions

This study showed different fruit drop patterns depending on the cultivar. Cumulative
fruit drop for all cultivars had a logistic response with time. Overall, this relationship was
very high, with most of the R? values >85%. Rootstocks and pruning type also had an
important effect on the fruit drop pattern, with differing effects depending on the scion
cultivar and its inherited vigor. Overall, cumulative flower and fruit drop ranged from 50%
to 90% among cultivars and treatments, and the main fruit drop occurred from 20-60 days
from full bloom (DFFB).

According to the different cultivar profiles regarding cumulative fruit drop, growth
rates, and days from full bloom that fruit drop occurs, different actions and at different
timing should be taken in order to reduce almond drop and optimize crop. Therefore, we
may summarize the strategies to reduce fruit drop into three different groups. When the
aim is to reduce the drop of buds and flowers, actions should be taken already the year
before, when flower induction and differentiation takes place. When aiming to reduce
fruit drop between full bloom and early petal fall, actions should address improving
pollination and fruit set. When looking to reduce fruit drop, actions should be adopted to
reduce carbon resource competition between reproductive growth and other functions. For
further understanding of organ drops in almond, the combination of different management
strategies and their impact on the cumulative fruit drop should be studied.
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