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Abstract: In perennial fruit crops, bearing can be influenced by various factors, including envi-
ronmental conditions, germplasm, rootstocks, and cultivation methods. Cherries, one of the most
important and popular fruit species from the temperate climate zone, achieve high prices on the
market. New agricultural technologies and environmental factors force a change in the approach to
cherry cultivation. Old-type cherry orchards with their high demand for water, nutrients and
manual work are replaced by orchards of self-pollinating cherry cultivars grown on dwarf root-
stocks. These changes make it necessary to search for ways to regulate fruiting, in particular to thin
buds, flower and fruit. In view of environmental regulations and consumer pressure, thinning
methods are being sought that either do not involve the use of chemicals or that use eco-friendly
chemical agents. This review examines recent progress in understanding the effect of thinning
methods on the physiology, tree growth and fruit quality of cherries, discusses horticultural prac-
tices aimed to ensure regular cropping and their influence on fruit quality, and provides sugges-
tions for future research.
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1. Introduction

Thinning is carried out regularly on stone fruit species such as peach and nectarine,
but rarely on apricots, plums, sweet cherrier or sour cherries. However, in recent times,
interest in the use of thinning has increased due to increased market requirements re-
garding the size and quality of fruit [1]. The response to and effectiveness of thinning
depend not only on the species and cultivar, but also on climatic and soil conditions and
agricultural treatments, especially pruning. Yield as well as vegetative growth are related
to the intensity and timing of thinning [1].

Fruit trees produce a lot of flowers that they cannot turn into fruit and maintain until
harvest. The number of flowers on a tree is very large and, depending on the species and
size of tree, there may be up to 50,000 flowers per cherry tree and up to 20,000 flowers per
peach tree [2]. In pome species, in order to obtain a good quality marketable crop, it is
sufficient if only a few to about a dozen percent of flowers set fruit. For this reason, apple
trees yield well already when 7% of flowers have set fruit. Stone fruit species require a
higher level of pollination. In peach, sufficient yield is obtained when 25% of flowers set
fruit [2], whereas sweet cherries yield well with the fruit setting ratio of 25-40% [3,4].

Rootstock strongly affects the number of flowers. Fruit trees grown on dwarf and
semi-dwarf rootstocks set more flower buds [5]. However, cherry trees on dwarf root-
stocks often bear an excessive number of small fruit with low sugar content [5]. There-
fore, flower thinning is necessary to prevent over-yielding and to provide high-quality
fruit [6,7] in terms of the basic fruit quality parameters, such as size, colour, total soluble
solids, and firmness [2].

The fruiting of trees is affected by a number of factors, which include environmental
factors, such as tree nutrition, light and temperature. Often, however, endogenous factors
are crucial, such as processes that regulate the initiation of flower buds. They take place
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during the summer and depend on the number of fruit on the tree. Fruit and developing
seeds can, through the production of gibberellins, inhibit the initiation of flower buds
and thus reduce the number of flowers in the next season [1].

Thinning is most often conducted with the use of chemicals. Chemical thinning re-
duces the workload compared to manual thinning and weakens the tendency to biannual
bearing [2], a frequent feature of cross pollinated cultivars. However, the number of
chemical compounds approved for thinning and for the protection of fruit plants is being
constantly reduced in the EU. In addition, due to consumer pressure, retail chains are
forcing the limitation of the number of permissible chemical treatments or the exclusion
of certain active substances [8]. As manual thinning of cherries is very expensive due to
the size of tree and the number of fruit, it is necessary to develop a chemical thinning
technology that would be especially suitable for the treatment of abundantly fruiting
self-pollinating cultivars [9].

The need for thinning sweet cherries is driven by the market — a higher market price
is paid for larger fruit. The size of fruit is primarily a culitivar-specific feature, but is
largely influenced by the number of fruit on the tree, and this depends, among other
things, on the level of pollination resulting from weather conditions prevailing in the
period of pollination and fertilization [1]. Although cherry is a cross-pollinated species,
which can sometimes cause poor pollination, the more and more commonly cultivated
self-pollinating cultivars set much more fruit than the cross-pollinated ones and thus
require thinning for the fruit to meet the quality requirements [10]. Thinning improves
crop quality in that it reduces fruit set in self-pollinating cherry cultivars, which set
10-15% more fruit than cross-pollinated cultivars [11,12]. Cherry trees produce a very
large number of fruit per shoot compared to peaches or apples, but since the weight of
the fruit/cm2 of the cross-sectional area of the trunk is low, thinning is physiologically
justified.

Therefore, when fruit or flower bud set is high, early thinning can significantly in-
crease the crop value. However, thinning of flowers or fruit of cherries [13], apricot, Eu-
ropean plum, Japanese plum [10,14,15] to regulate the size and to increase the crop value
is only relevant in years of high yield, that is, when the number of buds or fruit set is very
high. With a low yield, the fruit is naturally larger and of better quality. In addition, for
stone fruit species it is advisable to use thinning of buds at a later stage so as to prevent
excessively loaded branches from breaking [10,14,15].

2. Thinning Methods

The decision on whether to use thinning and what thinning method to apply is
made taking into account mainly the "orchard history", the previous year’s yield, the en-
vironmental variables and the agronomic conditions [1]. All the methods discussed are
summarised in Table 1.

2.1 Pruning

Pruning is one of treatments supporting the thinning of fruit. Its primary purpose is
to control the tree size and to improve the distribution of light in the crown; however,
proper pruning can also regulate the number of flower buds and reduce the need for
thinning in the next growing season [16]. Different pruning systems are used depending
on the species, cultivar, spacing, machine size and agronomic treatment. Also, pruning
intensity and precision can vary and in some systems precise pruning is carried out to
remove individual spurs or buds [17,18].

However, pruning must always take into account the age of trees. When the orchard
is young, the priority is to form a crown (shape and topological structure of a tree) to
ensure continuity of production in subsequent years. At this stage, the type of growth
and fruiting should be taken into account. Spur-bearing cultivars grafted on dwarf root-
stocks have weak vigour and form few new shoots with a large number of fruit already in
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the first years of production. Such trees require more intensive thinning in the initial
years to allow better and faster crown formation.

Pruning during the dormancy period may limit the number of flower buds, so it can
be treated as the first stage of thinning. The advantage of pruning before the start of the
vegetation season is that it enables the tree to maintain the assimilates accumulated in the
branches, trunk and roots for the remaining buds, thus ensuring their better nourish-
ment, which allows obtaining fruit with better quality parameters [9].

Pruning is often divided into two stages. In the first stage, the longest shoots are
removed. This does not affect the yield in the event of temperature drops and the risk of
damage to flower buds in the early spring period. The second cut is made when the risk
of frost damage to flower buds has already passed. If only part of the flowers or flower
buds freeze, it will cause them to thin out naturally, which can improve the quality of
fruit and obtain a crop of higher commercial value [9].

The method and intensity of cutting is also determined by the rootstock used. Trees
on vegetative rootstocks, such as Gisela® 6 or Gisela® 12, require different pruning
compared to trees on strongly growing generative rootstocks, such as Mazzard (Prunus
avium). Growers producing cherries on trees grown on a generative rootstock must limit
tree growth and maintain or even increase fertility. However, when trees grow on dwarf
vegetative rootstocks, a stronger focus should be placed on reducing a too high yield and,
at the same time, on stimulating tree growth.

The removal of cherry shoots of small diameter during the dormant period allows
the reduction of the total yield and obtaining larger fruit. This can be achieved by cutting
20% of all fruiting shoots each year. Shoots are not removed completely, but only short-
ened so as to leave stubs, because the best fruit is obtained on the youngest spurs at the
base of last year's shoots. The length of stubs varies from 7-8 cm to 60 cm and depends on
the location on the tree — the shortest stubs are near the tree top with their length in-
creasing towards the bottom of the canopy. Strong apical dominance in cherries hinders
the formation of lateral branches, which are necessary to produce the right number of
leaves responsible for proper photosynthesis. Leaving stubs when pruning stimulates
branching. This is especially important as the leaves on side shoots are up to 50% larger
than the leaves on spurs. However, branching is not the only effect of shortening of an-
nual shoots. Pruning annual shoots by 1/3 to 1/2 reduces yield in the next growing sea-
son, which can be considered as a special kind of thinning conducted at a very early
stage. In addition, fruiting on shoots is not evenly distributed. The apical spurs (buds) are
closer to each other and produce more flowers than the spurs at the base, growing on
two-year-old shoots. Therefore, removing a third of new growth reduces the fruiting
potential of the branches by about half [19].

Pruning can also negatively affect the physiology of the tree. This can happen when
trees are pruned after harvest. Such timing of pruning has been recommended for a long
time as it limits tree vigour, but it may lead to a lower availability of stored energy in the
next season [20-22]. Such an effect is not observed after spring pruning. Also, thinning of
flower buds before flowering reduces the yield, but does not increase the fruit size, the
sugar content or the share of premium fruit. Studies indicate that to ensure proper fruit
growth, the ratio of leaves to fruit in the summer should be 2:1 [23]. In addition to the
leaf-to-fruit ratio, a good measure of tree nutrition is the leaf area per fruit. The fruit
needs about 200 cm?2 of leaf area to reach its maximum size. In such a case, the fruit size is
not affected by thinning or chemical treatment [24]. Pruning of self-fertile cultivars on
dwarf rootstocks during the dormant period or during flowering affects the fruit size,
since this must have an impact on the above-mentioned leaf area per fruit ratio [25].

Pruning can be carried out by removing individual buds. Thinning of buds on spurs
affects the fruit diameter to a smaller or larger extent, depending on cultivar. Fruit firm-
ness increases with a decrease in yield. Fruit is significantly harder if only 1 bud is left per
spur [24]. Removing 30% of shoots and spurs improves the leaf-to-fruit ratio and the fruit
size [26].
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2.2. Manual thinning

Hand/Manual thinning may be economically unjustified due to the time and labor it
requires [10]. However, it is the most accurate thinning method even if a large number of
qualified employees is needed in a short time [27]. Manual thinning can be supported by
a portable thinning machine (Effleureuse), which is an intermediate form between me-
chanical and manual thinning and makes the work more effective and considerably
cheaper [28,29].

Stone fruit species are thinned manually primarily during flowering. The disad-
vantage of thinning carried out at this time is that it is hardly selective. The advantage is
that the early time of treatment improves the fruit size by reducing competition between
generative and vegetative organs [30]. Thinning during flowering is associated with the
risk of excessive yield limitation if frost occurs after flowering. This risk can be avoided
by thinning after flowering; however, very late thinning may lead to the loss of assimi-
lates, which can negatively affect fruit quality and reduce yield in both the current and
subsequent growing season [1].

Hand removal of 20% of buds or 20% of flowers of “Ujfehértéi Fiirtos’ cherry before
or during flowering increased yield efficiency per unit of trunk cross-sectional area
(TCSA). However, stronger thinning resulted in a decrease in yield, while fruit mass and
diameter and total soluble solids increased linearly. The same study showed no signifi-
cant differences in the average values of these quality parameters between fruit from
trees thinned at bud and flower stages [31]. Also, experiments conducted on 'Summit'
cherries grown on on Tables® Edabriz showed a significant increase in fruit weight after
thinning cuts applied to fruiting spurs, whereas the best fruit size was obtained after
removal of 30 to 50% of fruiting spurs [32]. Similar results were obtained by selective
removal of reproductive buds from spurs, leaving one bud per spur. Thinning results
were the best in the years of high crop load [13]. However, it should be remembered that
the thinning effect is cultivar-dependent, because thinning of 15 to 50% of buds, spurs,
flowers and fruit of the self-pollinating variety ‘Lapins’ grown on the bird cherry (Prunus
avium L.) rootstock did not affect the yield. Nevertheless, ‘Lapins’ cherry thinning sig-
nificantly reduced the share of fruit with a diameter of less than 21 mm, i.e. below market
standards [33]. Also other studies evidence that the reduction of the number of flower
buds from the natural level (3 to 4 per spur) to 1 to 2 per spur resulted in a yield decrease
to 25%, while the average fruit size increased by 43%. Soluble solids were found to have
increased significantly as well, which proves that the leaf area per fruit ratio is a key
factor here [34]. Another crucial variable determining the results of thining is the vigour
of the rootstock and thus the whole tree as demonstrated by a study on the manual
fruiting spur thinning of cherriers grown on the strongly growing rootstock 'Mazzard
F-12/1'. The impact of thinning on fruit size was negligible, which is probably associated
with a stronger vegetative than generative development of trees growing on this root-
stock [35].

2.3. Mechanical thinning of cherry flowers

A gradual reduction of the use of chemical agents approved for thinning as well as a
large amount of labour involved in manual thinning have resulted in an increased inter-
est in mechanical thinning over the past 10-15 years. In addition, the use of chemicals
may be ineffective due to its dependence on various internal and external factors (e.g.
weather conditions). Also, the declining availability of manpower has made mechanical
thinning an attractive alternative to both manual and chemical thinning [1]. This method
reduces the time consumed by manual thinning by up to 85% [36]. The thinning device
consists of a rod/spindle rotating on its axis with strings fixed to it, which can destroy
part of the flowers on a tree [37]. However, in order to be effective, the use of a mechan-
ical thinner requires a specific tree training system. Open and spindle crowns must be
replaced by a hedgegrow system in which fruiting formations are exposed to mechanical
devices [5, 35-45]. The advantages of mechanical thinning are speed, independence from
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weather conditions, and suitability for ecological orchards. The only risk is tree infection
through contact of pathogens with shoots and leaves damaged during the treatment [27].

Studies show that a portable flower thinning device can effectively remove flowers
from apple trees and stone species, including cherries. Of all the device parameters
evaluated, the spindle rotating speed had the greatest direct impact on the capacity to
remove flowers. The device tested at the Washington State University Roza Research
Orchard removed 61.1% of flowers (2500-3000 rpm), 30.8% (1500-1800 rpm) and 18.0%
(500-800 rpm) with a swipe of about 0.5 m-s-1. In trees with a central leader, 50% of the
flowers could be removed within 85 s. The efficiency is also influenced by the speed [37]
and weight [49] of the device. Research carried out in recent years has focused on the
optimization of technical solutions (actuator, frame, string material characteristics, rota-
tional speed, driving speed) adapted to the fruiting characteristics of different species
and cultivars [50].

Experiments show that thinning efficiency also depends on the material used to
knock off the flowers and the best results are achieved by using strings with the lowest
bending stiffness. If the rotating speed of the thinning spindle is positively correlated
with thinning efficiency depending on the string used, 50% of cherry flowers are re-
moved by the thinner driving at a speed of 1 m /s and a spindle speed of ~ 240 rpm [50].
The removal of about 40% of the flowers is sufficient to increase fruit weight and firm-
ness [51].

Crop load regulation by removing flowers of e.g. apples, cherries and other stone
fruit species, increases fruit size and generates higher returns for producers in most
markets. The withdrawal of chemical thinning agents from the market or the need to
re-register them, as well as the pressure of retail chains, have made mechanical thinning
attractive. The advantage of mechanical thinning is that it can be applied to any trees
trained to slim spindle system, regardless of the species, cultivar, air temperature and age
of the trees. A noteworthy solution is also a combined method in which mechanical
thinning is supplemented with chemical thinning. Mechanical thinning can prevent bi-
ennal bearing while reducing the labor costs required for manual thinning. In combina-
tion with chemical or manual thinning, it improves fruit quality [8].

2.4. Chemical thinning

Chemical thinning is much cheaper and faster than manual thinning not only be-
cause it involves significantly less workload compared to manual thinning [2] but also
because standard plant protection equipment can be used to carry it out [27].

Chemical thinning involves the use of blossom desiccants, growth regulators and
photosynthesis inhibitors. Dessicant agents, include e.g. fertilizers (ammonium thiosul-
fate (ATS), urea), and some sulfur compounds [52-55] [53]. They cause damage to the
stigma and anthers, which prevents pollination [56]. Growth regulators, such as hydro-
gen cyanamide, interrupt dormancy, stimulate uniform development of flower buds, but
also cause flower thinning if applied to flowering plants [57]. Other substances that have
been found to be effective chemical thinners include herbicides or desiccants used in ag-
ricultural production [58,59] or oils of vegetable and animal origin. In the United States,
research has been conducted on the use of cyanoamide, monocarbamide dihydrosulfate,
pelargonic acid, endothalic acid and Tergitol TMN-6 as chemical thinning agents. In
Europe, studies are carried out on the use of ammonium thiosulfate (ATS) and plant
growth regulator 2-chloroethylphosphonic acid (ethephon), which are commonly ap-
plied to apple and pear trees during flowering [56,58-62]. The main objectives of the
widespread use of thinning in the cultivation of apples and pears are to improve fruit
quality and to prevent alternating bearing [63,64].

Chemical thinning can be applied to stone fruits to a limited extent only [65]. The
period during which chemical thinning can be carried out on cherries is shorter than for
apples or pears, i.e. only during flowering or shortly thereafter [66]. The advantage is that
the removal of flowers and buds in the initial period of growth increases assimilation,
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thereby reducing competition between the vegetative and generative organs of the tree.
The result is stronger growth in the year of treatment, better fruit quality, increased yield
and greater differentiation of flower buds responsible for flowering in the following year
[10,56].

Gibberellic acid inhibits the formation of flower buds in many pome species but also
in stone species such as peaches, nectarines, cherries, apricots, plums and almonds [67].
Its use during the initiation of flower buds allows reducing the total number of flowers in
the next growing season. The timing of application is important, since the development
of buds can be influenced from full flowering to mid-season [63, 65-69]. One or two ap-
plications of gibberellic acid (GA3) can be carried out during endocarp lignification (first
phase of fruit development) or when fruit colour changes from green to red (second
phase of fruit development), whereas double GA3 application has been found to more
effectively reduce flowering density and yield. Trees treated with two applications (50
and 100 mg.L-1) yield fruit with higher soluble solids, higher firmness and greater
weight. Just like double spraying, a single application of two different gibberellic acids
(GA3 and GA4+7) at a dose of 100 mg- L-1 also reduces flowering density. GA3 alone
inhibits flowering more than GA4+7 even if both are applied at an equal dose (200 mg-
L-1).The simultaneous use of both acids additionally delays the flowering date by 4-5
days, improves fruit firmness, but does not affect fruit weight and total soluble solids.
The application of growth hormones gives satisfactory results if it is correlated with the
period of induction and differentiation of flowers specific to a given species and some-
times a cultivar [73,74]. Another hormone, cytokinin, can be used for fruitlet thinning.
Cytokinin treatment is carried out after petal fall. However, it was found that cytokinin
sprays had no effect on fruit size [24]. Other substances tested include molasses, Califor-
nia liquid, potassium soap, Tergitol, 2%-4% vegetable oil emulsion or copper [28,52,75].

ATS is a popular agent used to thin apple and peach flowers. Its disadvantage is that
it may have a phytotoxic effect on leaves, which in turn may reduce photosynthesis and
reduce fruit size [54]. It has been reported that the use of 2% ATS does not cause visible
signs of leaf damage [75]. However, at higher concentrations (3%), ATS was found to
cause visible phytotoxicity on leaves, and at lower concentrations (1 and 2%), it did not
reduce fruit set [6]. To reduce fruit set without damaging the leaves ATS can be applied
twice at a concentration of 2%, as shown in the study on 'Bing' cherries grown on 'Gisela
5' rootstock, which yielded less fruit of better quality after the treatment [75]. The timing
of application is important — the best result was obtained by using ATS for the first time
at 10% full bloom and again at 90% full bloom. In other studies, ATS effectively reduced
cherry yield but did not improve fruit weight, fruit size, or content of titratable acids [54].

The phytotoxicity of chemical thinners can limit leaf carbon dioxide exchange.
Young leaves were found to be more susceptible to leaf blade margin drying than older
ones, but the leaves regenerated after the treatment [75,76]. The use of vegetable oil re-
duced mostly the leaf chlorophyll content (11%) for 23 days and neither showed a thin-
ning effect nor improved fruit quality. However, in another experiment, ATS, Californian
liquid and tergitol reduced fruit set, improved fruit quality and size and allowed
achieving a higher yield value. The use of Californian liquid resulted in a higher fruit
diameter (24.2 mm - 23.2% increase), whereas a maximum of 21.4 mm was achieved after
tergitol and ATS treatments. Tergitol, ATS, and (lime sulfur) FOLS similarly increased
total soluble solids and firmness [75].

The use of the gibberellin inhibitor, uniconazole, at 30% full bloom reduced the fruit
set of '‘Bing' cherries. This shortened the time spent on manual thinning by about 50% and
the crop load by about 40%, and there was also a considerable shift to larger a fruit size
(>26 mm), provided that the crop load was not too low. No negative effects on flowering
and yield were observed in the following year [61]. Both mechanical and chemical
treatments showed a strong thinning effect as well as an increase in fruit size, which,
however, could only partially make up for the yield losses caused by thinning [28,29].

Another chemical thinner used for pome species is 2-chlorophosphonic acid
(ethephon), but tests on cherries did not give positive results. Substances tested in recent
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years include the photosynthesis inhibitor metamitron (Brevis) and two naturally occur-
ring compounds, abscisic acid (ABA) and 1-aminocyclopropane-1-carboxylic acid (ACC).
However, the research is currently at an early stage and it is now hard to predict how
effective they will be [45].

3. The effect of the rootstock on thinning

The use of dwarf rootstocks such as 'Gisela 5' and Tabel® Edabriz in the production
of commodity cherries in the United States increased yield despite induced precocity and
reduced tree vigour compared to the use of standard Mazzard rootstock. The increase in
yield, however, resulted in smaller fruit, which was explained as due to indequate crop
load management [34,52]. This effect was particularly acute in the cultivation of
self-fertile cultivars such as ‘Lapins’, ‘Sweethart’ and ‘Summit’ [25,77]. The best solution
used to improve the fruit size on trees growing on dwarf rootstocks was to remove of 30
to 50% of fruiting spurs [32]. Thinning can also be optimised by measuring the number of
fruit to the branch cross-sectional area ratio. The best fruit quality was obtained with 10
cherries per cm? of branch cross-sectional area [56,78]. The selection of the rootstock and
thinning have a positive effect on many fruit quality parameters [63,79].

Rootstock, can affect the yield regardless of vigour [26], but the rule according to
which higher yield is associated with smaller fruit is rootstock independent [35,77,80,81].
In a situation where the effectiveness of chemical thinning varies from year to year, a ra-
tional solution, especially for self-fertile cultivars, is the use of an appropriate rootstock
that allows achieving acceptable yields of good quality cherries [52]. Comparative studies
carried out on self-fertile ‘Lapins’ cherry trees showed that the highest yield per tree and
yield efficiency with relatively large fruit (about 7 g) were obtained on trees grown on Gi
154/7 and Gisela 4 rootstocks. Large cherries were harvested from trees growing on
P-HL-A and Gi 523/02 rootstocks — 7.7 and 7.6 g respectively, but the total yield for the
research period was significantly lower. Small fruit (6.1 g) and low yield were obtained
on trees growing on the popular Gisela 5 dwarf rootstock [82]. Other studies show that
the size of fruit from trees grafted on Gisela 5 depends on crop size and weather condi-
tions [83,84]. Also, subsequent experiments with the use of various rootstocks indicate
that in addition to the rootstock and cultivar, soil and climatic conditions are very im-
portant factors shaping the fruit quality [85,86]. Rootstock affects the number of bouquet
buds and the number of flowers in the inflorescence [87]. The use of Gisela 5 dwarf root-
stock significantly increased the number of flower buds compared to the more strongly
growing Colt rootstock [88]. Also, a comparison of the Edabriz and F12/1 rootstocks in-
dicated that the number of flowers and spurs on branches of trees grown on Edabriz was
larger, whereas the size of fruit was smaller, than on trees grown on the strongly growing
F12/1 [89].

4. The impact of thinning on fruit quality

Size is one of the most important fruit characteristics that consumers pay attention to
and that affects the fruit’s market value [90,91]. Fruit quality is directly related to the in-
tensity of flower and fruit thinning. Studies show that an increase in yield is often ac-
companied by a smaller fruit size [33,52,63,90]. The response to thinning depends on the
age of the tree, the quality of flower buds, the competition between flowers in the inflo-
rescence and the tree crown, and the timing of the procedure. Also, the order in which
flower buds open on shoots can indirectly affect protection against frost and, at the same
time, the effectiveness of thinning. Buds on short shoots generally develop faster than
those on long shoots, and therefore, it is advisable to thin short shoots if there is a risk of
frost. On the other hand, delayed thinning may cause that mainly buds on weak long
shoots, which flower latest, will be removed. In addition, treatment delay affects vegeta-
tive growth and differentiation of flower buds for the next year [69]. Fruit on short shoots
(less than 25 cm) reach smaller sizes, because those shoots have too many flower buds
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and too few leaves to produce fruit of the right size. Therefore, in order to improve the
fruit size in cultivars that produce a large number of short shoots, shoots should be
headed back so as to leave only one bud [25,26,78,92]. Such thinning intensity improves
the fruit size, coloration, firmness and content of sugars and acids [13,92].

The effect of thinning on quality parameters also depends on the cultivar. A high
crop load and a thinning treatment carried out 6-8 weeks after flowering caused a sig-
nificant decrease in fruit size of ‘Sweetheart’ cherries, but there was no decrease in fruit
diameter when thinning was conducted earlier. The date of thinning also affected firm-
ness and TSS (Total Soluble Solids) concentration; for example, no reduction in fruit
acidity was observed in fruit from trees thinned immediately after flowering [78]. The
size of fruit is also associated with greater availability of assimilates during the period of
cell division, which occurs up to 11 days after flowering. Later, the fruit grows only as a
result of an increase in the volume of cells [93,94]. Thinning after flowering increases the
susceptibility of fruit to cracking at lower crop load levels [95].

As consumers prefer large cherries, new cherry cultivars should be able to bear fruit
with a minimum diameter of 25 mm. According to consumer expectations, new cherry
cultivars introduced to the market should have a weight of 11-13g, a diameter of 29-30
mm, TSS of 17-19%, firmness of 70-75 and juice pH of 3.8 [96].

Thinning of flowers and spurs increases the share of fruit with a diameter over 25.5
mm [63]. Fruit from two-year-old spurs has been found to have higher TSS compared to
fruit from other tree fruiting parts [97].

Thinning significantly increases not only the fruit size, but also the level of TSS and
anthocyanins, and the total antioxidant capacity of seeds. Hence the opinion that thin-
ning can increase the organoleptic and nutraceutical properties of cherries [79]. A higher
leaf area-to fruit ratio results in a higher fruit mass, a darker fruit colour, a higher TSS, a
higher ratio of sugars to acids. and earlier fruit ripening [98]. Also, the content of glucose,
fructose and sorbitol, the sum of individual sugars and the content of malic acid differed
significantly depending on the thinning treatment. By contrast, a low leaf area-to-fruit
ratio may prolong the ripening process [98].

Years with high rainfall are associated with the problem of fruit cracking, which is
cultivar specific. Studies of the relationship between crop load and the incidence of
cracking have shown a negative correlation. The cracking tendency can be determined,
but only after the end of cell division. Fruit width has been observed to be positively
correlated with cuticular cracking, but contrary to what has been maintained in literature,
the relationship between the concentration of soluble sugars or firmness and the indi-
cence of cracking is low and debatable. It seems that the decisive factors, in addition to
the genetic propensity of the cultivar, are crop load and fruit size [95].

As discussed above, flower bud thinning can regulate the fruit-to-leaf area ratio on
trees grown on dwarf rootstocks. This ratio influences the yield, fruit quality and vigour
of trees, but it has no effect on the whole canopy net CO2 exchange rate (NCER canopy),
which indicates that it does not affect the intensity of photosynthesis. According to the
results obtained at Michigan State University, NCER canopy and net assimilation are
more strongly determined by weather and sun altitude. Trees thinned to 20 fruit/m?2 of
leaf area had yield reduced by 68%, but higher fruit weight (+25%), higher firmness
(+25%), higher soluble solids (+20%) and fruit diameter (+14%) compared to unthinned
(control) trees (84 fruit/m?2). In the same study, the flower-to-leaf ratio did not affect the
subsequent induction of flower buds, although the fruit-to-leaf area ratio influenced the
growth in the second part of summer [99].

Studies assessing the effects of thinning with ATS on the fruit quality of three
self-sterile or partially self-sterile cultivars (‘Blaze Star”, ‘Samba’, ‘Techlovan’) were
conducted in Germany. Thinning efficiency was not dependent on the ATS concentration
used. The treatments had no effect on fruit weight and anthocyanin content, but resulted
in an increase in total soluble solids and pH value of the juice [100].

Thinning tests were also carried out with limestone sulfur and the fungicide Ne-
tzschwefel Stulln (in which the active substance is soluble sulfur in the form of micro
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granules), but no visible results were achieved. The only positive outcome of the appli-
cation was lower flower infestation by Monilinia laxa. [28,29].

5. The effect of thinning on yield

Thinning may affect the yield [49,51,78,101]. The use of sulfur lime (FOLS) as a
thinning agent on the self-fertile 'Bing'/Gisela®5 cultivar reduced the yield by up to 40%
[53,75,99] . The application of ATS to thin flowers of the cross-pollinated ‘Regina’ cherry
on the 'Gisela 5' rootstock resulted in a yield decrease by 29.4% at 20 g ATS, by 43.0% at
30 g ATS and by 48.9% at 40 g ATS [56] . In another study, manual thinning of the spurs,
flower buds or flowers of the self-fertile ‘Lapins’ cherry trees improved the fruit quality
without reducing the yield [33]. Another parameter evaluated by researchers is crop
value, which varies depending on fruit quality. Crop value increased after ATS and FOLS
chemical thinning of 'Bing' cherries [52] and after thinning of flowers of ‘Bing’ cherry
trees grown on the Gisela 5 rootstock. The same was observed for 'Sweetheart'cherries
grafted on the ‘Mazzard’ rootstock, where the removal of 50% of flower buds increased
the crop value [13]. By contrast, thinning of flowers and spurs of Gisela 6-rooted trees
caused a decrease in crop value [63].

6. The effect of thinning on vegetative growth

The indicators most commonly used to measure vegetative growth are the trunk
cross-sectional area, the average and total shoot length, and indicators based on leaf
surface. In cherries, shoot length is positively correlated with leaf surface [97], whereas
shoot growth is negatively correlated with crop size [13].

The vigour of cherry trees decreases with increasing yield [102]. High cropping trees
have reduced shoot growth and leaf area compared to non-blooming trees [103]. In a
study on 'Lapins' cherries grafted on the rootstock 'Mazzard F-12/L, spur thinning re-
duced leaf area, but only if the percentage of removed fruiting spurs was above 50%.
Removing 50% of spurs or less did not affect the overall leaf area on the tree. This is
probably due to a larger leaf area in combinations where thinning was used. By contrast,
the removal of 75% of spurs resulted in leaf area reduction, whereas it did not affect shoot
length [35]. A high fruit-to-leaf area ratio reduces shoot length, but does not affect leaf
surface. The shoot growth rate in the initial 40-50 days of the growing season depends on
the reserves stored in the lignified organs of the tree. The shoot growth rates are highest
near the oneset of phase III of fruit development, i.e. 49-60 days after flowering, and de-
crease later. In the post-harvest period, shoot length increase by only 15% [99].

7. The effect of thinning on physiological processes

Thinning, especially chemical thinning, is a serious interference with plant physio-
logical processes. The use of chemicals, especially desiccants, may lead to leaf damage
[29], which forces the plant to regenerate and repair injuries, causing the consumption of
stored reserves.

However, at the initial stage of fruit growth, assimilates are supplied from reserves
accumulated in wood, and not from developing leaves. Therefore, it is assumed that the
use of desiccant agents, also those damaging the leaves, will not have a significant impact
on fruit set [29,52]. Later, however, fruit is nurtured by compounds produced by photo-
synthesis in leaves, which is reflected in the level of carbohydrates — leaves of
non-fruiting cherry trees were found to have a higher concentration of carbohydrates
compared to fruit-bearing ones [104]. The distribution of assimilates is also affected by
the removal of a part of spurs in the dormancy period. Such prunning improves the dis-
tribution of assimilates among a smaller numer of fruit, and thus can ensure a better
balance between growth and fruiting [105].

Thinning has been found to influence the mineral composition of leaves. Hand
thinning of flowers improves the absorption and content of nutrients. Thinning of cherry
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flowers affects the seasonal changes in the absorption of micro and macroelements in
cherries. The content of nutrients in leaves differed significantly between treatments car-
ried out before, during and after fruit ripening [106].

Photosynthetic activity can be monitored by measuring leaf gas exchange. It has
been observed that leaf gas exchange is reduced after thinning. This is because it takes
some time for leaves to regenerate after treatment. Among trees thinned with desiccant
agents, the leaves of trees thinned with ATS regenerated the fastest, and ATS reduced gas
exchange only slightly [75]. However, it should be noted that phytotoxicity of desiccant
agents, such as ATS, depends on the course of weather conditions during treatment [29].

Oil-based preparations used for thinning may also have negative side effects, such
as choking of stomata, which limits leaf gas exchange and increases intercellular carbon
dioxide concentration thus resulting in plant stress [107]. Phytotoxic activity manifest in
leaf burn was observed on trees treated with ATS, tergitol, and fish oil mixed with Cali-
fornia liquid. Those substances probably damage the structure of photosystem 2 and the
thylakoid membrane [76,108], and consequently reduce fluorescence (Fv), gas exchange
(NCER) and stomatal conductance (gs) [76]. Young, developing leaves are more vulner-
able to damage, so thinning agents hinder photosynthesis in those leaves to a larger ex-
tent than in mature leaves. This is likely due to yet unfully developed ablility to photo-
synthesize, unripe stomata [109], and higher absorption of thinning preparation by the
tender epidermis [75].

Some thinners damage the photosynthetic complex absorbing light and increase
energy dispersion through non-photochemical processes [110,111]. A similar fluores-
cence reduction was observed in several tree species in response to foliar application of
salt [110]. Treatments with fish oil combined with California liquid (FOLS) after flower-
ing did not affect fluorescence but significantly lowered the efficiency of photosystem 2
(PPSII) [76].

Thinners may also slow down the formation of chlorophyll in leaf tissues. Chemical
thinning was observed to reduce chlorophyll content by 6-19% percent. The increase in
SPAD values (chlorophyll content) after chemical thinning is positively correlated with
the increase in leaf NCER (CO2 exchange rate) [75], which proves that lower chlorophyll
content is a factor limiting photosythesis in young leaves [112].

8. Conclusons

There is an increasing trend towards growing self-fertile cherry cultivars, which set
more fruit of smaller size. On the other hand, the market favours large fruit, but at the
same time high yields must be obtained to ensure the profitability of production. Chem-
ical thinning methods differ in terms of effectiveness and phytotoxicity. Therefore other
methods must be sought that can be used even 2-3 weeks after flowering to obtain opti-
mal treatment results. Also research and development work is necessary to devise new
thinning tools and methods, including those for mechanical thinning. It is also important
to design a method that would reconcile a large fruit size a high crop load. Experiments
assessing the number and location of fertilized fruit are especially welcome in this con-
text. Another research direction is to study the limitation of photosynthesis up to 3 weeks
after flowering to allow the dropping of excess fruit without damaging leaves or fruit
that remains on the tree. A significant aspect is also the determinng of economic benefits
of bud, flower or fruitlet thinning taking into account thinning intensity levels and time
of treatment.

Table 1. Summary of experimental methods of thinning cherries

Method of thinning Chemical substance Reference
Chemical
ATS, [6,28,29,52,54,56,75,76,100]

Desi t t
esiccant agents wettable sulphur, [28,29]
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lime sulphur, [28,29]
potassium soap, [28,29]
copper [28,29]
Surfactant Tergitol, surfactant Maxx™ [6,75,76,113,114]
GAS3, GA4+7, [73,102]
Growth regulators hydrogen cyanamide [115-117]
Uniconazole [61]
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)
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rapeseed oil [6]
Other Whey [29]
vinasse, [29]
Mechanical
removal of buds [6,13,16,33,34,78,79,97,99]
Removal of flowers [28,29,31,33,63,78,106]
. removal of short shoots [26]
Pruning
removal of spurs [26,33,35,63,105]
Removal of fruit [29,101]
Removal of fruitlets [78]
Mechanical [47,118-120]
Hand-held [28,29,49-51,121]
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