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Abstract: In 2018, 23.2 Mt of pears were produced in the world across 1.3 million hectares (ha)
of cultivated land. This review analyzes different training systems and management styles that
have been adopted worldwide, emphasizing the European pear’s economic and environmental
sustainability for the Mediterranean area of cultivation. Despite a reduced number of cultivars
utilized around the world, pear presents a plethora of innovative training systems. In Europe,
dwarfing rootstocks have led to reduced planting distances and a subsequent increase in planting
density. Still, the economic sustainability of these systems is now questionable. Many of the quince
rootstocks have made it possible to considerably reduce the size of the tree and introduce the concept
of continuous row planting, with the management of orchards from the ground (i.e., pedestrian
orchard). The planting distance must be chosen according to the soil fertility, the vigor of the grafting
combination, and the training system. The planting distance dramatically affects the pruning and the
management of soil, fertilization, and irrigation. The reduction of tree size also lowers the volume
of spray necessary when applying pesticides. The variability in yield worldwide results from the
interaction amongst cultivar/rootstock/training system/climate/management.
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1. Introduction
In 2018, the world production of pears was 23.2 Mt across a cultivated area of
1.3 million hectares (ha) [1]. The top ten producers in the world are reported in Table S1.
China was leading the production followed by USA and Italy, with India ranking amongst
the top ten as well. China’s production is mainly based on Asian pear cultivars, while the
other countries are producing European pear cultivars. At the European level (EU28, before
Brexit), the primary cultivar is Conference, which on average across five years 2015–19,
represented 42% of all production, followed by Abbé Fétel with 13%, Williams with 12%,
and Rocha with 7%. These four cultivars represent 64% of pear production. In Italy, in 2019,
two cultivars, Abbé Fétel (37%) and Williams (27%), accounted for 64% of pear production.
In other pear-producing countries, the level of specialization is even higher, and one can
even reach the varietal monoculture of Portugal, which produces only the Rocha pear. In
Belgium and the Netherlands, Conference is grown almost exclusively and represents 91%
and 75.9% of the production, respectively. Spain’s main cultivars are Conference (50%),
Blanquilla (11.8%) (the most produced until 2002), and Coscia (11.5%), which together
represent 73.3% of the country’s total production [2].
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In the USA, Williams (Bartlett) (51%) and Beurré Anjou (34%) alone account for about
85% of the total production. Among the producers of the southern hemisphere who are also
the leading exporters of pears, it is worth mentioning Argentina, where Williams (40%),
Packham’s Triumph (30%), and Beurré Anjou (15%) represent 85% of production. In Chile,
the variety assortment is based on four cultivars Packham’s Triumph (34%), Abbé Fétel
(18%), Forelle (12%), and Coscia (10%). In South Africa, the main varieties are Packham’s
Triumph (34%), Forelle (26%), Williams (19%), and Abbé Fétel (6%) (Prognosfruit, 2019). It
should be noted that the production of Packham’s Triumph is mainly concentrated in the
southern hemisphere [2].
This lack of varietal innovation is common to all countries where this species is grown.
In many cases, the pear is perceived by the consumer as an “ancient” product. To this,
varietal stagnation is added to the challenging environmental conditions present in some
production areas. For example, in Italy, pears reduced fruit set with heavy frost conditions
at bloom in 2021. Additionally, they experienced prolonged, very hot summer periods with
temperatures higher than 35 ◦ C for several days in northern Italy. These conditions can be
associated with climate change and are becoming more and more frequent. Thus, severe
problems are arising (a sort of sudden pear decay), mainly in high-density orchards of Abbé
Fétel grafted on dwarfing quince (Cydonia oblonga) clones [3]. Phytosanitary problems/pests
have also increased, such as the Asian stink bug (Halyomorpha halys), blackspot (Alternaria
alternata or Stemphylium vesicarium), fire blight (Erwinia amylovora), psylla (Cacopsylla pyri in
Europe and Cacopsylla pyricola in North America), pear scab (Venturia pyrina for European
pear and Venturia nashicola for Asian pears), and valsa (Valsa ceratosperma) [4–7]. All of these
issues jeopardize the sustainability of this crop. Therefore, mitigating pests and increasing
the level of production and fruit quality are fundamental goals to maintain the vitality of
the pear industry. The few breeding programs around the globe that are still active have
obtained cultivars that are resistant or tolerant to some of these biotic adversities. Still,
despite this competitive advantage over traditional varieties, they struggle to establish
themselves on the market. These new cultivars are more sustainable than the old ones,
given their tolerance/resistance capabilities, thus limiting the need for chemical pest control
applications [4,5].
As previously mentioned, varietal compositions show specialization in the different
producing countries, and the lack of innovation is a worldwide characteristic of pear
production, compared with other species, such as apple or stone fruit species [8]. The
effort of different active breeding programs during the past decades resulted in selecting
a large number of new varieties [9]. Pear consumers are used to buying traditional and
specific varieties in terms of appearance and taste. For this reason, innovation is difficult
and requires extra effort when compared to apple, where new variety development is
common [9]. Consequently, any new variety has significantly impacted pear production
compared with the important number of varieties released. Only specific examples of
development are in progress, such as Q-Tee, Fred, Sweet Sensation, Migo, Angelis, Pika
series, Carmen and Falstaff in Europe, Cheeky, New Celina and Gräfin Gepa in South
Africa, or Summercrisp in the USA [4,10].
Despite the lower level of innovation in variety development, a wide range of orchard
design systems, from low density to ultra-high density, are already established worldwide [11]. In general, we are observing an increase in planting density in pear orchards,
enhanced by the use of dwarfing rootstocks (Table 1). In recent years, especially in Europe,
there has been a gradual intensification due to the use of quince accessions characterized
by limited vigor [12,13]. The possibility of using rootstocks characterized by different vigor
and the plasticity of the pear allows the tree to be modeled in various shapes, which has
favored the high diversity of the training systems adopted worldwide [12,14–17].
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Table 1. Historical profile of pear orchard development in Italy’s main district (Po Valley).
Density

Trees/ha

Rootstock

Training System

300–500
500–1500
1000–3000
3000–6000

Seedling
Seedling
Local quince
Local quince

Open Vase and Pyramid
Pyramid
Spindles and horizontal Palmette
Vertical axis

1000–1500
1500–3000
3000–4000
>4000

Local quince
Angers and Provence quinces
Angers and Provence quinces
Provence quinces

Palmette oblique
Irregular Palmette and spindle bush
Spindle
Spindle

1000–1500
1500–3000
3000–4000
>4000
>8000

Seedlings, BA29
BA29, Sydo, MH
MH, Adams MC
MC, Adams
MC

Free Palmette
Free Palmette and spindle
Spindle, V system
V-system, Vertical axis
Vertical axis

1930s–1940s
Low
Medium
High
Very High
1960s–1970s
Low
Medium
High
Very High
2000s–2020s
Low
Medium
High
Very High
Ultra High

The high-density planting (HDP) orchards are generally not designed to last very long.
Nowadays, the orchard layout tends to reduce the economic life within 20 years [11]. For
this reason, trees must crop early, by year 2–3, and pre-formed trees from the nursery can
minimize the unproductive time [12]. Other potential problems are related to the necessary
intensive management and outbreaks of diseases, or weather events like hail or frost, that
can reduce the orchard’s economic viability. In some production areas, where the conditions
are more favorable, orchards can last 30–40 years or more, like in the Pacific Northwest
of the USA and Argentina [11]. Planting density is a relative concept and can vary in
the different districts of production. High-density plantings were initially developed to
increase yield and optimize fruit quality [11]. Large canopy trees have a population of
fruit characterized by varying maturity levels depending on the canopy position where
they are born [18]. Therefore, the planting distance dramatically affects the type of pruning
that must be chosen and applied to optimize the balance of the tree. Additionally, the
management of the training system must also follow the habit of the cultivar to avoid
drastic interventions and delays in fruiting [19].
This review will analyze the different training systems adopted and management
styles around the world, emphasizing the economic and environmental sustainability of
this crop.
2. Rootstocks
For the European pear, it is possible to distinguish two main groups of rootstocks:
the quince (Cydonia oblonga Miller), used mainly in Europe, and the pear rootstocks (Pyrus
communis L.), mostly obtained from seed or clones, which are mainly widespread in
USA, South Africa, and South America, while their use in Europe is primarily limited to
Williams [12,15,20–22] (Figure 1, Table S2, Appendix A).
The most viable rootstock option for all types of high-density production in fertile soils
and suitable climates is dwarfing quince. Indeed, the best response from quince emerges
in cool continental climates, without excessive winter temperature swings in non-lime,
non-clay, or otherwise non-heavy soils. Quince often responds unsatisfactorily in hot, dry
Mediterranean or sub-tropical areas, even when irrigated, due to high spring and summer
temperatures curtailing root development and shoot growth, leading to phenomena like
graft incompatibility with most of the pear varieties. The more dwarfing a stock is, the
greater the risk of these phenomena, and with the impacts of climate change, this risk
continues to increase [23,24].
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Figure 1. Main rootstocks utilized and their vigor compared to quince MA in Italy. The accessions in blue express the vigor
in a different district of production (Ebro Valley-Spain).

In Italy, the largest pear producer in Europe, the most common rootstocks are the
quinces. The presence of self-rooted varieties should also be noted, such as Williams,
Abbé Fétel and Conference, which account for only 1% of the total orchards. Among
the quince rootstocks used in Italy, BA29 (44%), Sydo (24%), and Adams (13%) together
represent 81% of all trees produced [25]. It should be noted that the quince MC, which
represented 15% of the production of new trees in 2012, has now practically disappeared
due to some of its negative characteristics. These include sensitivity to iron chlorosis, small
fruit size, and a high level of graft-incompatibility. However, there are varietal differences
in the use of quince rootstocks. For example, 97.4% of the nursery-produced Abbé Fétel
material is grafted on quince, while for Williams, this percentage is only 61% [25]. In
general, quinces allow the control of tree vigor, rapid entry into production of the orchard
(i.e., precocity) [21,26], and are particularly suitable for HDPs up to 3000–4000 trees/ha.
Additionally, the ease of propagation linked to high rhizogenic capacity is also among
the advantages of using quinces. On the contrary, a significant disadvantage in the use
of quince is the high susceptibility to iron chlorosis [27,28], compromising the production
results in some cultivation areas, such as those characterized by sub-limestone and heavy
soils. Another limiting factor in the use of quince is graft-incompatibility, which in some
combinations becomes particularly serious [29]. The graft-incompatibility between pear
and quince is localized so that it can be overcome with an interstem technique, consisting
of the interposition of a compatible cultivar between the incompatible scion and the quince
rootstock. The most used variety as an interstem is Beurré Hardy. Especially important
are these two limiting factors: susceptibility to iron chlorosis and lack of compatibility
with important varieties such as Williams or Guyot, in the Mediterranean basin of south
European countries like Spain, France, or Italy [9]. In Spain, MC has never been used due
to the negative characteristics described previously in Italy. In recent years, the use of BA29
or MA shows a lack of vigor and decay of vegetation and yield in adult trees. Furthermore,
in the choice of rootstocks clones, it must be considered that the high summer temperature
limits the root growth in the upper most layers of the soil, which creates problems, like
pear decay, for low vigor rootstocks in high-density orchards. Hence, the fruit industry
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needs to have new size/vigor controlling rootstocks in the Pyrus genus [30,31] to limit the
use of quince as a rootstock.
3. Orchard Design and Planting Density
The use of dwarfing rootstocks has led to an increase in planting density. Many of
the quince rootstocks have made it possible to considerably reduce the size of the tree and
introduce the concept of continuous row planting, with the management of orchards from
the ground (i.e., pedestrian orchard). The planting distance must be chosen according to
the fertility of the soil, the vigor of the grafting combination, and the training system to be
adopted (Tables 2 and 3). The reduction of tree size also lowers the volume of spray and
the amount of active compounds necessary to apply pesticides [32–35].
Table 2. Training systems, spacing, and rootstocks of pear orchards in Italy’s main district (2010–2020).
System

Density

Spacing (m)

Trees/ha

Rootstocks

Spindle bush/pyramid

LDP
LDP

4.5 × 2.5
5.0 × 3.5

890
570

Seedlings

Free Palmette

LDP
LDP
LDP

3.6 × 1.5
4.0 × 2.0
4.0 × 1.5

1850
1250
1660

Slender Spindle

MDP
HDP
LDP

3.5 × 1.0
3.5 × 0.7
4.5 × 1.2

2850
4080
1850

BA29, Sydo, MH
MH, Adams, MC
BA29

Y systems

MDP

4.0 × 0.8

3125

Sydo, MH, Adams, MC

V shape, cordons, vertical and oblique axis

HDP

3.5 × 0.7

4081

Adams, MC

VHDP
VHDP
UHDP
UHDP

3.5 × 0.7
3.0 × 0.4
3.0 × 0.3
2.5 × 0.3

6000
8000
11,000
13,000

Adams. MC
MC
MC
MC

(1)

(2)

Low, Medium and High density

Seedlings, OHF 40, BA29
BA29

Very high and ultra-high density

Super spindle and V shape
Vertical axis, cordon
Cordon and super spindle (testing)

Table 3. Training Systems and spacing of pear orchards in Spain’s main district Ebro Valley (2010–2020).
System

Density

Spacing (m)

Trees/ha

LDP
LDP
LDP

4.0 × 2.5
4.0 × 2.0
4.0 × 1.5

1000
1250
1667

Slender Spindle or central axis

MDP
HDP
LDP

4.0 × 1.2
3.5 × 1.0
3.0 × 0.8

2083
2857
4166

BA29, MA
BA29, MA
MAMH

Y systems

MDP
MDP
MDP

4.0 × 1.2
3.5 × 1.0
3.0 × 0.8

2083
2857
4166

MA, Sydo, MH

VHDP
VHDP

3.0 × 0.4
2.8 × 0.6

8333
5952

BA29, MA, MH
BA29, MA, MH

(1)

Low, Medium and High density

Free Palmette/Pal-Spindle

(2)

Rootstocks

KIRSCHENSALLERBA29
MA

Very high density

Vertical axis
Y system
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In pear, it is possible to find orchards characterized by less than 1000 trees/ha, up to
very high-density plantings with 13,000 trees/ha. These latter planting densities find an
economic value only in the conditions in where production is maximized without taking
into account the negative effect of reducing the size of the fruit [11,32,33].
For the low-density plantings (LDP) (1000–1500 trees/ha), the most used form is
still the Palmette (hedgerow-fruiting wall), which maintains its validity, but also shows
some limits, such as large planting distance, slow entry into production, difficulties in the
mechanization of many cultivation operations, higher pruning requirements (in particular
during the formation period), and harvesting costs depending on canopy height [36]. These
planting densities are mainly utilized for seedling rootstocks like the Farold® series and the
most vigorous quinces (e.g., BA29). With LDPs (600–700 trees/ha), the trees can be trained
as small open vases without any support structures [37].
The spindle training system is the most widespread for medium- and high-density
plantings (MDP, HDP) (2000–4000 trees/ha). It allows the intensification of orchards
without excessive costs of structures and labor, especially in harvesting operations that
are carried out almost exclusively from the ground [32,33]. The use of the spindle requires
pre-formed trees with feathers from the nursery that allows, in combination with the use
of dwarfing quince rootstocks, such as Adams, MH, Sydo and BA29, to obtain significant
early production in the second/third year of planting [38–40].
In regard to MDPs (3000 trees/ha), the most recent Y-shaped system has also been
developed, with a pre-formed bi-axis tree in the nursery. This system is also known as
Bibaum® . This type of tree avoids the need to head back the main axis in the field and
suffer the consequence of losing one year for canopy formation. In any case, an excessive
crop load level must be avoided in the first two years to help achieve the final size of
the tree. It is a “fruiting wall” system (flattened and high), similar to the Palmette, that
helps control the tree’s vigor by dividing it into two pre-formed axes in the nursery (i.e.,
vigor distribution). An advantage of this system is the reduction of pruning times in the
first years after planting in the field [12,13]. This training system utilizes semi-dwarfing
rootstocks like Sydo or BA29.
For VHDPs (5000–8000 trees/ha), the alternative to the spindle is the V-system, obtained by alternately tilting the trees at an angle of 15◦ from the vertical. This system is
particularly suitable for the vegetative-productive habit of pear and has the great advantage
of doubling the productive walls to maximize light interception and early yields. On the
other hand, the disadvantages are represented by the higher costs of trees and support
materials (e.g., trellises) and the increased labor required to prune the internal parts of the
tree [11]. The rootstocks utilized in combination with this training system are MC, Adams,
and, for low fertility soil, MH [32,33]. The common distance used in commercial orchards
with this VHDP is 2.8 m × 0.6 m (5952 trees/ha). Conference and Rocha, mid-vigor cultivars, on MA and BA29 rootstocks are the main selections utilized with this system. Full
yields are achieved in the 4th year of planting, and the mean average annual production is
between 40 to 50 t/ha.
Finally, the vertical axis has been adopted for the ultra high-density plantings (UHDP)
(9000–13,000 trees/ha) due to the reduced planting spacing. No more than 30–35 cm
spacing is given within the row and 2.5–2.8 m between the rows. A vertical axis is formed
with short branches with periodically renewed spurs [32,33]. This system has a very high
initial cost and can only be performed using dwarfing rootstocks like quinces MC and
Adams because the other rootstocks are too vigorous. In these UHDP orchards, where the
trees are 30–35 cm from each other, the self-production of the trees directly in the field is
used very often to reduce the establishment costs [11,12,39,40]. Towards the end of the
1990s, the use of the quince MC made it possible to reduce the size of the trees and allow
this increase in planting density.
When choosing the appropriate planting density, the driving reason is the cost of labor
increasing more than the fruit price for growers. However, three key concepts must be
respected: (a) integrated pest management or organic production (which almost all orchards
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adhere to in Europe), while limiting the use of fertilizers and pesticides; (b) sourcing virusindexed and genetically certified plant material for both cultivars and rootstocks; and (c)
achieving high fruit quality to remain competitive in the market [23,24]. High density
is a relative concept, varying and adaptable to a range of circumstances: containing tree
growth, inducing early cropping, increasing yield efficiency without the risk of rapid tree
decay, enhancing fruit quality, cutting management outlays, and promoting faster orchard
turnover [23,24].
4. Productive, Economic, and Social Sustainability
Early cropping is important to reach the break-even point since overhead costs cannot
be cut beyond a certain threshold, and prices cannot be raised by command. This is viable
only with trees carrying pre-formed branches in the nursery to attain two-year-old limbs
with buds during the first year of orchard life [23,24]. The economic success of spindle
systems, with scions having numerous pre-formed branches of the right length for orchard
spacing, demonstrates this. When density is very high (>5000 trees/ha), desirable cropping
with super spindle, cordon, or single-axis trees calls for an extra reproductive effort that
is not always possible. There must be many early, short branches with the potential to
originate fertile spurs in one season while giving rise to fertile stem spurs. Since this
occurrence may not always be possible, year-2 cropping is not at a peak, and any chance
of breaking even vanishes with low pear prices, given the high investment outlay. Hail
nets are a must in districts at risk, especially when it comes to VHDP, in that any damage
will readily impair not only the immediate crop but extend to affecting orchard life as well.
Trees should have the capacity to renew and form short fruit-bearing organs, like brindles
(shoots that carry only one fruit bud at the apex), directly on short limbs and the trunk.
Almost without branches, the single-axis tree should have a high natural spur potential. As
a result, in Italy, the costs of HDP orchards establishment achieve and exceed 50,000 €/ha
(including hail nets and irrigation equipment). Yet, this means that investment outlays are
a real constraint. According to the training system, the additional costs for an intensive
planting mean that the break-even point is reached, with fruit prices of at least €0.45/kg,
between the 6th and the 11th year, according to the training system [23,24]. In a 20-year
run, the most profitable shape is the slender spindle, and the least is the super spindle.
If pear prices achieve only 0.30 €/kg, neither the former nor the latter training system
cover the cost until 20 years old. More recently, an additional problem for the Italian pear
industry is the declining yield per hectare due to climate adversity and pest and disease
pressure. In 2018, the average yield per hectare in Italy was 24.2 t/ha [1]. Other producing
countries such as Switzerland (53 t/ha), New Zealand (51 t/ha), Holland (40 t/ha), United
States (38 t/ha), Belgium (36 t/ha), and Chile (34 t/ha) recorded much higher yields per
hectare [1]. In particular, Abbé Fétel is now presenting a problem of profitability and
the inability to compete on international markets due to the high production costs and
the low level of yields. In fact, Abbé Fétel, the main variety produced in Italy, has an
average production cost per year of €18,000, one of the highest ever in the fruit sector. This
translated into a unit production cost oscillating between €0.6 and €0.75/kg of product [41].
Production cost has always been an important factor of competitiveness for fruit
growers. This is even more important in the scenario of the last two decades, since the
prices perceived in the main producing countries of Europe, in general, cannot compensate
for the production costs. To give an example of a cost partitioning, the data corresponding
to Conference and Abbé Fétel cultivars in a traditional bi-axis orchard in the Ebro Valley
Spain are exposed in Figure 2. The labor represents 38% as the main cost (harvest and
winter pruning), followed by crop protection, plant phytoregulators, and soil cover crop
management (25%) (Figure 2). These data show that by increasing the efficiency in the use
of labor and crop protection, the cost could be significantly reduced. The remaining costs
(direction, amortization, insurance, etc.) are more difficult to reduce and are not related to
the use of inputs. In this case, the total cost of planting is 20,500 €/ha and 35,000 €/ha with
hail net protection.
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Figure 2. Cost of production corresponding to Conference (0.30 €/kg) and Abbé Fétel (0.41 €/kg) pear cultivars in a
traditional orchard trained in bi-axis in the Ebro Valley, Spain.

The development of intensive orchards with planar canopies improves the efficiency
of labor, machines, and inputs such as pesticides, fertilizers, or water irrigation when
compared to a traditional goblet used in different producing countries. Several authors reported a reduction of cost of production from 15 to 25% in peach, plum, or almonds [42–44].
Pear has been, together with apple, one of the species on which the availability of size
controlling rootstocks, as quince selections, resulted in developing more intensive orchards
and more two-dimensional canopies. In any case, the production cost reduction should
not be the only strategy for successful pear production, since the fruit quality and the
environment should always be preserved for any certified premium-price label.
Sustainable farming systems need to have a social dimension. Organic farming is
presently in transition from a niche to a mature sector. There is scope for the development of
organic certification systems. The main driving forces conditioning the future development
of the organic farming system in Europe include disposable income; consumer attitudes
towards environmentally friendly products and organic, ‘low-input’ substitutes; and policy
targets. Organic farming in Italy represents a promising business opportunity nowadays,
particularly for young farmers. Besides the progress of organic farming management, new
holistic approaches capable of reconnecting agriculture and food chains with societal needs
represent new promising frontiers for pear production [45].
5. Training System
In pear, as in other deciduous fruit species, selecting a specific training system is
important as it will determine the rootstock to be used and the inter-row/inter-tree spacing.
Considering the training system evolution in pear over the last 50 years, it is clear that it
is undergoing a process of intensification resulting in smaller trees, much like what has
happened in apple (Figure 3). This results in early yields and a reduction of labor in the
first years when training the trees. This is because the space assigned to each tree is smaller,
so there is no need for the manual bending or inclination of branches to the right position
compared to higher volume vase or Palmette training systems. It is also important to
point out that this change of canopy architecture from volume (3D) to planar (2D) canopies
(Figure 3) has also been associated with the availability of vigor controlling rootstocks,
mainly quince selections (MC, MH, MA, BA29), as exposed previously.
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Figure 3. Evolution of training systems used or currently in use in pear over the last decades: from the traditional open
vase through the modified central leader, axis, bi-axis, and multi-axis. The top part of the figure showcases the cross-section
projection of the canopy [43].

This change, from volume or tri-dimensional canopies to planar or bi-dimensional
canopies, has been linked to a progressive reduction of the spacing through the intensification of the orchards. Several authors reported this intensification as key for the efficient
use of inputs in current and future fruit production [35,46]. Considering planar canopies,
different options have been developed or are being developed in several countries, and are
mostly based on bi-dimensional tree architecture. Several examples of these intensive and
bi-dimensional training systems are illustrated in Figure 4.

Figure 4. Different options for intensive orchards systems in pear: from the central axis to bi-axis, tri-axis, and multileader.
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5.1. Low-Density Training Systems (Open Center, Palmette, Candelabro)
5.1.1. Open Center
This training system is typical of production districts like the Pacific Northwest
(PNW) in USA and Argentina in South America. The reason for the use of this system
is mainly related to the lack of new orchard plantings and new cultivars. In the PNW,
quince rootstocks are not utilized, since they are severely damaged from cold weather
during winter. In Argentina, the use of flooding irrigation limits the use of quince, due to
too frequently very wet and dry soil conditions (superficial waterlogging and drought).
Therefore, in these regions, the rootstocks utilized are often seedlings, which promote
larger-sized canopies and deeper root systems. The structure of the open vase (globeshaped canopy) is mainly formed by three or four leaders distributed respectively with an
angle of 120◦ or 90◦ [47,48]. Each leader is pruned accordingly to allow light penetration
into the center of the canopy. The high vigor level at the top of the tree and the growth of
waterspouts complicates light penetration into the lower part of the canopy. For this reason,
to reduce intra-tree shading, summer or fall pruning strategies are adopted to improve
light distribution in the canopy [48,49]. The canopy position influences fruit characteristics
such as color, soluble solids concentration, and fruit size. A broad level of differences
has been described in the fruit produced with this training system by Zhang et al. [18].
Additionally, flower bud formation, fruit set, and fruit size are negatively influenced by
poor light penetration, as reported in a study by Khemira et al. [50]. Furthermore, this
training system requires a high volume of water/chemicals to spray the canopy and control
pests/diseases [47,48]. Another drawback of the system is the difficulty of mechanizing
harvest and pruning operations, which are currently performed with ladders [47,48].
A more sustainable approach using vigorous rootstocks (including in vitro propagated
Conference used as rootstock) in central Italy (Mediterranean climate) was obtained with
a local variety (Angelica) trained as a small open vase in rain-fed orchards with winter
production pruning and summer heading back of the vigorous branches [37,51].
5.1.2. Palmette (Hedgerow) with Vigorous Rootstocks or Self-Rooted Cultivar
The Palmette maintains its validity in some areas of pear cultivation, such as Italy,
Chile, and Argentina. This training system is traditionally utilized due to particular
pedoclimatic conditions, especially where the use of dwarfing rootstocks has not spread. In
fact, areas with high levels of active lime make it difficult to use dwarfing quince rootstocks
due to the high incidence of iron chlorosis. Additionally, districts characterized by strong
spring frosts prefer this training system, as it was developed with increased heights to
minimize the frost damage on flowers. In an alternative to quince, for the Palmette, it is
possible to use clonal rootstocks such as Farold® 40 or Farold® 69 or, in extreme cases, the
self-rooted cultivar with low planting densities (1000–1500 tree/ha) [32,33]. However, it
is possible to use this training system combined with the more vigorous quinces such as
BA29. The most widespread typology of Palmette is called “free Palmette”. Initially, this
training system requires trees characterized by a high presence of feathers. The formation
of the canopy is not organized with a rigid structure, and several branches are present
and oriented with a crotch angle of 30–45◦ in the direction of the intra-row. This training
system is based on a minimum initial pruning principle and on bending the most vigorous
branches. The containment of vigor, especially in the case of the self-rooted cultivar, is
very difficult, and pruning interventions, especially at the beginning, must be limited to
support the tree’s growth. In the initial phase of training, it is possible to bend the main
axis of the tree to obtain a new leader and a very strong branch to limit the growth of the
central axis. Pruning involves the removal of very vigorous waterspouts, when they are
still in the herbaceous phase while trying to keep the branches of the current season less
vigorous to ensure the formation of buds in the following year. This system hardly goes
into full production before the fifth-sixth year. To enhance the early onset of the production,
“taille long” is frequently used in organic pear production with a self-rooted Palmette of
Abbé Fétel. Heading back is not used, waiting for the production on the three-year-old
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limbs; only after the second heavy production will each branch be pruned to allow the
renewal of one-third of the fruiting spurs. Moreover, whenever possible, the inclination
of the watersprouts during winter is applied to stimulate the fruiting bud formation in
the basal-medium portion of the limb in the second-third year without any heading cuts.
Over the years, the use of both systems, the free Palmette and the regular Palmette, has
been declining due to specialized labor required to train the trees during the unproductive
period. The advantage of the bi-dimensional canopy is important when thinking about
mechanization and efficiency in the use of pesticides [37]. The increasing availability of
size controlling rootstocks offers different options to make the Palmette more efficient in
terms of inputs use, especially labor. Once in production, it is necessary to try to maintain a
good renewal of the branches with periodic pruning to eliminate the ones that have already
produced and are exhausted. Furthermore, a shortening to 3–4 buds on the shoots that
are 2–3 years old can increase fruit set by reducing the competition between the various
reproductive organs. In some cases, a pruning strategy with three cutting levels is also
proposed: one-third of branches is not shortened, one-third is reduced by 50% of the length,
and the remaining one-third is cut to 3–4 buds in order to have a high fruit set. This allows
the branches to be productive for several years as fruit set is normally quite low in the
non-renewed shoots, and it is possible to observe new spur formation [32,33]. The free
Palmette can also be pruned mechanically, both in the winter and in the summer. However,
hedging requires attention to preserve enough fruiting spurs while summer pruning must
be carried out, avoiding the very dangerous resprout of several diseases and pests.
In the case of excess vigor, this training system can be associated with root pruning
as soon as the tree has reached its final size and occupied the assigned space. This will
reduce vegetative development and favor fruiting. Root pruning can also be performed
in the following years (in the case of very unbalanced trees) with machines equipped
with specialty L-shaped blades for cutting the large pivotal roots, typical of the self-rooted
pear [12,32].
5.1.3. Candelabro, Multileader System (Planar Cordon)
The Candelabro is a particular system, in terms of canopy architecture and how the
vigor is distributed on one or more horizontal cordons (Figure 5). It was used in the last
century and even throughout the 16th to the 19th century in France and Italy for gardening
purposes. This system was primarily used in pear and apple with some experiments in
peach. The objective is to build a planar canopy from numerous small and vertical axes
inserted into a horizontal cordon in one or different levels. The process of training requires
a high specialization to achieve perfect symmetry between the axis and cordon(s). This
system was developed using semi-vigorous rootstocks and required at least 6 years to reach
mature trees, with full yields obtained in 7 or 8 years [52]. Common planting distances are
from 1.5 to 2.5 m between trees and from 3.5 to 4.5 m between rows. A lot of variations of
Candelabro were developed depending on the country, the variety, and the sophistication
required. Different options used in the past and present are illustrated in Figure 5. This
system is more adapted to varieties producing in spurs and small brindles (Group III
and Group IV) rather than ones that are more acrotonic and fruiting on long brindles in
a weeping habit (Table 4). There are important similarities in canopy architecture with
finished Candelabro trees and the current multileader systems (Figure 5). In all cases, the
canopy is very narrow and based on a small and vertical axis, where fruit are directly
inserted. As a result, light interception, yield efficiency, and canopy accessibility for labor,
machines, and treatments (pesticides, fungicides, growth regulators) are more or less
similar. The main difference when comparing different systems is how to train the trees
during the first three years before arriving at mature, finished trees. In the Candelabro
(Figure 5A,B), much highly specialized labor is required, something that was not limited in
the past and that is almost impossible to find today. The need to head the tree back during
the first two or three years results in a delayed production compared with the multileader
(Figure 5D). The multileader can be based in one or two horizontal arms depending on the
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vigor of the specific combination rootstock/variety (Figure 5C,D). In the near future, as in
apple, the plant could be pre-formed in the nursery for this specific training system, either
for one or two cordons. Subsequently, the main labor in the field would be training the
vertical axes, tying them to the support wires (Figure 5).
Table 4. Group of pear cultivar classified by habit (Modified from [19,53]).
Group

Characteristics

Similar Cultivar

Group I—Williams (Bartlett)

Fruiting in this group occurs mainly on
one-year-old branches (brindles). With the tree’s
progressive aging, it is possible to observe fruiting
even on spur carried on wood for 2 or 3 years.

Coscia, Santa Maria and Butirra Precoce
Morettini.

Group II—(a) Doyenné du Comice and
(b) Abbé Fétel

Both these cultivars produce fruit on 2–3-year-old
wood-borne spurs. They require a three-year
pruning cycle, which allows one-year branches to
be covered with spurs the following year. These
will be shortened to 3–4 buds to promote fruit set.

Group III—Conference

A very fertile cultivar that produces spurs, inserted
on 3–4-year-old branches bearing a complex of
spurs. Therefore, it requires constant pruning as to
remove at least 1/3 of the spurs to allow its
renewal. An excess of mixed buds can lead to the
formation of small-sized fruit.

Beurré Hardy and Beurré Anjou

Group IV—Beurré Bosc

This cultivar tends to crop on spurs born on old
wood, or on branches of 2 or 3 years. The branches
can be kept for a few years, although the formation
of blind wood and the extinction of vegetative
points must be avoided.

Clapp’s Favourite and Packham’s Triumph

Group V—Passe Crassane

This cultivar has branches that, in the juvenile
stage, produce various spur and short lateral
brindles. With the aging of the branches, short
“rooster legs” formations are formed on which
almost all of the production takes place.

Figure 5. Two options of Candelabro system (A,B) and two options of multileader system (C,D) in pear.

The multileader or planar cordon systems can be considered as an evolution of the
Candelabro training system. In the last ten years, multileader systems have been tested in
several species, such as apple, peach, cherry, and plum [42,54,55]. The main objective of
this system is to change the traditional architecture of the canopy based on axial structures
bent horizontally, on which the leaders are inserted directly at a distance ranging from
20 to 30 cm apart (Figure 5C,D). This allows better control of the vigor, resulting in a
very narrow canopy and reducing the planting density. Two options are developed: tall
orchards and pedestrian orchards, depending mainly on the rootstock and spacing used.
The standard spacing used in apple is 2.0 to 2.5 m in between the rows and 1.5 to 3.0 m
between trees [54,56]. In pear, the first experiments started in New Zealand and Italy more

Agronomy 2021, 11, 1765

13 of 34

than ten years ago using similar concepts from apple. Most of the current orchards are
experimental, and some commercial experiences are also in process in these two countries.
5.2. Medium-Density Training Systems (Spindle, Bi-Axis)
5.2.1. Spindle
The spindle is the most used training system in Europe in medium-high density
orchards because it allows the intensification of the planting density without excessive
structural and labor costs. The spindle is generated using nursery trees with at least
4–6 feathers [12,32,33]. These branches are important for reducing the tree’s unproductive
period. Branches that are too large, with a diameter greater than 30% compared to the
trunk caliper where they are inserted, are usually removed from the tree. The branches, in
this case, must have a crotch angle of about 40◦ (they are usually tied to two wires carried
by spacers that facilitate their positioning) with respect to the vertical. Some technicians
propose a greater inclination to make the branches almost horizontal. In this case, the
bending of the branches that will form the first branch stage must take place in the spring
of the second year. These must be topped to cause a vegetative outbreak at the apex of
the branch, control the vigor in the basal and median part of the branch, and avoid the
emission of excessively vigorous branches. Subsequently, the branches can be shortened on
one-year-old wood (“click” pruning) in order to bring the vigor towards the external part of
the tree [57], or as is done in traditional pruning on a mixed bud. The varieties particularly
suitable for this training system are the ones that produce mainly on two or three-year-old
wood, like Abbé Fétel and Conference. In the second-third year, pruning management
depends on the control of the vigor implemented by the previous interventions. The
varieties particularly suitable for this training system are the ones that produce mainly
on two or three-year-old wood, like Abbé Fétel and Conference. Pruning management
depends on the control of the vigor implemented by the previous interventions. If the root
system has been pruned, it is possible to remove the shoot (with a Dutch cut) that does not
end with a fertile bud and leave only the ones that carry a mixed bud at the end. On the
contrary, if the root system has not been pruned, the removal of the shoot must be limited
only to the most vigorous ones. From the third year onwards, there may be problems with
the aging of the branches, especially when the trees have undergone heavy root pruning to
control vigor. In this case, it is necessary to stimulate the formation of “new” wood with
renewal cuts on the extension shoot of the branches [32,33].
5.2.2. Bi-Axis
This training system is based on a bi-axis tree pre-formed in the nursery (Bibaum® )
or obtained by heading back the tree’s trunk at planting and then raising two new axes.
The double-axis technique in the nursery allows to avoid the topping (i.e., heading) of
the tree in the field and the consequent loss of a year to complete the canopy formation.
The pruning of this training system that forms a continuous row needs to be considered
“hybrid”, meaning that this shape is not a classic Palmette nor a vertical axis. Given the
planting density currently suggested for combinations with medium-high vigor quince
trees (about 3000 tree ha−1 ), bi-axis trees have the advantage of doubling the number of
productive axes with a given number of trees per hectare. This can be done without having
to double the number of trees required at planting, which helps to reduce the upfront
costs of planting. Due to the development in the height of this training system, which
can exceed 3.5 m, a possible imbalance between the basal zone and the apical zone of
the tree can occur [13]. For this reason, it is necessary to renew exhausted branches and
avoid removing the collar at the base of the branches (i.e., leave 2–4 nodes), which will
extinguish the portion of the trunk, creating “blind wood”. To prevent this problem during
the spring growth in the first two years, the lateral shoots in the apical part of the scion
can be trimmed if they are too vigorous and upright. Another option based on the bi-axis
concept is narrowing the planting distances as mentioned previously in Paragraph 3 in
HDPs. In this case, a one-year-old tree without feathers is used. After planting, the tree
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will be headed back to 60 cm and will be attached to the first wire, scoring it at 40 cm from
the ground to induce a natural open departure angle of the two axes.
Another aspect to take care of is the management of the top of the tree. The top can
be managed in two different ways, depending on the desired vegetative reaction to be
induced within the tree. The first scenario is a too vigorous tree and there is a need to direct
excess growth at the top, to maintain better control of the cropping area in the middle and
basal zones of the tree. In this case, heading cuts on one-year-old wood will be adopted
to drive the vigor mainly to the top. On the contrary, if the tree requires more vegetative
activity to produce renewal shoots in the bottom zone, a lateral cut of the trunk over a
crowned shoot is preferred. This solution will reduce the vigor in the tree’s apical zone and
increase the vigor in the basal zone [12,33,58].
To avoid a possible imbalance between the basal zone and the apical zone, reducing the distance between rows and decreasing tree height has been demonstrated to be
very efficient, in particular in acrotonic varieties where vigor control and optimum light
distribution in the canopy is more difficult.
5.3. High-Density Training Systems (V-System and Vertical Axis)
5.3.1. V-System
The V-shapes, obtained by alternately tilting the trees at an angle of 15◦ from the
vertical, are particularly suitable for the vegetative-productive habit of pear and have the
great advantage of exploiting a productive double-wall, maximizing light interception. This
training system has higher costs for the trellis material and requires more time-consuming
pruning. Furthermore, it is not possible to utilize mechanical pruning with hedging
equipment. Pruning, in general, is not very different from the spindle or the vertical axis
depending on variety and planting density, as general principles follow. However, it is
necessary to be very careful on the inside of the V, where the branches naturally tend
to grow more due to the gradient of vigor induced by the inclination of the trunk. It is,
therefore, necessary to remove excessively vigorous branches to avoid shaded areas within
the canopy [17].
5.3.2. Vertical Axis
The vertical axis is suitable for very high planting densities and is made with reduced
planting distances. Spacings include no more than 30–35 cm within the row and 2.5–2.75 m
between the rows. The tree is formed only by the main axis and short branches carrying
spurs, which are periodically renewed. The initial installation cost is very high due to the
high number of trees to be purchased. It should be emphasized that this system can only
be achieved using dwarfing rootstocks, like quinces MC and Adams, because the other
rootstocks are too vigorous. Initially, these trees require several feathers from the nursery
that will be trimmed short to produce short growing formations with spurs to control the
tree’s vigor, and favor flower bud formation. The data relating to the use of quince MC
show how this rootstock has been progressively abandoned. In this training system, it
is necessary to pay close attention to the renewal of productive wood because without
adequate fertilization, rapid aging of the fruiting structures can occur [17].
5.3.3. Hedge for Industry or Processing
This system originally has been developed in olive, almond, peach, and plum [42,43],
when the fruit destination is for processing or industry. In Spain, several producers from
the Ebro Valley show interest in this system [59]. The objective is to utilize a hedger in
orchards with a planting distance ranging from 3.0 to 3.5 m between the rows and from
1.0 to 1.3 m in between trees, as illustrated in Figure 6A. After planting, the unproductive
period is reduced to two years, achieving full yield (40–45 t ha−1 with cv. Williams) in
the fifth or sixth year, depending on the variety. The pruning is then performed only
mechanically once per year (Figure 6B). During the formation period, the green pruning
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(lateral and/or topping) will be applied 2–3 times per year, depending on the cultivar.
Harvest can be performed mechanically (Figure 6C).

Figure 6. Schematic of the hedge system used for pear production (A), photos of the hedge system being pruned mechanically (B) and harvested by over-the-row harvesters (C) (Photos: courtesy of A. Blanco, INTIA).

5.4. Small Guided Fruiting Wall Systems (Pantograph)
Small guided espaliers have been proposed at various times to create forced forms
of reduced height (2.2 m) fully manageable from the ground (Bouché Thomas, Lépage,
pantograph). These forms take advantage of medium or weak grafting combinations and
repeated curvatures or inclination changes on the primary and secondary branches. The
pantograph is a training system without a central vertical axis that uses the inclination
of all branches to induce an extreme tree size reduction (1.9 m in height with dwarfing
quince) [60]. It has a great organization of the production wall, which is of reduced thickness
(40–50 cm). It is the most accessible for manual operations, which are facilitated by the
presence of a vertical plastic net that guides the inclination of the branches and supports
them. The pantograph is an easy training system to obtain and put into production, with
lower costs than those of other high or very high-density systems. Manual operations are
less time-consuming and with lower cost due to the intrinsic simplicity of their execution,
thanks to easier access inside the production wall. There is also a natural balance in this
training system that provides a skeleton suitable to produce on spurs carried by two- to
four-years-old branches. Varieties like Conference and Abbé Fétel largely benefit from this
training system, especially when the trees achieve the adult stage.
The pantograph can be obtained in various ways. It is simpler to plant inclined
feathered scions, where the anticipated branches are removed if they are too low or bent.
Branches are then curved to form future productive branches. A vigorous dorsal branch
originates 50 cm from the ground and is tilted in the opposite direction to the scion to form
the second branch of the “Y”, with branches at 45◦ along the row (Figure 7A). The resulting
shape is suitable for medium- and high-density plantings, up to 3000 trees/ha. The plants
are supported with 2.2 m poles that allow a good anchoring to two supporting wires (one at
50 cm from the ground and one at 2 m) on which a 15 to 40 cm mesh plastic net is inserted,
draping over the trees. This is an integral part of the system, which helps tilt the branches
or anchors the branches more easily. In late spring, green bending operations are carried
out for any developed suckers, along with adjustments to the angle of inclination for the
main branches and/or scion to balance their overall growth. These interventions are rapid
due to the systems’ design and the minimal number of trees, which require a few hours
per hectare. Just a few hours per hectare are necessary. In the second year, production is
removed, and green pruning is repeated. In the third year, the production is consistent,
comparable to that of the spindle [60]. Pruning is less extensive than in the other HDP
forms, with a reduced need for winter pruning than the super spindle [60].
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Figure 7. The feathered tree and trunk and shoot orientation are shown in (A). The green shaded area in (A) is already
able to produce in the 2nd year if the management of the 1st year is optimal. The size of the mesh of the plastic net in the
drawing (A) is 40 cm, but it can be reduced to 15 cm [60]. (B) Shows the tree structure in winter, while (C) shows the tree
close to harvest.

6. Pruning
Pruning can be defined as a pool of practices controlling growth and maximizing
profitability in the orchard [61,62]. Pruning affects the habit of a cultivar, improves light
penetration, and increases yield and fruit quality. The pruning techniques for one cultivar
can differ in relation to the planting distance and training system adopted. Furthermore,
pruning can promote flowering and modify fruit maturity and mineral uptake [61–63].
Some general pruning concepts can be valid in many different orchard designs. In general,
avoiding heavy pruning promotes rapid canopy development and enhances cropping. This
is normally possible when the orchard is established with pre-formed trees from the nursery
with 4–6 feathers, and the spindle training system is adopted. To reduce the tree’s vigor,
summer pruning may be adopted when necessary. This includes removing overgrown
shoots and stimulating the fruit-bud formation, which improves carbohydrate partitioning
to fruitlets. In HDPs, orchard production can occur from the second year; therefore, it
is important not to overload trees too early with fruit. An excessive level of crop load
can penalize the overall growth of the tree and negatively impact fruit quality [11]. It is
important to underline that the root growth is strictly dependent on the carbohydrates that
the canopy produces and allocates to the roots during the competition with fruit. Later on
in the season, before winter dormancy, the roots are strong sinks from the reservoir when
sufficient carbohydrates are available. Dwarfing quince rootstocks have root systems that
are genetically weak, superficial, and fasciculate. In that case, there is a need to maintain
the renewal of the roots with a specific strategy over the years. Otherwise, the system
collapses under Mediterranean climatic conditions.
For this reason, in VHDPs, it is important to limit yield during the 2nd and 3rd years
to reduce the risk of an excessive shortage of the orchard life cycle. Early production is
important for a successful system, but also long-term cumulative yields must be taken
into account to get a profitable return on the investment. The vigorous rootstocks with
low planting density match the same need for economic return, but with a very different
physiological approach. Spring and summer pruning are preferred to winter pruning,
while root pruning and regulated deficit irrigation must be added accordingly to achieve
limited vegetive growth and high/constant production. In accordance with the results
obtained in other deciduous fruit species, mechanical pruning can be considered as a tool to
reduce production costs and control vigor. The development of more efficient equipment,
able to hedge and top at the same time in one or two rows, results in an interesting gain of
efficiency and cost reduction.
6.1. Tree Architecture and Habit Models
Understanding how to train and prune pear requires specific knowledge about how
the various cultivars grow and crop. Pear is an acrotonic species that produces branches
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partially controlled by apical dominance [64]. Apical control is exercised by the terminal
extension growth over the growth of lateral shoots [64].
Sansavini [19,53] analyzed the production habit of 22 cultivars and identified five
fruiting models linked to the prevailing branch type where production takes place, and
the tree’s habit (Table 4). This information allows the calibration of pruning techniques
and the optimization of planting distances for each cultivar. Pear cropping habits will
change during the life of the tree. A young pear tree crops mainly on “brindles” (shoots
that carry only one fruit bud at the apex) and mixed branches. However, when the tree
becomes older, the tree tends to form more spurs than brindles in most cases. One clear
example of this difference related to the age of the tree is the variety Passe Crassane, in
which the onset of bearing occurs on spurs in the early stage (9.6%); however, when the tree
progressively gets older (by year 8–10) it increases this rate to 75.6% [19]. On the contrary,
cultivars like Williams and Coscia mainly crop on brindles throughout their lifetime (70%).
Between these two extreme situations, we have some other groups like Conference, a very
high-yielding cultivar that mainly produces on spurs originating on limbs of two-three
years, which still crops on spurs even as the branches age. Beurré Bosc is a typical spurcropping cultivar, and when their branches age, spurs can become exhausted, which can
reduce fruit number, leading to alternate bearing. Other cultivars such as Doyenné du
Comice, Abbé Fétel and Beurré Anjou are 80–95% spur croppers in their adult years. At an
early stage, Doyenné du Comice can crop on brindles and then mainly on two-year-old
wood. In this cultivar, the vegetative buds will turn into spurs in the following year. These
productive branches are required to be shortened to five or six spurs to increase the fruit
set. For cultivars belonging to groups II a and b (Table 4), it is important to renew the old,
exhausted branches periodically. Abbé Fétel’s bearing habit is quite similar to Doyenné du
Comice. The main difference is that Abbé Fétel’s limbs are longer. This cultivar requires
very short pruning, leaving three to five spurs to maximize fruit set.
Du Plooy et al. [65] analyzed the tree architecture of seven cultivars Forelle, Abbé
Fétel, Flamingo, Packham’s Triumph, Golden Russet Bosc, Rosemarie and Beurré Anjou
(Table 5). The habit of this group of cultivars ranges from “upright” to “weeping”. They
measured shoot density per class of upright branches and performed a cluster analysis
determining the presence of four groups ranging from upright, with no lateral shoots, to
weeping, with many long shoots [65].
Table 5. Group of pear cultivars classified by habit (Modified from [65]).
Group

Characteristics

Group I—Flamingo

Spurred habit with no lateral branches and strong apical control.

Group II—Forelle

Intermediate apical control with short shoot formation.

Group III—Rosemarie, Abbé Fétel and Beurré Anjou

Low apical control with several shoots.

Group IV—Packham’s Triumph and Golden Russet Bosc

Very weak apical control. Many lateral buds develop into long shoots.

Lauri et al. [16] described the tree architecture of four cultivars Conference, Doyenné
du Comice, Williams and Angelis. In the first year, they noticed that the number of nodes
was similar for Conference, Doyenné du Comice and Williams, while Angelis showed
a higher value. In the second year of data collection, they described a decrease in the
percentage of branching nodes in Williams, while the other three cultivars exhibited less
than 10% variation compared to the previous year. In year four, Doyenné du Comice and
Angelis showed a similar extinction level and return bloom, while Conference and Williams
showed an opposite trend.
6.2. The Case of Abbé Fétel
The fruiting habit of Abbé Fétel is attributable to Group II b characterized by the production on mainly two-year-old wood and sometimes even three-year-old branches. This
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cultivar requires periodic renewal of the productive wood, and it is, therefore, necessary
that the tree carry three different age branches at the same time: one-year-old wood that
will not be shortened and on which the spurs will form in the following year; two-year
wood of different sizes that will be shortened to three to four mixed buds; three-year-old
wood that will only be kept if it is productive. Otherwise, it must be eliminated (with
a heading cut) to favor the formation of new shoots. The intervention period runs from
the end of November or the beginning of December until the end of February, depending
on the size of the company. Whenever possible, the pruning period tends to be delayed;
the ideal moment for pruning is in the phenological phase of bud enlargement (i.e., bud
swelling). In fact, interventions up to bud break normally have a positive effect on the fruit
set. Interventions after flowering must be avoided because they can compromise the fruit
set [13].
6.3. Green Pruning
The green pruning operations that can be employed during tree training are mainly
shoot bending, shoot tipping, shoot heading or removal, and weak limb thinning when
the fruit set fails. Green pruning needs to be done early in the season to eliminate suckers,
reduce the number of top shoots, head shoots, and promote branching (pruning at the
height of the new couple of lateral branches typical in Palmette) and structural formation.
During the late season, the need is usually to eliminate internal and top suckers to promote
greater light interception and shoot lignification. It is important to avoid any subsequent
growth response. For this reason, shoot twisting is practiced with vigorous shoot to reduce
new growth in an undesired area without sacrificing leaves. The mid-to-end summer
period is also suited for bending to promote flower differentiation and uniform bud burst
the following spring [23,24]. In adult trees and planar canopies, summer pruning consists
of hedging and/or topping to provide better light distribution into the canopy and for
controlling vigor. In varieties like Conference, different experiments in adult orchards show
the possibility of managing the canopy with almost only green or autumn mechanical
pruning and nearly no intervention in winter by hand.
6.4. Root Pruning
Root pruning is a much-debated practice. It appears valid and is frequently applied
in HDP and VHDP in Belgium and the Netherlands [23,24]. It is impossible to predict the
effects (although sometimes very positive) of root pruning in any way. It is important to
control tree growth in Integrated Fruit Production and organic orchards where guidelines
ban growth retardants. There are not enough experimental trials to generalize its utility,
except in HDPs and VHDPs, because it generates a further complication. Offsetting due
to new growth may mask, in whole or in part, the reduced, post-cut active root area. It
is reasonable to expect very different results not only because it is difficult to gauge root
development, but, above all, its extent at pruning. To prevent growth imbalances leading to
excess shoot density, root pruning can be employed regularly, or once only, at the winter’s
end or early spring to reduce root volume and promote equilibrium in the tree. Even
occasional root pruning at the peak of shoot growth can be applied. However, this may
induce adverse effects: the resulting out-of-phase growth cycles can prompt significant and
highly dangerous return growth during the summer, as well as problems in controlling
fruit size [23,24].
In HDPs and VHDPs, root pruning is a good solution to contain the vigor. However,
root pruning has some drawbacks, such as reducing the absorption of water and nutrients
due to the elimination of abundant portions of the root system and modifying hormonal
relationships. This type of intervention strongly reduces the production of cytokinins
localized in the root tips [66]. The optimal time of execution is towards the end of Februarybeginning of March, depending on the environment. However, it must be done before
flowering. When pruning is done correctly, there is a reduction in vigor and a high
production of mixed buds. Another positive effect is the reduction of alternate production.

Agronomy 2021, 11, 1765

19 of 34

Experiments conducted on root pruning have shown that this practice can cause early fruit
ripening. The effect of radical root pruning persists over time, and even after several years,
it is possible to observe a reduction in vigor [67].
7. Orchard Management (Nutrition, Irrigation, Weed Control, Growth Regulators)
Pear orchard management varies according to the rootstock and training system
utilized. In traditional orchards with low planting densities and seedling rootstocks, the
cultivation techniques can differ from those necessary for orchards on quinces with high or
very high planting densities. Sometimes these interventions require contextualization to
the farm, due to the different nutritional and management needs of the orchard.
7.1. Nutrition
For the mineral nutrition of fruit trees, the criterion of restitution of removals is
frequently used [68,69]. In fact, for each species and cultivar, it is possible to identify the
quantity of macro and microelements that are removed, and, as a practice, they need to be
reintegrated [70].
Traditionally the application of fertilizers can take place on the surface with granular
products. In this case, it must be associated with optimal humidity conditions (irrigation or
rain) that allow the product to dissolve and reach the roots. More recently, fertilizers can be
applied in solutions and combined with localized drip irrigation (i.e., fertigation). Nutrient
application in HDP is substantially different from that in low and medium densities. The
success of HDP depends on spurs and brindles for cropping and very limited vegetative
growth. Leaf number and efficiency should therefore be maximized from the onset of
spring for fruit to set properly, and at the same time, to prepare for return bloom, which
is crucial for stabilizing fruit production. In fact, if we look at nitrogen, it is evident that
uptake from the soil in spring is used mainly for building new leaves on shoots but not to
grow spur leaves, which grow very rapidly and are extremely important for fruit set. Thus,
the stored nitrogen is used in spring for spur leaf growth, while spring soil application
is important for the new vegetative shoots. Sanchez et al. [71], Tagliavini et al. [72], and
Quartieri et al. [73] support this hypothesis, noting too that nitrogen applied close to
harvest is stored in the root systems, but early application induces an increase in shoot
leaves. Spring N remobilization is thus involved in spur leaf growth. The application of
nutrients to the soil, even when spread over more than the critical periods such as spring
shoot growth, summer fruit growth, and in fall, may not be enough to control nutrient
(or at least nitrogen) partitioning in HDP as to prevent excess vegetative growth or poor
fruit quality. In fact, excess nitrogen in the soil may induce intense spring shoot growth, and
in summer may induce fruit with less storability (due to high nitrogen content). Therefore,
as found in other species with an intense spring growth of fruit that can determine root
starvation [74], it seems suitable to introduce foliar applications in at least two sensitive
periods (fruit set and after harvest), to increase spur leaf growth without interfering with
root and shoot growth [23,24].
Pear annual removals of nitrogen (N) can vary from 70 to 90 kg/ha [67]. These
quantities must therefore be returned to maintain constant productivity. In the past,
annual nitrogen administrations were over 120–150 kg/ha. These quantities, clearly in
excess for the tree, have increased the readily mineralizable organic fraction and nitrogen
reserves in the tree to the point that the suspension of fertilizer supplies for a few years
rarely compromises the productive outcome of adult orchards [68,69]. Quince rootstocks,
in general, require more nitrogen than seedlings. Regardless of nitrogen requirements,
excessive use of nitrogen causes a deterioration in fruit quality, which becomes less storable
and favors the onset of physiological disorders such as cork spot (CS). The N:Ca ratio is
correlated to cork spot at harvest and after storage. Richardson and Al-Ani [75], reported a
significant correlation between cork spot and fruit Ca or N:Ca 120 days before harvest. The
minimal critical concentration for Beurré Anjou is about 7 mg Ca per 100 g fresh weight for
fruit showing symptoms of cork spot [75]. Richardson and Al-Ani [75] also defined ranges

Agronomy 2021, 11, 1765

20 of 34

of Ca concentration in fruit non-lesioned, light, medium, and severely lesioned. These
were 8.1, 5.7, 4.8 and 3.8 mg Ca per 100 g fresh weight, respectively. Cork spot in some pear
cultivars, such as Beurré Anjou, can cause damage in over 30% of the fruit [76].
Boron (B) is an essential microelement utilized in the tree’s multiple physiological
processes, including the metabolism of carbohydrates and the germination of pollen [77].
Kienholz [78] postulated that pear has a high B requirement. In the case of deficiency, it
is possible to observe the dieback of flowers before full bloom and poor fruit set [79,80].
Furthermore, other disorders can be observed in the case of B-deficient fruit, which can
be small, deformed, cracked and corked. Wojcik and Wojcik [81] demonstrated that foliar
applications of B before full bloom or after harvest increased fruit set and yield. For this
reason, this element is applied in autumn to create reserves in the tree and again in spring
to facilitate good availability during bloom.
Iron (Fe) is an important element in pear cultivation, especially on quince rootstocks,
which are notoriously very sensitive to iron chlorosis. Iron (Fe) is a necessary element for
the synthesis of chlorophyll, and its deficiency causes the classic manifestation of chlorosis,
consisting of yellowing of the internerval spaces of the apical leaves, followed by necrosis
in the most serious cases. Fruit trees are multi-year species and, consequently, the iron
chlorosis that occurs in a vegetative season also negatively affects the ferric nutrition in the
following year [28]. The most effective way to overcome chlorosis in fruit trees is to choose
tolerant rootstocks. Pear seedling rootstocks are generally more tolerant to ferric chlorosis
than quinces [28].
7.2. Irrigation
Worldwide there is an increase in demand for water for civil, industrial, and irrigation
uses. Climate change is increasing the problems due to the irregularity of precipitation.
Especially in arid and semi-arid climates, irrigation is an essential technique for improving
quantitative/qualitative results and promoting fruit farms’ economic sustainability. There
are very few cases of dry cultivation of pear cultivation worldwide. An example of this dry
cultivation is in Emilia-Romagna (Italy), where over 70% of the 26,000 ha cultivated are
irrigated, with an overall consumption estimated at around 40 million cubic meters of water
per year [82]. In particular, irrigation allows rapid entry into production, homogeneous
and large fruit sizes and reduces biennality [83].
To optimize irrigation and allow for more rational use of water, replacing poorly
efficient methods with those capable of reducing waste is necessary. For example, flooding
irrigation and furrow irrigation (still widespread in some productive pear areas such as
Argentina) are methods, in general, to be avoided. This is due to the significant waste of
water and its ability to facilitate the leaching of nutrients in-depth and in surface waters,
the heterogeneity of soil wetting, the anoxia of the root systems, and the onset of fungal
diseases. It is necessary to maximize the ratio of CO2 fixation and water consumption.
Leaf evapotranspiration varies and water efficiency can increase ten-fold between well
exposed and shaded leaves. Shaded leaves consume water but have reduced or null
(i.e., below the offset curve) photosynthesis, whereas efficiency increases up to the light
saturation curve. When fruit load is high, trees consume more water via increased leaf
transpiration. In a HDP pear trial, water efficiency increased despite the notable reduction
of per-tree water supply, even when maintaining equal amounts of water returned to trees
based on evapotranspiration and crop coefficients. Indeed, the increase in dry matter per
unit of water volume registered an average 15% rise when planting density grew from
4–8000 trees/ha [23,24].
The irrigation inputs must be modulated according to the phenological phase, also
considering the type of plant adopted and the rootstocks. In MDPs, it is necessary to control
vegetative excess in the post-harvest period because it could compromise the formation of
flower buds for the following year. Localized irrigation is the technique that has had the
greatest diffusion in modern pear orchards in the last twenty years, due to the possibility
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of combining it with the application of fertilizers, thus increasing the level of water use
efficiency (90–95%) [82].
Irrigation can play a role in the development of the fruit. In fact, Lee et al. [84] reported
that the formation of sclereids or “stone cells” in the pulp of Asian pear is related to water
stress. Water stress seems to depress the root activity and decreases the water potential of
the leaves, which also leads to a reduction in the radical absorption of mineral elements
(in particular calcium). Furthermore, water stress increases the peroxidase activity (POD),
which enhances the lignification of cell walls and the formation of sclereids in fruit, which
translates to a reduced appreciation of the product from the consumers.
The scarcity of low salinity water is one of today’s most significant problems. Salinization is becoming a significant problem for many pear-growing districts [85]. Although
pear is a fairly tolerant species against salt, a reduction in the growth of the shoots can
occur when salinity is higher than about 5.0 dS/m−1 , regardless of the rootstock. Quince
rootstocks used in HDPs cannot resist a high salinity level in soils and fail to prevent the
absorption and accumulation of Na+ and Cl− ions in the leaves. On the contrary, seedling
rootstocks adopt a strategy of excluding Na+ and Cl− ions to reduce their absorption [86].
Therefore, HDPs may not be achievable in highly saline soils, as quince are less tolerant
than pear rootstocks.
7.3. Weed Control
Sustainable tree-row management in fruit orchards is crucial for healthy tree growth,
quality fruit yield, sustaining soil quality, and promoting orchard biodiversity [45,87].
Tree-row management entails managing orchard weeds as they can compete aggressively
with fruit trees for available nutrients and water. Pears are inferior competitors because
of their low root density per unit of soil compared to weeds. A standard management
method is to eradicate weeds, either permanently or temporarily, through herbicide use
and traditional tillage along the tree row, or more rarely inter-row. Maintaining bare
soil from 0.6 to 2.0 m along the tree row with herbicides has proven to be easy, costeffective, and favorable for tree growth and fruit yield. However, the continuous use of
chemicals is detrimental to human and environmental health. The consequences generated
by herbicide applications include declines in weed biomass, weed biodiversity, and soil
quality. Additionally, these practices foster the development and evolution of herbicideresistant weed species and favor an insurgence of soil sickness. Therefore, various herbicide
mechanisms of action, especially using a mix of herbicides in the same tank, or practicing
rotating herbicides from season to season, have been advocated to overcome the spread of
herbicide-resistant weeds.
Currently, the concept of weed management has achieved a broader meaning than in
past decades, as it regulates the knowledge of orchard agroecosystems and turns into a
consistent part of the agroecological approach in fruit orchards [87]. Ground cover with
living vegetation can deliver several agroecosystem services by promoting functional agrobiodiversity in the orchard. Hence, adopting a sustainable orchard management strategy is
vital for enhancing weed biodiversity, providing ecological protection by offering feed and
shelter to beneficial organisms, and improving soil fertility by hosting mycorrhizae, thereby
promoting nutrient availability and resilience in the soil. It can also play a crucial role in
overall soil quality improvement by reducing soil erosion and increasing humification with
improved organic matter in the soil. In contrast, the opposite results may be found under
the coverless ground system conditions. Maintaining soil vegetation while augmenting
biomass production and species diversity can be considered fundamental goals in sustainable pear orchard management systems. The key is to practice more sustainable weed
control strategies that support covered soil with spontaneous or selected living species by
keeping them at a density level that does not negatively impact tree performances. Several
alternatives to chemical weed management, such as minimum tillage, mowing, mixtures of
living mulching species, distribution of organic mulch, uses of plastic mulch, and physical
weed control (i.e., flaming and steaming) have been studied with relatively negative results.
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Therefore, researchers are still seeking a more sustainable strategy that might reduce weed
competition and improve weed biodiversity without compromising fruit production and
quality. Priority has been given to the integrated approach for the enhancement of longterm orchard sustainability. The wide availability of sustainable management practices
has directed us towards seeking further advances in mechanical weed control. These
include integrated tillage, integrated mowing, and the use of a modern finger weeder as
sustainable techniques that reduce soil disturbance. Based on traditional soil tillage, weed
control demonstrated several adverse impacts on tree growth, fruit production and quality,
tree roots, and soil fertility. However, it might be possible to minimize those problems
and optimize orchard biodiversity by integrating advanced shallow tilling tools. The
effects of sustainable alternative weed management methods on orchard biodiversity, fruit
yield, and quality were obtained in different species without declining tree growth, fruit
yield and quality in fruit orchards, managed with drip irrigation and a usual fertilization
regimen [88–90].
7.4. PGRs on Pear
The use of bioregulators, especially anti-gibberellins, presents several problems.
The first is the possible banning or severe limitation of their use in most countries,
as fruit and environmental residues of the active ingredient are toxic or highly persistent
(e.g., paclobutrazol and cycocel). However, prohexadione-calcium (ProCa, registered in
North America as Apogee® and in Europe as Regalis® ) seems to prevent this problem for
the moment. Regardless of the product, Pro-Ca has shown some contraindications. In fact,
if the dose of 1.5 kg/ha is exceeded, there may be a negative effect on return bloom in the
following year [91]. Pro-Ca was born as a product to control the vegetation in apple, where
the effects have been very positive for both the control of shoot development and for floral
bud differentiation. Pro-Ca acts as a 2-oxoglutarate dependent inhibitor of the synthesis
of gibberellins, causing a reduction in the length of the shoots. This sprout development
arrest is not permanent and, for this reason, fractionation of the applications is suggested
up to a maximum of 1.5 kg/ha. In addition, this action on growth also reduces the damage
caused by fire blight by inducing a change in the metabolism of flavonoids [92,93].
The second is shoot-growth management over time in relation to cropping factors,
such as fruit set, flower differentiation, return bloom, and fruit development. The use of
anti-gibberellins, which are not particularly persistent, but do not control shoot growth
well enough, means higher input rates to secure the desired response and leads to unforeseeable disruptions of other plant growth functions. The differing cultivar response in this
connection was clearly underscored by Smit et al. [94], who demonstrated that treatments
at end-bloom reduced shoot growth in cultivars: Rosemarie, Golden Russet Bosc, Flamingo
and Early Bon Chretien but not in Forelle or Packham’s Triumph. Fruit set improved
significantly only in Forelle and Rosemarie. Fruit growth and return bloom were largely
unaffected in several retardant trials, responses that were very similar to untreated control.
These findings corroborate observations by those who use bioregulators in the orchard
to the effect that the plant offsets exogenous hormonal stress via alternative metabolic
pathways. As a result, if the orchard is far from equilibrium with reduced growth and high
cropping, anti-gibberellins can help only when coherently applied with other management
practices to achieve the desired result. Treatments can thus be applied in HDP to bring the
plant back to equilibrium if there is a slight excess of shoot growth, especially early in the
season [23,24].
Fruit set is certainly the most delicate phase for pear due to the well-known fertility
problems that characterize many cultivars. However, it should be noted that cultivars
can exhibit different behaviors depending on the environmental conditions in which they
are grown. This is the case of Abbé Fétel, which is cultivated in conditions of high light
intensity and mild temperature ranges and requires fruit thinning. These conditions allow
an increased balance between carbohydrates produced and respired, which is typical of
the Rio Negro in Argentina. In contrast to Argentina, when this cultivar is grown in

Agronomy 2021, 11, 1765

23 of 34

environments with high temperatures, no variation between the day and night (such as in
Emilia-Romagna (Italy)), and high levels of air humidity that reduce the available radiation
(conditions that therefore worsen the photosynthesis/respiration ratio), it requires interventions with products that are able to stimulate fruit set and promote parthenocarpy. To
mitigate the poor fruit set of Abbé Fétel in Emilia-Romagna, applications of exogenous plant
growth regulators (based on gibberellins), and particular nutritional elements such as B or
Ca have been developed. The treatment to promote fruit set and stimulate parthenocarpy
is mainly based on gibberellins or mixtures of gibberellins and cytokinins [95]. Usually, two
to three treatments are performed from the beginning of flowering to the end. This practice
is very common in the case of frost damage that causes necrosis of the seed embryos. In
this case, GA3 -based products must be applied within 48 h from freezing [95].
The control of the fruit set is therefore essential for maintaining regular cropping and
assuring proper returns. The worst risk is late frost before or during bloom. Securing a
good fruit set after a late frost can be achieved using gibberellins (combining GA3 and
GA4+7 ) at low rates and spraying at the beginning, or just after, full bloom [91]. Gibberellin
application can increase fruit set inducing parthenocarpy and reduce the number of gamic
fruit (GA may trigger early abortion of the embryos). In any case, the treatment produces
a fruit set increase [95,96] of parthenocarpic fruit and yield per ha. The tendency is to
use parthenocarpic fruit production in HDP for some cultivars, and, in special conditions,
even in normal years, to maintain better cropping control; growers sometimes eliminate
pollinators to prevent gamic fruit production. Low application rates and limiting use
around bloom do not compromise return bloom and fruit quality. In several pear cultivars,
there is no negative influence on the shape (abnormally elongated) of the fruit treated with
low rates of gibberellins.
8. Environmental Sustainability
8.1. Light, Humidity, Temperature, and Their Relations with Yield and Fruit Quality
Orchard design significantly impacts the light interception of the tree and consequently
yield efficiency. Pear exhibit a plethora of training systems (Tables 2 and 3) with tree canopy
shapes ranging from round (open vase) to thin walls (bi-axis and vertical axis). With this
variability of situations, we must also consider the variability of orchard climate. In fact,
the solar radiation can vary from district to district, partially explaining the crop’s high
variations in yield [11]. In 2018, the average yield per hectare worldwide was 18.5 t/ha. If
we analyzed the average yield of the main pear-producing countries, we notice a broad
level of differences. In 2018, the average yield per hectare in Italy was 24.2 t/ha, while
other producing countries have much higher yields per hectare, such as Switzerland
(53 t/ha), New Zealand (51 t/ha), Holland (40 t/ha), the United States (38 t/ha), Belgium
(36 t/ha), and Chile (34 t/ha) [1]. This variability results from the interaction among
cultivar/rootstock/training system/climate/management. The space assigned to each tree
(distance in between trees), and the correct ratio between tree height and interrow distance,
are two key components to consider when designing an orchard for optimum yield.
In a trial between two different locations in Europe, characterized by different latitude:
Bologna (Northern Italy, 44.5◦ latitude) and Wilhelminadorp (the Netherlands, 51◦ latitude),
Wertheim et al. [97] noticed that the Dutch site received less light starting from 43 days
after full bloom (DAFB) due to shorter days and their specific climate. This difference
can influence fruit set, initial development, and ripening time [11]. Wagenmakers and
Callesen [98] postulated that this radiant energy difference could induce a 25% increase
in yield potential in Bologna. This is mainly due to the 4.5 months from bloom to harvest
and optimum production of 1 g dry matter per MJ of intercepted light (PAR) [11].). It
was noticed from Italy’s low average yield per hectare data that other factors like low
productivity cultivars and disease pressure can limit the climate’s advantage. Lakso [99]
and Wunsche and Lasko [100] demonstrated a linear relation between tree-intercepted
light and yield. This relation is linear, up to 50%, after which the response seems to
become affected by other factors like light distribution in the canopy. Wagenmakers and
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Tazelaar [101] in the Netherlands found that this relationship is linear up to 60–70% of
available light in pear and apple plantings, postulating that higher light interception may
result in a loss of quality production, flower-bud formation, and a low yield per hectare.
Light penetration is the fraction of available PAR that is being transmitted through the
canopy, which is affected by several factors like tree spacing, canopy architecture, rootstock,
and orchard management practices, such as pruning and thinning [102]. Canopy light
microclimate can be modified by the use of reflective fabrics [47,48] and by management
practices such as pruning and growth regulator application [18]. Reflective fabrics could
increase the PAR in the lower part of a large open vase tree [47]. Wagenmakers and
Tazelaar [101] found that a 1% increase in light interception can increase 2.3 t in yield in
an eight-year study. The same authors in the same study noticed no yield increase when
light interception rose from 67% at 2000 trees/ha to 77% at 4000 trees/ha in multi-row
systems. It appears that other factors like leaf distribution, shade, and leaf area index
(LAI) can modify canopy efficiency inducing yield saturating levels. Light microclimate
strongly affects fruit quality. In a study on Beurré Anjou, pear quality was investigated in
open vase canopy architecture [18]. Fruit born in the more exposed position of the canopy
showed an increase in the percentage of blush. Several other differences were found in the
internal quality. Index of absorbance difference (IAD ) correlates with fruit physiological
maturity [103], and fruit from the more exposed zone of the canopy had lower values (i.e.,
more advanced maturity). Soluble solids concentration, titratable acidity, and firmness
were also affected by different light penetration levels within the canopy [18]. Temperature
(T) and relative humidity (RH) also play an essential role in the orchard’s performance.
Temperature could impact orchard production positively or negatively at bloom. In mild
climates, fruit set, bud differentiation, and, subsequently, fruit and shoot development
can be promoted. On the contrary, when T at bloom drops to 0 ◦ C it can compromise
that season’s crop. Certain pear cultivars can produce fruit by parthenocarpy, which can
partially mitigate possible frost damage.
Spring frosts can compromise the production, and the severity of the damage is linked
to the phenological stage of the flower and the water content of the organs [104]. The higher
the water content, the lower the organ’s tolerance to cold. However, there are various
techniques to mitigate the damage. The most effective methods include anti-frost irrigation
(applied in many cultivation areas of Argentina), ventilation systems (largely adopted in
the USA), and the application of hormones (gibberellins) to stimulate the production of
parthenocarpic fruit (a widespread practice in Europe) [105]. In many pear districts, low
temperature at bloom is one of the critical key points to overcome to have a consistent crop
every year. Zhu et al. [105] showed that the optimum T for photosynthesis appears to be
20 ◦ C in apple and at least 24 ◦ C in pear, with the photosynthetic capacity varying from
10 to 15 µmol (CO2 ) m−2 s−1 [106]. Temperature and RH also play a fundamental role in
promoting inocula and infections of fire blight, insects, and fungal diseases [11].
8.2. Orchard Resilience to Climate Change
To overcome the winter dormancy, pear needs 900 to 1100 h with winter temperatures
below +7 ◦ C [107]. The main factor limiting affecting pear cultivation is the temperature.
In fact, winter (early) and spring (late) frosts can ultimately compromise production or
damage the quality of the fruit. In the most serious cases, the fruit show severe symptoms
such as “frost ring”. This consists of a rusty skin ring that forms near the calycin area
of the fruit. Winter frosts can damage both mixed buds and, in severe cases, the tree’s
structure (cambium, phloem, and xylem). Some cultivars appear to be more resistant than
others to winter cold damage. These include Passe Crassane and Beurré Hardy. On the
contrary, the mixed buds of Beurré Bosc, Coscia and Santa Maria are susceptible to low
winter temperatures. In these cultivars, temperatures of −15 ◦ C can damage over 60% of
the productive buds [107].
During the summer, in very arid environments characterized by high temperature
and light intensity, the sunburn damage can be very serious. Depending on the type of
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training system, the damage can exceed 40% [108]. This problem is typical of pear districts
like Washington in the USA and the Rio Negro region in Argentina. Additionally, in
Mediterranean countries such as Spain, Italy, and Portugal, a decay of tree vigor in adult
orchards has been observed over the last two decades when quince is used as a rootstock,
affecting negatively yields, fruit size, and reducing the lifespan of orchards.
Most of these modern orchards have been designed to include hail net protection.
Selecting the specific colors and material of the nets could be an option to counteract
the effects of climate change, in particular reducing the tree stress and improving fruit
quality [109].
8.3. Environmental Protection and E.U. Green Deal
Integrated management strategies of fruit production can provide many different
ecosystem services (ES), defined as the benefits of nature to human well-being. The ES
conceptual framework assumes a dynamic interaction between people and ecosystems and
requires a multiscale approach. Many biophysical and ecological processes in agriculture
occur at the landscape level, rather than at the farm scale, while European Rural Development Programmes (RDP) typically neither require nor encourage landscape coordination.
The integration of knowledge from different stakeholders (e.g., farmers, scientists, experts)
is thus a precondition for successful sustainable land management [45]. For this reason, it is
important to create sustainable pear production by implementing the Agri-Environmental
Measures and the ecological processes controlling the target agri-environmental issues.
For example, pear production should be carried on improving the soil’s carbon content,
reducing soil erosion, and augmenting carbon sequestration. Moreover, plastic netting
systems and drip irrigation with plastic tubes should be organized with circular economy
criteria, including plastic recycling at the end of their life cycle in the field.
The competitiveness of the current and future pear industry is based on the efficient
use of inputs, particularly labor as the main cost, fertilizers, and pesticides, requiring planar
canopies and small trees. These bi-dimensional canopies are more accessible to workers
and machines/robots compared to 3D canopies. An efficient way to gain competitivity is
to replace part of labor with total or partial mechanization (pruning, thinning, harvest).
Benefits related to the efficient use of inputs can be achieved through intensification. Most
of the options provided in the section “Training systems” are based on small and planar
canopies, which fit the concept of sustainable intensification, hence producing more with
fewer inputs per unit surface. This means producing more with fewer inputs per unit
of surface [110]. It is demonstrated that the small canopies obtained combining size
controlling rootstocks and training systems based on small bidimensional canopies results
in early yields, increasing high-quality output and better efficiency of inputs, increasing
the environmental sustainability of the orchards [35].
Environmental sustainability requires soil management practices to increase and
maintain soil fertility, such as minimum tillage, multispecies ground cover, and the supply
of amendments. Innovation in crop-management regimes needs strategies to control plant
and root development to optimize and simplify orchard management. This is the main
challenge for future pear orchards, making fruit tree production economically, socially,
and ecologically sustainable. All these concepts are fully in line with the objectives of the
“Green Deal” and the strategy “From Farm to Fork” from the European Union concerning
sustainable fruit production [35,111]. The achievement of these goals requires the active
participation of farmers and extension services.
The current global food system requires an agricultural revolution that is only possible and should be based on sustainable intensification and driven by sustainability and
production system innovation, as clearly reported by “The Lancet Commissions” [110].
This change would entail radical improvements in the efficiency of pesticides, fertilizers,
water use, and labor, thanks to innovations in crop systems management. In addition,
to achieve negative emissions globally as per the Paris Climate Agreement, the global
food system and food production systems must become a net carbon sink from 2040 and
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onward. The European “Green Deal” and the “Farm to Fork Strategy” is the plan to make
the EU’s economy sustainable [111]. We can do this by turning climate and environmental
challenges into opportunities, including, of course, a sustainable chain of food production,
distribution, and consumption. Sustainable production is the response of the Green Deal
for food production.
8.4. Netting
Netting was developed initially for anti-hail protection and later found other uses,
such as protection from environmental stresses like sunburn. In a semi-arid climate such
as Washington or Rio Negro in Argentina, netting is becoming more popular due to its
several advantages.
In fact, netting in arid climates can replace standard practices such as evaporative
cooling (EC) to mitigate sunburn by reducing fruit surface temperatures [15,109,112]. The
main advantages of netting compared to EC are saving water and reducing the pressure
from diseases such as Sphaeropsis rot (Sphaeropsis pyriputrescens) and fire blight (Erwinia
amylovora). In fact, both benefit from elevated humidity [113].
In Europe, the increase in hail insurance costs and the problems related to fire blight
has led to widespread anti-hail coverings in various pear production areas. In most
cases, the damage caused by hail can compromise the production of the year in which
the event occurs and those of the following year in cases of severe damage which impacts
the developing flower buds. For these reasons, many productive districts are opting for
anti-hail covers.
In Italy, there are various kinds of anti-hail coverings. Alongside the traditional
“Capannina” systems, new flat or semi-flat net protection systems have emerged. In
general, the costs of these two typologies of coverage are comparable. In the “Capannina”
system, the net is installed with a 15–30◦ angle compared to the horizontal to naturally
discharge the weight of hail into the intra-row space. Traditional systems require lower
material costs but higher labor costs for installation. On the contrary, flat systems require a
greater number of poles and therefore increased costs of materials, but lower costs for their
installation. Flat systems use poles of shorter lengths and, therefore, are easier to handle.
The netting color commonly used is black, which guarantees a longer net life. New net
products are represented by the mixed net, where only the ridge and seams are black, while
the rest is white. Photoselective nets are characterized by different colors, corresponding
to the light quality spectra (i.e., color) they transmit through them [114]. These nets make
it possible to stimulate different physiological responses on trees and fruit by modifying
the light spectrum [109,115,116]. Various colors are available: red, blue, green, and yellow,
which are used depending on the effect desired [116].
The use of a net reduces the available light and increases shade in the canopy. If
shade became excessive, adverse effects on fruit overcolor and yield can occur. Shades can
lead to higher vigor and growth [115,117]. The use of nets is becoming multifunctional
compared to the original use against hail. The new products are also able to block insects
(Alt’Carpo) [118] or protect against rain (e.g., “antiaqua”) [119]. Initially, the system against
rain has been developed for cherry production to cover single rows with a plastic foil
on the top to minimize rain on fruit and leaves, while lateral nets are “antinsect” [119].
Nowadays, these systems are spreading in pear HDP orchards where relevant pests are
difficult to be controlled with less expensive systems. These new netting systems can be
installed on single row or medium size plots concerning different orchard designs and
farm organizations.
9. Conclusions
This paper reported the main aspects of pear production from the current situation,
varieties, rootstocks, training systems, climate change, and future challenges for the fruit
industry. As in other deciduous fruit species, several training options are available for
the growers, all with a common goal: to achieve higher efficiency in using inputs and
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reduce the cost of production while maintaining high fruit quality, increasing profitability,
and high profitability pack-out production. In addition, increasing efficiency in the use of
inputs will result in a more environmentally sustainable industry for the future of pear
production in all countries.
Most of the training systems proposed are based on intensive orchards, planar
canopies, and size controlling rootstocks, usually quince and some pear selections. Singleaxis and bi-axis are the most interesting and commonly used in all countries, adapting
planting densities to the specific cultivar and edaphic-climatic conditions of each area of
production. Planting distances from 3.0–3.5 m between rows and 0.5 to 1.2 m between trees
are the most commonly proposed for very high-density orchards. Considering this spacing,
the system based on the central axis is the easiest and cheapest to train during the formation
period. The bi-axis is also interesting as far as it provides two leaders on the same number
of trees, but it requires more management strategies. V-system is not a common training
system used as it requires more cost for the support structure, and mechanization is not
as efficient as planar systems. Multi-leader systems offer some advantages with lower
planting densities and are in development in several countries.
With whatever training system that is chosen in these high-density orchards, the
financial risk for the grower is high when compared with the traditional systems, such as the
open vase or Palmette. In addition, they require a high level of control and an outstanding
interaction between growers, technical consultants, and researchers. On the other hand,
the planting density allows the use of less dwarfing rootstocks and more resilient systems
that are able to last longer compared to the very and ultra high-density planning orchards.
It is possible to maintain a certain amount of biodiversity by maintaining a more natural
ground cover and avoiding herbicides and/or excess tillage. However, this solution can be
sustainable only if the yields are high, the training systems are well managed, and labor
costs are kept minimal. Intensive fruit production systems are characterized by increasing
planting density, early fruit-bearing, small tree size, high crop loads, short orchard lifespan,
easy mechanical management, efficiency in the use of inputs, and frequent replanting.
Planar canopy systems can make more sustainable pear cultivation in the southern districts
of Europe. The new 2D-training systems can allow a high level of mechanization of
harvest utilizing platforms or bins train. Future development in orchard management
also includes the so-called ‘smart orchards’ where the use of remote sensing can move
irrigation from soil probe to sensors over the tree, able to determine the level of stress in
real-time. Further, these remote sensing tools can improve fruit quality with the efficient
management of canopy architecture. Finally, new genetic material obtained by breeding
programs can provide solutions to replace the existing roster of cultivars that, in general,
are over 150-year-old.
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Appendix A
Information and history of commonly used rootstocks.
Appendix A.1. Quince Rootstocks
Appendix A.1.1. BA29
BA29 is the reference rootstock for the Italian pear production region. Obtained in
France at INRA, it belongs to the quince group of Provence. It was introduced towards the
end of the 1960s, and since the 1980s, it has spread to become the main quince rootstock.
It is easy to propagate through a stoolbed or layering. It is considered one of the least
susceptible quince cultivars to iron chlorosis and is partly suitable for heavy and calcareous
soils. Its susceptibility to phytoplasmas (pear decline), with symptoms starting from the
end of August to the beginning of September, can induce an early red coloration of the
leaves [21].
Appendix A.1.2. MA
MA was obtained in East Malling through a selection from a population of the Angers
quince. It is easy to propagate by stoolbed or layering, but it produces a high number
of suckers in orchards (Table 1). It was largely surpassed by Sydo and BA29 in a lot of
European countries, but in others, such as Spain, it is still the most important [9].
Appendix A.1.3. Sydo®
Sydo® is a clone of Angers quince and is very popular, especially in Italy and Central
Europe. It propagates by stoolbed or layering and appears less susceptible to phytoplasmas
than BA29. In less calcareous soils, it can replace BA29 [21].
Appendix A.1.4. Adams
Adams is a rootstock that was spread in the 1970s by a Belgian nurseryman. It is
widely used in the Netherlands and Belgium. In Italy, it has replaced the MC quince in
HDP orchards. It has an intermediate vigor between MC and Sydo. Adams is quick to
enter into production, but it is sensitive to low temperatures due to its superficial and
shallow root system [21].
Appendix A.1.5. MH
MH is characterized by a 15–20% higher vigor than MC with a variability linked to
the cultivation area. It is less precocious than MC, but it has demonstrated improved fruit
size. It was initially introduced to replace Sydo [21].
Appendix A.1.6. MC
MC is the most dwarfing quince suitable for high- and very high-density plantings
from 4–5000 trees/ha up to 10–12,000 trees/ha. It has a high graft incompatibility with
some cultivars, and in the past, it was widely used for Abbé Fétel [21]. It prefers colder
growing environments than Italian ones. It is widespread in northern Europe, especially
in Netherlands and Belgium, where it is used for ‘Conferences’. Due to its superficial
root system, it requires a controlled water supply. In terms of production, the tree tends
to reduce the fruit size dramatically. The reduced fruit size combined with the graftincompatibility and iron chlorosis susceptibility has led to its disappearance in the new
plantings of Italy and the lack of use in Spain [9]. In 2018, only 6691 trees were produced
using MC, while in 2011, with 413,101 trees, it was the third most widely propagated pear
rootstock in Italy.
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Appendix A.2. Pear Rootstocks
Appendix A.2.1. Seedlings
These are seedlings obtained from the free pollination of cultivars characterized
by medium-high vigors, such as William sand Winter Nelis. Currently, their main use
is in marginal soils, even ones that are dry and calcareous. They maintain good graft
compatibility and allow for sufficient tree anchoring, given its large and deep root system.
However, seedling rootstocks induce excessive vigor, a slow entry into production and a
lack of homogeneity between the grafted trees.
Appendix A.2.2. Clonal Pear Rootstocks
This group is mainly propagated in vitro due to their poor capacity to produce roots
in traditional methods like layering or stoolbed [29].
Appendix A.2.3. OHxF Series (Farold® )
This is a series of clonal rootstocks that Oregon nurseryman, Lyle Brooks, crossed in
the 1960s [47,120]. They are a cross between two varieties, Old Home and Farmingdale,
which are resistant to fire blight. In general, they are difficult to propagate with traditional
techniques, so in vitro propagation is preferred. Below are the most used:

•

•

Farold® 40 Daygon and Farold® 69 Daynir are widespread in Italy, in marginal soils
with high levels of lime where quinces present difficulties of adaptation and manifest
iron chlorosis symptoms. Farold® 40 Daygon is mainly used in combination with
Williams, where it induces good fruit size. Farold® 69 Daynir is more vigorous and
has a reduced production yield efficiency compared to quinces [14,21,27].
Farold® 87 and Farold® 97 are mainly used in the USA. Both are suitable for plants
characterized by low or medium-low planting densities. Farold® 97 is 20–30% more
vigorous than Farold® 87 and is mainly adopted for traditional orchards, although
it is possible to envision a potential use for multi-axis training systems with these
rootstocks [14,21]. Farold® 87 has been developed at a commercial scale in recent
years in the South of France and Spain, mainly with William sand Guyot cultivars,
with very interesting results.

Appendix A.2.4. Fox Series
This series, obtained at the University of Bologna, has produced three notable rootstocks: Fox 9, Fox 11 and Fox 16. They originated from an open pollination of the Volpina
pear, an old variety of pear belonging to the native germplasm of Emilia-Romagna [121,122].
Among these, Fox 9 is the one that has had the greatest commercial success. It propagates
in vitro, is adaptable to heavy clay soils, and is tolerant to calcareous and sub-alkaline soils.
It has good graft compatibility with the main pear cultivars and a higher vigor classification
than BA29 (about 20% of the vigor), when combined with Williams and Abbé Fétel, and
about 40% when it is combined with Conference. The earliness of fruiting is slightly lower
than the BA29 quince, as well [123].
Appendix A.3. New Rootstocks and Perspectives
The need for new size vigor controlling rootstocks with good compatibility, tolerance
to iron chlorosis, high yield efficiency, optimum fruit quality, and good adaptation to
climatic stress periods related to climate changes are priority breeding objectives. The
last objective is becoming more important in recent years due to the effects of climate
change. This research is now in progress in different research centers. It seems clear
that all of these positive traits can only be achieved by selecting new rootstocks from
Pyrus interspecific hybrids, instead of from quince accessions [30,31]. In Europe, this work
was started by INRAE-Angers more than two decades ago. Later on, this program was
extended towards Spain with collaborative cooperation with the INRAE-IRTA program
to test the new selections in the Ebro Valley conditions, characterized by hot, dry climatic
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conditions and soils inducing iron chlorosis. This program is in progress, and currently,
54 elite selections from five species of Pyrus are in the last phase of agronomical evaluation.
Similarly, other breeding programs in Italy, South Africa, and United States are working
towards these goals. In Northern Europe, other breeding programs are focused on quince
because of its enhanced yield efficiency and fruit quality, while attempting to add a superior
tolerance to winter frost for some local selections.
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