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Abstract


Almond production plays a very significant role in the Portuguese socio-economic context, especially with regard to dried fruit production. Indeed, Portugal is the third largest almond producer in Europe, producing 41,450 t of almonds in shells in 2021. This is due to its edaphoclimatic conditions that are favorable for its production. Traditionally, the north region of “Trás-os-Montes” has stood out as one of the most relevant for Portuguese almond production and bioeconomy. However, production in “Alentejo“ and “Beira Interior” will surpass the northern region in a short time as a result of the installation of new orchards. Despite its importance, there is a need to uncover genetic traits underlying phenotypic desirable traits needed to improve yield and quality but also cope and mitigate the impacts of climate change on their production. To address this, it is important to characterize the genetic resources available and the germplasm collection since they are crucial players for conservation and breeding initiatives. In this review, we describe the main cultivars of almonds cultivated in Portugal and their productive challenges. We also provide an overview of the main genetic resources available, breeding goals, and accomplishments regarding their improvement towards biotic and abiotic constraints in both Portugal and the rest of the world.






Keywords:


almond; bioeconomy; breeding; dry fruits; environmental constraints; genetic resources












1. Introduction


Almond (Prunus dulcis (Mill.) D.A.Webb) is one of the most important tree nut crops in terms of production and belongs to the Rosaceae family, which comprises approximately 91 genera and 4828 species [1]. The almond tree was one of the first fruit trees to be domesticated by early farmers in Western and Central Asia and the Eastern Mediterranean zone, possibly during the third millennium Before Christ (BC) [2,3]. Its domestication process was probably the result of hybridizations among several species of indigenous almond trees, similar to the domesticated forms which are still widespread today in Southwest Asia, Central Asia and Southeast Europe [4,5]. In the Mediterranean region, almond appears to have been introduced by the early ocean trading Phoenicians and Greeks into Sicily and other cities of the Mediterranean basin prior to 300 BC [3,4,6,7]. Regarding its introduction into the Iberian Peninsula, it is generally accepted that the Phoenician or Greek traders passed through the coastal areas, where they established the first plantations [8]. Between 500 and 600 After Christ, the almond cultivation was spread to the interior of Portugal by the Arab colonizers, and the production expanded to all regions of the country in the following centuries [4,9].



According to the Flora Iberica, the almond tree is a deciduous tree 8–10 m tall when fully mature [10]. The shape of the trees is very variable, particularly in the branching angle and the intensity with which they branch at crown level. The trunk is about 30 cm wide and brownish with woody scales, and the young shoots are initially green, later turning purplish due to sun exposure [4]. The leaves have a dark green color, are placed as clusters on the tree and are lanceolate shaped, linear, dentate and sharp [11,12,13]. The almond tree flowers are similar to the rest of the Prunus genus, complete with five pinkish white petals, five reddish sepals and 30–33 stamens inside the petals. Depending on the cultivar, the flowers vary in size, shape and color of the petals [3,4,14]. Similarly, almond fruits (drupes) are diverse in size, shape, pubescence, retention of the pistil remnants and nature of the suture line depending on the cultivar [3]. Almond drupes exhibit an exocarp characterized by pubescent skin, a mesocarp constituted by a fleshy but thin hull and a distinct hardened shell, which constitutes the endocarp [3]. The mature endocarp, which protects the edible seed or kernel, can be hard to soft and papery depending on the genotype [3,15]. In horticultural terms, almonds are classified as a “nut” in which the edible kernel is the commercial product.



The purpose of this review is to provide a description of the main cultivars of almonds cultivated in Portugal and their productive challenges. Given the high consumption of this nut worldwide when compared to other nuts, the Portuguese bioeconomy is highly affected by this production. Portugal is the third largest producer in the European union, although their contribution output for the world is small. Therefore, a perspective of the importance to the Portuguese bioeconomy is given. In addition, this review provides a description of the most recent achievements and challenges underlying their improvement towards described abiotic and abiotic constraints.




2. Characterization of Edaphoclimatic Requirements


Although this species is characterized by its adaptation to the Mediterranean climate, almond trees can adapt to diverse conditions given their origin [2,3]. They can withstand high temperatures, extreme winter frosts, surviving prolonged periods of drought and adapting to very poor soils [16]. Trees can grow at temperatures below 15 °C or above 35 °C, but the range of temperatures considered optimal for photosynthetic activity is between 25 and 30 °C [17]. It requires accumulation of cold hours, ranging from 200 to 500 h of temperatures below 7.2 °C [4].



Regarding soil characteristics, almond trees can be grown on poor, chalky and stony soils; however, this crop prefers fertile, deep soils with organic matter (1.5–2%) and clay-like texture [18,19]. Generally, alkaline and neutral soils are required, but these trees can adapt to soils with a pH of 6.5 or even 5.5, upon acidity correction [18,19]. Soils with pH less than 5 and heavy clay soils are not considered suitable for almond production [18,19]. This species is considered salinity sensitive, being able to withstand up to 1 g/L of NaCl in the soil [18,19]. The nutrient contents of the soil, thus fertility, play another key aspect of almond production since it reflects on the nutritional status of the plant. Assessing the nutritional status of the plant together with soil analysis is relevant for defining the balance of nutrients between these two components and defining the fertilization plan for the almond orchards [4]. In general, the fertilization program covers nitrogen, phosphorus and potassium, which are the nutrients extracted in greater quantities by the crop, but also micronutrients such as boron, magnesium, among others, depending on the production of almonds [20,21]. Still, the fertilization recommendation should be adjusted for each almond tree, since they depend on soil fertility, availability of irrigation water, soil coating, age and vigor of the orchard, as well as the level of production obtained in the previous year and expected production [4].



Almond trees are considered drought tolerant, as they have a pivotal root system and a complex system of surface roots that exploit the soil at the surface and at depth [22]. The almond crop adapts well to rainfed cultivation, requiring between 300 and 600 mm of rainfall per year, although profitability is guaranteed for values above 600 mm [22]. The distribution of rainfall is also a factor to reflect on when considering implementing new orchards, as in Mediterranean climates, there may be periods of absence of rainfall in the months of greatest need (June, July and August) [22]. Thus, the productivity of this crop can be improved by the implementation of irrigation systems [22]. Until a few years ago, relative humidity was not an adverse factor for almond tree production, as they were confined to warmer and more arid lands [20]. However, the introduction of irrigation and intensive plantation systems has led to an increase in humidity within the plantations, which evidenced that this species does not tolerate waterlogging and soil humidity [20].




3. Almond Diseases and Pests


Similar to other woody crops, the almond tree is mainly affected by fungi, bacteria and insects, leading to sharp losses in production [4]. The main fungal diseases affecting almond trees are caused by Diaporthe amygdali, Monilinia laxa, Polystigma amygdalinum, Colletotrichum acutatum, Wilsonomices carpophilus and Taphrina deformans, among others [23,24]. The introduction of irrigation and intensive plantation systems led to an increase in humidity within the plantations, which favors the development of fungal diseases that previously were of no significance, such as anthracnose (Colletotrichum acutatum) [20]. In addition to fungal infections, bacterial infections such as Xanthomonas arboricola and Xylella fastidiosa also lead to marked losses in production [23,24]. These fungi and bacteria preferentially affect the leaves, flowers and fruits of the plant [4,23,24].



As far as pests are concerned, some have a biting-sucking action (such as the monostrix, aphids and tetranychid mites), and others have a chewing action (Anarsia and Grafolita) [23,24]. Among other pests with less expression in the Portuguese almond grove, we find the Mediterranean flat-headed root-borer (Capnodis tenebrionis L.), the wood leopard moth (Zeuzera pyrina L.) and the goat moth (Cossus cossus L.). The pests with greater expression are also described in Table 1 [4,23,24].



In Table 1, there is a description of the main fungal and bacterial diseases, as well as pests described for almond cultivars. The fight against these diseases and pests is done in several ways (see Table 1), with the most common being chemical control and the choice of cultivars resistant to these diseases and pests [4]. Regardless of the tool to combat these, the associated losses are usually large and associated with great economic loss [4].




4. Almond Cultivars Grown in Portugal


Portugal is a traditional almond producing country, with a Mediterranean climate favorable to its cultivation. Despite the edaphoclimatic differences found in each Portuguese region, all of them are favorable to almond production, since they have hot and dry summers, low risk of frost in spring and precipitation during winter and spring [9]. Five distinct regions of almond production can be identified in Portugal, based on climate, soil and production practices. These regions are “Alentejo”, “Algarve”, Center and North (which includes “Trás-os-Montes and Alto Douro”) (Figure 1) [4,34,35].



There is a relatively high number of almond cultivars cropped worldwide and in Portugal. However, in the last few years, the largest producing countries have based their production on a relatively small set of cultivars [36,37,38], a tendency unfortunately observed in many other crops. The existence of all these options of almond cultivars allows farmers to choose those with the most suitable characteristics for the conditions of the farm and the production objectives [36,38,39,40,41,42,43,44]. A comprehensive description of the Portuguese and foreign cultivars currently grown in Portugal has been retrieved from the information available at the Centro National de Competências de Frutos Secos (see http://www.cncfs.pt, accessed on 24 July 2023), and their main characteristics are shown in Table 2 and Table 3 [4,34].



Like many other woody crops, clonal almond propagation by grafting ensures that selected traits are maintained, ensuring not only varietal but also phytosanitary certification. Despite the effort made to breed cultivars with interesting productive characteristics (used as scion), a mounting body of research and breeding efforts have been devoted to deploying hybrids successfully used as rootstocks [4,38]. Rootstocks can be adapted to the different types of soil, management and irrigation systems but also to the characteristics and the effect on the phenological evolution of the cultivar to be used [41]. Importantly, the choice of the rootstock needs also to account, among other, for the compatibility with the cultivar chosen, the vigor it induces in the plant, adaptation to the cultivation system, resistance to pests and soil diseases, influence on productivity and fruit characteristics and speed of entry into production [4].



Three types of production systems for almond orchards are described in Portugal: low density dryland (<200 trees/ha), modern intensive (250–600 trees/ha) plantations and super-intensive plantations (>600 trees/ha) [9]. Besides this, there is a great variability in soil types in the Portuguese territory, which makes the correct choice of rootstock and cultivar extremely important, as the economic viability of the almond orchard depends on it [41]. Traditional plantations include almost all low-density dryland farms and rarely occur outside the North and “Algarve” regions. These almond groves are widely spaced, usually 6 m x 6 m, to obtain a greater amount of moisture stored in the soil per tree, and use almond tree rootstocks [4,9]. Until a few years ago, almond trees were destined for plots with poor soil, and the orchards were mainly cultivated in rainfed conditions [4,20]. In these conditions, the most used rootstock was the ‘Francos de Amendoeira’, coming from bitter almond seeds and from the seeds of cultivars such as ‘Marcona’, ‘Garrigés’ and ‘Ferrastar’ [4,20]. These rootstocks were widely used because of their strong root system, capable of adapting to dry conditions and low soil fertility and, even so, inducing vigor in the grafted material and great longevity of the plantation [4,20]. The poor tolerance to root asphyxia and productive heterogeneity shown by these rootstocks led to the development of ‘Fancos de Pessegueiro’ [20]. These are more demanding in water but have a greater development in the first years and an earlier entry into production [20]. In Table 4, a summary of the rootstocks most used in Portugal and some of their advantages and disadvantages are described.



Intensive plantations tend to be more widely spaced, with a greater distance between rows, usually 7–8 m, than within the row to facilitate mechanization. For super-intensive plantations, a minimum of 4 m of distance is used between rows and 1 m between trees. These almond orchards tend to be irrigated using two-row pressurized drip irrigation systems with irrigation allocations ranging from 4500 to 8000 m3/ha [5,9]. Since a lot of water is used, more vigorous rootstocks are used, such as ‘GF677’, ‘GARNEM’ and ‘RootPac®-R’ [4,9]. In super-intensive almond orchards, the trees are spaced with average distances of 3–4 m between rows and one meter in the row. These almond trees use nano rootstocks, which include ‘Root-Pac®-20’ and ‘Root-Pac®-40.’




5. Almond Value Chain: Socio-Economic Importance


According to the International Nuts & Dried Fruits Statistical Yearbook 2018/2019, almonds are the most consumed nut in high-income economies, accounting for 39%, followed by walnuts, cashews and hazelnuts, demonstrating a high importance in the field of dry fruit bioeconomy [42]. On a global scale, almond production is led by the United States, more specifically by the state of California, with around 79% of production. This is the reference country in terms of prices, product typification, promotion and communication [43,44]. In the 2019–2020 season, the average production rate in California was 2400 kg of almonds/ha due to the highly technological production focused on soft-shelled, non-self-fertile cultivars and ground harvesting. In second place is Australia, with a production of 104,437 t using a production model like the American one [45]. The European Union (EU) contributes only around 6% of world production. Other countries with some interesting production rates are Tunisia, Iran, Chile, Turkey and Morocco [46,47,48].



For the 2019–2020 campaign, the European Union contributed only 6% of the world output production, but production is clearly on an upward trend [45]. The main EU producing countries are Spain, Italy and Portugal, with Greece as a minor player [49]. In 2021, Spain led the European production with 365,210 t of almonds for a cultivated area of 744,470 ha [49]. Portugal is the third largest almond producer in Europe, with a total area of 58,400 ha and a production of 41,450 t of almond in shell in 2021 [49]. In the north of the country, the production of almonds is mainly based on rainfed systems (dryland) and is limited by climatic conditions. Therefore, productivity varies from year to year, with an average of 650 kg/ha of kernels in about 20,000 ha [9]. Traditionally cultivated in dryland in northern regions of the country, this crop has seen unprecedented progress in the last decade. Supported by a strong investment from foreign companies, mechanization in as well as the introduction of more adapted cultivars to local conditions has made Portugal surpass Italy in almond production in the 2021–2022 campaign [46,48,50]. The main Portuguese producing regions traditionally have been “Trás-os-Montes”, Douro (North) and “Algarve” (South), but in recent years, the almond growing area has increased in the “Alentejo” and “Beira Interior” regions [9,50,51]. Since 1996, the “Trás-os-Montes” region holds one Protected Designation of Origin (PDO) designated as “Amêndoa do Douro” (see Figure 1). Despite the PDO certification, the introduction of this product in the market was unsuccessful despite the efforts made [52], highlighting that more efforts need to be undertaken to market and boost the competitiveness of this product with recognized quality.



Almond is cultivated worldwide for its kernels, and, among other factors, the commercial success of this crop is related to the nutritional and technological characteristics of the kernel [42]. Based on taste, almonds can be divided into two major varietal groups: bitter and sweet almonds [53,54]. The sweet almond is edible and used in the food industries or for human consumption without any pre-processing. The bitter type is non-edible or poisonous due to its cyanogenic glycosides and cannot be consumed without removal of toxic contents, even containing 4 to 9 mg of highly toxic hydrogen cyanide, and consumption in large amounts could lead to death [55]. However, the essential oil of bitter almonds is used in the pharmaceutical and cosmetic industries [56,57]. Sometimes during post-harvest processing, bitter and sweet almonds are unintentionally mixed, which gives an undesirable experience to consumers. This way is important to distinguish bitter and sweet almonds due to health risks of cyanide intake and likely economic losses from reduced value of kernel lots [58].



Increasing consumption of almonds and almond-derived ingredients in food applications is related to its desirable nutritional composition (45–50% lipids, 21–25% proteins, 17–21% carbohydrates and 10–12% fiber) and the desirable technological properties (such as solubility, emulsification, foaming and gelling properties) of the extracted protein [59,60]. Moreover, it is used as gluten-free alternative to wheat flour in cooking and baking [56]. Almonds are a very versatile food ingredient, consumed as non-processed dry fruits or included in nutritive snacks, bakery and confectionery ingredients, and as a feedstock to produce almond milk, flour and oil [61]. Almond-based drinks are widely used as an alternative to cow’s milk by lactose-intolerant people or vegans due to their high levels of calcium, phosphorus and potassium [62,63]. Almond-based “milk” is a colloidal dispersion, containing only 2% of almonds (powdered or almond paste), produced from aqueous extraction of colloidal substances from almonds such as proteins and lipids [64]. To replace micronutrients lost during the production process, these beverages are also enriched with potassium and vitamins A and D [65]. Since it has a low sodium content and a balanced proportion of mono- and polyunsaturated fatty acids, it helps maintain healthy cholesterol levels and is high in antioxidant compounds, contributing to the prevention of heart disease [64].



Sweet almond oil, extracted from kernels of sweet cultivars, is used in the production of edible oil and the cosmetics industry because it has anti-inflammatory, immunity-boosting and anti-hepatotoxicity effects [56,66]. The essential oil of bitter almonds has potential application to produce biodiesel, and when it is refined, it can be used in the manufacture of flavorings [67].




6. Almond Genetic Resources, Genetic Diversity and Breeding Approaches


Plant genetic diversity is the foundation of crop improvement and a primary target of conservation efforts [68,69]. Living collections offer important research opportunities for the characterization of phenotypic and genetic variation and provide the germplasm needed to support plant breeding efforts targeting greater yields, environmental adaptation and pest and disease resistance [69].



6.1. Genetic Resources


Perennial woody plants, such as almonds, have unique conservation strategies based largely on living collections. Most woody perennial species are obligately crossbred, and, under cultivation, these heterozygous individuals are clonally propagated, resulting in the maintenance of genetically identical individuals over long periods of time and over wide geographical areas [70]. Currently, almond cultivation relies on a small number of highly productive cultivars. However, almond germplasm is composed of thousands of accessions that show great variability in terms of adaptation to different soil and climate conditions, resistance to biotic and abiotic stress and almond quality characteristics [71,72,73,74,75,76,77,78]. The self-incompatibility of most almond cultivars, coupled with the extensive use of seeds for propagation, has played an important role in differentiating the vast genetic diversity within the species [74,75]. Perennial woody plants, such as almonds, have unique conservation strategies, based largely on living collections. Despite the high genetic diversity described, only a limited number of almond accessions are currently maintained in the main germplasm collections worldwide [3]. In the Portuguese Germplasm Bank, there is presently described two main almond collection sites where accessions are kept [76]. One is in the “Trás-os-Montes” region, Mirandela municipality, at the Experimental Centre of “Terra Quente” with 122 accessions and managed by the Regional Direction of Agriculture and Fisheries North. The other one is in the “Algarve” region, Tavira municipality, at the Agriculture Experimental Centre of Tavira with 19 accessions and managed by the Regional Direction of Agriculture and Fisheries Algarve.




6.2. Genetic Diversity


As said before, self-incompatibility of most almond cultivars coupled with the extensive use of seeds for propagation plays an important role in the vast genetic diversity observed within this species [74,75]. Several research works have used simple sequence repeat (SSR) and single nucleotide polymorphism (SNP) molecular markers to study the genetic diversity and relatedness of numerous accession and cultivars from Spain [77,78,79], Italy [80,81,82], Iran [83] Australia and the United States of America [84,85]. All these works evidence that the geographical diversity of the accessions of the studied collections is reflected on their genetic diversity. Moreover, markers developed could be used to discriminate among almond accessions and cultivars, constitute relevant tools and resources for analysis of genetic backgrounds and deploy new strategies to support new breeding approaches in this species.



Regarding Portuguese almond germplasm, the number of studies addressing their genetic variability is relatively small. One of the earlier studies was conducted in 2003 by Martins et al. [86]. These authors used randomly amplified polymorphic DNA (RAPD) and inter-simple sequence repeat (ISSR) markers to study the genetic diversity of Portuguese almond cultivars and their relationship to important foreign cultivars. Beside the high genetic diversity found, these authors described how northern and southern cultivars are in general mixed, indicating that no specific geographical distribution was found among the Portuguese cultivars studied [86]. This fact can be considered somewhat expected since it is known that the circulation of cultivars has occurred between these two regions in Portugal, which have the best edaphoclimatic conditions for their production. In another more recent study, Cabrita et al. [87] studied the genetic diversity and relationships among the almond germplasm accessions cultivated in “Algarve”. Samples from trees from traditional “Algarve” orchards (123 accessions) and 53 accessions of the local field collection managed by the regional office of the Portuguese Ministry of Agriculture (DRAALG) were assessed using isozyme, inter-single sequence repeat (ISSR) and simple sequence repeat (SSR) or microsatellite approaches. Among others, the results evidenced a broad and unique genetic diversity of the “Algarve” almond germplasm, since the majority of the commercial cultivars studied assembled in a major cluster clearly differentiated from the local accessions [87]. Both studies herein described reinforced that the Portuguese almond germplasm presents a high level of genetic diversity, as well as a high variability in traits of interest for the supply chain that deserves to be exploited in future breeding programs.




6.3. Breeding Approaches


Almonds, either in cultivated orchards or as feral or wild seedlings, have been an important source of food for thousands of years. Within each region, the best wild seedlings were routinely selected for propagation by local farmers, while natural selection continued its unrelenting pressures toward greater adaptation to local environments, including regionally important disease and insect pests [3]. The self-sterile nature of the almond has ensured an exchange and mixing over the centuries between cultivated and wild germplasm, including, in many cases, related species [88]. In the early 1900s, formal plant breeding programs were established in most major production areas (USA, Australia, China and Mediterranean countries) to accelerate this selective process through controlled crosses and related genetic improvement. While many goals such as total yield and production efficiency were similar among programs, regional breeding goals often varied due to different environments, disease and pest problems [3].



In the USA and Australia, the predominant cultivar is ‘Nonpareil’, which represents 40% and 50%, respectively. The ‘Nonpareil’ cultivar is highly adapted to environmental, cultural and commercial conditions of these countries. The release of the moderately saturated Australian almond genetic map, which is highly syntenic and collinear with the Prunus reference map and peach genome V1.0, opens new possibilities to deploy improvement strategies supported by molecular markers [85]. Several quantitative trait loci (QTL) for shell hardness were detected on three linkage groups: LG2, LG5 and LG8, evaluated for an N (‘Nonpareil’) × L (‘Lauranne’) progeny. The results showed that Nonpareil-like marker genotypes were associated with softer shells at all these QTLs. Thus, depending on whether the (soft) paper-shell characteristic of ‘Nonpareil’ is considered favorable or unfavorable, selection could be imposed for or against based on the screening of associated markers [85].



In Mediterranean and Near Eastern countries, many local cultivars adapted to each area, along with new cultivars that were later obtained in breeding programs, mainly from France and Spain, and are cultivated nowadays. The most important breeding European programs have been conducted by the Institut National de la Recherche Agronomique (INRA) in France (with cultivars like ‘Ferragnes’, ‘Ferraduel’, ‘Lauranne’ and ‘Mandaline’), the Spanish Institute of Agrifood Research and Technology (IRTA) Constantí (‘Francolí’, ‘Masbovera’, ‘Glorieta’, ‘Vayro’, ‘Constantí’, ‘Marinada’ and ‘Tarraco’), the Centro de Investigación y Tecnología Agroalimentaria de Aragón (CITA) Zaragoza (‘Ayles’, ‘Guara’, ‘Moncayo’, ‘Blanquerna’, ‘Cambra’, ‘Felisia’, ‘Soleta’, ‘Belona’, ’Mardía’ and ‘Vialfás’) and the Centro de Edafología y Biología Aplicada del Segura (CEBAS-CSIC) (‘Antoñeta’, ‘Marta’, ‘Penta’ and ‘Tardona’) [86]. We must emphasize the great diffusion of French cultivars ‘Ferragnes’ and ‘Ferraduel’ in several European countries, and of ‘Guara’ specifically in Spain [88]. Disease resistance to red leaf blotch (RLB) of almonds, caused by biotrophic ascomycete Polystigma amygdalinum, has been a particular trait of interest in Spain, where the incidence of this disease has increased in Spain particularly in newly planted orchards, as a result of the use of susceptible cultivars such as ‘Guara’ and ‘Tuono’ [89].



These new cultivars are gradually displacing traditional cultivars, having as traits of interest self-compatibility and late flowering time, which is a great advantage in colder areas. Such a tendency has been widely adopted in Portuguese orchards, in which traditional cultivars have been substituted by the installation of new orchards cultivars that are more productive. Cultivars such as ‘Soleta’, ‘Belona’, ‘Marinada’, ‘Constantí’, ‘Vairo’, Mardía’, ‘Penta’, ‘Tardona’ and ‘Vialfas’ have a later blooming, which allows them to avoid, or at least mitigate, the effects of spring frosts, the major cause of productivity losses in Portuguese almond orchards [20]. Research efforts that would support the valorization and improvement of local and traditional cultivars are of extreme importance. This strategy will tackle an important need of the almond sector, since Portuguese almonds have unique organoleptic quality, while contributing to the preservation of diversity.




6.4. Prospects for the Portuguese Almond Research and Production


The planted area and production of almonds in Portugal has varied over the last 35 years, and overall, there has been a 5% growth in the planted area, while production has declined since the peak of production in the 1990s [9,35]. According to the data available at the Portuguese Institute of Statistics (Instituto Nacional de Estatística—INE) production and area of production have been increased for all the NUTSII regions (“Norte”, “Centro”, “Área Metropolitana de Lisboa” and “Alentejo”) for the period of 2010–2022, with the exception of “Algarve”, in which a decrease was observed [35]. Currently, the almond area is growing at about 15–20% per year and is expected to double by 2025, due to rising almond prices and the perceived improvement in crop yields, particularly in the “Alentejo” and “Centro-Beira Interior” regions with greater water availability and moderate risks associated with rain and frost. Indeed, kernel production in “Alentejo” has already overcome the “Norte” region with the results of the new almond orchards installed in that region [35].



The main challenges for the sector lie in climatic conditions and the need to tackle the global agricultural challenges: the risk of frost, which is present in all planting regions, and the amount and frequency of precipitation events in spring and autumn. These can trigger the appearance of diseases and weeds in the almond groves and diseases in the post-harvest period, delaying the harvest period and causing production losses [48]. Disease and weed management are further hampered by the steady reduction in EU-approved pesticide classes, which promotes reliance on fewer but more expensive chemicals, which increases the likelihood of resistance until better methods or technologies are researched, developed, and used. The existing labor force and infrastructures in Portugal are also limiting. It is not easy to find human resources willing to work in almond fields and specialized equipment, which is usually imported, and the processing capacity is currently restricted and insufficient to cope with the increase in planted areas [9].



In the Mediterranean basin, major breeding objectives have generally aimed to obtain self-compatible and late flowering cultivars to increase the fruit set and to avoid the spring frost damages and by this way increase crop productivity in terms of net income per hectare. Fruit quality and ease of management of the trees have also been important traits to consider [88]. Nevertheless, it is generally accepted that the market will demand in the mid-term cultivars of almonds with different chemical composition, organoleptic properties and technological characteristics for industrial use, as observed for many other dry fruits.



New opportunities for almond tree improvement involve traits, such as early maturation: in warmer areas, this allows for harvesting of the crop before the high summer temperatures, facilitating the preparation of the tree for the adequate development for the following year, and in cold areas, it prevents excessive delay in ripening [90]. Furthermore, improvement in pest and diseases control has many advantages for producers and consumers, as it reduces the production costs by eliminating or reducing phytosanitary applications, with a continuous and perpetual effect [3]. The cultivation of resistant cultivars is more environmentally friendly, and it generates healthier almonds for consumers [3]. Other objectives for almond tree improvement can be the identification of good sources of resistance within the species, requiring the breeder to use wild related species, conducting more complex and lengthier breeding processes [3].



The cultivation system for rainfed or irrigated conditions and their large differences bring the need for the creation of cultivars for each type of culture. In the case of rootstocks, traits like vigor compatibility with a wide spectrum of cultivars from different species, good tolerance to root hypoxia, water use efficiency, aptitude to extract or exclude certain soil nutrients and tolerance to soil or water salinity will be the focus of research in the coming years [91].





7. Conclusions


Portugal is a traditional almond-producing country, where a Mediterranean climate favors needed conditions. Excluding the “Algarve” region, the almond production area is expected to double in the short term due to rising almond prices and the perceived improvement in crop yields, particularly in “Alentejo” and “Centro-Beira Interior”. “Alentejo” kernel production (28,449 t) has already surpassed the production observed for the North region (12,998 t) as a result of the (super)-intensive young culture almond orchards recently planted. The relevant increase in Portuguese production seen in the last decade was accomplished either by a strong investment from foreign companies and mechanization in as well as the introduction of more productive foreign cultivars adapted to local conditions. These new foreign cultivars are gradually substituting traditional cultivars, having as traits of interest self-compatibility and late flowering time, which is a great advantage in areas with spring frost episodes. This choice has led to the traditional cultivars being lost and this contributes largely to the loss of diversity. Numerous genetic resources, as well as new molecular tools, are being deployed not only for conservation purposes but also for breeding objectives. Self-compatibility and delayed flowering have been preferred traits for breeding programs worldwide, with direct impact on production. Considerable success has been described for the development of compatible rootstocks with improved resistance to biotic and abiotic constraints. Still, extensive efforts need to be made to target other important traits such as shell hardness and disease resistance. Coordinated research efforts are needed to overcome the lack of genomic and genetic resources still observed in this species. One relevant example is the lack of a fully sequenced and annotated reference genome. The increase of the knowledge of almond genetics and its correlation with phenotypic traits is expected to enable selection and improvement of desired traits. Such approaches will enhance our capacity to respond to almond production challenges and are expected to bring innovation and competitiveness to the almond sector.
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Figure 1. Geographical location of the main regions for almond production (NUTSII). Since no values exist for the “Madeira” and “Azores” islands, they were not included in the figure. The “Amêndoa do Douro” Protected Designation of Origin (PDO) is also evidenced. Numerical data included refer to the production (t) obtained in 2022, according to the information available at Instituto Nacional de Estatística [35]. 
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Table 1. Main fungal and bacterial diseases as well as pests described for almond cultivars. Adapted from [4].
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	Diseases or Pests
	Affected Organs
	Symptoms
	Means of Combat
	Reference





	Anthracnose

(Colletotrichum acutatum)
	All
	Necroses; Leaves and fruit lesions
	Elimination of the attacked organs; Aeration of the crown; Rational fertilization;

Preventive treatments
	[25]



	Brown Rot Blossom Blight

(Monilinia laxa)
	Flowers
	Necrosis of flower buds;

Fruits mummify
	Destruction of affected branches; Promote the aeration of the canopy; Nitrogen supplementation; Avoid prolonged irrigation
	[26]



	Ochre staining

(Polystigma amygdalinum)
	Leaves
	Yellow spots of leaves; Reduced photosynthetic capacity
	Destroy fallen leaves; Use fungicides
	[27]



	Xylella fastidiosa
	All
	Wilting and plant death;

Leaf scorching; Decrease in productivity of orchards
	There are no effective means of control
	[28]



	Tetranchid mites

(Tetranychus urticae Koch and Panonychus ulmi)
	Leaves
	Pale yellow, whitish and silver spots
	Reduce water stress; Nitrogen fertilization
	[29]



	Aphids

(Myzus persicae Sulzer, Brachycaudus amygdalinus and Brachycaudus helichrysi Kalt)
	Branches and leaves
	Curling and deformation of leaves and young twigs, shorter internodes; Reduction in production
	Chemical control through the application of insecticides
	[30]



	Monosteira unicostata
	Leaves and fruits
	Leaves with yellow spots
	No biological control methods known
	[31]



	Anarsia lineatella Zeller
	Branches and leaves
	Damages in young shoots and fruits
	Treatment with Bacillus thuringiensis and kaolin; Sexual confusion method
	[32]



	Grapholita molesta
	Shoots and fruits
	Destruction of young shoots (malformations)
	Application of insecticides; Technique of sexual confusion; Application of Bacillus thuringiensis
	[33]










 





Table 2. Characteristics of the main traditional Portuguese cultivars of almond trees, cultivated in the regions of “Trás-os-Montes” and “Algarve”. Adapted from [4].
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	Cultivar
	Region
	Pollination
	Flowering Season
	Productivity





	‘Bonita’
	Terra Quente
	Cross
	Early-mid
	Medium



	‘Casanova’
	Alto Douro
	Cross
	Early-mid
	Medium



	‘Dona Virtude’
	Alto Douro
	Cross
	Very early
	Low



	‘Gama’
	Alto Douro
	Cross
	Early-mid
	Low



	‘Marcelina Grada’
	Terra Quente
	Cross
	Early-mid
	Medium-low



	‘Mourisca’
	Alto Douro
	Cross
	Early-mid
	Low



	‘Parada’
	Alto Douro
	Cross
	Early-mid
	Medium



	‘Romeira’
	Alto Douro
	Cross
	Early-mid
	Low



	‘Verdeal’
	Alto Douro
	Cross
	Early-mid
	Very High



	‘Boa Casta’
	Algarve
	Cross
	Early-mid
	Low



	‘Bonita de São Brás’
	Algarve
	Cross
	Early-mid
	Medium



	‘Duro Amarelo’
	Algarve
	Cross
	Early-mid
	Low



	‘José Dias’
	Algarve
	Cross
	Early
	Low










 





Table 3. Characteristics of some almond cultivars obtained in Spain, France and the USA, mostly used in Portugal. Adapted from [4].
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Country

	
Cultivar

	
Plant Material

	
Pollination

	
Flowering Season

	
Productivity






	
Spain

	
‘Belona’

	
‘Blanquerna’ × ‘Belle d’Aurons’

	
Self

	
Late

	
High




	
‘Constantí’

	
‘FGFD2’ × ‘open pollination’

	
Self

	
Late

	
High




	
‘Desmayo Largueta’

	
Tarragona

	
Cross

	
Early

	
High




	
‘Guara’

	
Clonal Selection (Zaragosa)

	
Self

	
Late

	
High




	
‘Marcona’

	
Alicante

	
Cross

	
Early-Mid

	
Very High




	
‘Marinada’

	
‘Lauranne’ × ‘Glorieta’

	
Self

	
Late

	
Very High




	
‘Marta’

	
‘Ferragnes’ × ‘Tuono’

	
Self

	
Late

	
High




	
‘Masbovera’

	
‘Primorskyi’ × ‘Cristomorto’

	
Cross

	
Late

	
High




	
‘Penta’

	
‘CEBAS S5133’ × ‘Lauranne’

	
Self

	
Very Late

	
High




	
‘Soleta’

	
‘Blanquerna’ × ‘Belle d’ Aurons’

	
Self

	
Late

	
High




	
‘Tardona’

	
‘CEBAS S5133’ × ‘Grasselly R1000’

	
Self

	
Very Late

	
High




	
‘Tarraco’

	
‘Ferralise’ × ‘Tuono’ × ‘Anxaneta’

	
Cross

	
Very Late

	
Very High




	
‘Vayro’

	
‘Primorskij’ × ‘Cristomorto’ × ‘Lauranne’

	
Self

	
Late

	
Very High




	
France

	
‘Ferraduel’

	
‘Cristomorto’ × ‘Ai’

	
Cross

	
Late

	
Very High




	
‘Ferragnes’

	
‘Cristomorto’ × ‘Ardéchoise’

	
Cross

	
Half late

	
Very High




	
‘Ferrastar’

	
‘Cristomorto’ × ‘Ardéchoise’

	
Cross

	
Late

	
Very High




	
‘Lauranne’

	
‘Farragnes’ × ‘Tuono’

	
Self

	
Late

	
Very High




	
USA

	
‘Nonpareil’

	
California

	
Cross

	
Half late

	
Very High




	
‘Texas’

	
California

	
Cross

	
Half Late

	
High











 





Table 4. Some examples of the most used almond rootstocks in Portugal. Their advantages and disadvantages are also described. Adapted from [4].
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Rootstock

	
Origin

	
Advantages

	
Disadvantages






	

	
Almond ‘Francos de amendoeira’

	
Sexual propagation through seeds of different almond cultivars (e.g., ‘Verdeal’ and ‘José Dias’)

	
Highly rustic rootstock; Resistant to water scarcity; Well adapted to arid, stony and calcareous soils

	
Difficulty in transplanting due to its pivotal root; Sensitive to soil diseases; Sensitive to hypoxia; Restricted compatibility with grafted cultivar; Development and behavior heterogeneity in the orchard; Low productivity and late entry into production




	
Peach ‘Francos de Pessegueiro’

	
Sexual propagation through seeds of different peach cultivars

	
Highly rustic rootstock; Resistant to water scarcity; Fasciculate root system; High compatibility with several cultivars of almonds; Good adaptation to transplanting; Quick entry into production; Higher homogeneity of production

	
Low resistance to lime, which leads the cultivars to manifest iron chlorosis




	
Clonal Plums

	
Plum clones

	
Resistant to root asphyxia, iron chlorosis and soil diseases

	
Drawbacks when used on almond trees, with localized and displaced incompatibilities at the physiological level




	
Interspecific Hybrids

	
Peach × Almond

	
e.g., GF 677, GF 557, Hansen, Adafuel, GxN-15

	
Deep rooting; Adaptation to the rainfeed and to calcareous soils

	
Sensitive to root waterlogging and soil diseases; Some of these (e.g., GF 677) are only propagated in vitro, dificulting its mass propagation




	
Plum × Almond

	
e.g., Cadaman, Rootpac 20 (Densipac), Rootpac 40 (Nanopac), Rootpac 70 (Purplepac), Rootpac 90 (Greenpac), Rootpac R (Replantpac)

	
Depending on the rootstock has tolerance to root asphyxia and soil diseases; Good compatibility with most of the cultivars

	
Depending on the rootstock is sensitive to root asphyxia and soil diseases
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