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			Worldwide olive industry has expanded into new climatic regions outside the Mediterranean basin due to an increase in extra virgin olive oil demand posing new challenges. This is the case of Uruguay, South America, where the olive crop area reached 10,000 hectares in the last 15 years and is intended to the production of EVOO. Uruguay has a temperate humid climate with mean precipitations above 1,100 mm per year but unequally distributed, mild winters, and warm summers, with mean annual temperatures of 17.7°C. Different agroecological conditions require local knowledge to achieve good productivity whereby the objective of this work was to show the feasibility and potential of olive oil production under our climatic conditions. For this the agronomic performance of Arbequina, Barnea, Frantoio, Leccino, Manzanilla de Sevilla, and Picual cultivars was evaluated along 10 years of full production. Phenology behavior, vegetative growth rate, productive efficiency, alternate bearing, and oil yield were determined. Sprouting and flowering processes occur in a wide window within the annual cycle between the months of August to November with great interannual variation. More than 8 t/ha fruit yield and 40% oil yields in dry weight basis were obtained in promising cultivars. However, alternate bearing arose as the main production limiting factor, with ABI values greater than 0.60 for most cultivars. We conclude that olive oil production in humid climate regions is feasible and the most promising cultivars based on productive efficiency are Arbequina and Picual.
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Introduction

			In the last decades, the worldwide olive industry had expanded into new climatic regions outside the Mediterranean basin due to an increase in extra virgin olive oil (EVOO) demand associated to its beneficial effects on human health (International Olive Council. IOC, 2015). Among these new regions, some of them have Mediterranean like climate—San Diego, USA and México (Ayerza and Sibbett, 2001) and La Rioja, Argentina (Rondanini et al., 2014)—whereas others have quite different temperature regimes, particularly mild winters resulting in less chilling hours for flowering during winter dormancy—Argentina, Australia (Aybar et al., 2015; Torres et al., 2017). Also, different humid regions are under olive cultivation, from wet hot summers, and cold dry winters—Wudu, China (Wang et al., 2018) to tropical—Queensland, Australia (Mailer et al., 2010) or temperate humid regions with high humidity, precipitation above 1,100 mm/year and moderate temperatures—Southern Brazil and Uruguay (Torres et al., 2017). In all of these new regions, EVOO is produced and particular olive profiles are obtained (Aguilera et al., 2005; Borges et al., 2017; Ellis and Gámbaro, 2018) showing the potential for EVOO expansion worldwide.

			Oliviculture devoted to EVOO production is considered a new agricultural activity in Uruguay. However, olive introduction dates back to 1,780 along with the Spanish settlers (Pereira et al., 2018) and the first olive growing activity for virgin olive oil production started in the 1930s. Since 2002, modern orchards were planted for virgin olive oil production, increased from 500 to 9,000 hectares (Ackermann et al., 2018) with high technology olive oil mill. These new orchards were planted with certified material from Spain, Italy, Israel, and Argentina (Tous et al., 2005) being the main cultivar Arbequina (50%) followed by Picual, Coratina, Frantoio, Leccino, and Manzanilla de Sevilla (all adding up to around 40%). Uruguay is recognized by international olive oil sensory panels for its EVOO (Ellis and Gámbaro, 2018; ASOLUR, 2019). Currently, olive production accounts for 23% of the national area devoted to fruit crops, considering citrus, vineyards, and deciduous fruit trees, which evidences the importance of the olive in the fruit sector. Uruguay is the second smallest country in South America with 16.4 million hectares with agricultural aptitude and with little more than 3 million total inhabitants (Archivo General de la Nación, 2011; Instituto Nacional de Estadística. INE, 2011).

			Modern olive plantations in Uruguay follow an intensive rainfed system within a range of 285–400 trees/ha, identified as system “S5” by IOC (International Olive Council. IOC, 2015). Less than 5% of the plantations are irrigated system “S6” (Rallo et al., 2013) although there are no official data. One of the reasons for not investing in irrigation in the productive systems is the annual pluviometry, generally greater than 1,100 mm per year, but highly variable among seasons and years. Due to the high frequency of periods of drought or pluviometric excesses in our conditions (Vaughan et al., 2017), the yield potentials of the productive systems are highly dependent on soil physical aptitude, topography, and associated soil management. The excess of rainfall at some given key stages of the vegetative—productive olive cycle (flowering—fruit set—ripening) generate different challenges for the development of olive trees in humid regions (Tous et al., 2005). According to the thermal requirements of the species proposed by Moriondo et al. (2008), Uruguay is an area suitable for the development of olive production. The average annual temperature is 17.7°C, varying from 19.8°C in the northwest zone to 16.6°C in the south coast. Isotherms have an incremental trend from the southeast to the northwest. The national averages of the annual extreme temperatures of the air present a maximum historical average of 22.6°C and a minimum average of 12.9°C (Castaño et al., 2011). The offer of winter cold varies between 500 and 1,000 chilling units, a factor that could be limiting for some deciduous fruit crops (Contarin and Curbelo, 1987; Severino et al., 2011). Average annual relative humidity between 70% and 78% associated to high annual rainfall, and moderate temperatures, favors the development of fungal diseases. The choice of cultivars with best behavior against pathogens is of utmost importance to achieve a sustainable orchard management (Leoni et al., 2018; Bernaschina et al., 2019).

			There is extensive knowledge of the behavior of olive cultivars in traditional Mediterranean production areas, but not in regions with temperate-humid climate. Evaluation of a fruit species in a specific location requires the evaluation of its growth and development potential, precocity, and productive behavior (Klepo et al., 2013). Alternate bearing is a well-known condition in olive trees (Lavee, 2015), as well as its relationship with vigor and consequently with its productive efficiency. These conditions vary with cultivar but also with local agroecological conditions (Smith and Samach, 2013).

			To identify limiting factors in olive production is necessary to start with cultivars phenological studies. After several years, the average and the overlap flowering period can be identified among cultivars in relation to climatic characteristics (Orlandi et al., 2005; Benlloch-González et al., 2018). Negative climatic events in non-traditional producing regions as Argentina and Chile, can result in null harvest, leading to regional alternate bearing processes (Cuevas et al., 1994; Goldschmidt, 2005; Beyá-Marshall and Fichet, 2017).

			The objective of this work was to assess the feasibility and the potential of olive oil production in temperate-humid climate. For this, we evaluated the agronomic behavior of six cultivars characterizing their adaptability through phenology, growth rate, productive efficiency, alternate bearing index (ABI) and oil yield. This information is crucial for identifying promising cultivars in order to develop an integrated production strategy as well as to pursue technological development facing the expansion into new regions.

			


Materials and Methods

			

Experimental Sites and Plant Materials

			Two experiments were established, one at INIA “Las Brujas” Experimental Station in Southern Uruguay (34°40’ S; 56°20’ W; altitude 21 m) and the other at INIA “Salto Grande” Experimental Station in Northern Uruguay (31°16’ S; 57°53’ W; altitude 41 m).

			At INIA “Las Brujas” Experimental Station (LB), olives trees of Arbequina, Barnea, Frantoio, Leccino, Manzanilla de Sevilla, and Picual cultivars were planted in 2002 at a density of 416 trees per hectare (4 m between trees and 6 m between rows). A randomized complete block design with four replicates and three trees per experimental unit was used. The soil at this site has a fine textured A horizon, with a maximum depth of 20 cm, with 2.5% of organic matter and pH 6.5 corresponding to a Typic-Vertic Argiudolls soil according to the USDA classification (Durán et al., 2006). The presence of argillic B-horizons close to soil surface requires raised beds to increase soil volume to be explored by roots and to facilitate drainage.

			At INIA “Salto Grande” Experimental Station (SG) olive trees of Arbequina, Frantoio, Manzanilla de Sevilla, and Picual cultivars were planted in 2003 at a density of 333 trees per hectare (5 m × 6 m). A randomized complete block design with six replicates was used and three trees per experimental unit. The soil at this site has a coarse textured A horizon, with a very good natural drainage and a maximum depth of 50 cm; therefore, there is no need for raised beds even though the strong textural differentiation between soil horizons. Soil natural fertility is poor, with less than 1.8% organic matter and a pH of 5.5. This type of soil corresponds to a Udifluvent soil according to the USDA classification (Durán et al., 2006).

			Both experiments were managed with the same technological management for pruning, irrigation, and nutrition. Olive trees were trained as single-trunk vase, with three to four main branches. From 2002 to 2009, while the trees were filling its space within the row, pruning criteria was intended for training and thinning. From 2010 onwards, the control of tree height was included as a pruning criterion. Drip irrigation was installed at planting, arranged in simple rows with drippers spaced at 1 m and a flow of 4 l/h. After 5 years another identical line was added. Irrigation was applied to supply the water needed to replace 100% of the crop evapotranspiration (ETc) all throughout the irrigation season. Pest management was according to Integrate Pest Management guidelines (IOBC-WPRS, 2012) with control actions with horticultural oils and ant baits directed to Saissetia oleae and Acromyrmex and Atta ant species, respectively. For diseases, between four to six sprays per season with preventive cupric sprays complemented with other fungicides (QoIs, EBIs, dithiocarbamates) were applied for controlling Olive scab (Venturia oleaginea), Cercospora leaf spot (Pseudocercospora cladosporioides) and Anthracnose olive rot (Colletotrichum spp.) (Supplementary Figure S1).

			


Climate

			Meteorological data was obtained with an automatic weather station from 2007 to 2017 (data available at http://www.inia.uy/gras/Clima/Banco-datos-agroclimatico). Daily average mean temperature differed in almost 3°C between the two sites, with an average of 16.3°C and 19.0°C at LB and 19.0°C and 21.8°C at SG, for October and November, respectively. Also, the average effective precipitation was 109 and 105 mm per month in October and November at LB, and 134 and 142 mm at SG (Supplementary Table S1).

			The offer of winter cold was measured with positive chill unit method (UTAH+) (Linsley-Noakes et al., 1994) from May 1st to August 31st. The heat supply was measured with the GDH model in the period from July 1st to December 31st with a base temperature of 12.5°C (Galán et al., 2001).

			


Phenological Parameters

			Phenological records were made through visual assessments in individual plants based on the BBCH scale (Sanz-Cortés et al., 2002) along 10 years in which trees were between 5 and 15 years old. For each sampling date a unique predominant phenological state was registered for the set of trees of each cultivar in each site. The beginning of sprouting corresponds to the state BBCH 53, the beginning of flowering to BBCH 61 (10% flowers open), full bloom to BBCH 65 (at least 50% of flowers open) and end of flowering to BBCH 68 (majority of petals fallen or faded).

			Sprouting and flowering windows were defined based on the first and the last date registered for each stage per cultivar between 2007 and 2017, and the dates were registered as the day of the year (DOY), starting on January 1st. At INIA Salto Grande, only the flowering stages were recorded. Flowering length days number was calculated by date calendar subtraction between states 61 and 68 of the BBCH scale.

			


Productive Parameters

			Fruit production (kg/tree) was measured per tree at both sites (n = 12 at LB, n = 18 at SG) and then fruit yield (t/ha) was calculated combining fruit production (kg/tree) and tree density (trees/ha) data. Canopy volume (CV, m3/tree) was measured only in the central tree of the plot during the first years (2007 to 2011) and in all trees of each plot from 2012 onwards. CV was calculated according to the ellipsoid volume method defined by three semi-axes (equation 1) with Eb and Ec as the North and East semi-axis of the tree, and Ea as the difference between tree height minus height of the first leaf and divided by two (Miranda-Fuentes et al., 2015). CV was not estimated for Barnea because the shape of the canopy does not fit the volume of an ellipsoid.
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			For the period 2010–2017 and only for LB site, the productive efficiency (kg/m3 canopy) was estimated considering the years with high production (years “on”) and the ABI was calculated according to Monselise and Goldschmidt (1982) (equation 2).
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			where y = yields in year n, with n varying from 1 to 8.

			Oil content (%) was measured on a sample of 200 g of olives per cultivar, with three replicates (Shahidi, 2001). Each sample was grounded with a hammer mill and humidity determined at 105°C for 48 h, then the dried sample was grounded with a mortar and oil content analyzed in duplicate following the Soxhlet method.

			Olives were collected only at “on” years (2012, 2014, 2016, and 2017 at INIA Las Brujas; and 2012, 2014, 2015, and 2017 at INIA Salto Grande) at fruit ripening index (FRI) 3 based on a 0–7 scale (Uceda and Frias, 1975) with 0: intense green skin, 3: reddish or purple skin in more than half of the fruit, 4: black skin and white pulp and 7: black skin and totally purple pulp. FRI was calculated as (equation 3):
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			where ni = number of olives with i ripening level, I = ripening level going from 0 to 7, N = total number of olives evaluated (100 olives).

			


Statistical Analysis

			Most data were subjected to analysis of variance (ANOVA) and the interaction “cultivar × site” was studied. To highlight the productive potential of the cultivars for each site, an independent analysis per site is presented. For canopy development data from 2007 to 2010 was analyzed by a non-lineal regression following an exponential model (equation 4) and goodness of fit was estimated by Pearson correlation between measured and predicted values.
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			For the cumulative fruit yield a General Lineal Mixed Model was adjusted, considering cultivar and site and its interaction as fixed effect and site > block nested and block as a random factor. Tukey test at p ≤ 0.05 were calculated to separate means. The statistical program used was InfoStat version 2017 (Di Rienzo et al., 2017).

			



Results

			

Phenological Parameters

			Flowering periods and sprouting (only for LB) were recorded along 10 years for six cultivars at LB and four at SG. Phenological data was analyzed following two different approaches: the lifespan in which the phenological phase occurred (Figure 1) and the length of the phenophases within each year (Table 1).
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			Figure 1 | Lifespan of key phenological stages at INIA Las Brujas (LB) and INIA Salto Grande (SG), based on 10 years data. Beginning of sprouting, green completed double line; beginning of flowering, blue dashed line; beginning of full bloom, blue complete line; end of flowering, blue dotted lines. Light lines and dark lines correspond to SG and LB sites, respectively.

		



		Table 1 | Flowering length based on 10 years data (average with standard errors, minimum and maximum length) at INIA Las Brujas (LB) and INIA Salto Grande (SG).
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			Sprouting windows started between the first week of August and the second week of September (Figure 1). The narrower variation in the beginning of sprouting at LB was registered for Barnea with a difference of 20 days among years, from 225 to 245 DOY. On the other hand, Leccino had the widest variation with a difference of 40 days, from 223 to 263 DOY.

			Flowering windows from 10% flowers open (BBCH 61) to most petals fallen (BBCH 68) was highly variable among years. Considering all cultivars, the earliest date for BBCH 61 was 268 DOY in Manzanilla de Sevilla and the last date for BBCH 68 was 320 DOY in Arbequina. Therefore, the window for flowering in Southern Uruguay was 52 days, from the end of September to the end of November, for the 10 years evaluated.

			The beginning of full bloom (BBCH 65) period at LB occurred between the second week of October and the second week of November, with a lifespan of 20 days in Barnea and 30 days in Manzanilla de Sevilla and Picual. At SG, the beginning of BBCH 65 occurred between the first and third week of October, with a lifespan of 5 days in Manzanilla de Sevilla and 17 days in Arbequina.

			The average flowering length varied between 11.3 and 15.1 days at LB for Leccino and Arbequina, respectively, and between 11.3 and 12.0 days at SG for Arbequina and Frantoio, respectively. Despite cultivar nor site, the shortest flowering length was 7 days and the longest was 29 (Table 1).

			The flowering behavior in two contrasting years regarding its thermal regimes was different (Table 2). In the warmest year (2017), the beginning of the flowering (BBCH 61) anticipated 15 and 18 days and the flowering length was 11 and 10 days longer respect to the coldest year (2016), for Arbequina and Frantoio, respectively.



		Table 2 | Chilling units (CHU) and heat supply (GDH) in the warmest and coldest years of the 10 years study at INIA Las Brujas and corresponding day of the year (DOY) for beginning and end of the flowering period, and flowering length for Arbequina and Frantoio cultivars.
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Productive Parameters

			The cultivars showed differences in canopy volume (CV), Frantoio presented the higher values and Arbequina the lower ones (Table 3, Figure 2). In 2011 with 9-year-old trees, because of pruning practices mainly to reduce tree height, no differences were found in CV. In 2016 with 14-year-old trees, despite pruning practices again Frantoio had the biggest tree size (CV: 39 m3/tree) and Arbequina the smallest one (CV: 26 m3/tree) (Table 3). In other words, in 2007 (5-year-old trees) Arbequina was 47% of Frantoio´s size, while at the end of the study period (14 year-old-trees) Arbequina was 66% of Frantoio´s size.



		Table 3 | Average canopy volume per tree for five cultivars for 5-, 9- and 14-year-old trees at INIA Las Brujas.
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			Figure 2 | Progress of canopy volume from 2007 to 2010 of olive trees growing at INIA Las Brujas. Full circles correspond to Frantoio and empty circles correspond to Arbequina. The line represents the fitted exponential model of canopy volume.

		


			The progress of CV fitted an exponential model for the period 2007–2011. Arbequina had the lowest growth rate of change (0.20), estimated by parameter b of the exponential equation (equation 4) (Table 4, Figure 2).



		Table 4 | Estimated parameters a (intercept) and b (growth rate of change) of the exponential model for the progress of canopy volume CV = a * e^(b * tree age) for five cultivars from 2007 to 2010, at INIA Las Brujas.
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			Since no differences (p = 0.24) were found in CV/ha between LB and SG for each cultivar when the row space was filled, fruit yields were expressed in t/ha. Cumulative fruit yield presented significant differences among cultivars and regions (p < 0.0001) (Figure 3). Overall, cultivars produced more at LB than at SG. Arbequina (88 t/ha at LB, 58 t/ha at SG) and Picual (90 t/ha at LB, 63 t/ha at SG) presented the greatest cumulative yield in both sites. Frantoio was one of the most productive cultivars at LB with a cumulative fruit yield of 80 t/ha but at SG was the worst with18 t/ha. At LB site, Manzanilla de Sevilla and Leccino showed an intermediate fruit yield with 73 t/ha and 69 t/ha, respectively, whereas Barnea had a low fruit yield of 29 t/ha.
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			Figure 3 | Cumulative fruit yield of six cultivars at INIA Las Brujas and four at INIA Salto Grande between 2010 and 2017. Bars with a common letter are not significantly different (HSD Tukey p ≤ 0.05).

		


			Alternate bearing behavior between the years “on” (high fruit production) followed by years “off” (low fruit production) was present in all cultivars (Figure 3). In 2013, the lowest fruit yield was recorded, being 0 t/ha for all cultivars except for Barnea which had a 1.6 t/ha fruit yield. The highest fruit yields where obtained in 2012 at LB and ranged between 10.4 t/ha to 21.3 t/ha for Barnea and Frantoio, respectively (Frantoio at SG was excluded in the range due to its extreme low fruit yield). At SG site, the alternate bearing behavior was typical along the years except for 2014 and 2015 when the yield was high in both years. At LB site occurred the same but in 2016 and 2017.

			Arbequina and Picual had the highest productive efficiency (kg/m3 canopy) calculated for the “on” years, whereas Barnea had the lowest one (Table 5). All cultivars presented high ABI with values over 0.58. Barnea was the only cultivar that differed significantly for the ABI with the highest value (0.81).



		Table 5 | Productive efficiency calculated for the “on” years and alternate bearing index (ABI) for six cultivars at INIA Las Brujas.
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			For oil content, the interaction “cultivar × site” was not significant (p = 0.13 for dry weigh basis, and p = 0.43 for fresh weigh basis), whereas it was significant for average fruit yield (p < 0.001). Oil content in dry weight basis (DWB) and in fresh weight basis (FWB) were the highest in Frantoio and the lowest in Manzanilla de Sevilla in both sites. The average fruit yield (t/ha) per year was higher in Picual, Arbequina, and Frantoio in the LB site, followed by Manzanilla de Sevilla and Leccino and being the lowest in Barnea cultivar. In the SG site, Arbequina and Picual showed the higher yields, followed by Manzanilla de Sevilla and the lowest was for Frantoio cultivar (Table 6).



		Table 6 | Oil content in dry weight (DWB) and in fresh weight basis (FWB) and annual fruit yield for the six cultivars evaluated at INIA Las Brujas (LB) and four cultivars evaluated at INIA Salto Grande (SG).
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Discussion

			

It Is Feasible to Produce Olive Oil in Humid Temperate Climate

			Productive behavior of adult trees from six olive cultivars along 10 years, demonstrates that it is feasible to produce olive oil in humid temperate climate. In our experimental conditions with irrigation, annual average fruit yields including years “on” and “off”, exceeded 8 t/ha with oil content above 36% DWB (Table 6). However, the interannual variability in thermal and rainfall regimes (Vaughan et al., 2017) affects regular production. Fruit and oil yields obtained were similar to those obtained in traditional Mediterranean basin regions (García et al., 2013; Gispert et al., 2013; Rallo et al., 2013; Díez et al., 2016; Marino et al., 2017) as well as in new olive growing regions (Tapia et al., 2009; Trentacoste et al., 2015; Beyá-Marshall and Fichet, 2017).

			


Alternate Bearing as the Main Production Limiting Factor

			Alternate bearing was the main productive constraint identified in our conditions, evidenced by ABI values above 0.60 (Table 5), 60% higher than those already reported for the same cultivars (Tapia et al., 2009). These ABI values imply fruit yield variations between 0 and 25 t/ha per year, similar to those mentioned by Lavee (2007). Despite the methodological approach of the present work was not intended to identify the main causes of alternate bearing, the synchronization observed among the cultivars in their expression of years “on” and “off” (Figure 3) allowed us to infer some of them. Alternate bearing could not be explained only by endogenous effects, for example, the growth regulators involved in the previous harvest, called the “biochemical memory” of fruit load (Haberman et al., 2017). But adverse meteorological effects in annual olive cultivars production arise as the driving force for alternate bearing, similarly to others fruit trees (Guitton et al., 2012).

			It is widely reported that temperatures during autumn and winter, measured as chilling units and subsequently as heat supply affect both the beginning and the length of the phenophases (Nieddu et al., 2002; Galán et al., 2005; Orlandi et al., 2005). In our conditions, the window for the occurrence of sprouting ourred between early August and early September whereas for flowering it took place from mid-October to mid-November (Figure 1). This phenological behavior is in accordance with those reported for other regions of the Southern Hemisphere (Torres et al., 2017).

			In “warm” years, characterized by winters with reduced contribution of chilling units and springs with early heat supply, the flowering period both anticipated and expanded. Similar processes have been reported by Rallo and Martin (1991); however, the interaction between cold requirements and heat requirements, to release dormancy in the olive trees is still unknown and hasn´t been determined as it has been in deciduous fruit species that have endodormancy (Pope et al., 2014).

			There is evidence that winter cold correlates positively with the intensity of flowering (Rallo and Martin, 1991; Haberman et al., 2017; Rallo and Cuevas, 2017). Nevertheless, regardless of whether cold is necessary to induce flowering and/or to release reproductive bud dormancy, the number of chilling units required for each cultivar could be a limitation for our conditions with high interannual variability. In fact, at SG site where the cold supply of chilling units is lower than at LB site, Frantoio cultivar is not recommended due to its high cold requirements (Aybar et al., 2015).

			An adequate pollination is required to ensure fruit set and therefore a good harvest, which also depends on weather conditions (Fernández, 2014). In our springs during the “flowering window”, although no extreme temperatures are present, average relative humidity above 70% in October and 60% in November as well as the probability of having 50% of the days with rain, affects negatively viable pollen-availability and therefore the fruit set. But also fruit set depends on pollen self-(in)compatibility of most olive cultivars (Marchese et al., 2016; Sánchez and Cuevas, 2018) where blooms synchronisms are crucial for our isolated plantation systems.

			


Productive Efficiency Supports the Selection of Agroecologically Adapted Cultivars

			Perennial polycarpic plants often show an inverse correlation between vegetative growth and the fruit production (Obeso, 2002; Smith and Samach, 2013). Productive efficiency is a key indicator to select cultivars for different orchard designs, mainly focusing on plant density (Rosati et al., 2013). We found the best productive efficiency in Picual and Arbequina, due to their high fruit production associated to relative low canopy volume. As in other olive production regions, Arbequina, based on productive efficiency among other traits like compact tree shape and thin branches, could potentially be selected for high density orchards (Tous et al., 1998; García et al., 2013; Connor et al., 2014; Trentacoste et al., 2015; Gomez Del Campo et al., 2017; Marino et al., 2017). However high-density plantations under humid-temperate conditions should be carefully evaluated because the risk of air-borne disease epidemics, specially anthracnose olive rot caused by Colletotrichum spp. On the other hand, Frantoio presents low productive efficiency due to its high vigor, but high fruit production and oil yield at LB site. Vegetative growth rates and canopy volumes reached in the first 5 years showed the potential vegetative development under our agroecological conditions, compromising early bearing as it was described in super high-density systems (Camposeo et al., 2008; Gomez Del Campo et al., 2017). These vigorous growths require differential pruning and nutrition techniques among cultivars in order to improve productive efficiency.

			There were significant differences among evaluated cultivars, Picual and Arbequina are the most productive cultivars in both evaluated sites, reaching annual average fruit yields of 11 and 8 t/ha, at LB and SG, respectively. Although Barnea in Israel presents high productive potential (Dag et al., 2011), it is not suitable for our agroecological conditions due to its low fruit yield and high ABI. Other works that compare cultivars have also highlighted Arbequina, Picual, and Frantoio in diverse locations as the most productive ones (Tapia et al., 2009; Marino et al., 2017).

			


Acceptable Oil Yields and Oil Contents

			Oil contents were similar to those already reported in the Mediterranean basin, reinforcing the evidence that these are cultivar determined traits. The oil content in Frantoio was 46% DWB, as reported by Zeleke et al. (2012) while in Manzanilla de Sevilla only 37% DWB (Table 6), which associated with its great fruit weight makes it ideal for table olives (Rallo et al., 2018). Despite not measured in our study, virgin olive oils produced in Uruguay qualified as EVOO after evaluation of chemical and sensory properties (Ellis and Gámbaro, 2018) which reinforces the feasibility of EVOO production in temperate humid climates. Nevertheless, there is space for improving virgin oil yield, so studies aiming at understanding the reducing factors (weeds, diseases, soil pH) and limiting factors (water and nutrient supply) should be implemented.

			


Disease Management Challenges Safety Olive Oil Production

			Sanitary management is an important issue arising in new olive producing regions, since new or not problematic pests could compromise olive oil production (Lavee, 2014). Particularly in temperate humid regions, weather conditions (frequent rain events, elevated air relative humidity, air temperature above 20°C) are conducive to severe epidemic outbreaks. In Uruguay, unlike in the Mediterranean basin, pests are of secondary importance but can likely cause harm in new plantations along the first three-four years, as happens with the moth Palpita forficifera, with Acromyrmex and Atta ant species and with the scale Saissetia oleae. But undoubtedly diseases threaten olive production. Main fungal diseases are Olive scab (Venturia oleaginea), Cercospora leaf spot (Pseudocercospora cladosporioides), and Anthracnose olive rot (Colletotrichum spp.), with anthracnose being the riskiest one due to its direct damage on fruits and oil quality (Leoni et al., 2018). The conducive weather conditions for these diseases occur almost all year round, challenging orchard disease management.

			In summary, olive production for virgin olive oil in humid temperate climate regions with high interannual variability is feasible. Potential fruit yields are subjected to appropriate cultivar selection and the expression of these yields will strongly depend on the adverse climatic conditions that could deepen the intrinsic alternate bearing. Nevertheless, is possible to rise productive efficiency and reduce ABI, but more local research on cultivar × environment × orchard management interactions is needed. The challenge is to develop an integrated strategy to improve current status and to address emerging problems.

			



Data availability statement

			The datasets generated for this study are available on request to the corresponding author.

			


Author Contributions

			JV and PC-I contributed to experimental design PC-I, JV, JB, MA-S, and CL contributed to experimentation PC-I, MA-S, and CL conducted the data analysis and writing of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.

			


Funding

			The National Institute of Agricultural Research (Instituto Nacional de Investigación Agropecuaria – INIA, Uruguay) (Projects INIA HO08, INIA FR13) supported this work. We are grateful to David Bianchi, Richard Ashfield, and Jonathan Dávila for their collaboration in this project.

			


Supplementary Material

			The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2019.01544/full#supplementary-material


			Table S1 | Average mean, maximum and minimum temperature, effective precipitation (Rain), precipitation days in the month, average relative humidity (RH) and evapotranspiration (Evap., Class A pan evaporation) from 2007 to 2017 and average historical data (1980–2009) at INIA Las Brujas and INIA Salto Grande, for October and November. Data was recorded from an automatic weather station (unless specified) and is available at http://www.inia.uy/gras/Clima/Banco-datos-agroclimatico.

			Figure S1 | Disease management scheme implementes at the experimental sites. OS = Olive Scab (Venturia oleagina), CLS = Cercospora leaf spot (Pseudocercospora cladosporioides), AOR = Antracnose olive rot (Colletotrichum spp.). *Optional treatment: based on previous season disease level ** QoIs, EBI or ditiocarbamates.


			

References

			Ackermann, M. N., Gorga, L., and Arenare, L. (2018). Situación de la cadena del olivo. MGAP. Available: http://www.mgap.gub.uy/unidad-organizativa/oficina-de-programacion-y-politicas-agropecuarias/publicaciones/anuarios-opypa/2018 (Accessed May 2019).

			Aguilera, M. P., Beltrán, G., Ortega, D., Fernández, A., Jiménez, A., and Uceda, M. (2005). Characterisation of virgin olive oil of Italian olive cultivars: 'Frantoio' and 'Leccino', grown in Andalusia. Food Chem. 89 (3), 387–391. doi: 10.1016/j.foodchem.2004.02.046

			Archivo General de la Nación (2011). Censo-Guía de Archivos de Uruguay. Available: http://www.agn.gub.uy/pdf/censoguia.pdf. Accessed May 2019.

			ASOLUR (2019). Asociación Olivícola del Uruguay. Available: http://www.asolur.org.uy/ (Accessed May 2019).

			Aybar, V. E., De Melo-Abreu, J. P., Searles, P. S., Matias, A. C., Del Rio, C., Caballero, J. M., et al. (2015). Evaluation of olive flowering at low latitude sites in Argentina using a chilling requirement model. Span. J. Agric. Res. 13 (1), 1–10. doi: 10.5424/sjar/2015131-6375

			Ayerza, R., and Sibbett, S. (2001). Thermal adaptability of olive (Olea europaea L.) to the Arid Chaco of Argentina. Agr. Ecosyst. Environ. 84 (3), 277–285. doi: 10.1016/S0167-8809(00)00260-7

			Benlloch-González, M., Sánchez-Lucas, R., Benlloch, M., and Fernández-Escobar, R. (2018). An approach to global warming effects on flowering and fruit set of olive trees growing under fiveld conditions. Sci. Hortic. 240, 405–410. doi: 10.1016/j.scienta.2018.06.054

			Bernaschina, Y., Alaniz, S., Conde-Innamorato, P., and Leoni, C. (2019). Comportamiento de cultivares de olivo (Olea europaea) frente a Venturia oleaginea, causante de repilo en Uruguay. Agrociencia Uruguay 23 (1), 1–9. doi: 10.31285/AGRO.23.1.1

			Beyá-Marshall, V., and Fichet, T. (2017). Effect of crop load on the phenological, vegetative and reproductive behavior of the Frantoio olive tree (Olea europaea L.). Cien. Investig. agrar. 44, 43–53. doi: 10.7764/rcia.v44i1.1653

			Borges, T. H., Pereira, J. A., Cabrera-Vique, C., Lara, L., Oliveira, A. F., and Seiquer, I. (2017). Characterization of Arbequina virgin olive oils produced in different regions of Brazil and Spain: Physicochemical properties, oxidative stability and fatty acid profile. Food Chem. 215, 454–462. doi: 10.1016/j.foodchem.2016.07.162

			Camposeo, S., Ferrara, G., Palasciano, M., and Godini, A. (2008). Varietal behaviour according to the superintensive oliveculture training system. Acta Hortic. 791, 271–274. doi: 10.17660/ActaHortic.2008.791.38

			Castaño, J. P., Giménez, A., Ceroni, M., Furest, J., and Aunchayna, R. (2011). Caracterización agroclimática del Uruguay 1980-2009. Serie Técnica INIA, 34.

			Connor, D. J., Gómez-del-Campo, M., Rousseaux, M. C., and Searles, P. S. (2014). Structure, management and productivity of hedgerow olive orchards: A review. Sci. Hortic. 169, 71–93. doi: 10.1016/j.scienta.2014.02.010

			Contarin, S. E., and Curbelo, L. A. (1987). Aporte para la regionalización del cultivo de frutales de hoja caduca en el país según la ocurrencia de frío invernal para el rompimiento del receso. Thesis Ing. Agr., UdelaR.

			Cuevas, J., Rallo, L., and Rapoport, H. (1994). Crop load effects on floral quality in olive. Sci. Hortic. 59 (2), 123–130. doi: 10.1016/0304-4238(94)90079-5

			Dag, A., Kerem, Z., Yogev, N., Zipori, I., Lavee, S., and Ben-David, E. (2011). Influence of time of harvest and maturity index on olive oil yield and quality. Sci. Hortic. 127 (3), 358–366. doi: 10.1016/j.scienta.2010.11.008

			Díez, C. M., Moral, J., Cabello, D., Morello, P., Rallo, L., and Barranco, D. (2016). Cultivar and tree density as key factors in the long-term performance of super high-density olive orchards. Front. Plant Sci. 7 (1226), 1–13. doi: 10.3389/fpls.2016.01226

			Di Rienzo, J. A., Casanoves, F., Balzarini, M. G., Gonzalez, L., Tablada, M., and Robledo, C. W. (2017). "InfoStat versión 2017". (http://www.infostat.com.ar: Grupo InfoStat, FCA, Universidad Nacional de Córdoba, Argentina).

			Durán, A., Califra, A., Molfino, J. H., and Lynn, W. (2006). Keys to soil taxonomy for Uruguay. Washington (US): USDA, Natural Resources Conservation Service (NRCS).

			Ellis, A. C., and Gámbaro, A. (2018). Characterisation of Arbequina Extra Virgin Olive Oil from Uruguay. J. Food Res. 7 (6), 79–90. doi: 10.5539/jfr.v7n6p79

			Fernández, J. E. (2014). Understanding olive adaptation to abiotic stresses as a tool to increase crop performance. Environ. Exp. Bot. 103, 158–179. doi: 10.1016/j.envexpbot.2013.12.003

			Galán, C., García-Mozo, H., Carinanos, P., Alcazar, P., and Dominguez-Vilches, E. (2001). The role of temperature in the onset of the Olea europaea L. pollen season in southwestern Spain. Int. J. Biometeorol. 45 (1), 8–12. doi: 10.1007/s004840000081

			Galán, C., García-Mozo, H., Vázquez, L., Valenzuela, L., Díaz de la Guardia, C., and Trigo, M. M. (2005).  Heat requirement for the onset of the Olea europaea L pollen season In several sites In Andalusia effect expected Future Climate change. Int. J. Biometeorol. 49, 184–188. doi: 10.1007/s00484-004-0223-5

			García, J. M., Cuevas, M. V., and Fernández, J. E. (2013). Production and oil quality in 'Arbequina' olive (Olea europaea, L.) trees under two deficit irrigation strategies. Irrig. Sci. 31 (3), 359–370. doi: 10.1007/s00271-011-0315-z

			Gispert, J. R., de Cartagena, F. R., Villar, J. M., and Girona, J. (2013).  Wet soil volume and strategy effects on drip-irrigated olive trees (cv Arbequina). Irrig. Sci. 31 (3), 479–489. doi: 10.1007/s00271-012-0325-5

			Goldschmidt, E. (2005). Regulatory aspects of alternate bearing in fruit trees. Italus Hortus 12 (1), 11–17.

			Gomez Del Campo, M., Connor, D. J., and Trentacoste, E. R. (2017).  Long-term Effect of Intra-Row Spacing on Growth and Productivity of Super-High Density Hedgerow Olive Orchards (cv Arbequina). Front. Plant Sci. 8, 1790–1790. doi: 10.3389/fpls.2017.01790

			Guitton, B., Kelner, J. J., Velasco, R., Gardiner, S. E., Chagne, D., and Costes, E. (2012). Genetic control of biennial bearing in apple. J. Exp. Bot. 63 (1), 131–149. doi: 10.1093/jxb/err261

			Haberman, A., Bakhshian, O., Cerezo, S., Paltiel, J., Adler, C., Ben-Ari, G., et al. (2017). A possible role for FT-encoding genes in interpreting environmental and internal cues affecting olive (Olea europaea L.) flower induction: olive flowering. Plant Cell Environ. 40, 1263–1280. doi: 10.1111/pce.12922

			Instituto Nacional de Estadística. INE (2011). Estimaciones y proyecciones de población del Uruguay. Available: http://www.ine.gub.uy/resultados-de-busqueda?q=poblacion+total (Accessed May 2019).

			International Olive Council. IOC. (2015). International olive oil production costs study Available: http://www.internationaloliveoil.org/documents/index/1815-international-olive-oil-production-costs-study (Accessed May 2019).

			IOBC-WPRS (2012). “Commission IP - Guidelines and Endorsement, Guidelines for Integrated Production of Olives,” in IOBC Technical Guideline III. IOBC-WPRS. International Organization for Biological and Integrated Control -West Palearctic Regional Section. ISBN: 978-92-9067-254-8.

			Klepo, T., de la Rosa, R., Šatović, Z., León, L., and Belaj, A. (2013). Utility of wild germplasm in olive breeding. Sci. Hortic. 152, 92–101. doi: 10.1016/j.scienta.2012.12.010

			Lavee, S. (2007). Biennial bearing in olive (Olea europaea). Annales Ser. Hist. Nat. 17, 101–112.

			Lavee, S. (2014). Adaption of Commercial Olive Cultivation to New Production Zones and Environments Including in the Southern Hemisphere - Possibilities, Considerations and the Problems Involved. Acta Hortic. 1057, 27–40. doi: 10.17660/ActaHortic.2014.1057.1

			Lavee, S. (2015). Alternate bearing in olive initiated by abiotic induction leading to biotic responses. Adv. Hortic. Sci. 29 (4), 213–219.

			Leoni, C., Bruzzone, J., Villamil, J. J., Martínez, C., Montelongo, M. J., Bentancur, O., et al. (2018). Percentage of anthracnose (Colletotrichum acutatum s.s.) acceptable in olives for the production of extra virgin olive oil. Crop Prot. 108, 47–53. doi: 10.1016/j.cropro.2018.02.013

			Linsley-Noakes, G., Allan, P., and Matthee, G. (1994). Modification of rest completion prediction models for improved accuracy in South African stone fruit orchards. J. S. Afr. Soc Hortic. Sci. 4 (1), 13–15.

			Mailer, R. J., Ayton, J., and Graham, K. (2010). The Influence of Growing Region, Cultivar and Harvest Timing on the Diversity of Australian Olive Oil. J. Am. Oil Chem. Soc 87 (8), 877–884. doi: 10.1007/s11746-010-1608-8

			Marchese, A., Marra, F. P., Costa, F., Quartararo, A., Fretto, S., and Caruso, T. (2016). An investigation of the self- and inter-incompatibility of the olive cultivars 'Arbequina' and 'Koroneiki' in the Mediterranean climate of Sicily. Aust. J. Crop Sci. 10 (1), 88–93.

			Marino, G., Macaluso, L., Marra, F. P., Ferguson, L., Marchese, A., Campisi, G., et al. (2017). Horticultural performance of 23 Sicilian olive genotypes in hedgerow systems: vegetative growth, productive potential and oil quality. Sci. Hortic. 217, 217–225. doi: 10.1016/j.scienta.2017.01.046

			Miranda-Fuentes, A., Llorens, J., Gamarra-Diezma, J. L., Gil-Ribes, J. A., and Gil, E. (2015). Towards an optimized method of olive tree crown volume measurement. Sensors 15 (2), 3671–3687. doi: 10.3390/s150203671

			Monselise, S., and Goldschmidt, E. E. (1982). Alternate bearing in fruit trees. Hortic. Rev. 4, 128–173. doi: 10.1007/978-1-349-06519-6_5

			Moriondo, M., Stefanini, F. M., and Bindi, M. (2008). Reproduction of olive tree habitat suitability for global change impact assessment. Ecol. Modell. 218, 95–109. doi: 10.1016/j.ecolmodel.2008.06.024

			Nieddu, G., Sirca, C., and Chessa, I. (2002). Evaluation of the phenological behaviour of two olive tree varieties. Adv. Hortic. Sci. 16 (3/4), 138–143.

			Obeso, J. R. (2002). The costs of reproduction in plants. New Phytol. 155 (3), 321–348. doi: 10.1046/j.1469-8137.2002.00477.x

			Orlandi, F., Vazquez, L. M., Ruga, L., Bonofiglio, T., Fornaciari, M., Garcia-Mozo, H., et al. (2005). Bioclimatic requirements for olive flowering in two Mediterranean regions located at the same latitude (Andalucia, Spain and Sicily, Italy). Ann. Agric. Environ. Med. 12 (1), 47–52.

			Pereira, J., Bernal, J., Martinelli, L., Villamil, J. J., and Conde, P. (2018). Original olive genotypes found in Uruguay identified by morphological and molecular markers. Acta Hortic. 1199, 7–14. doi: 10.17660ActaHortic.2018.1199.2

			Pope, K., Da Silva, D., Brown, P., and Dejong, T. (2014). A biologically based approach to modeling spring phenology in temperate deciduous trees. Agric. For. Meteorol. 198-199, 15–23. doi: 10.1016/j.agrformet.2014.07.009

			Rallo, L., and Cuevas, J. (2017). “Fructificación y producción,” in El cultivo del olivo, Eds. D. Barranco, R. Fermnandez-Escobar and L. Rallo (Madrid: Mundi-Prensa), 145–186.

			Rallo, L., and Martin, G. C. (1991). The Role of Chilling in Releasing Olive Floral Buds from Dormancy. J. Am. Soc Hortic. Sci. 116 (6), 1058. doi: 10.21273/jashs.116.6.1058

			Rallo, L., Barranco, D., Castro-García, S., Connor, D. J., Gómez del Campo, M., and Rallo, P. (2013). “High-Density Olive Plantations,” in Horticultural Reviews, vol. 41 . Ed. Janick, J. Hoboken (New Jersey, USA: John Wiley and Sons, Inc.) doi: 10.1002/9781118707418.ch07

			Rallo, L., Díez, C., Morales-Sillero, A., Miho, H., Priego-Capote, F., and Rallo, P. (2018). Quality of olives: A focus on agricultural preharvest factors. Sci. Hortic. 233, 491–509. doi: 10.1016/j.scienta.2017.12.034

			Rondanini, D., Castro, N., Searles, P., and Rousseaux, M. (2014). Contrasting patterns of fatty acid composition and oil accumulation during fruit growth in several olive varieties and locations in a non-Mediterranean region. Eur. J. Agron. 52, 237–246. doi: 10.1016/j.eja.2013.09.002

			Rosati, A., Paoletti, A., Caporali, S., and Perri, E. (2013). The role of tree architecture in super high density olive orchards. Sci. Hortic. 161, 24–29. doi: 10.1016/j.scienta.2013.06.044

			Sánchez, A., and Cuevas, J. (2018). 'Arbequina' olive is self-incompatible. Sci. Hortic. 230, 50–55. doi: 10.1016/j.scienta.2017.11.018

			Sanz-Cortés, F., Martínez-Calvo, J., Badenes, M. L., Bleiholder, H., Hack, H., Llácer, G., et al. (2002). Phenological growth stages of olive trees (Olea europaea). Ann. Appl. Biol. 140 (2), 151–157. doi: 10.1111/j.1744-7348.2002.tb00167.x

			Severino, V., Arbiza, H., Arias, M., Manzi, M., and Gravina, A. (2011). Modelos de cuantificación de frío efectivo invernal adaptados a la producción de manzana en Uruguay. Agrociencia Uruguay 15 (2), 19–28.

			Shahidi, F. (2001). “Solvent Extraction of oilseeds, nutmeg, and other foods using the Soxhlet method,” in Current Protocols in Food Analytical Chemistry (New York: John Wiley and Sons).

			Smith, H. M., and Samach, A. (2013).  Constraints to obtaining consistent annual yields in perennial tree crops. I: Heavy Fruit load dominates over vegetative growth. Plant Sci. 207, 158–167. doi: 10.1016/j.plantsci.2013.02.014

			Tapia, F., Mora, F., and Santos, A. I. (2009). Preliminary Evaluation of 29 Olive (Olea europaea L.) Cultivars for Production and Alternate Bearing in the Huasco Valley, Northern Chile. Chil. J. Agr. Res. 69, 325–330. doi: 10.4067/S0718-58392009000300004

			Torres, M., Pierantozzi, P., Searles, P., Rousseaux, M. C., García-Inza, G., Miserere, A., et al. (2017). Olive Cultivation in the Southern Hemisphere: Flowering, Water Requirements and Oil Quality Responses to New Crop Environments. Front. Plant Sci. 8, 1830–1830. doi: 10.3389/fpls.2017.01830

			Tous, J., Romero, A., and Plana, J. (1998). Comportamiento agronómico y comercial de cinco variedades de olivo en Tarragona. Invest. Agr. Prod. Prot. Veg. 13 (1–2), 97–109.

			Tous, J., Villamil, J., Hermoso, J., and Albín, A. (2005). El olivo en Uruguay. Olivae 103, 56–61.

			Trentacoste, E. R., Connor, D. J., and Gómez-del-Campo, M. (2015). Effect of olive hedgerow orientation on vegetative growth, fruit characteristics and productivity. Sci. Hortic. 192, 60–69. doi: 10.1016/j.scienta.2015.05.021

			Uceda, M., and Frias, L. (1975). "Harvest Dates. Evolution of the Fruit Oil Content, Oil Composition and Oil Quality", II Seminario Oleícola Internacional: International Olive Oil Council, 125-130.

			Vaughan, C., Dessai, S., Hewitt, C., Baethgen, W., Terra, R., and Berterretche, M. (2017). Creating an enabling environment for investment in climate services: The case of Uruguay's National Agricultural Information System. Clim. Serv. 8, 62–71. doi: 10.1016/j.cliser.2017.11.001

			Wang, J., Ma, L., Gómez del Campo, M., Zhang, D., Deng, Y., and Jia, Z. (2018). Youth tree behavior of olive (Olea europaea L.) cultivars in Wudu, China: Cold and drought resistance, growth, fruit production, and oil quality. Sci. Hortic. 236, 106–122. doi: 10.1016/j.scienta.2018.03.033

			Zeleke, K., Mailer, R., Eberbach, P., and Wünsche, J. (2012). Oil content and fruit quality of nine olive (Olea europaea L.) varieties affected by irrigation and harvest times. N. Z. J. Crop Hortic. Sci. 40 (4), 241–252. doi: 10.1080/01140671.2012.662159

			Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

			Copyright © 2019 Conde-Innamorato, Arias-Sibillotte, Villamil, Bruzzone, Bernaschina, Ferrari, Zoppolo, Villamil and Leoni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

		
		



OEBPS/Images/equ_0003.png
FRI=2(n,*])/N





OEBPS/Images/equ_0001.png
CV=431 x E, x B, x E,





OEBPS/Images/Figure_2.jpg
Canopy volume (m*/tree)

2
E

w
g

2

s

Y Frantoio”

Y Arbequina’

= 3.58 026¢

=220 2%

Tree age (years)

7






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        It Is Feasible to Produce Olive Oil in Temperate Humid Climate Regions

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Experimental Sites and Plant Materials

          



          		

            Climate

          



          		

            Phenological Parameters

          



          		

            Productive Parameters

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Phenological Parameters

          



          		

            Productive Parameters

          



        



        



        		

          Discussion

        

          		

            It Is Feasible to Produce Olive Oil in Humid Temperate Climate

          



          		

            Alternate Bearing as the Main Production Limiting Factor

          



          		

            Productive Efficiency Supports the Selection of Agroecologically Adapted Cultivars

          



          		

            Acceptable Oil Yields and Oil Contents

          



          		

            Disease Management Challenges Safety Olive Oil Production

          



        



        



        		

          Data availability statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls.2019.01544_cover.jpg
’ frontiers
in Plant Science

It Is Feasible to Produce Olive Oil in
Temperate Humid Climate Regions





OEBPS/Images/table6.jpg
id®

Cutivar Oil contents Fruit

DWB(%)  FWB(%  Average (Vhalyear

Lee
Leccino a15ar 17130 860

Frantoio 662 29a 10.1.3b
Picual 4503 170ab 113a
Manzarita de Sevila 3686 1810 o1b

Atbequina 430a> 17730 1112
Bamea aa2a 20a 50c

sG.

Frantoio 632 252 23¢

Picual 3940 148b 79a

Manzanita de Sevila 3670 126¢ 51b

Arbequina 4000 1600 79a

“Gata ony from “on* yeas; dita fom tho wholo perod: “each regon was analyzod
separatel; “feront oters i the cotumn incicate signifcan diffrences (HSD Tkey
b < 0.05).





OEBPS/Images/equ_0004.png
CV =a = e(b * tree age)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Yoar CHU
2016 1353
2017 026
isorcal mean 1105

GOH:

756

70

Cuttivar

Abequna
Frantoio

Abequna
Frantoio

Boginning of
flowering (0OY)

201
200
216
216

End of Flowering
)

08
312
04
08

Flowering length
(days)

"
18
%
%

CHU (UTHA) from May 1% to August 31%: © GDH temperature over 12.5°C from July 1 to December 31%: « Historical means of the period 1990 10 2017,





OEBPS/Images/table4.jpg
Cutivar Intercept (3)  Growth rate of change (b) Goodness

o fit
ostimate  Std.emor estimate  Std. error

Leccino 1000 060 008 o7
Frantoio 356" 101 004 089
Picual 14305 108 010 065
Manzanila 160" 069 006 080
de Sevita

Abequra 22008 137 020" 000 083

0.0001, ** < 0,001, * <0.01, * < 0.05, ns: not significant.





OEBPS/Images/table3.jpg
Cuttivar ‘Canopy volume (m?/tree)

S-year-old trees 9-year-old trees 1d-year-old trees

Leccino 489 b 1168 a 305 b
Frantoio 1095 a 1625 a 3907 a
Poual 684 @b 1046 a 2725 b
ManzanladeSevila 528 b 1198  a 2846 b
Atbequna 511 b 814 a 258 b
Pr>F) 0.004 0.124 <0.0001

Diferent foters n the column incicate signifcant differences HSD Tukey
0 < 0.05).





OEBPS/Images/equ_0002.png
ABL=(1/0-1) X Z (Y= Yut)/ (Yt Yot)





OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/Figure_3.jpg
120

x

B -
u

& °“; vy

s o
‘Sf K e’*

2010 02011 2012 W2013 (12014 ®2015 ©2016 2017





OEBPS/Images/Figure_1.jpg
Leccino

Frantoio

Picual

Manzanilla
desevilla

Arbequina

Barnea

210

330

220 230 240 250 260 270 280 290 300 310 320
August September October November

Day of the year (DOY)





OEBPS/Images/table1.jpg
Cultivar

Leccino
Frantoo

Proual

Manzanit o Sevia
Arboquna

Bamea

Flowering longth (days)

13212
1217
135516
135119
151218
121210

[0

min. (days)

Max. (days)

1
2
25
2
2
is

Flowering longth (days)

120+32
120232
18126
13125

s6

min. (days)

Max. (days)

18
s
19
s





OEBPS/Images/table5.jpg
Cultivar Productive efficiency (kg/m
Leccino 1.21bet
Frantoio 1.08bc
Pcual 1992
Manzanila de Sevla 169
Atbequina 2.10a
Baea o0sic

“ata only from “on” years, ® data from the whole perod, © diferent loters
indicate significant differences within columns (HSD Tukey p < 0.05).

s

063b
060b
060b
067b
0590
0s1a





