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Horticultural Performance of ‘Marinada’ and ‘Vairo’ 1 

Almond Cultivars Grown on a Genetically Diverse 2 

Set of Rootstocks 3 

Abstract 4 

Evolution of almond planted area and production has been mainly due to the arrival 5 

of new cultivars and rootstocks that have contributed to improve agronomic characters 6 

such as yield, precocity and efficiency. In recent years, are becoming available new 7 

cultivars that have contributed to provide late blooming time and self-fertility, and with 8 

ease to adapt for mechanical harvest and high-density. However, there is scarcity of studies 9 

where the interaction of these new cultivars with hybrid rootstocks has been tested. The 10 

aim of this study was to assess the performance of Cadaman®, Garnem®, INRA GF-677, 11 

IRTA-1, IRTA-2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R 12 

rootstocks with two promising almond cultivars such as ‘Marinada’ and ‘Vairo’. Bloom 13 

and nut ripening dates were affected by rootstock genotype. Both ‘Marinada’ and ‘Vairo’ 14 

cultivars showed low biennial bearing, with some differences among rootstocks, with 15 

IRTA-2 and Adesoto inducing the lowest values. On the other hand, Adesoto had higher 16 

number of suckers than the rest of the rootstocks. Garnem® provided the biggest trees, 17 

followed by Cadaman®, and then a third group which comprised IRTA-2 and INRA GF-18 

677. Rootpac® 20 was the most dwarfing rootstock, followed by IRTA-1, Adesoto, 19 

Ishtara®, Rootpac® R, and Rootpac® 40. In terms of yield efficiency and partitioning index, 20 

IRTA-1, INRA GF-677, and Rootpac® R were the ones with higher values. Differences in 21 

tree volume and vigor for these rootstocks suggested that INRA GF-677 would be a 22 

suitable rootstock for low-medium planting densities with wide spacings; whereas 23 

Rootpac® R and IRTA-1 would be suitable rootstocks for medium- and high-density 24 
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plantings. Findings of this study showed dramatic differences in tree vigor, yield, kernel 25 

weight, yield efficiency, and partitioning index, which provide a wide range of options to 26 

deem for each cultivar in a particular climate and management. 27 

Keywords: Biennial bearing; bloom; kernel yield; partitioning index; tree vigor; tree 28 

volume; yield efficiency 29 

Introduction 30 

Almond (Prunus dulcis (Mill.) D. A. Webb. syn. Prunus amygdalus Batsch) planted 31 

area and production have been increased over the last years mainly due to the arrival of 32 

new cultivars that have contributed to provide late blooming time and self-fertility, and 33 

improved agronomic characters such as yield, precocity and efficiency (Batlle et al., 2017; 34 

Gradziel et al., 2017; Socias I Company et al., 2009). However, the good performance of 35 

an almond tree relies to the cultivar × rootstock interaction. Therefore, it is key to make 36 

the right election of rootstock and cultivar for each particular situation of production 37 

models and agro-climatic conditions.  38 

The almond seedling has been the most common rootstock used in the Mediterranean 39 

basin for the last decades (Rubio Cabetas, 2016). This rootstock has a powerful root 40 

system, resistant to drought and limestone, and is very suitable for the survival of almond 41 

trees in dry, poor, and marginal soils (Felipe, 1989). Arrival of almond × peach hybrids in 42 

the 1970s implied a great change (Bernhard and Grasselly, 1981). Initially, these were used 43 

for peach trees (Prunus persica (L.) Batsch), but because of their good behavior, they have 44 

also been widely used in almond (Felipe, 2009; Mestre et al., 2015; Reig et al., 2019; 45 

Yahmed et al., 2016b). In recent years, the almond × peach hybrid INRA GF-677 rootstock 46 

is the most used in both dry and irrigated lands (Rubio-Cabetas et al., 2017). In particular, 47 

in the early 2000s, the hybrid rootstocks obtained by the CITA Saragossa, Garnem®, 48 

Monegro®, and Felinem® were released to the market with good success (Felipe, 2009; 49 
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Socias I Company et al., 2009). These CITA rootstocks (Garfi × Nemared series), with 50 

similar characteristics to INRA GF-677, provide nematode tolerance, and in addition their 51 

red-colored-leaves makes them very easy to handle in the nursery (Rubio Cabetas, 2016). 52 

Concurrently, various hybrid rootstocks (almond × peach and other interspecific 53 

Prunus hybrids) as Barrier and Cadaman® appeared in the market searching root-knot 54 

nematode resistance and waterlogging resistance as new characteristics (Edin and Garcin, 55 

1994; Iglesias and Carbó, 2006; Iglesias et al., 2004; Roselli, 1998; Rubio Cabetas, 2016). 56 

Some of them have begun to replace INRA GF-677 in peach orchards, and to a lesser 57 

extent, in almond (Font Forcada et al., 2012; Remorini et al., 2015; Rubio-Cabetas et al., 58 

2017).  59 

Use of seedling plum rootstocks (diploid plum clones) with the aim to reduce the tree 60 

vigor and adapt almond tree to soils with root asphyxia problems has also been studied. 61 

However, these rootstocks have been barely used due to their low vigor and their suckering 62 

habit (Felipe, 1989; Moreno et al., 1995).  63 

In California, the use of peach seedlings (Lovell, Nemared and Nemaguard) has been 64 

common in almond orchards for sandy, deep, and fertile areas and with certain nematode 65 

problems (Duncan and Edstrom, 2008; Kester and Grasselly, 1987). In Australia, they have 66 

also used peach seedlings, but in recent years the inclusion of almond × peach hybrids has 67 

begun. These rootstocks can be better adapted to the poorest and shallow soils, with high 68 

concentration of calcium carbonates, which predominate in the new production areas of 69 

Australia (Sedgley and Collins, 2002; Wirthensohn and Iannamico, 2017). 70 

Nowadays, in Mediterranean areas, most of the new almond orchards are being 71 

planted in fertile and irrigated lands (Miarnau et al., 2016). This implies a change in 72 

agronomic requirements with regard to rootstocks. In addition, root asphyxia tolerance is 73 

a new characteristic seek in new rootstocks. Currently, with the introduction of high-74 
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density systems, dwarfing rootstocks to help with tree vigor control are becoming more 75 

requested, for instance new hybrid rootstocks such as the Rootpac® series are becoming 76 

available (Gasic and Preece, 2014; Pinochet, 2010). 77 

Other than rootstocks, successful almond production requires cultivars well adapted 78 

to the environment, with high yields, easy training, and good fruit quality (Vargas et al., 79 

2008). New late-blooming and self-fertile almond cultivars such as ‘Vairo’, ‘Marinada’, 80 

‘Constanti’, and ‘Tarraco’ have been recently released by IRTA (Vargas et al., 2008; 81 

Vargas et al., 2011), whereas cultivars such as ‘Belona’, ‘Guara’, ‘Mardía’ and ‘Soleta’ 82 

have been released by CITA (Felipe, 2000; Felipe, 2006; Felipe and Socias I Company, 83 

1987; Socias I Company and Felipe, 1992) and ‘Antoñeta’, ‘Marta’, ‘Penta’ and ‘Tardona’ 84 

by CEBAS-CSIC (Dicenta et al., 2015).These new cultivars show promise and are starting 85 

to have a great impact on almond production, with consistent high yields (Lovera et al., 86 

2015; Malagón et al., 2017; Miarnau et al., 2018; Puebla, 2016). However, there is scarcity 87 

of studies where the interaction of these new cultivars with hybrid rootstocks have been 88 

tested (Rubio Cabetas, 2016).  89 

The aim of this study was to assess the agronomic and productive performance of 90 

different rootstocks grafted onto two promising almond cultivars ‘Marinada’ and ‘Vairo’. 91 

Interaction among tree growth variables and how rootstocks may modify the vigor, yield, 92 

efficiency, biennial bearing and even bloom and nut ripening phenology was examined. 93 

Materials and methods 94 

Plant material and experimental design 95 

Two rootstock trials were planted in 2010 at the experimental station of IRTA 96 

(Institute of Research and Technology, Food and Agriculture) in Les Borges Blanques, 97 

Spain (41°30'31.89"N; 0°51'10.70"E), using ‘Marinada’ and ‘Vairo’ as the scion cultivars 98 
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(Vargas et al., 2008; Vargas et al., 2011). Both cultivars were selected due to their late-99 

flowering and self-fertile characteristics, with different vegetative and productive habits; 100 

being ‘Marinada’ a medium-low vigor cultivar, and ‘Vairo’ a high vigor cultivar. For the 101 

‘Marinada’ trial, trees were planted in a randomized complete block design, with 12 single-102 

tree replications. Rootstocks included Cadaman® (Edin and Garcin, 1994), Garnem® 103 

(Felipe, 2009), INRA GF-677 (Bernhard and Grasselly, 1981), IRTA-1 and IRTA-2 104 

(Felipe et al., 1997), Ishtara®, Adesoto (Moreno et al., 1995), Rootpac® 20 and Rootpac® 105 

40 (Gasic and Preece, 2014), and Rootpac® R (Pinochet, 2010) (Table 1). Selection of 106 

these rootstocks was made to seek for alternatives tolerant to limestone soils, nematodes 107 

and replant issues, and more dwarfing stocks suitable for irrigated high-density orchards. 108 

Therefore, almond and peach seedlings were discarded, which have been reported to have 109 

poor adaptability to root asphyxia (almond), and to limestone soils (peach) (Felipe, 1989; 110 

Rubio-Cabetas et al., 2017). For the ‘Vairo’ trial, trees were planted in a randomized 111 

complete block design, with 6 single-tree replications. Rootstocks included INRA GF-677, 112 

IRTA-1, IRTA-2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R (Table 113 

1). For both trials, trees were trained to an open vase system, with a tree spacing of 5 m  114 

4.5 m. The soil was a loam clay, with good water holding capacity, well drained and fertile 115 

with about 2% organic matter content. Trees were drip-irrigated (climate is semi-arid 116 

Mediterranean, with a mean annual rainfall of 350 mm). Plots were managed within IPM 117 

management according to industry standards. 118 

Horticultural assessments 119 

Phenological stage was recorded every year from bud break (B) to fruit growth (I) 120 

(Felipe, 1977). Assessments were visually made twice a week for each tree, recording the 121 

previous, actual, and subsequent stages. Each actual stage was defined when >50% of the 122 

tree organs were on that stated stage. Hull split was assessed for each tree twice a week 123 
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during four weeks. Nut ripening was considered when >75% of the hulls had a visible 124 

opening in suture more than 1 cm in width, right before the initial drying.  125 

Trunk circumference (20 cm above the graft union) and number of suckers were 126 

assessed every year. Tree height and tree width in the row and in the alley were measured 127 

from 2014 onwards. Trunk-cross-sectional area (TCSA) and tree volume (4/3 r3) were 128 

then calculated.  129 

Every year at harvest, trees were shaken mechanically by commercial equipment. The 130 

in-shell nuts were then collected with a reversed-umbrella and a self-moving production 131 

huller. Once the in-shell nuts were dehulled, their fresh weight was measured and the gross 132 

yield calculated. A 1 kg in-shell nut sample was collected from each replicate and naturally 133 

dried for about three weeks (until reaching 6% of kernel moisture). Dry weight was 134 

determined, and then one sample of 100 in-shell nuts per 1 kg sample was collected to 135 

determine shell and kernel dry weights, and shelling percentage (kernel weight/in-shell 136 

weight *100). Kernels were separated by a sieve into four different categories according 137 

to their caliper (<12 mm, 12 mm - <14 mm, 14 mm - <16 mm, and ≥16 mm). From this 138 

data we calculated a simulated packout (economic value). Packout returns were taken from 139 

statewide averages of typical almond industry. Number of double and dried kernels (not 140 

marketable) per 100 nuts-sample were also assessed. In-shell nut drop was calculated 141 

counting the number of nuts per tree on the ground, before the mechanical harvest was 142 

performed. Kernel yield was calculated by multiplying in-shell nut yield (kg/tree) for 143 

shelling percentage (kernel weight/in-shell weight). Kernel number counts were 144 

determined by dividing the kernel yield by the kernel weight. We calculated a theoretical 145 

kernel yield and economic value per hectare by multiplying kernel yields per tree by a 146 

theoretical optimal tree density (trees/ha) coefficient based on tree size (TCSA) and tree 147 

volume (278 trees/ha for seedling size rootstocks to 1,000 trees/ha for sub-dwarfing 148 
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rootstocks: Cadaman®, Garnem® and INRA GF-677 278 trees/ha; IRTA-2, Rootpac® 40, 149 

and Rootpac® R 417 trees/ha; IRTA-1, Ishtara® and Adesoto 667 trees/ha; and Rootpac® 150 

20 1000 trees/ha). Biennial bearing index (BBI) was calculated as follow:  151 

BBI =
year 1 kernel yield − year 2 kernel yield

year 1 kernel yield + year 2 kernel yield
 152 

where 0 indicates no alternate bearing and 1 complete alternate bearing.  153 

Yield efficiency (kernel kg/TCSA cm2), volume yield efficiency (kernel kg/volume 154 

m3), and crop load (kernel number/TCSA cm2) were calculated. Cumulative kernel yield 155 

(kg/tree) and TCSA increase (cm2) were used to calculate the partitioning index (calculated 156 

as the kg of fruit per square centimeter increase in TCSA) 2012-2018 (Lordan et al., 2018). 157 

Partitioning index was obtained by applying the following formula: 158 

PI =
Cumulative kernel yield

TCSA increase
 159 

where 160 

Cumulative kernel yield = Cumulative kg/tree from 2012-2018. 161 

TCSA increase = Trunk cross-sectional area increase (cm2) from 2012 to 2018. 162 

Data analysis 163 

Response variables were modeled using linear mixed effect models. Mixed models 164 

including rootstock as fixed factor and year as a random factor were built to separate 165 

treatment effects for the bloom and nut ripening dates (Julian days) and lengths (number 166 

of days). Data was square root transformed to normalize data distribution. Mixed models 167 

including rootstock as fixed factor and block as a random factor were built to separate 168 

treatment effects for the TCSA, number of suckers, tree volume, kernel yield, economic 169 

value, shelling percentage, kernel number, biennial bearing, yield efficiency, volume yield 170 

efficiency, crop load, and partitioning index. Mixed models including rootstock as fixed 171 

factor and block nested to year as a random factor were built to separate treatment effects 172 
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for kernel dry weight, double kernels, dried kernels, and nut drop. For all the models, when 173 

the main effect (rootstock) was significant, comparisons among treatments were made by 174 

Tukey’s HSD test at P values ≤ 0.05.  175 

Two two-way hierarchical cluster using the Ward method were built in order to 176 

classify the rootstocks based on all the variables analyzed. All the data were standardized 177 

before analysis. Data were analyzed using the JMP statistical software package (Version 178 

12; SAS Institute Inc., Cary, North Carolina). 179 

Results 180 

Phenology 181 

Over the 5 years of the study, bloom was at ~80 Julian day for ‘Marinada’ and ~73 182 

Julian day for ‘Vairo’ (March 21st and March 14th, respectively) (Table 2 and Figure 1). 183 

For ‘Marinada’, there were significant differences among rootstocks. The earliest bloom 184 

dates were when grafted on Garnem®, IRTA-2, and INRA GF-677, whereas the latest 185 

bloom date was on Rootpac® 20. Bloom lasted about 15 days for ‘Marinada’ and 17 days 186 

for ‘Vairo’, with no significant differences among rootstocks. 187 

For both cultivars there were significant differences among rootstocks regarding nut 188 

ripening, which was considered when >75% of the hulls had a visible opening in suture 189 

more than 1 cm in width and right before the initial drying (Table 2 and Figure 2). For 190 

‘Marinada’ nut ripening occurred at 263 Julian day on average (September 20th), whereas 191 

for ‘Vairo’ it occurred at 247 Julian day (September 4th) on average. For ‘Marinada’, the 192 

earliest ripening dates were on Rootpac® 20, Ishtara®, Rootpac® R, and Adesoto. Then 193 

there was a second group comprised by Rootpac® 40, followed by a third group which 194 

comprised IRTA-2, IRTA-1, and the latest ripening dates on Cadaman®, INRA GF-677, 195 

and Garnem®. For ‘Vairo’, the earliest ripening date was on Rootpac® 20, followed by 196 
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Rootpac® R, Adesoto, Ishtara®, Rootpac® 40, IRTA-2, IRTA-1, and the latest date on 197 

INRA GF-677. 198 

Tree vigor and suckers 199 

For ‘Marinada’, tree size measured by the size of the trunk-cross-sectional area 200 

(TCSA) in the fall of 2018 was strongly influenced by rootstock genotype (Figure 3). 201 

Rootpac® 20 was the most dwarfing rootstock of the trial, followed by IRTA-1, Adesoto, 202 

Ishtara®, Rootpac® R, Rootpac® 40, INRA GF-677, IRTA-2, Cadaman® and Garnem® as 203 

the largest stock of the trial. For ‘Vairo’, Adesoto and IRTA-1 were the smallest stocks of 204 

the trial, whereas Rootpac® R and INRA GF 6-77 were the largest; however, there were 205 

no significant differences among them.  206 

In terms of tree volume, the largest canopies for ‘Marinada’ were when grafted on 207 

Garnem®, Cadaman®, and INRA GF-677, whereas the smallest were on Rootpac® 20, 208 

Adesoto, and Rootpac® R (Figure 3). For ‘Vairo’, the largest canopies were on INRA GF-209 

677, followed by IRTA-2, and Rootpac® 40. On the other hand, the smallest tree volumes 210 

were on Rootpac® 20, Rootpac® R, Adesoto, and Ishtara®. 211 

For both ‘Marinada’ and ‘Vairo’ cultivars, Adesoto had significantly more suckers 212 

than the rest of the rootstocks (Figure 3). 213 

Yield, kernel dry weight, caliper distribution, and economic value 214 

For ‘Marinada’, cumulative yield over the first 3 years (2013-2015) was greatest for 215 

Garnem® (14 kg/tree) and INRA GF-677 (10 kg/tree); the lowest yields were on Rootpac® 216 

20 (3 kg/tree) and Ishtara® (4 kg/tree) (Table 3). Once at full production (2016-2018), the 217 

highest yields for ‘Marinada’ were on Garnem® (27 kg/tree), Cadaman® (25 kg/tree), and 218 

INRA GF-677 (23 kg/tree). A second group comprised IRTA-2 (16 kg/tree), Rootpac® 40 219 

(14 kg/tree), and IRTA-1 (13 kg/tree), followed by a third group comprised by Ishtara® 220 

and Rootpac® R, both with 11 kg/tree. Adesoto (9 kg/tree) and Rootpac® 20 (7 kg/tree) 221 
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had the lowest yields. In terms of cumulative kernel yield over immature plus mature stages 222 

(2013-2018), the highest values were on Garnem® (~18 t/ha), INRA GF-677 (~14 t/ha), 223 

and Cadaman® (~13 t/ha), followed by IRTA-2 (~10 t/ha), Rootpac® R (~9 t/ha), Rootpac® 224 

40 (8 t/ha), IRTA-1 (7 t/ha), Adesoto and Ishtara® (6 t/ha), and Rootpac® 20 (4 t/ha) (Table 225 

3 and Figure 4). When looking at the theoretical kernel yield, there were no significant 226 

differences among rootstocks for immature stages (2013-2015) or total cumulative values 227 

(2013-2018) (Table 3). For mature stages (2016-2018), the highest yields were for IRTA-228 

1 and Ishtara® (~8 t/ha), followed by Cadaman®, Garnem®, and Rootpac® 20 (~7 t/ha). A 229 

third group comprised IRTA-2, INRA GF-677, Adesoto, Rootpac® R and Rootpac® 40 (~6 230 

t/ha). 231 

For ‘Marinada’, Cadaman® had the largest kernel dry weight (1.33 g), followed by 232 

INRA GF-677 (1.29 g), Garnem® (1.26 g), IRTA-1 (1.25 g), IRTA-2 (1.24 g), Rootpac® 233 

40 (1.21 g), Ishtara® (1.18 g), Rootpac® R (1.17 g), and Rootpac® 20 (1.15 g) (Table 3). 234 

Caliper distribution varied at mature stages (2016-2018) depending on the year. In 2016 235 

Cadaman®, Garnem®, INRA GF-677, IRTA-2, Adesoto, and Rootpac® 40 had more than 236 

80% of the kernels larger than 14 mm, whereas in 2018 only Cadaman® had more than 237 

50% above 14 mm (Figure 5). Rootpac® 20 was the rootstock that tended to have higher 238 

percentage of smaller calipers. There were no significant differences among rootstocks for 239 

number of double kernels and dried kernels (data not shown).  240 

In terms of economic value, Garnem®, Cadaman®, and INRA GF-677 had the highest 241 

values for ‘Marinada’ (~42,000-49,350 €/ha), followed by IRTA-2 (~28,000 €/ha), 242 

Rootpac® 40 (~26,000 €/ha), IRTA-1 (~23,000 €/ha), and Ishtara® (~21,000 €/ha) (Table 243 

3). Rootpac® R, Adesoto, and Rootpac® 20 had the lowest values (~12,000-19,000 €/ha). 244 

There were less differences among rootstocks when looking at the theoretical economic 245 

value, in this case the highest values were for IRTA-1 (~35,000€/ha), Ishtara® and 246 
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Garnem® (~31,000 €/ha), and Cadaman® (~29,000 €/ha) (Table 3). The lowest value was 247 

for Rootpac® 40 (24,000 €/ha). 248 

For ‘Vairo’, the highest cumulative yields at immature stages (2013-2015) were on 249 

INRA GF-677 (17 kg/tree), followed by IRTA-2, Rootpac® 40 and Rootpac® R, all with 250 

11 kg/tree (Table 3). At mature stages (2016-2018), INRA GF-677 had the highest 251 

cumulative yield (31 kg/tree), followed by IRTA-2 and Rootpac® 40 (25 kg/tree), and 252 

IRTA-1 (21 kg/tree). Regarding cumulative yield over the whole study (2013-2018), INRA 253 

GF-677 had the highest values (~22 t/ha), then there was another group that comprised 254 

IRTA-2 and Rootpac® 40 (~16 t/ha), followed by IRTA-1 (~13 t/ha), Rootpac® R and 255 

Ishtara® (~12 t/ha), Adesoto (~11 t/ha), and Rootpac® 20 with the lowest cumulative yield 256 

(~8 t/ha) (Table 3 and Figure 4). There were no significant differences among rootstocks 257 

when comparing the theoretical cumulative yield for the early stages (2013-2015) (Table 258 

3). At full production (2016-2018), IRTA-1 and Ishtara® had the highest values (~14 t/ha), 259 

followed by Rootpac® 20 (13 t/ha), Adesoto (~12 t/ha), Rootpac® R (~11 t/ha), Rootpac® 260 

40, and IRTA-2 (~10 t/ha). There were significant differences for the whole cumulative 261 

period (2013-2018), however these differences were not enough to be significant according 262 

to Tukey’s HSD test. 263 

For ‘Vairo’, the largest kernel dry weight was on INRA GF-677 (1.18 g), followed by 264 

IRTA-1 (1.15 g), IRTA-2 (1.11 g), Adesoto and Rootpac® 40 (1.09 g), Ishtara® and 265 

Rootpac® R (1.05 g), and Rootpac® 20 (1 g). There were differences among years at mature 266 

stages (2016-2018) for caliper distribution (Figure 5). Larger calipers were observed in 267 

2016 and 2018. In 2016, INRA GF-677, IRTA-1, IRTA-2, Adesoto, and Rootpac® R had 268 

more than 90% of the kernels with calipers larger than 14 mm. In 2017, INRA GF-677, 269 

IRTA-2, and Adesoto had the higher percentage of larger calipers. In 2018, INRA GF-677 270 

and IRTA-1 had the higher values, with ~90% of the kernels >14 mm. There were no 271 
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significant differences among rootstocks for number of double kernels and dried kernels 272 

(data not shown). 273 

In terms of economic value, INRA GF-677 had the highest (~57,000 €/ha), followed 274 

by Rootpac® 40 (~47,000 €/ha), and IRTA-2 (~46,000 €/ha) (Table 3). When looking at 275 

the theoretical economic value, IRTA-1 and Ishtara® had the highest (~58,000 €/ha), 276 

followed by Rootpac® 20 (~54,000 €/ha), Adesoto (~50,000 €/ha), Rootpac® R (~45,000 277 

€/ha), Rootpac® 40 and IRTA-2 (~41,000 €/ha), and INRA GF-677 (~34,000 €/ha). 278 

Rootstock genotype significantly affected shelling percentage, but differences were 279 

more apparent at full production (2016-2018) rather that at young stages (2013-2015) 280 

(Table 4). Overall (2013-2018), for ‘Marinada’, Cadaman® had the highest values, 281 

followed by INRA GF-677, Garnem®, IRTA-1, Rootpac® R, Rootpac® 40, Rootpac® 20, 282 

Ishtara, IRTA-2, and Adesoto. For ‘Vairo’, IRTA-1, INRA GF-677, and IRTA-2 had the 283 

highest values, followed by Rootpac® R, Ishtara, Rootpac® 40, Rootpac® 20, and Adesoto 284 

with the lowest shelling percentage. 285 

Biennial bearing, yield efficiency, crop load, and partitioning index 286 

In general terms, biennial bearing was not important, with low values (<<1) for both 287 

‘Marinada’ and ‘Vairo’ cultivars (Table 5). There were slightly higher values for 288 

‘Marinada’ than ‘Vairo’ (0.22 vs 0.19 on average, respectively). For ‘Marinada’, the lower 289 

values (less biennial bearing) were observed for IRTA-2 and Adesoto, whereas the higher 290 

values were on Rootpac® 20 and Ishtara®. For Ishtara® however, there were high values in 291 

2014-2015 and 2015-2016, and low values in 2016-2017. There were no significant 292 

differences among rootstocks for ‘Vairo’, but the general trend (2013-2018) was that 293 

Rootpac® R and INRA GF-677 induced lower biennial bearing.  294 

Yield efficiency for ‘Marinada’ ranged from the lowest efficiencies on Rootpac® 20 295 

and Ishtara® (0.07-0.08) to the highest yield efficiency of both IRTA-1 and INRA GF-677 296 
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(0.13) (Table 5). There were no significant differences among rootstocks regarding volume 297 

yield efficiency and crop load for ‘Marinada’. In terms of partitioning index, Rootpac® R 298 

had the highest value (0.21), followed by IRTA-1 (0.19), INRA GF-677 (0.18), and 299 

Garnem® (0.17). The lowest values were for Ishtara® and Rootpac® 20 (0.09 and 0.1, 300 

respectively). 301 

For ‘Vairo’, the highest yield efficiencies were for INRA GF-677 (0.15) and IRTA-1 302 

(0.14) (Table 5). The lowest yield efficiency was for Rootpac® 20 (0.09). In terms of 303 

volume yield efficiency, Rootpac® R had significantly higher efficiency than the rest of 304 

the rootstocks. There were no significant differences among rootstocks regarding crop 305 

load. INRA GF-677 had the highest partitioning index (0.23), followed by Rootpac® R 306 

(0.22), IRTA-1 and Rootpac® 40 (0.19), Ishtara® and Adesoto (0.17), IRTA-2 (0.16), and 307 

Rootpac® 20 (0.14). 308 

Overall agronomic performance 309 

Considering all the studied variables, rootstocks were clustered within four different 310 

groups (Figure 6 and Figure 7). In addition, clustering the variable values revealed which 311 

variables are connected. When clustering rootstocks for ‘Marinada’, variables were 312 

grouped within three main groups (Figure 6). The first group included kernel yield, 313 

economic value, TCSA, tree volume, kernel dry weight, nut ripening date, and shelling 314 

percentage. The second group included theoretical yield, theoretical economic value, yield 315 

efficiency, crop load, and partitioning index. The third group included sucker number, 316 

bloom length, volume yield efficiency, bloom date and biennial bearing index. Variables 317 

were similarly grouped for ‘Vairo’; however, in this case variables were grouped within 318 

four groups to cluster rootstocks (Figure 7). The first group included: kernel yield, 319 

economic value, tree volume, nut ripening date, kernel dry weight, and TCSA. A second 320 

group included yield efficiency, partitioning index, crop load and shelling percentage. A 321 
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third group included theoretical kernel yield, theoretical economic value, biennial bearing 322 

index, and bloom length. A fourth group included sucker number, volume yield efficiency, 323 

and bloom date. 324 

For ‘Marinada’, Cadaman®, Garnem®, and INRA GF-677 were clustered together 325 

(Figure 6). These rootstocks were the ones with higher values for the variables that were 326 

within the first group (yield, TCSA, tree volume, etc). IRTA-1 and Rootpac® R were 327 

clustered together, and were the rootstocks with higher values regarding yield efficiency, 328 

and theoretical yield and economic value, especially IRTA-1. A third group comprised 329 

IRTA-2, Rootpac® 40, Ishtara®, and Adesoto. This third group of rootstocks was 330 

characterized for having medium-low values for the variables representing yield and vigor, 331 

comprised within the first group of variables. Rootpac® 20 was clustered alone. This 332 

rootstock had the lowest values for almost all the variables comprised within the first, 333 

second, and third group of variables, and with the highest volume yield efficiency and the 334 

latest bloom date. 335 

For ‘Vairo’, INRA GF-677 was clustered alone (Figure 7). This rootstock was the one 336 

with the highest values for the variables that were within the first group, which comprised 337 

yield, vigor and efficiency. IRTA-1, Ishtara, IRTA-2, and Rootpac® 40 were clustered 338 

together in a second group. These were the rootstocks with higher yield and vigor after 339 

INRA GF-677, but had higher theoretical yield and economic value than INRA GF-677, 340 

especially IRTA-1. A third group of rootstocks comprised Adesoto and Rootpac® 20. This 341 

group was characterized for having the lowest values for the variables comprising yield, 342 

vigor and efficiency indexes. A fourth group clustered alone Rootpac® R, which had 343 

among the highest partitioning index and crop load values (together with INRA GF-677), 344 

the highest volume yield efficiency, and a lately bloom date. 345 



15 

Discussion 346 

Bloom and nut ripening dates were affected by rootstock genotype in our study. Both 347 

‘Vairo’ and ‘Marinada’ have been described as late to extra-late flowering cultivars 348 

(Vargas et al., 2008; Vargas et al., 2011), and use of Rootpac® 20 instead of Garnem® 349 

delayed bloom up to 3 days for the case of ‘Marinada’, which it is very important to avoid 350 

frost events in Spring. Rootstocks affect the hormone profile of the scion (Lordan et al., 351 

2017; Sorce et al., 2002; Tworkoski and Miller, 2007). Therefore, concentration of 352 

hormones that are responsible for bud break and other phenological processes such as 353 

bloom would be affected as well. In regards to that, previous studies on apple have reported 354 

such variations (Lordan et al., 2017). In our case, nut ripening for ‘Marinada’ ranged from 355 

255 Julian day on Rootpac® 20 to up to 270 Julian day when grafted on Garnem®, a 15-356 

day time lapse that can really affect not only the harvest logistics but even hinder a proper 357 

nut ripening, especially in certain cold areas. For ‘Vairo’ differences were tinier, but still 358 

9 days between Rootpac® 20 and INRA GF-677 were observed. Hence, use of some 359 

specific rootstocks may also play a role in terms of managing bloom and harvest seasons, 360 

which could be key in singular cold areas to delay bloom and advance nut ripening.  361 

Effect of rootstocks on tree vigor has been widely reported (Atkinson and Else, 2001; 362 

Felipe, 1989; Mestre et al., 2015; Reighard et al., 2018; Sepahvand et al., 2015; Yahmed 363 

et al., 2016a). However, to our knowledge, this is the first time that two new cultivars such 364 

as ‘Vairo’ and ‘Marinada’ are being evaluated on this set of rootstocks. For ‘Marinada’, a 365 

medium-vigor cultivar (Vargas et al., 2008), Garnem® provided the largest trees, followed 366 

by Cadaman®, and then a third group which comprised IRTA-2 and INRA GF-677. With 367 

the exception of IRTA-2, these three rootstocks (Garnem®, Cadaman®, and INRA GF-677) 368 

were also the ones which conferred the greatest tree volume, with no significant differences 369 

among them. On the other hand, IRTA-2 (being the third largest rootstock) provided 370 
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similar tree volume than IRTA-1, the second most dwarfing rootstock of the trial after 371 

Rootpac® 20. A similar trend was observed for the case of ‘Vairo’, where Adesoto, IRTA-372 

1, and Rootpac® R were the smallest stocks of the trial, and INRA GF-677 the largest. 373 

However, there were no significant differences among rootstocks regarding the TCSA, 374 

suggesting that vigor conferred by the rootstock might be disguised in situations of high-375 

vigorous cultivars, like ‘Vairo’. In a similar study with peach, Mestre et al. (2015) did not 376 

report significant differences between Cadaman® and INRA GF-677, whereas Remorini et 377 

al. (2015) did see differences on ‘Flavorcrest’ peach. Despite there were no significant 378 

differences among rootstocks regarding TCSA for ‘Vairo’, canopy tree volume was 379 

significantly affected by rootstock in our trial, with the largest tree volumes on INRA GF-380 

677, IRTA-2, Rootpac® 40, and IRTA-1. In addition, we observed that in rootstocks with 381 

similar vigor (TCSA) such as IRTA-1 and Rootpac® 20, and Rootpac® 40 and Rootpac® 382 

R, tree volume was lower for both cases when Prunus cerasifera was one of the parents 383 

(Rootpac® 20 and Rootpac® R). This may be due to low compatibility between rootstock 384 

and cultivar. Furthermore, in situations with high vigor cultivars, such as ‘Vairo’, this 385 

effect is disguised like for instance with IRTA-2. Such incompatibility between cultivar 386 

and Prunus cerasifera rootstock has been reported by Felipe (1989), as both translocated 387 

and localized incompatibility.  388 

Kernel yield was highly affected by the rootstock genotype. Overall, the more 389 

vigorous rootstocks (Garnem®, Cadaman®, and INRA GF-677 for ‘Marinada’; and INRA 390 

GF-677, IRTA-2 and Rootpac® 40 for ‘Vairo’) provided the highest kernel yields, either 391 

at immature stages, full production, or cumulative over the whole period of the study 392 

(2013-2018). However, these differences disappeared when calculating the theoretical 393 

kernel yield. Theoretical kernel yield is a useful variable in terms of optimizing tree 394 

spacing according to tree vigor and canopy volume. Therefore, lower yields that were 395 
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attained by some rootstocks when using the trial spacing might be corrected by using the 396 

ideal tree spacing that they should be planted at according to their vigor and volume. 397 

Theoretical values (kg/ha) were calculated by multiplying kernel yields per tree by a 398 

theoretical optimal tree density based on tree size (TCSA) and tree volume. The estimated 399 

tree spacing for vigorous rootstocks such as Cadaman®, Garnem®, and INRA GF-677 was 400 

278 trees/ha, instead of the initial 444 trees/ha of the trial, and explains why the theoretical 401 

kernel yield calculated for these rootstocks is lower than the yield obtained in the trial. 402 

This reduction in number of trees per hectare was thought in terms of light interception 403 

and light energy conversion. Yield is a function of intercepted light converted to dry matter 404 

(Jackson and Palmer, 1972; Jackson and Palmer, 1980; Jackson, 1980; Palmer, 1999; 405 

Palmer et al., 1992; Robinson and Lakso, 1991). However, in some situations greater vigor 406 

requires more pruning to contain trees to their allotted space, which would have lower 407 

yield per unit of light interception and lower light conversion efficiency (Lakso and 408 

Robinson, 2014; Lordan et al., 2018). On the other side, the optimum tree spacing for 409 

dwarfing rootstocks such as Ishtara®, Adesoto, and IRTA-1 was 667 trees/ha, and 1000 410 

trees/ha for Rootpac® 20, the most dwarfing rootstock of the trial. Hence, the theoretical 411 

kernel yield increased substantially, since the optimum tree spacing implied greater 412 

number of trees per hectare. Conversely to what happened with the theoretical kernel yield, 413 

there were significant differences among rootstocks for the theoretical economic value. 414 

Other than yield and optimum tree spacing, this variable also accounts for kernel caliper 415 

and their price in the market. Rootstock genotype did affect kernel size, and the most 416 

dwarfing rootstocks such as the Rootpac® 20 and R series were more severely affected, 417 

which kept the theoretical economic value low, despite of increasing yield by rising the 418 

number of trees per hectare. 419 
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It is important to not only consider yield, kernel size and economic value, but also the 420 

interaction with vigor of the rootstock, which must be sufficient to fill the allotted space 421 

rapidly. In terms of yield efficiency and partitioning index, IRTA-1, INRA GF-677, and 422 

Rootpac® R were the ones with higher values. Therefore, these three rootstocks were the 423 

ones that invested more resources to fruit rather than vegetative. However, differences in 424 

vigor within rootstocks imply that different tree spacings should be used in order to 425 

optimize rootstock × scion interaction to enhance yield and economic return. For instance, 426 

there were significant differences among rootstocks regarding yield per hectare when all 427 

the rootstocks were planted at the same (trial) spacing (444 trees/ha). These differences 428 

disappeared when estimating the theoretical yield per hectare according to the rootstock 429 

vigor and volume.  430 

Differences in tree volume and vigor for these rootstocks suggested that INRA GF-431 

677 would be a suitable rootstock for low-medium planting densities with wide spacings, 432 

(7 m × 6 m, 5 m × 4.5 m; 238-444 trees/ha, respectively), especially in absence of root 433 

asphyxia and nematode situations. On the other hand, Rootpac® R and IRTA-1 would be 434 

suitable rootstocks for medium- and high-density plantings (5 m × 3 m, 5 m × 2 m; 667-435 

1,000 trees/ha, respectively). In addition, further economic studies should address net 436 

present value and internal rate of return to ponder the extra cost of planting more trees per 437 

hectare. It is hard to contrast our results with other studies, since this set of rootstocks has 438 

not yet been tested with ‘Marinada’ and ‘Vairo’ cultivars. Furthermore, this experiment 439 

showed dramatic differences in tree vigor, yield, kernel weight, yield efficiency, and 440 

partitioning index, which provide a wide range of options to deem. One important factor 441 

is that when scion cultivar vigor is high the best rootstock may not be the same as for a 442 

more moderate vigor scion cultivar or even a weak scion cultivar which need more 443 

enhancing power from the rootstock compared to vigorous scion cultivars. This leads to 444 
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the need for “designer rootstocks” which combine the rootstock characteristics needed to 445 

maximize the potential of each scion cultivar in a particular climate. For both cultivars 446 

‘Marinada’ and ‘Vairo’, rootstocks were clustered within four different groups. Therefore, 447 

decisions can be made according to priority in regard to yield, vigor, kernel size, efficiency 448 

to optimize planting density, and even phenology to match season management when 449 

different cultivars are grown together in the same orchard. 450 
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Tables 587 

Table 1. Evaluated rootstocks, their parentage, origin and cultivar in which they have been tested on. 588 

Rootstock Parentage Origin Tested cultivar 

CADAMAN Prunus persica  Prunus davidiana IFGO (Hungary) & INRA ‘Marinada’ 

GARNEM Prunus dulcis  Prunus persica CITA (Spain) ‘Marinada’ 

INRA GF-677 Prunus dulcis  Prunus persica INRA (France) ‘Marinada’ & ‘Vairo’ 

IRTA-1 Prunus dulcis  Prunus persica IRTA (Spain) ‘Marinada’ & ‘Vairo’ 

IRTA-2 Prunus cerasifera  Prunus dulcis IRTA ‘Marinada’ & ‘Vairo’ 

ISHTARA (Prunus cerasifera  Prunus salicina)  (Prunus cerasifera  Prunus persica) INRA ‘Marinada’ & ‘Vairo’ 

ADESOTO Clonal selection of Prunus insititia CSIC-Aula Dei (Spain) ‘Marinada’ & ‘Vairo’ 

ROOTPAC® 20 Prunus besseyi  Prunus cerasifera Agromillora Iberia (Spain) ‘Marinada’ & ‘Vairo’ 

ROOTPAC® 40 (Prunus dulcis  Prunus persica)  (Prunus dulcis  Prunus persica) Agromillora Iberia  ‘Marinada’ & ‘Vairo’ 

ROOTPAC® R Prunus cerasifera  Prunus dulcis Agromillora Iberia  ‘Marinada’ & ‘Vairo’ 

 589 
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Table 2. Bloom date (Julian day), bloom length (days), and nut ripening date (Julian day) for ‘Marinada’ and 590 

‘Vairo’ almond cultivars grafted on Cadaman®, Garnem®, INRA GF-677, IRTA-1, IRTA-2, Ishtara®, 591 

Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R rootstocks. Data represents values averaged over 5 592 

years (2014-2018) at Les Borges Blanques, Spain. Bloom was considered when >50% of the flowers were 593 

at F stage (Felipe, 1977). Nut ripening was considered when >75% of the hulls had a visible opening in 594 

suture more than 1 cm in width, right before the initial drying. Means within a column followed by different 595 

letters denotes significant differences among rootstocks (Tukey's honestly significant difference, P ≤ 0.05). 596 

NSNon significant at P ≤ 0.05. 597 

Cultivar Rootstock 
Bloom date 
(Julian day) 

Bloom length 
(days) 

Nut ripening 
date (Julian 

day) 

Marinada Cadaman 80.0 ab 13.3  269.3 ab 

 Garnem 78.3 b 14.5  270.2 a  

 INRA GF-677 79.0 b 14.7  269.8 a 

 IRTA 1 80.5 ab 14.0  267.2 ab 

 IRTA 2 78.5 b 15.2  267.0 ab 

 Ishtara 80.2 ab 15.3  257.4 c 

 Adesoto 79.7 ab 15.3  258.0 c 

 Rootpac 20 81.5 a 13.7  255.4 c 

 Rootpac 40 80.5 ab 14.7  261.4 bc 

 Rootpac R 80.5 ab 14.8  257.6 c 

  P  0.0003 NS <0.0001 

Vairo INRA GF-677 72.0  17.0  251.8 a 

 IRTA 1 72.8  17.3  247.8 ab 

 IRTA 2 72.0  17.5  248.4 ab 

 Ishtara 73.7  17.7  247.8 ab 

 Adesoto 73.3  16.7  245.8 ab 

 Rootpac 20 73.0  17.7  242.2 b 

 Rootpac 40 72.7  17.2  248.4 ab 

 Rootpac R 73.7  17.3  244.2 b 

  P NS NS 0.0013   

 598 

 599 
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Table 3. Kernel yield (kg/tree & kg/ha), theoretical kernel yield (kg/ha), average kernel dry weight (g), economic value (€/ha), and theoretical economic value (€/ha) for 600 

‘Marinada’ and ‘Vairo’ almond cultivars grafted on Cadaman®, Garnem®, INRA GF-677, IRTA-1, IRTA-2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R 601 

rootstocks at Les Borges Blanques, Spain. Economic values were calculated using packout returns from statewide averages for the different kernel caliper categories and yields. 602 

Theoretical values were calculated by multiplying kernel yields per tree by a theoretical optimal tree density (trees/ha) coefficient based on tree size (TCSA) and tree volume 603 

(278 trees/ha for seedling size rootstocks to 1,000 trees/ha for sub-dwarfing rootstocks: Cadaman®, Garnem® and INRA GF-677 278 trees/ha; IRTA-2, Rootpac® 40, and 604 

Rootpac® R 417 trees/ha; IRTA-1, Ishtara® and Adesoto 667 trees/ha; and Rootpac® 20 1000 trees/ha). Data was separated for young stage (2013-2018), mature stage (2016-605 

2018), and cumulative stage (2013-2018). Means within a column followed by different letters denotes significant differences among rootstocks (Tukey's honestly significant 606 

difference, P ≤ 0.05). NSNon significant at P ≤ 0.05. 607 

 608 

 609 

Cultivar Rootstock

Marinada Cadaman 7 bcd 25 ab 28 bc 3,724 ab 11,268 ab 13,147 abc 3,438 7,042 abc 9,328 1.33 a 46,951 ab 29,344 abc

Garnem 14 a 27 a 41 a 6,433 a 11,855 a 18,060 a 6,427 7,402 ab 13,665 1.26 bc 49,350 a 30,815 ab 

INRA GF-677 10 bcd 23 b 32 ab 4,360 b 10,102 b 14,062 ab 4,595 6,314 bc 10,658 1.29 ab 42,060 b 26,287 bc

IRTA 1 5 cd 13 cde 16 cde 2,061 cde 5,598 cde 7,215 de 4,869 8,396 a 12,600 1.25 bcd 23,189 cde 34,784 a

IRTA 2 7 bcd 16 c 23 bcd 3,262 bcd 6,783 c 9,955 bcd 5,680 6,359 bc 11,954 1.24 cde 28,181 c 26,419 bc

Ishtara 4 d 11 def 14 de 1,684 de 5,060 def 6,358 de 4,146 7,590 ab 11,158 1.19 efg 20,983 def 31,475 ab

Adesoto 5 cd 9 fg 15 de 2,272 cde 4,070 fg 6,438 de 5,887 6,104 bc 12,135 1.18 fg 16,883 fg 25,324 bc

Rootpac 20 3 d 7 g 10 e 1,508 e 2,952 g 4,299 e 5,105 6,594 bc 11,385 1.15 g 12,161 g 27,163 bc

Rootpac 40 6 bcd 14 cd 19 cde 2,777 bcde 6,209 cd 8,154 cde 4,438 5,821 c 9,480 1.21 def 25,727 cd 24,119 c

Rootpac R 8 bc 11 ef 20 cde 3,712 bc 4,679 ef 8,779 cde 6,110 6,277 bc 12,961 1.17 fg 19,365 ef 25,977 bc

P 

Vairo INRA GF-677 17 a 31 a 50 a 7,365 a 13,610 a 21,830 a 9,384 8,098 d 18,567 1.18 a 56,874 a 33,830 d

IRTA 1 9 bcd 21 bc 30 c 3,347 cd 9,263 bc 12,806 c 10,013 13,995 a 24,422 1.15 ab 38,444 bc 58,099 a

IRTA 2 11 bc 25 b 37 b 4,823 bc 11,048 b 16,251 b 9,864 9,817 cd 20,712 1.11 bc 45,900 b 40,758 cd

Ishtara 8 cd 19 c 28 c 3,601 bcd 8,452 c 12,255 c 11,323 13,975 a 24,422 1.05 cd 35,031 c 57,969 a

Adesoto 7 d 19 c 26 c 3,240 d 8,564 c 11,249 c 9,542 11,949 abc 21,673 1.09 bc 35,717 c 49,781 abc

Rootpac 20 6 d 12 d 18 d 2,788 d 5,448 d 8,071 d 11,468 13,186 ab 23,453 1.00 d 22,405 d 54,239 ab

Rootpac 40 11 b 25 b 37 b 5,092 b 11,210 b 16,482 b 9,736 9,966 cd 20,548 1.09 bc 46,599 b 41,411 cd

Rootpac R 11 bc 16 cd 28 c 4,994 b 7,136 cd 12,335 c 8,876 10,993 bc 19,853 1.05 cd 29,511 cd 45,161 bc

P

<0.0001

Kernel yield 

(kg/tree) cum. 

2013-2015

Kernel yield 

(kg/tree) cum. 

2016-2018

<0.0001

Kernel yield 

(kg/tree) cum. 

2013-2018

<0.0001

Kernel yield (kg/ha) 

cum. 2013-2015

<0.0001

Kernel yield (kg/ha) cum. 

2016-2018

<0.0001

Kernel yield (kg/ha) 

cum. 2013-2018

<0.0001

Theoretical kernel 

yield (kg/ha) cum. 

2013-2015

NS

Theoretical kernel 

yield (kg/ha) cum. 

2016-2018

<0.0001

Theoretical kernel 

yield (kg/ha) cum. 

2013-2018

NS

Economic value (€/ha) 

2016-2018

<0.0001

Theoretical economic 

value (€/ha) 2016-2018

<0.0001

Kernel dry weight 

(g)

<0.0001

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001<0.0001<0.0001 NS <0.0001 0.0452 <0.0001
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Table 4. Shelling percentage (kernel weight/in-shell weight *100) for ‘Marinada’ and ‘Vairo’ almond cultivars grafted on Cadaman®, Garnem®, INRA GF-677, IRTA-1, IRTA-610 

2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R rootstocks at Les Borges Blanques, Spain. Means within a column followed by different letters denotes 611 

significant differences among rootstocks (Tukey's honestly significant difference, P ≤ 0.05). NSNon significant at P ≤ 0.05. 612 

613 

Cultivar Rootstock

Marinada Cadaman 33 33 ab 35 a 37 a 35 a 35 a 34 a 36 a 35 a

Garnem 33 32 bc 32 abc 35 abc 35 a 33 ab 32 a 35 ab 34 bc

INRA GF-677 35 33 a 32 bc 36 ab 34 ab 34 a 34 a 35 a 34 ab

IRTA 1 32 32 bc 32 bc 35 abc 34 abc 34 a 32 a 35 ab 34 bc

IRTA 2 33 31 cd 30 c 32 de 33 bcd 32 bc 31 a 32 cde 32 ef

Ishtara 34 30 d 31 c 34 bcd 32 de 30 c 31 a 32 def 32 def

Adesoto 32 31 cd 30 c 31 e 31 e 31 c 31 a 31 f 31 f

Rootpac 20 30 32 bcd 34 ab 32 e 33 cde 30 c 32 a 31 ef 32 def

Rootpac 40 33 31 cd 31 c 34 cd 34 abc 32 bc 31 a 33 cd 32 de 

Rootpac R 34 32 bc 31 c 34 cd 33 bcd 33 ab 32 a 33 bc 33 cd

P 

Vairo INRA GF-677 28 ab 27 26 29 a 32 ab 27 a 28 29 a 28 a

IRTA 1 28 a 27 25 29 a 34 a 26 ab 27 30 a 28 a

IRTA 2 27 abc 28 27 29 a 31 bc 27 a 27 29 ab 28 a

Ishtara 27 abc 27 27 28 ab 29 cd 26 b 26 28 cde 27 bc

Adesoto 26 c 27 27 28 ab 28 d 25 b 26 27 e 27 c 

Rootpac 20 26 bc 29 26 27 b 29 cd 26 b 27 27 de 27 bc

Rootpac 40 27 abc 27 26 29 a 30 cd 25 b 26 28 cd 27 bc

Rootpac R 28 ab 28 26 27 b 32 ab 27 ab 27 28 bc 28 ab

P

Average 

shelling % 

2013-2018

<0.0001

<0.00010.0049 NS NS 0.0001 <0.0001 0.0001 NS

Average 

shelling % 

2016-2018

<0.0001

<0.0001

Shelling % 

2013

Shelling % 

2014

Shelling % 

2015

Shelling % 

2016

Shelling % 

2017

Shelling % 

2018

Average 

shelling % 

2013-2015

NS <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0354
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Table 5. Biennial bearing index (BBI), yield efficiency (kernel yield/trunk-cross-sectional area), volume yield efficiency (kernel yield/tree volume), crop load (kernel 614 

number/trunk-cross-sectional area), and partitioning index (kg of cumulated yield/trunk-cross-sectional area increase) for ‘Marinada’ and ‘Vairo’ almond cultivars grafted on 615 

Cadaman®, Garnem®, INRA GF-677, IRTA-1, IRTA-2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R rootstocks at Les Borges Blanques, Spain. Means within 616 

a column followed by different letters denotes significant differences among rootstocks (Tukey's honestly significant difference, P ≤ 0.05). NSNon significant at P ≤ 0.05. 617 

 618 

 619 

Cultivar Rootstock

Marinada Cadaman 0.39 0.33 ab 0.47 ab 0.07 b 0.18 0.32 0.10 ab 0.65 82.46 0.13 abcd

Garnem 0.33 0.23 abcd 0.34 cd 0.06 b 0.15 0.22 0.11 ab 0.76 92.52 0.17 abcd

INRA GF-677 0.25 0.18 bcd 0.34 cd 0.08 b 0.15 0.19 0.13 ab 0.73 100.15 0.18 abc 

IRTA 1 0.16 0.22 abcd 0.40 bc 0.10 ab 0.13 0.20 0.13 a 0.76 110.55 0.19 ab 

IRTA 2 0.24 0.14 d 0.28 d 0.11 ab 0.19 0.19 0.10 ab 0.86 78.21 0.13 abcd 

Ishtara 0.18 0.32 abc 0.58 a 0.06 b 0.14 0.27 0.08 b 0.65 75.42 0.09 d

Adesoto 0.19 0.15 cd 0.29 cd 0.12 ab 0.13 0.22 0.10 ab 0.83 81.63 0.14 abcd

Rootpac 20 0.25 0.36 a 0.41 bc 0.18 a 0.18 0.25 0.07 b 1.32 73.59 0.10 cd

Rootpac 40 0.14 0.29 abcd 0.37 bcd 0.14 ab 0.19 0.16 0.09 ab 0.79 78.29 0.12 bcd

Rootpac R 0.28 0.23 abcd 0.33 cd 0.08 b 0.11 0.16 0.11 ab 0.94 96.04 0.21 a 

P 

Vairo INRA GF-677 0.09 0.09 0.18 0.29 0.19 a 0.14 0.15 a 0.62 b 126.82 0.23 a 

IRTA 1 0.22 0.11 0.32 0.29 0.30 a 0.26 0.14 ab 0.57 b 111.73 0.19 ab 

IRTA 2 0.24 0.10 0.16 0.32 0.10 a 0.17 0.11 ab 0.54 b 100.93 0.16 ab 

Ishtara 0.28 0.05 0.22 0.25 0.14 a 0.19 0.12 ab 0.59 b 116.76 0.17 ab 

Adesoto 0.29 0.14 0.32 0.20 0.14 a 0.22 0.11 ab 0.64 b 106.37 0.17 ab 

Rootpac 20 0.18 0.16 0.19 0.32 0.14 a 0.19 0.09 b 0.62 b 94.92 0.14 b 

Rootpac 40 0.25 0.08 0.30 0.20 0.25 a 0.20 0.12 ab 0.59 b 117.60 0.19 ab

Rootpac R 0.05 0.09 0.12 0.23 0.12 a 0.13 0.12 ab 0.92 a 124.70 0.22 a

P

Crop load (kernel 

#/cm2)

NS

NS

Partitioning index 

(cumulated yield /TCSA 

increase)

0.0012

0.0198

Yield efficiency (Yield 

kg/TCSA cm2) 

0.0096

0.0393

Volume yield efficiency 

(Yield kg/Volume m3)

NS

0.0061

BBI 2017-2018

NS

0.0499

BBI 2013-2018

NS

NS

BBI 2015-2016

<0.0001

NS

BBI 2016-2017

0.0017

NS

BBI 2013-2014

NS

NS

BBI 2014-2015

0.0002

NS
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Figures 620 

 621 

Figure 1. Bloom dates for ‘Marinada’ and ‘Vairo’ almond cultivars grafted on Cadaman®, Garnem®, INRA 622 

GF-677, IRTA-1, IRTA-2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R rootstocks. Figure 623 

represents beginning bloom, full bloom (black square), and end of bloom averaged over 5 years (2014-2018) 624 

at Les Borges Blanques, Spain. Bloom was considered when >50% of the flowers were at F stage (Felipe, 625 

1977).    626 
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627 

Figure 2. Nut ripening dates for ‘Marinada’ and ‘Vairo’ almond cultivars grafted on Cadaman®, Garnem®, 628 

INRA GF-677, IRTA-1, IRTA-2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R 629 

rootstocks. Figure represents values averaged over 5 years (2014-2018) at Les Borges Blanques, Spain. 630 

Nut ripening was considered when >75% of the hulls had a visible opening in suture more than 1 cm in 631 

width, right before the initial drying. 632 

633 
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 634 

 635 

Figure 3. Trunk cross sectional area (TCSA), sucker number, and tree volume for ‘Marinada’ and ‘Vairo’ 636 

almond cultivars grafted on Cadaman®, Garnem®, INRA GF-677, IRTA-1, IRTA-2, Ishtara®, Adesoto, 637 

Rootpac® 20, Rootpac® 40, and Rootpac® R rootstocks at Les Borges Blanques, Spain. Data represent 638 

cumulated values for sucker number (2012-2018), and 2018 values for TCSA and tree volume. Bars or lines 639 

with different letters denotes significant differences among rootstocks (Tukey's honestly significant 640 

difference, P ≤ 0.05). Rootstocks are ranked by TCSA. 641 
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 642 

Figure 4. Cumulative yield (2013-2018) for ‘Marinada’ and ‘Vairo’ almond cultivars grafted on Cadaman®, 643 

Garnem®, INRA GF-677, IRTA-1, IRTA-2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R 644 

rootstocks at Les Borges Blanques, Spain. Different letters denotes significant differences among rootstocks 645 

for the cumulative value (Tukey's honestly significant difference, P ≤ 0.05).   646 
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  647 

Figure 5. Caliper distribution at mature stages (2016-2018) for ‘Marinada’ (top) and ‘Vairo’ (bottom) almond 648 

cultivars grafted on Cadaman®, Garnem®, INRA GF-677, IRTA-1, IRTA-2, Ishtara®, Adesoto, Rootpac® 20, 649 

Rootpac® 40, and Rootpac® R rootstocks at Les Borges Blanques, Spain. 650 
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 652 

Figure 6. Clustering of ‘Marinada’ almond cultivar grafted on Cadaman®, Garnem®, INRA GF-677, IRTA-653 

1, IRTA-2, Ishtara®, Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R rootstocks based on their kernel 654 

yield (kg/tree & kg/ha), economic value (€/ha), kernel dry weight (g), shelling percentage (kernel weight/in-655 

shell weight *100), tree volume (m3), trunk-cross-sectional area (TCSA) (cm2), number of suckers, yield 656 

efficiency (kg/cm2 TCSA), volume yield efficiency (kg/m3 tree volume), crop load (kernel number/cm2 657 

TCSA), average biennial bearing index, partitioning index (kg of cumulated yield/TCSA increase cm2), 658 

bloom length (days), and bloom and nut ripening dates (Julian day) at Les Borges Blanques, Spain. Economic 659 

values were calculated using packout returns from statewide averages for the different kernel caliper 660 

categories and yields. Theoretical values were calculated by multiplying kernel yields per tree by a theoretical 661 

optimal tree density (trees/ha) coefficient based on tree size (TCSA) and tree volume (278 trees/ha for 662 

seedling size rootstocks to 1,000 trees/ha for sub-dwarfing rootstocks). Bloom was considered when >50% 663 

of the flowers were at F stage (Felipe, 1977). Nut ripening was considered when >75% of the hulls had a 664 

visible opening in suture more than 1 cm in width, right before the initial drying. Note that for bloom and 665 

nut ripening dates, red color (high value) indicates later date (higher Julian day).   666 
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 667 

Figure 7. Clustering of ‘Vairo’ almond cultivar grafted on INRA GF-677, IRTA-1, IRTA-2, Ishtara®, 668 

Adesoto, Rootpac® 20, Rootpac® 40, and Rootpac® R rootstocks based on their kernel yield (kg/tree & 669 

kg/ha), economic value (€/ha), kernel dry weight (g), shelling percentage (kernel weight/in-shell weight 670 

*100), tree volume (m3), trunk-cross-sectional area (TCSA) (cm2), number of suckers, yield efficiency 671 

(kg/cm2 TCSA), volume yield efficiency (kg/m3 tree volume), crop load (kernel number/cm2 TCSA), average 672 

biennial bearing index, partitioning index (kg of cumulated yield/TCSA increase cm2), bloom length (days), 673 

and bloom and nut ripening dates (Julian day) at Les Borges Blanques, Spain. Economic values were 674 

calculated using packout returns from statewide averages for the different kernel caliper categories and 675 

yields. Theoretical values were calculated by multiplying kernel yields per tree by a theoretical optimal tree 676 

density (trees/ha) coefficient based on tree size (TCSA) and tree volume (278 trees/ha for seedling size 677 

rootstocks to 1,000 trees/ha for sub-dwarfing rootstocks). Bloom was considered when >50% of the flowers 678 

were at F stage (Felipe, 1977). Nut ripening was considered when >75% of the hulls had a visible opening 679 

in suture more than 1 cm in width, right before the initial drying. Note that for bloom and nut ripening dates, 680 

red color (high value) indicates later date (higher Julian day). 681 




