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Abstract 21 

Red leaf blotch (RLB) of almond, caused by Polystigma amygdalinum, is an 22 

important foliar disease of this nut tree in the Mediterranean basin and Middle East 23 

regions. In recent years, the incidence of this disease has increased in Spain 24 

corresponding to increases in the area of newly-planted orchards and the use of 25 

susceptible cultivars. In 2009, an experimental orchard including 21 almond cultivars 26 

was planted at Les Borges Blanques, Lleida, NE Spain. No fungicide treatments were 27 

applied during the 10-year experimental period (2009-2018) in order to allow natural 28 

disease development. Cultivar susceptibility to RLB was assessed each year, from 2011 29 

to 2018, through visual observations of symptoms in naturally-infected trees. The 30 

experimental results led us to classify the cultivars into five susceptibility groups. The 31 

most susceptible were 'Tarraco', 'Guara', 'Tuono', 'Marinada', 'Desmayo Largueta', and 32 

'Soleta', whereas 'Mardía' was the most tolerant. The annual incidence of disease was 33 

positively correlated with accumulated rainfall in spring, and especially in April, while it 34 

was negatively correlated with high spring and summer temperatures, especially in May. 35 

These findings could be used to improve disease management strategies by identifying 36 

the most susceptible cultivars and improving the timing of fungicide application. 37 

 38 

Introduction 39 

Red leaf blotch (RLB) of almond, caused by the Ascomycota fungus Polystigma 40 

amygdalinum P.F. Cannon, is one of the most important leaf diseases affecting almond 41 

trees (Prunus dulcis (Mill.) Webb.) in the Mediterranean basin and Middle East regions 42 

(Cannon 1996). It has been widely reported in the main almond producing countries in 43 
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these areas (Bayt Tork et al. 2014; Cannon 1996; Farr and Rossman 2019). The 44 

disease has not yet been detected in other important almond-growing regions such as 45 

the U.S.A. and Australia (Farr and Rossman 2019; Saad 2002). RLB is widespread in 46 

Spain, particularly in the southern part of the country, along the Mediterranean coast, 47 

and around the Ebro Valley in the Northeast. In recent years, the incidence of RLB in 48 

Spain has increased. This has mainly been due to the expansion of new almond 49 

orchards to inland areas where climatic conditions are more suitable for disease 50 

development (Almacellas 2014). The almond acreage in Spain, the country with the 51 

largest cropping area in the world, has increased in 100,000 ha in the last five years to a 52 

total of 657,771 ha (MAPA 2019a). The newly planted cultivars are more productive than 53 

the traditional ones and offer good agronomic characteristics, such as late-blooming and 54 

self-fertility; they are, however, susceptible to P. amygdalinum (Miarnau et al. 2010, 55 

2013). Furthermore, the most intensive production systems introduced into Spain by the 56 

almond industry, such as super-high density plantations, have created particularly 57 

favorable conditions for the development of fungal diseases (Miarnau et al. 2013, 2016). 58 

RLB only affects almond leaves (Banihashemi 1990), causing diffuse spots of 59 

different shapes and sizes. They are initially yellowish in color, later turning into reddish-60 

brown blotches. These blotches are actually the stromata of the pathogen where 61 

pycnidia are formed in summer and perithecia develop in winter, once the leaves have 62 

fallen (Cannon 1996; Ghazanfari and Banihashemi 1976). In spring, under favorable 63 

temperature and humidity conditions, and especially after rain events, ascospores are 64 

released and primary infections occur on new almond leaves (Banihashemi 1990; Saad 65 

and Masannat 1997). The potential period for the production and release of P. 66 
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amygdalinum ascospores in Spain extends from February to July, but the highest 67 

inoculum potentials are in March-April (Zúñiga et al. 2020). In severe RLB infections, 68 

early defoliation may occur (Cannon 1996; Kranz 1962), with a subsequent decrease in 69 

tree photosynthetic activity and a possible reduction in yield (López-López et al. 2016; 70 

Saad and Masannat 1997). These effects are most intense in orchards that only receive 71 

natural rainfall, where water stress may contribute to greater defoliation (Almacellas 72 

2014). As 86% of the Spanish almond growing area is under dry, non-irrigated 73 

conditions (MAPA 2019a), the RLB incidence is particularly severe in regions with these 74 

conditions. 75 

According to Almacellas (2014), RLB management strategies are generally based 76 

on: i) crop management practices that reduce both primary inoculum and the risk of 77 

infection, ii) the use of fungicides, and iii) tolerant cultivars. The most commonly applied 78 

cultural practice is the elimination of the primary inoculum by removing the infected 79 

leaves that had fallen from trees in the previous year (Cannon 1996). This is commonly 80 

done through the application of crystalline urea which expedites the decomposition of 81 

the fallen leaves (Lin and Szteinberg 1992). In-season applications of fungicides, from 82 

petal fall until the end of summer, have also been shown to reduce infection 83 

(Banihashemi 1990; Bayt Tork et al. 2014; Sahragard et al. 2007). One major concern 84 

with this strategy is the limited number of approved fungicide products available to 85 

control this disease in Spain (MAPA 2019b) and some other European countries. In 86 

practice, it is difficult to implement an annual fungicide management program without 87 

applying the same modes of action repeatedly, which can eventually lead to resistance 88 

in pathogen populations. 89 
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Breeding for cultivar tolerance to RLB should therefore be part of any long-term 90 

control strategy. The use of tolerant cultivars can help to reduce primary inoculum and 91 

the need for subsequent fungicide treatments. However, to date, no cultivars with 92 

resistance to P. amygdalinum have been identified. Differences in the degree of cultivar 93 

susceptibility to RLB have been reported in Spain (Egea et al. 1984; Malagón et al. 94 

2017; Miarnau et al. 2010; Miarnau and Vargas 2013; Ollero-Lara et al. 2019). Previous 95 

studies have produced inconsistent results, possibly as a result of differences in 96 

experimental conditions that could have influenced the natural incidence of disease. 97 

Moreover, information is rather limited on the susceptibility of cultivars released after 98 

2007 (Gradziel et al. 2017), although Ollero et al. (2019) recently reported on the 99 

susceptibility of 40 cultivars to RLB in Spain. It is therefore important to test a large 100 

number of cultivars in order to discover as much as possible about the range of 101 

susceptibility among cultivars. 102 

One objective of this research was to assess RLB susceptibility among the main 103 

cultivars released in recent decades by some Spanish and French almond breeding 104 

programs. Some traditional cultivars from Italy and Spain, which have mainly been 105 

planted in Spain and other Mediterranean countries, were also included in a 10-year trial 106 

to monitor the incidence and severity of RLB symptoms among cultivars. In addition, 107 

intra-seasonal variations in RLB symptom expression were also analyzed for four 108 

selected cultivars. A second objective of our study was to evaluate the effect of several 109 

regional climatic factors on the incidence of RLB symptoms among cultivars in order to 110 

expand the available information on the epidemiology of RLB. 111 

 112 
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Materials and Methods 113 

Almond cultivars. Twenty-one almond cultivars were assessed. Fifteen cultivars 114 

were obtained from three different Spanish breeding programs: seven from IRTA 115 

('Constantí', 'Francolí', 'Glorieta', 'Marinada', 'Masbovera', 'Tarraco', and 'Vairo') (Vargas 116 

and Romero 1994; Vargas et al. 2008); four from CITA ('Belona', 'Guara', 'Mardía', and 117 

'Soleta') (Dicenta et al. 2015; Felipe and Socias i Company 1987; Socias i Company and 118 

Felipe 2006; Socias i Company et al. 2008); and four from CEBAS-CSIC ('Antoñeta', 119 

'Marta', 'Penta', and 'Tardona') (Dicenta et al. 2008; Dicenta et al. 2018; Egea et al. 120 

2000). Three cultivars were obtained from INRA, France ('Ferraduel', 'Ferragnès', and 121 

'Lauranne') (Grasselly 1991; Grasselly and Duval 1997). Two traditional cultivars widely 122 

planted in Spain, 'Desmayo Largueta' and 'Marcona' (Felipe 2000), and one Italian 123 

cultivar commonly planted in some Mediterranean countries, 'Tuono' (Dicenta et al. 124 

2015; Felipe 2000), were also included in the study. All cultivars were grafted onto INRA 125 

'GF-677' rootstock. 126 

Experimental plot design and management. The seedlings were planted in 127 

December 2009 as bare root trees (1 m in height) at the IRTA facilities at the Les Borges 128 

Blanques Experimental Station, Lleida, northeastern Spain (UTM coordinates: WGS84 129 

Datum, 31 T x = 320870, y = 4597530). The trees were planted at 4 m × 2 m (distances 130 

between and within rows, respectively) in a randomized block design with four replicate 131 

blocks containing four trees for each cultivar. They were pruned as a central axis. The 132 

orchard was drip-irrigated, and pruning, soil management, and fertilization were based 133 

on the Spanish Integrated Production Management practices (BOE 2002). No fungicide 134 

treatments were applied during the experimental period. 135 
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Disease assessment. From 2011 to 2018, annual assessments of RLB symptoms 136 

were conducted during July-August, well before almond harvest (mid-September). A 137 

sample of 100 leaves of each cultivar per replicate block (25 leaves per tree) and year 138 

was evaluated. Fully expanded leaves were randomly collected from new shoots, at 139 

different heights and orientations, from the outer canopy of each tree. Disease incidence 140 

was recorded as the percentage of leaves showing at least one identifiable RLB lesion, 141 

regardless of its size. To estimate the severity of the disease, collected leaves were 142 

visually classified in one of five categories based on the percentage of RLB-affected leaf 143 

surface (Fig. 1): class 0 (0% affected leaf surface, apparently healthy), class 1 (1-10%), 144 

class 2 (11-20%), class 3 (21-50%), and class 4 (>50%). A mean leaf severity index for 145 

each sample was obtained from the weighted average of the midpoint percentages for 146 

each class (i.e., 0%, 5%, 15%, 35% and 75%) prior to statistical analysis (Chiang et al. 147 

2017). Four cultivars with different levels of susceptibility to RLB (from low to high: 148 

'Vairo', 'Lauranne', 'Guara', and 'Tarraco'), based on previous unpublished evaluations, 149 

were selected to describe the intra-seasonal progress of the disease. A random sample 150 

of 50 leaves per replicated block for each cultivar was evaluated, as described above, at 151 

15-day intervals from April to September, of 2015 to 2017. 152 

Monitoring of environmental factors. Environmental factors, namely daily 153 

temperature (maximum, minimum and mean), relative humidity and accumulated rainfall 154 

during the experimental period, were obtained from an automatic weather station located 155 

at Castelldans, Lleida (UTM coordinates: x = 312540, y = 4599934) (Catalan Weather 156 

Service, https://www.meteo.cat/). This station was located about 8.5 km from the 157 

experimental orchard. Temperature and humidity data were averaged for the following 158 
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time intervals: i) monthly for the period of October of the previous year through July (10 159 

time periods), and ii) n-month periods (two to five consecutive months), from March to 160 

July within the same year: 9 periods in total. Accumulated rainfall was also calculated for 161 

the same periods. These combinations produced a total of 95 weather-related variables 162 

(5 weather variables × 19 time intervals), which were used in the correlation analyses 163 

between disease-related and environmental data. 164 

Data analysis. Experimental data were analyzed using JMP Pro (Version 14.0.0, 165 

SAS Institute. Inc.). A linear mixed model, which included cultivar (20 df), year (7 df) and 166 

cultivar × year (140 df) as the fixed factors, and block (3 df) as a random factor, was 167 

separately fitted to disease incidence and severity data in order to evaluate the effects of 168 

the independent variables cultivar and year. Percentage data were arcsine-transformed 169 

to normalize the data distribution, and residuals were plotted to determine their 170 

distribution and influence. Data were analyzed using a repeated-measures design 171 

model, which included a compound symmetry of unequal variances structure in the 172 

variance-covariance matrix. The latter was selected according to the lowest Corrected 173 

Akaike’s Information Criteria (AICc). Mean comparisons were made by the Tukey-174 

Kramer’s test at α = 0.05. 175 

A regression model was fitted to describe the relationship between incidence and 176 

severity data for all the cultivars during 2011 to 2018. In addition, a hierarchical cluster 177 

analysis was performed with Ward's criterion (Kuiper and Fisher, 1975; Ward, 1963) to 178 

characterize the susceptibility of the almond cultivars to RLB; this was based on a 179 

combined analysis of all annual incidence and severity values. 180 
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The potential influence of environmental conditions on RLB incidence was 181 

evaluated using Pearson’s correlation analyses. Linear regressions were also performed 182 

when highly statistically significant correlations were detected. The data included in the 183 

analyses corresponded to the 2010-2016 period, as the environmental data from the 184 

winter of 2017 onwards were incomplete. 185 

 186 

Results 187 

Cultivar susceptibility. All 21 almond cultivars evaluated in this study developed 188 

various degrees of RLB symptoms during each season of the experimental period. The 189 

relationship between the annual indices of incidence and severity data for the different 190 

cultivars was best fitted to an exponential regression model (P < 0.001; R2 = 0.697) (Fig. 191 

2). Due to this good relationship, disease incidence was chosen to describe the RLB 192 

symptom expression and its relationship with environmental parameters. Although 193 

incidence values over 80% were not uncommon, their associated severity indices only 194 

had maximum values in the range 20% to 40% (Fig. 2). 195 

Analyses of the whole dataset of incidence scores showed that statistical 196 

significance was detected for the following factors: cultivar (P < 0.001), monitoring year 197 

(P < 0.001), and their interaction (P < 0.001). Given this interaction, the mean 198 

comparisons for the different cultivars were made separately in each year. The mean 199 

values of incidence for all cultivars and years during the experimental period ranged 200 

from 0.0% ('Mardía') to 96.3% ('Desmayo Largueta') (Fig. 3). 'Mardía' showed the lowest 201 

yearly incidence values in the eight-year monitoring period, with annual values ranging 202 

from 0.0% to 54.2% (overall mean: 15.3%). This cultivar did not show any RLB 203 
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symptoms in 2012, 2015, and 2016. 'Mardía' was the only cultivar that consistently 204 

showed significant differences to the other cultivars in most years (Fig. 3). 'Vairo' had the 205 

second lowest overall RLB incidence (47.1%), with annual mean values ranging from 206 

22.6% to 69.6%. In contrast, the most susceptible cultivar 'Tarraco' had an average 207 

incidence over 75% and annual values ranging from 56.0% to 89.8%. 'Desmayo 208 

Largueta', 'Guara', 'Marinada' and 'Tuono' showed average incidences for the whole 209 

experimental period of between 70% and 75% and annual values of between 37.3% and 210 

96.3%. The remaining 14 cultivars showed mean annual incidences of between 23.5% 211 

and 90.2% without any significant differences between them in most years (Fig. 3). 212 

Regarding the variation in annual incidence values per cultivar, 'Penta' (23.8% to 90.2%) 213 

and 'Tardona' (23.5% to 83.7%) showed the widest ranges, whereas 'Tarraco' was the 214 

cultivar with the least variability from year to year (56.0% to 89.8%). The cultivar 215 

groupings based on the comparison of mean annual incidence values were not 216 

consistent over the whole experimental period (Fig. 3). Mean values of severity indices 217 

for all cultivars and years are given in Supplementary Fig. S1. 218 

The annual RLB incidence of the whole set of cultivars was highly variable over the 219 

experimental period. In the first two years (2011, 2012) RLB incidence was lower (≈50%) 220 

than in the following two years (i.e., over 70% on average). A minimum peak in average 221 

incidence (≈35%) was detected in 2015; this was followed by an increase in 2016, with 222 

the incidence then remaining at around 60% until the end of the experiment. 223 

The cluster analysis for the combination of RLB incidence and severity data 224 

showed that almond cultivars clustered in five well-distinguished groups (Fig. 4). These 225 

were classified as: highly susceptible (three cultivars), susceptible (three cultivars), 226 
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moderately susceptible (six cultivars), tolerant (eight cultivars) and highly tolerant (one 227 

cultivar). 228 

Intra-seasonal symptom expression in four cultivars with different levels of RLB 229 

susceptibility ('Guara', 'Lauranne', 'Tarraco' and 'Vairo') followed a similar pattern among 230 

cultivars (Fig. 5). Depending on the year, the first RLB symptoms developed at the 231 

beginning of May (2017) or in the first half of June (2015-2016). The percentages of 232 

infected leaves for all cultivars increased at the end of May and during June. Moreover, 233 

the increase in RLB incidence was developed in shorter time periods in 'Tarraco' than in 234 

'Vairo' after the first RLB symptom appearance. During July and August, RLB incidence 235 

remained relatively stable. A decrease in the incidence of RLB was recorded at the end 236 

of the monitored period, in September (Fig. 5). In 2015, RLB incidence fluctuated from 237 

30% to 60% in summer. The same occurred in 2016: from 45% to 90%, and in 2017: 238 

from 60% to 80%. The observed RLB incidences among cultivars were consistent with 239 

their respective overall susceptibility rankings. 'Vairo' therefore exhibited the lowest 240 

incidence values for the three years that were monitored, followed by 'Lauranne', 'Guara' 241 

and 'Tarraco', with the latter two performing similarly in 2015 and 2017. However, in 242 

2016, 'Tarraco' showed higher incidence values than 'Guara' at all evaluation times (Fig. 243 

5). 244 

Influence of environmental conditions on RLB symptom expression. The 245 

summarized monthly environmental conditions recorded over the period 2010-2016 246 

(Supplementary Table S2) showed that the accumulated monthly rainfall ranged 247 

between 0.2 mm (July 2016) and 103.4 mm (October 2012); and the average relative 248 

humidity ranged from 50.5% (May 2015) to 94.4% (December 2016). The average mean 249 
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temperature ranged from 3.2ºC (December 2013) to 26.4ºC (July  2015); the average 250 

maximum temperature ranged from 6.9ºC (December 2016) to 35.4ºC (July 2015); the 251 

average minimum temperature ranged from -2.2ºC (February 2012) to 18.3ºC (July 252 

2015). 253 

In some cases, the accumulated rainfall and some temperature-related variables 254 

were significantly correlated with the annual incidence of RLB (Supplementary Table 255 

S3). In contrast, no correlation was ever found between RLB incidence and humidity 256 

values. In general, spring and summer environmental data correlated better with RLB 257 

incidence than those of the previous autumn and winter months. The accumulated 258 

rainfall recorded in April and during the periods April to May and April to June showed 259 

higher Pearson’s correlation coefficients (all r > 0.90, P < 0.001) than for the March to 260 

May and April to July periods (all r > 0.80, P < 0.05). The accumulated rainfall and 261 

temperature data in the previous autumn and winter periods did not correlate with RLB 262 

incidence, except for maximum temperature data in November (r = -0.78, P < 0.05). In 263 

contrast, some significant correlations were found between spring temperature and 264 

disease incidence. All temperature-related variables in May were negatively correlated 265 

with RLB incidence (all r < -0.84, P < 0.05). In addition, some significant negative 266 

correlations were found between multi-monthly mean temperature data (March to July, 267 

April to July, and May to July) and the incidence of disease (-0.88 < r < -0.83, all P < 268 

0.05). The relationships between environmental data and RLB incidence were further 269 

studied through linear regression modeling (Fig. 6). The goodness of fit of the best linear 270 

models were R2 ≥ 0.768 in the variables studied. Higher levels of disease incidence 271 

were detected in summer when the accumulated rainfall in April was over 60 mm or 272 
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when it was more than 100 mm over longer periods (Fig. 6a,b). Mild temperatures in 273 

spring and summer (below 18ºC in May and below 21ºC in May to July) corresponded to 274 

higher incidence of disease, whereas higher temperatures recorded in May and in the 275 

May to July period resulted in a reduced RLB incidence (Fig. 6c,d). 276 

 277 

Discussion 278 

P. amygdalinum is a hemibiotrophic pathogen (Zúñiga et al. 2019) that cannot be 279 

isolated and grown on synthetic culture media (Banihashemi 1990; Saad and Masannat 280 

1977) or artificially inoculated. Consequently, evaluation of cultivar susceptibility must be 281 

performed under natural field conditions that are suitable for both host and pathogen 282 

development. Our trial took place in an area that allowed good disease development 283 

and cultivar characterization. According to the Köppen-Geiger climate classification 284 

(Kottek et al. 2006), the experimental area has a cold semi-arid climate (BSk). Disease 285 

development is favored because the region has: 1) cold and humid winters (about 40 to 286 

50 days a year with fog and temperatures below 0°C) that favor ascocarp maturation 287 

(Ghazanfari and Banihashemi 1976); 2) spring rains (annual average 340 mm) that 288 

promote ascospore release, germination, and infection (Banihashemi 1990; Saad and 289 

Masannat 1997; Zúñiga et al. 2017); and 3) warm, dry summers that favor fungal growth 290 

(Zúñiga et al. 2017). To the best of our knowledge, this is the first time that an almond 291 

trial was established to specifically evaluate the susceptibility of cultivars to RLB over a 292 

ten-year period. 293 

The cultivars evaluated were affected by P. amygdalinum at different levels of 294 

incidence and severity; this suggested that RLB development involves a cultivar 295 



Xavier Miarnau et al. RLB Cultivar Susceptibility 
Plant Disease 14 

component. RLB symptom expression also varied from year to year, although a good 296 

exponential correlation was found between the incidence and severity of RLB. The 297 

almond cultivars were classified into five susceptibility groups based on the hierarchical 298 

cluster analysis performed on incidence and severity data. We decided to include both 299 

incidence and severity data in this analysis due to the non-linear relationship between 300 

these variables; this also increased the amount of information to evaluate cultivar 301 

susceptibility. The cluster analysis indicated that 'Tuono', 'Guara' and 'Tarraco' (in order 302 

of increasing susceptibility) were the almond cultivars most susceptible to P. 303 

amygdalinum, whereas 'Mardía' was the most tolerant cultivar. Most of the cultivars 304 

assessed were grouped in three intermediate clusters which were susceptible to 305 

tolerant. However, none of the cultivars evaluated was identified as resistant to RLB. 306 

Several attempts to assess cultivar susceptibility to RLB have been reported from 307 

different countries. In Iran, Heydarian and Moradi (2005) found that 'Ferragnès' showed 308 

a tolerance level similar to some Iranian selections ('Shahrud-6', 'Shahrud-12' and 309 

'Shekofeh'). Previously, in Spain, Egea et al. (1984) evaluated 81 cultivars from a 310 

germplasm bank and found that 'Marcona' and 'Tuono' were very susceptible to RLB, 311 

whereas 'Desmayo Largueta' was tolerant, although this last finding differed from that 312 

obtained in our study. Miarnau et al. (2010) reported similar results to ours, with 'Guara' 313 

and 'Tarraco' as the most susceptible cultivars, whereas 'Vairo' was rated as the most 314 

tolerant. More recently, in a study in Southern Spain involving organically- and 315 

conventionally-managed orchards, Ollero-Lara et al. (2019) did not find any cultivar 316 

more susceptible than 'Guara'. They also reported 'Tarraco' and 'Tardona' to be tolerant, 317 

which was not confirmed by our results. The short evaluation period for 'Tarraco' in the 318 
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study conducted by Ollero-Lara et al. (2019) and the high annual variability in RLB 319 

symptom expression for 'Tardona' found in ours could perhaps have been responsible 320 

for these contrasting results. In another previous study, Malagón et al. (2017) also 321 

reported different degrees of almond susceptibility to RLB as found in our study, with the 322 

authors considering 'Lauranne' to be as tolerant as 'Mardía', and 'Vairo' to be as 323 

susceptible as 'Soleta'. The latter study used only a single replication of four trees which 324 

was yearly evaluated for three years, but we showed in our study that a higher number 325 

of observations are needed because of the annual fluctuation in RLB development. In 326 

general, patterns of almond susceptibility to RLB are consistent across studies, but 327 

some cultivars show differential susceptibility responses. Cultivar phenology, local 328 

inoculum potential and proximity to inoculum sources, tree canopy architecture, orchard 329 

watering methods (e.g. natural rainfall vs. irrigation), and different local environmental 330 

conditions can all influence the development of this disease (Horsflied and Wicks 2014). 331 

Likewise, the statistical design of trials including different cultivar collections, germplasm 332 

banks, and the length of the monitoring periods in the previously cited studies may all 333 

have contributed to the contrasting results obtained. Fungicide treatments applied in 334 

orchards (Malagón et al. 2017; Miarnau et al. 2010; Ollero-Lara et al. 2019) may also 335 

have added undesired variability to the results. 336 

It has been suggested that cultivars with earlier blooming and leafing dates 337 

facilitate extended infection periods during ascospore release, causing a potentially 338 

higher susceptibility to RLB (Almacellas 2014; Malagón et al. 2017; Ollero-Lara et al. 339 

2019). However, late cultivars such as 'Tarraco' and 'Guara' were found to be 340 

susceptible in our study, while 'Mardía', another very late cultivar, was found to be highly 341 
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tolerant. Regardless of some disagreements relating to differential RLB susceptibility 342 

between cultivars reported in this and previous studies, cultivar susceptibility to RLB 343 

might be related to the genetic background (i.e. the pedigree) of most of the cultivars 344 

studied. Unfortunately, no studies conducted to date have explored this hypothesis. 345 

In our study, RLB symptoms appeared and increased in intensity from the 346 

beginning of May to the end of June. Thereafter, the incidence remained high and 347 

fluctuating in summer. There were no clear differences between cultivars regarding the 348 

timing of symptom appearance, but data suggested that RLB incidence increased faster 349 

in the highly susceptible 'Tarraco' than in the tolerant 'Vairo', which points to a differential 350 

behavior of cultivars that should be further studied. In Lebanon, Saad and Masannat 351 

(1997) reported a maximum incidence of RLB in mid-July and maximum severity in 352 

August, as similarly confirmed in our study. We found that fluctuations in RLB incidence 353 

detected in summer could be due to early defoliation and new leaves emerging that 354 

masked RLB symptoms. It is also important to highlight that differences in the overall 355 

susceptibility of cultivars were most evident in the years with the greatest intensity of 356 

disease (e.g., 2016). A further conclusion when assessing the susceptibility of cultivars 357 

to RLB is that multi-year assessments of RLB incidence are needed to obtain a better 358 

characterization of cultivar susceptibility, especially when symptom assessment is 359 

performed under natural infection conditions that are changing year to year. 360 

Our study showed several consistent correlations between RLB incidence and 361 

rainfall: total rainfall during the April to July period, but especially from April to May, 362 

showed positive and highly-significant correlation with RLB incidence. Rainfall seems 363 

essential for the release and dispersion of ascospores (Saad and Masannat 1997). 364 
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Years with wet springs (e.g. 2013 and 2014) therefore tended to have higher RLB 365 

incidence. Additionally, in Spain, most new cultivars reach full bloom in March, and have 366 

fully developed leaves during the first RLB infection periods in April. The significances of 367 

the correlations between RLB incidence and temperature-related variables were not as 368 

frequently detected as those for rain-related variables. It has been reported that 369 

temperatures of around 10ºC and below are needed for ascocarp development and 370 

maturation in winter (Ghazanfari and Banihashemi 1976). Such low temperatures were 371 

consistently recorded in our study area from November to February. In addition, some 372 

negative correlations detected in November supported the possibility that low 373 

temperatures in autumn-winter were related to a higher incidence of RLB symptoms in 374 

summer, when the trees were evaluated. In contrast, temperatures in spring and 375 

summer sometimes correlated negatively with RLB indices, albeit not significantly in 376 

some cases. This would suggest that disease symptoms are more intense in warm, but 377 

not excessively hot, spring and summer seasons; however, additional annual 378 

assessments of RLB incidence should be recorded to confirm this hypothesis. Finally, 379 

higher temperatures in summer have been related to shorter disease incubation periods 380 

(Saad, 2002, Zúñiga et al. 2020). Based on these results, it can be assumed that 381 

environmental conditions can have an important role in RLB infections and symptom 382 

expression at a given location. Future epidemiological risk models should incorporate 383 

this valuable information, and especially that relating to spring rainfall data. 384 

The two highly susceptible cultivars 'Guara' and 'Tuono' are widely grown in 385 

Europe and Northern Africa (Gradziel et al. 2017). 'Guara' accounts for 50% of the 386 

acreage of new almond orchards planted in recent decades in Spain (Socias i Company 387 
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et al. 2009, 2012). These orchards are therefore potentially very susceptible to RLB and 388 

it is highly likely that they will require additional applications of fungicides. In contrast, 389 

'Mardía' was characterized as highly tolerant. Zúñiga et al. (2019) found that lignin 390 

biosynthesis in 'Mardía' leaves may have a role in repressing the severity of disease. 391 

The potential inclusion of 'Mardía' as a parent in breeding programs (Batlle et al. 2017), 392 

combining its tolerance to RLB with late blooming and self-fertility, would help to obtain 393 

promising new cultivars with increased tolerance to the disease. 394 

The ranking of cultivar susceptibility in this study could help breeders and growers 395 

to choose the most suitable cultivars for their breeding programs and planting locations, 396 

respectively. This could serve as a medium-term strategy for managing the disease in 397 

areas that are environmentally favorable and have high endemic populations of the 398 

pathogen. 399 
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Figures 536 

 537 

Fig. 1. Disease severity classes used in the evaluation of red leaf blotch of almond: class 538 

0 (0% affected leaf surface, no disease); class 1 (1-10%), class 2 (11-20%), class 539 

3 (21-50%) and class 4 (>50%)  540 
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 541 

Fig. 2. Exponential regression describing the relationship between the annual incidence 542 

and severity of twenty-one almond cultivars naturally infected with red leaf blotch 543 

in a multi-year (2011-2018) trial to evaluate cultivar susceptibility. Each point 544 

represents the average incidence and severity values for each year and cultivar 545 

combination  546 
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Fig. 3. Mean disease incidence (± standard error), expressed as the percentage of 548 

infected leaves, of twenty-one almond cultivars naturally infected with red leaf 549 

blotch in 2011 to 2018. Within each graph (i.e., year), vertical bars with different 550 

letters are statistically different according to a repeated-measures design model 551 

and mean separation using Tukey-Kramer’s test (P < 0.05)  552 
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 553 

Fig. 4. Dendrogram and scree plot (bottom) for a hierarchical cluster analysis of the 554 

incidence and severity of red leaf blotch affecting twenty-one naturally infected 555 

almond cultivars during the period 2011-2018. Five categories of susceptibility 556 

were defined as follows: highly susceptible (dark gray), susceptible (medium 557 

gray), moderately susceptible (gray), tolerant (light gray) and highly tolerant (very 558 

light gray). In the scree plot, the X axis represents the number of clusters (in 559 

increasing order), the Y axis represents the distance between clusters, and the 560 

vertical dashed line represents the inflection point that defines the five clusters to 561 

be retained  562 
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 563 

Fig. 5. Intra-seasonal disease progress curves from April to September 2015-2017 564 

based on the incidence (± standard error) of red leaf blotch for four almond 565 

cultivars  566 
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 567 

Fig. 6. Linear regressions between the average annual incidence of red leaf blotch on 568 

twenty-one almond cultivars and accumulated rainfall in A, April, and B, April-569 

May, and mean temperature in C, May, and D, May-July in 2010-2016  570 
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Supplementary Figure S1. Mean disease severity (± standard error), expressed as the 572 

percentage of infected leaf surface, of twenty-one almond cultivars naturally infected with 573 

red leaf blotch in 2011 to 2018. Within each graph (i.e., year), vertical bars with different 574 

letters are statistically different according to a repeated-measures design model and mean 575 

separation using Tukey-Kramer’s test (P < 0.05)  576 
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Supplementary_Tab

le__S2_Miarnau_RLB_Almond_Susceptibility.docx
 577 

Supplementary Table S2. Summary of environmental factors monitored in 2010-2016 578 

during the assessment of susceptibility of twenty-one almond cultivars.  579 
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Supplementary Table S3. Correlation coefficients between annual incidence of red leaf 581 

blotch on twenty-one almond cultivars and environmental factors monitored in 2010-2016. 582 




