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Pollen Source Effects on Seed Number, Fruit Quality 
and Return Bloom of Apple
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Abstract
 Pollen source, seed set and subsequent seed development are necessary prerequisites for apple fruit production. 
Pollinizer genotype in particular can have a remarkable impact on fertilization and therefore seed set. However, 
there is little information published on the most effective and compatible pollinizers for particular commercial 
cultivars. This study was conducted to determine the effect of three pollen sources, crabapple (‘Ralph Shay’ in 2013 
and Malus floribunda in 2014), ‘Delicious’, and ‘Golden Delicious’ on seed number, fruit quality and subsequent 
return bloom of ‘Honeycrisp’, ‘Fuji’ and ‘Gala’ apples. The effects of ‘Gala’ pollinizing ‘Honeycrisp’ trees were 
also investigated.  There was no effect of pollen source on fruit fresh weight, soluble solids concentration or 
starch pattern index. Seed number per fruit and seed fresh weight per fruit were significantly influenced by pollen 
source. When ‘Ralph Shay’ or Malus floribunda crabapples were used as pollinizers, fruit contained fewer seeds 
and lower seed fresh weight compared with ‘Delicious’, ‘Golden Delicious’ and ‘Gala’ pollinizers; however, the 
trend was not statistically significant for all cultivars and years. Fruit fresh weight increased linearly with seed 
number. Pollen source had no influence on return bloom regardless of female cultivar or year. Return bloom was 
negatively related to fruit fresh weight and seed number per fruit. These results indicate that pollen source and 
seed number per fruit influence fruit set, fruit quality, biennial bearing potential of ‘Honeycrisp’, and therefore 
should be factors that are considered in the orchard design process. Based on our findings, we recommend growers 
to do not plant ‘Ralph Shay’ or Malus floribunda crabapples as pollinizers for ʻHoneycrispʼ.

 Pollination, the delivery of pollen from male reproductive part of a plant to female parts, 
is necessary in many fruit crops, including 
apple, for seed set and subsequent fruit 
development. It is commonly believed 
that any diploid cultivar with synchronous 
flowering can pollinate another cultivar, 
including ‘Honeycrisp’ (Cline and Gardner, 
2005). Apples generally produce 10 ovules, 
leading to seed set after fertilization, and it is 
generally accepted that at least 6 or 7 ovules 
must be fertilized to reduce the likelihood 
of misshapen or small fruit, although seed 
distribution within the fruit may also be 
important (Delaplane et al., 2000; Hirst, 
2013). Pollen tube growth, endogenous 
gibberellin concentration, fruit set, fruit 
growth rate, fruit quality and seed viability 
were linearly correlated with the level of 

pollen deposition on the stigmatic surfaces 
of pears (Zhang et al., 2010). Repeated 
pollination from cross-compatible cultivars 
was effective in increasing seed production 
in apples (Matsumoto et al., 2012). A positive 
relationship exists between seed number per 
fruit and fruit size, fruit weight, and fruit 
growth rate (Bashir et al., 2010; Denne, 
1963; Keulemans et al., 1996; Volz et al., 
1996), but seed number only accounts for 
~25% of the variation in fruit size  (Goldway 
et al., 2012). However, seed number was 
negatively related to return bloom (Chan and 
Cain, 1967; Jonkers, 1979; Neilsen, 1998).  
 Several studies reported an effect of pollen 
source on fruit quality (Kumar et al., 2005; 
Nebel, 1936; Nebel and Trump, 1932). 

mailto:hirst@purdue.edu


213aPPle

This phenomenon is known as metaxenia, 
which can be defined as the direct effects of 
pollen on size, shape, color, developmental 
timing, and chemical compositions of seed 
and fruits (Denney, 1992). Few studies have 
investigated the direct effect of pollen source 
on both fruit quality and return bloom in 
apple. It is generally accepted that pollen 
source can affect seed set in apple, which 
could influence return bloom in the following 
year, but the direct effect of pollen source on 
return bloom in apple is unclear. 
 ‘Honeycrisp’ is a valuable cultivar but has 
the potential to be extremely biennial in its 
bearing habit, and often exhibits an irregular 
crop load from year to year (Robinson et al., 
2009; Luby and Bedford, 1992). Biennial 
bearing in apple is influenced by several 
factors, most importantly crop load and seed 
numbers per spur during the previous season 
(Chan and Cain, 1967; Jonkers, 1979). 
Crop load can affect the quality of the fruit, 
tree growth, fruit size, fruit color, storage 
disorders and subsequent return boom 
(Robinson and Watkins, 2003). 
 Since increased pollination significantly 
influences seed set in apple, it seems logical 
to suggest that factors influencing pollination 
may also influence return bloom in the 
following year. We therefore conducted 
experiments to determine the impact of pollen 
source and seed number per fruit on fruit set, 
fruit quality, and return bloom in apple. This 
information should enable growers to better 
design their orchards in terms of choosing 
compatible combinations of cultivars.

Materials and Methods
 Two experiments were conducted in 
2013 and repeated in 2014 at the Samuel 
G. Meigs Horticulture Facility in Lafayette, 
Indiana USA. General methods were similar 
to those previously described (Jahed and 
Hirst, 2017). Briefly, two adjacent uniform 
trees of each selected cultivar were netted in 
late April, prior to flower opening, to avoid 
cross-pollination by bees. Care was taken 
to ensure the netting was secure and close 

visual examination did not observe any 
pollinators inside the netting. Flower clusters 
were selected on each cultivar and thinned 
to king blooms only. All other flowers were 
removed from the trees to ensure very low 
crop loads and to remove crop load as a 
limiting factor. The crabapple genotype used 
in each experiment was ‘Ralph Shay’ in 2013 
but this was found to be a poor pollinizer of 
‘Honeycrisp’, therefore we substituted Malus 
floribunda as the crab pollinizer in 2014. 
As described previously (Jahed and Hirst, 
2017) pollen viability was measured in the 
laboratory prior to use in these experiments 
and all pollen used in these experiments 
exhibited >80% viability.
 Experiment 1: Two adjacent uniform trees 
of ‘Honeycrisp’/M.7 planted in 2003, ‘Fuji’/ 
B.9 planted in 2001 and ‘Gala’/ B.9 planted 
in 2001, were selected. The same trees were 
used in 2014. These cultivars were chosen 
because of their economic importance and 
because they represent a range of genetic 
potential for biennial bearing. At the tight 
cluster stage of flower development, ninety 
flowers were randomly selected across these 
two trees. Thirty of these flowers were hand 
pollinated with crabapple (‘Ralph Shay’ 
in 2013 and Malus floribunda in 2014), 
‘Delicious’ or ‘Golden Delicious’ in both 2013 
and 2014 as previously described (Jahed and 
Hirst, 2017). The experiment was designed 
as a Completely Randomized Design (CRD) 
where the two assigned trees of each cultivar 
were considered as single unit; flowers were 
randomly selected across both trees, thinned 
to only king flower and pollen was applied by 
hand to all cultivars at the same day. Collected 
data comprised individual fruit fresh weight, 
total seed number per fruit, total seed fresh 
weight, soluble solids concentration, starch 
index, and percent return bloom. Only fully 
developed seeds were counted.
 Experiment 2:  Six adjacent uniform 
‘Honeycrisp’/M.7 planted in 2003 trees 
were selected in 2013 each as a block. The 
same trees were used in 2014. Sixty flowers 
were randomly selected within each block 
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(tree). Twenty of these flowers were hand 
pollinated with crabapple (‘Ralph Shay’ 
in 2013 and Malus floribunda in 2014), 
‘Delicious’ or ‘Gala’ pollen. The number of 
fruit on tagged flowers was visually assessed 
every other week starting from the second 
week after pollination until one week before 
harvest. Fruits on tagged sites were counted 
at harvest. All tagged fruit were harvested 
during the normal commercial harvest period 
for each cultivar based on a starch pattern 
index rating of at least 5 on the scale of 
Reid et al. (1982). Harvest measurements 
included fruit fresh weight using a digital 
balance (Mettler Toledo DeltaRange Scale 
B3002DR, Mettler-Toledo LLC, Columbus 
OH), soluble solids concentration (SSC) 
using a digital refractometer (Atago PAL-
1, Atago USA Inc., Bellevue, WA), total 
number of fully developed seed per fruit, 
total seed fresh weight per fruit using a more 
sensitive digital balance (EW-12Ki EW-I 
Series Compact Balance, AND Weighing, 
Tokyo Japan), and starch pattern index using 
the methods of Reid et al. (1982) where half 
fruit were dipped for 30 seconds in an iodine 
solution and rated on a 1-6 scale where 1 = 
a very dark-black color of the stained fruit, 
indicating higher starch content and 6 = very 
little staining and little starch remaining in 
the fruit.
 Bourse buds on tagged spurs (sites of 
flower production for the follow year) were 
collected at the time of leaf abscission. Buds 
were placed in an FAA (Formalin-Acetic 
acid-Alcohol) solution containing 50% 
ethyl alcohol, 5% glacial acetic acid, 10% 
formaldehyde and 35% distilled water. Buds 
were then dissected under a light microscope 
to determine reproductive or vegetative 
status (Hirst and Ferree, 1995).
 Statistical analysis. The first experiment 
was designed as a completely randomized 
design (CRD), where fruit was included as 
a random factor in the model statement and 
the difference of measured variables was 
recorded between each combination (cultivar 
and pollinizer). Since the experiment was a 3 

x 3 factorial, we also looked at the interaction 
between cultivars and pollinizers. The second 
experiment was designed as a completely 
randomized block design (RCBD) where 
each tree was assigned as a block. Pollinizer 
was included as a random factor in the model 
statement. Response variables were analyzed 
by ANOVA. Statistical analyses included 
analysis of variance using PROC GLIMMIX, 
Tukey multiple range test, and regression 
analysis using PROC REG of Statistical 
Analysis System for PC (SAS 9.4, SAS 
Institute Inc., Cary, NC). Means and standard 
errors are reported. Logistic regression 
analysis used PROC LOGISTIC for the 
binary flowering data where Chi-square 
analysis was performed and proportion 
flowering reported.

Results
 Seed Number. Pollen source had a 
significant influence on seed number per 
fruit in 2013 (Table 1). Both ‘Honeycrisp’ 
and ‘Gala’ fruit pollinated with ‘Ralph Shay’ 
had fewer seeds than those pollinated with 
‘Delicious’ or ‘Golden Delicious’ pollen. 
‘Fuji, flowers pollinated with ‘Golden 
Delicious’ pollen had the most seeds, and 
those pollinated with ‘Ralph Shay’ the fewest 
in 2013 (Table 1).  Pollinizer did not affect 
seed number in any one particular cultivar 
in 2014 (Table 2) but overall seed number 
was significantly affected by both female 
cultivar and male pollinizer. In the second 
experiment, flowers pollinated with ‘Ralph 
Shay’ also exhibited lower seed numbers in 
2013 (Table 3). In most cultivars and years, 
‘Delicious’ and ‘Golden Delicious’ pollen 
performed similarly in terms of seed number. 
In experiment 2 (with ‘Honeycrisp’), there 
was no effect of pollen source on seed 
number in 2014, although there were a 
number of missing plots due to poor fruit set 
with crabapple as the pollinizer, as reported 
previously (Jahed and Hirst, 2017). 

 Fruit fresh weight was positively related to 
seed number. There was a significant positive 
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relationship between fruit fresh weight 
and seed number of ‘Honeycrisp’ in both 
experiments in 2014 regardless of pollen 
source (Figure 2). In ‘Gala’ the relationship 
between fruit fresh weight and seed number 
per fruit was positive in the first experiment 
regardless of the year and pollen source 
(Figure 3). No relationship between fruit 
fresh weight and seed number was found in 
‘Fuji’. 
 Seed Fresh Weight. Seed fresh weight per 
fruit followed similar trends to seed number 
per fruit, and was lowest when ‘Ralph Shay’ 
was used as the pollinizer in 2013 in both 

experiments, but in 2014, no differences were 
found among the treatments (Tables 1-3). 
 Fruit quality. Fruit fresh weight was 
not affected by pollen source across the 
treatments regardless of the experimental 
years and experiments (Tables 1-3). Similarly, 
fruit soluble solids concentration and starch 
pattern index were not significantly affected 
by pollen source in either of the experiments 
or years (Tables 1-3).
 Return Bloom. Return bloom was not 
influenced by pollen source in either year 
(Tables 1-3). Only in the second experiment, 
seed number had a significant and negative 

Table 1: Effects of pollen source on seed number, seed fresh weight, fruit fresh weight, soluble solids concentra-
tion (SSC), starch pattern index and return bloom of ‘Honeycrisp’, ‘Fuji’ and ‘Gala’ apples in 2013. Z

Male                         Seed               Seed                Fruit             SSC (%)Y          StarchX      Fruit set        Return
                               number        weight (g)       weight (g)                                                     (%)V      bloom (%)W

Honeycrisp
CrabappleU 3.7±0.8 bT  0.3±0.1 b 376.7±26.3 a 15.7±0.3 a 5.7±0.1 a 33.33 0
Red Delicious  8.0 ±0.5 a 0.6±0.1 a 360.1±15.5 a 15.3±0.2 a 5.9±0.1 a 66.67 70
Golden  8.3±0.5 a 0.6±0.1 a 355.7±16.4 a 15.4±0.2 a 5.8±0.1 a 60.00 53
Delicious
P-Value 0.0001 0.0005 0.79 0.56 0.52  0.55

Fuji
Crabapple 3.0±0.9 b         0.2±0.1 b 249.6±22.7 b 18.7±0.6 a 6.0±0.1 a 33.33 63
Red Delicious  5.4±0.6 ab         0.3±0.1 ab 310.9±14.3 a 18.3±0.4 a 6.0±0.1 a 66.67 75
Golden  7.3±0.7 a         0.5±0.1 a 311.8±16.5 a 17.1±0.5 a 5.9±0.1 a 50.00 80
Delicious
P-Value 0.002 0.0007 0.06 0.09 0.46  0.30

Gala
Crabapple 2.6±0.6 b         0.2±0.1 b 180.8±10.3 a 15.3±0.3 a 5.0±0.2 b 50.00 100
Red Delicious  5.7±0.5 a         0.4±0.1 a 197.4±7.8 a 15.5±0.2 a 5.7±0.1 a 86.67 100
Golden  6.1±0.6 a         0.4±0.1 a 186.4±9.1 a 15.5±0.3 a 5.8±0.2 a 63.33 96
Delicious
P-Value 0.0002         0.0001 0.40 0.85 0.009  0.996
       
Male 0.0001 0.0001 0.3 0.14 0.09  0.57
Female 0.001 0.0001 0.0001 0.0001 0.0002  0.19
Male x Female 0.47 0.43  0.17 0.099 0.03  0.92 
Z Means and standard error are presented in each cell.
Y Soluble solids concentration
X Starch was rated by staining cut fruit with an iodine solution and rated from 1-6 where 1 represents high starch and 6 represents 

low starch.
W Return bloom is calculated as the number of flowering buds divided by the total number of buds times 100.
V The proportion of hand-pollinated flowers that set fruit and remained until harvest time.
U Crabapple pollen was from ‘Ralph Shay’ (2013) and Malus floribunda (2014).
T Means within columns and female cultivars followed by common letters do not differ at P = 0.05 by Tukeys Multiple range test.
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impact on return bloom in 2014, but not in 
2013, regardless the pollen donor (Figure 4). 
Although this trend was significant (p=0.04) 
it was not particularly strong (r2=0.206). 

Figure 1 311	
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Figure 2 

 

Honeycrisp	

Figure 1: Daily air temperature during the pollination period and the days after pollination until harvesting time 
(flowers were hand-pollinated in May 3, 2013 and May 4, 2014 and fruits were harvested in September). Data 
presented are from May 3 to September 30. 

Figure 2: Relationship between fruit fresh weight and seed number per fruit of ʻHoneycrispʼ apple in 2014 across 
all pollen sources. y = 19.5x + 188.5, R² = 0.4, P < 0.0001

Individual fruit fresh weight per spur also 
negatively influenced return bloom (Figure 
5) and this relationship accounted for much 
of the variation in return bloom (r2=0.902).
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Table 2: Effects of pollen source on seed number, seed fresh weight, fruit fresh weight, soluble solids concentra-
tion (SSC), starch pattern index and return bloom of ‘Honeycrisp’, ‘Fuji’ and ‘Gala’ apples in 2014.Z

Male Seed  Seed Fruit SSC (%)Y StarchX       Fruit set        Return
 number weight (g) weight (g)   (%)V bloom (%)W

Honeycrisp
CrabappleU 4.5±1.5 aT 0.3±0.1 a 324.5±48.0 a 13.5±0.6 a 5.0±0.4 a 6.67 100
Red Delicious  7.6±0.5 a 0.5±0.1 a 355.7±16.5 a 13.5±0.2 a 5.8±0.1 a 56.67 65
Golden Delicious  6.4±0.5 a 0.4±0.1 a 307.7±17.0 a 13.8±0.2 a 5.8±0.1 a 53.33 67
P-Value 0.079         0.18 0.14 0.54 0.15  0.88

Fuji
Crabapple 5.2±0.9 a 0.3±0.1 a 212.0±12.4 a 17.5±0.3 a 5.2±0.2 a 56.67 89
Red Delicious  7.2±0.8 a 0.4±0.1 a 210.5±10.4 a 17.2±0.3 a 5.4±0.2 a 80.00 96
Golden Delicious  7.1±0.9 a 0.5±0.1 a 205.5±11.7 a 17.5±0.3 a 5.1±0.2 a 63.33 85
P-Value 0.21          0.18 0.92 0.76 0.58  0.47

Gala
Crabapple 6.7±0.6 a 0.4±0.1  a 165.5±6.3 a 16.0±0.1 a 5.5±0.2 a 26.67 100
Red Delicious  8.6±0.6 a 0.5±0.1 a 168.7±6.3 a 15.9±01 a 5.4±0.2 a 76.67 100
Golden Delicious  8.0±0.6 a 0.5±0.1 a 161.5±6.1 a 16.0±0.1 a 5.8±0.2 a 83.33 96
P-Value 0.07 0.06 0.71 0.91 0.12  0.996
       
Male 0.03 0.04 0.07 0.51 0.32  0.88
Female 0.04 0.63 0.0001 0.0001 0.03  0.09
Male x Female 0.94 0.77 0.32 0.96 0.16  0.96 
Z Means and standard error are presented in each cell.
Y Soluble solids concentration
X Starch was rated by staining cut fruit with an iodine solution and rated from 1-6 where 1 represents high starch and 6 represents 

low starch.
W Return bloom is calculated as the number of flowering buds divided by the total number of buds times 100.
V The proportion of hand-pollinated flowers that set fruit and remained until harvest time.
U Crabapple pollen was from ‘Ralph Shay’ (2013) and Malus floribunda (2014).
T Means within columns and female cultivars followed by common letters do not differ at P = 0.05 by Tukeys Multiple range test.

Figure 3:Relationship between fruit fresh weight and seed number per fruit of ʻGalaʼ apple in 2014 across all 
pollen sources. y = 0.8x + 0.04, R² = 0.2, P < 0.0001

Figure 3 
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Discussion
 Suitable pollinizer is one of the most 
decisive factors of apple fruit set (Hartman 
and Howlett 1954; Degrandi-Hoffman et al. 
1987).Though ‘Manchurian’ crabapple was 
found to be a good pollinizer of ‘Oregon 
Spur’ apple (Das et al. 2011), although we 
found that both crabapple pollen donors 
used in these studies (‘Ralph Shay’ in 2013 
and M. floribunda in 2014) were poor 
pollinizers for ‘Honeycrisp’. ‘Ralph Shay’ 
pollen resulted in less than 10% fruit set in 
2013, whereas fruit set with M. floribunda 
was less than 2% in 2014 (Jahed and Hirst, 
2017). This was not due to pollen viability 
since testing showed the pollen to be highly 
viable. ‘Gala’ performed well as a pollinizer 
for ‘Honeycrisp’ regardless of the year. 
Therefore, it seems reasonable to assume that 
the variation among the treatments is limited 
only by the pollinizer and its compatibility 
to the cultivar. Temperature (Degrandi-
Hoffman et al., 1987), inadequate number of 
pollinators and environment (Hartman and 
Howlett, 1954) have significant influence on 
fruit set. However, there was little variation 

in air temperature between 2013 and 2014 
during the growing season (Figure 1), so it 
seems reasonable to assume any differences 
in fruit set between the years were not due to 
temperature. Thus, the year-to-year variation 
in fruit set in these studies is not only due to 
temperature differences (our data suggested 
that temperature is not the limiting factor), 
but presumably due to other factors such as 
cultivar bearing habits. This leads us to a 
deeper investigation of both pollen donor and 
cultivar, their reproductive systems and their 
allelic combinations. We propose that the 
‘Honeycrisp’ reproductive system be studied 
further as well as extend the research to other 
pollinizer sources and locations. 
 Seed number per fruit (Chan and Cain, 
1967; Jonkers, 1979; Neilsen, 1998), 
endogenic gibberellins concentration 
(Fulford, 1965; Dennis and Neilsen, 1999), 
fruit load (Embree et al., 2007; Robinson et 
al., 2009), and fruit thinning time (Wright et 
al., 2006; Meland, 2009) reduce return bloom 
in apples. We found that seed number per 
fruit only accounted for 20% of the observed 
variation in return bloom (Figure  4). However, 

Table 3: Effects of pollen source on seed number, seed fresh weight, fruit fresh weight, soluble solids concentra-
tion (SSC), starch pattern index and return bloom of ‘Honeycrisp’ apples. Z

Male Seed  Seed Fruit SSC (%)Y StarchX       Fruit set       Return 
 number number weight (g) weight (g)  (%)V bloom (%)W

2013
CrabappleU 1.5±0.9 bT 0.1±0.1 b 330.9±46.9 a 15.1±0.7 a 5.5±0.2 a 16.67 50
Red Delicious  8.6±0.4 a 0.6±0.1 a 357.9±22.7 a 14.9±0.3 a 5.9±0.1 a 70.83 25
Gala  8.2±0.5 a 0.6±0.1 a 383.5±25.1 a 14.3±0.4 a 5.8±0.1 a 58.33 29
P-Value 0.0001 0.0001 0.56 0.43 0.24  0.63

2014
Crabapple 3.0±2.3 a 0.2±0.1 a 273.5±65.8 a 14.5±1.1 a 6.0±0.3 a 8.33 0
Red Delicious  5.3±0.8 a 0.3±0.1 a 247.1±23.3 a 13.1±0.4 a 5.8±0.1 a 66.67 31
Gala 5.8±0.8 a 0.4±0.1 a 275.4±24.1 a 13.5±0.5 a 5.9±0.1 a 62.50 27
P-Value 0.50 0.46 0.69 0.41 0.79  0.96 
Z Means and standard error are presented in each cell.
Y Soluble solids concentration
X Starch was rated by staining cut fruit with an iodine solution and rated from 1-6 where 1 represents high starch and 6 represents 

low starch.
W Return bloom is calculated as the number of flowering buds divided by the total number of buds times 100.
V The proportion of hand-pollinated flowers that set fruit and remained until harvest time.
U Crabapple pollen was from ‘Ralph Shay’ (2013) and Malus floribunda (2014).
T Means within columns and female cultivars followed by common letters do not differ at P = 0.05 by Tukeys Multiple range test.
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Figure 4: Effect of seed number per fruit of ‘Honeycrisp’ on return bloom in 2014 across all pollen sources y = 
-0.02x + 0.33, R² = 0.2, P = 0.04
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Figure 4 

Figure 5: Effect of fruit fresh weight of ‘Honeycrisp’ on return bloom in 2014 across all pollen sources. y = 
-0.0009x + 0.54, R² = 0.90 and P < 0.0001
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approximately 90% of the variation in return 
bloom was due to individual fruit mass per 
spur (Figure 5). Therefore, it appears that not 
only total crop load per tree is important in 
return bloom, but individual fruit weight per 
spur plays a significant role in determining 

return boom. Several other unknown factors 
may be involved in return bloom. Thus, we 
suggest further investigation include a wider 
range of cultivars, pollinizer sources, and 
environments than included in the research 
presented here.
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Conclusion
 Seed number per fruit and seed fresh weight 
per fruit were significantly influenced by 
pollen source, but only in 2013.  Pollination 
with ‘Ralph Shay’ and M. floribunda pollen 
produced fewer seeds per fruit as well as 
lower seed fresh weight compared with 
those pollinated by ‘Delicious’ or ‘Gala’ 
pollen. Fruit fresh weight, soluble solids 
concentration and starch pattern index were 
unaffected by pollen source. 
 Seed number per fruit was positively 
related to fruit fresh weight, but no 
differences were found in other fruit quality 
attributes, such as SSC and starch pattern 
index. Pollen source did not influence return 
boom in either year. The percentage of return 
boom was negatively related to fruit fresh 
weight per spur and seed number per fruit.
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Effects of Early Cropping on Growth and Yield of
Southern Highbush Blueberry Cultivars (Vaccinium 

corymbosum L. Interspecific Hybrids)
MaRcela P. BoRda1,2, MaRia a. Pescie1, and noRBeRto F. GaRiGlio3

Additional index words: flower bud removal, container-grown blueberry

Abstract
 Early cropping, no removal of fruit buds for the first 2 years after planting, allows blueberry growers to gain 
early partial recovery of orchard establishment costs and to avoid additional costs associated with flower bud 
thinning. However, as with most young fruiting plants, the presence of fruit affects root and vegetative growth. 
The effects of early cropping on growth and yield of two 1-year-old southern highbush blueberry cultivars were 
evaluated using potted plants. Experiments with ‘Star’ (high vigor) and ‘O’Neal’ (medium to low vigor) were 
conducted over the course of 3 consecutive years. The four treatments were a control (T0), or 100% flower bud 
(FB) removal during the first 2 years after potting; 100% and 50% FB removal at year 1 and year 2, respectively 
(T1); 50% and 0% FB removal at year 1 and year 2, respectively (T2); and no removal of flower buds during the 
first 2 years after planting (T3). In the third year of growth, flowers were not removed for any of the treatments. 
Three vegetative variables (number of shoots, number of leaves, and total leaf area per plant) and four reproduc-
tive variables (number of flower buds, number of fruits, annual fruit yield per plant, and cumulative fruit yield 
per plant) were measured annually. Fruit yield was quantified as number and weight of fruit at harvest. At the end 
of the third growing season, each plant was destructively harvested to obtain dry weight of its organs. In both 
cultivars, high early cropping fruit yields did not negatively affect vegetative or reproductive plant growth, nor 
did early cropping affect root crown or canes dry weight accumulation. High crop load during the first year did 
not reduce fruit yield the second year; however, high crop load during the second year reduced fruit yield the 
third year. Early cropping was a feasible practice for ‘Star’ and ‘O’Neal’ cultivars of southern highbush blueberry 
grown in warm–temperate areas of Argentina. Cultivar vigor did not clearly influence the response of plants to 
early cropping.

 The blueberry bush is native to North 
America, and the United States is the main 
producer, consumer and exporter of its ber-
ries (Villata, 2012). In Argentina, blueberry 
cultivation has spread widely during the last 
two decades because of the commercial ad-
vantages in off-season production when ex-
porting to the Northern hemisphere (Gordó, 
2008). Southern highbush blueberry hybrids 
can be obtained by performing interspecific 

crosses and backcrosses among Vaccinium 
corymbosum, V. virgatum, and V. darrowii 
cultivars (Trehane, 2004). These hybrids 
are the most widely cultivated in Argentina 
today (Rivadeneira & Kirschbaum, 2011) 
because of their low chilling requirements 
(200–600 winter chill h) (Ehlenfeldt et al., 
1995), harvest precocity during the growing 
season (Lyrene & Ballington, 2006), and su-
perior adaptation to the agro-ecological con-

mailto:marcelaborda25@yahoo.com.ar
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ditions of the Buenos Aires Province.
 America’s blueberry growers remove re-
productive buds by pruning at planting to 
prevent production in the first few years, a 
practice said to improve root and vegeta-
tive growth (Bañados, 2005; Dodge, 1981; 
Gough, 1994; Lockwood, 1999; Pritts, 2004, 
2006; Pritts & Hancock, 1992; Williamson 
et. al., 2004; Yarborough, 2006). It is well 
known that early cropping in the first 2 years 
reduces fruit yield in the third year in north-
ern highbush blueberry (Vaccinium corym-
bosum L.) cultivars (Strik & Buller, 2005). 
Furthermore, early cropping reduces cumu-
lative fruit yield in late-season cultivars, but 
cumulative fruit yield is not affected by early 
cropping in early-season cultivars (Strik & 
Buller, 2005). In addition, vegetative de-
velopment is promoted by flower bud (FB) 
thinning of southern highbush blueberries 
(Maust et al., 1999a; 1999b; 2000). 
 Crop load changes the pattern of carbon 
partitioning in fruit trees (Cannell, 1985). 
In apples (Malus domestica B.) and persim-
mons (Diospyros kaki), high crop load im-
proves total dry matter (DM), as compared 
with deblossomed plants, by stimulating pho-
tosynthetic leaf activity (Avery, 1970; Choi 
et al., 2010; Lenz, 2009; Palmer, 1992; Park, 
2011). Despite this positive effect, increasing 
crop load reduces dry matter partitioning to 
the roots because of strong fruit-sink activity 
(Choi et al., 2010; Lenz, 2009; Palmer, 1992; 
Park, 2011; Park & Kim, 2011). Early crop-
ping also reduces DM partitioning to roots 
of the northern highbush blueberry (Strik & 
Buller, 2004; 2005), whereas the effects of 
this cultural practice on the growth of south-
ern highbush blueberries appear to be culti-
var specific. In ‘Misty’, a low-vigor southern 
highbush cultivar, FB thinning increases root 
and total dry matter accumulation, whereas 
no increased growth responses have been 
observed in higher-vigor cultivars such as 
‘Santa Fe’ (Williamson & NeSmith, 2007).
 In Argentina, ‘Star’ cultivar cultivation 
has increased in the recent years (Rivad-
eneira & Kirschbaum, 2011) because of its 

high vigor and superlative reproductive be-
havior as compared with the ‘O’Neal’ culti-
var. Although both cultivars are widespread 
in the warm–temperate regions of Argentina 
(Rivadeneira & Kirschbaum, 2011), little is 
known about the effects of early cropping on 
either cultivar’s vegetative and reproductive 
traits. Cultural practices used by Argentinian 
growers of the southern highbush blueberry 
are based upon knowledge obtained from 
cultivating other blueberry groups, such as 
northern highbush blueberries, which require 
different agro-ecological conditions to devel-
op and to produce fruit. Consequently, it is 
necessary to acquire information about how 
this relatively new crop performs in warm–
temperate climates in order to establish ade-
quate cultural practices. Therefore, the objec-
tive of this study was to determine the effects 
of early cropping on vegetative growth, dry 
matter partitioning, and fruit yield in the two 
southern highbush blueberry cultivars most 
widely grown in the warm–temperate areas 
of Argentina, one high vigor (‘Star’) and the 
other medium to low vigor (‘O’Neal’).

Materials and Methods
 The current research was conducted in La 
Unión town (34°53’S; 58°34’W, 12 m above 
sea level [ASL]), in the warm–temperate 
Buenos Aires Province, Argentina, over the 
course of 3 consecutive years (2009–2012). 
Exactly 20 one-year-old plants each of two 
low-chill (~ 400 h) southern highbush culti-
vars, ‘Star’ and ‘O’Neal’ (Vaccinium corym-
bosum L. interspecific hybrids) (Lyrene & 
Sherman, 2000), were planted outdoors into 
30 L containers in June 2009, with comple-
mentary drip irrigation. Total count was 40 
plants. The growing medium was a ratio of 
1 part peat, 1.76 parts local loamy clay soil, 
and 1.24 parts Pinus elliotis wood chips 
(V/V). The initial potting mix pH was 4.87, 
and pH was maintained throughout the ex-
perimental period within the range of 4.2–5.2 
(Williamson et al., 2007) by the addition of 
iron sulfate. Fertilization was calculated to 
adequately support potential plant demand 
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in four experimental treatments (Ts). Each 
treatment was replicated five times. Treat-
ments were based on the removal of FBs 
during the first 2 years after transplanting: a 
control treatment (T0) involving 100% FB 
removal each year in the first 2 years; 100% 
and 50% FB removal at year 1 and year 2, re-
spectively (T1); 50% and 0% FB removal at 
year 1 and year 2, respectively (T2); and no 
removal of FBs during the first 2 years after 
transplanting into pots (T3).
 In year 1, FBs were removed by cutting 
with pruning shears at planting time, whereas 
in subsequent years, buds were removed by 
hand according to treatment specifications. 
All FBs were retained during year 3 on all 
plants undergoing all four treatments. Three 
vegetative variables, shoot number, leaf 
number, and total leaf area per plant, were 
recorded. These variables were measured 
quantitatively after spring and summer flush 
growth of the shoots was complete (Pescie et 
al., 2011). Leaves and shoots per plant were 
counted, and plant leaf area was estimated 
using NeSmith’s (1991) equation:

Leaf area = 0.31 + 0.62 (leaf length x leaf width). 
(Equation 1)

Total leaf area per plant was calculated by 
summing individual leaf areas. Reproductive 
variables included the number of FBs per 
plant, counted during dormancy both before 
and after bud thinning. Fruits were harvested 
weekly by hand at full blue stage, and fruit 
number per plant was recorded. Annual fruit 
yield (fresh fruit weight) per plant was calcu-
lated by summing fruit weight of each partial 
harvest. After harvest, berries were oven-
dried at 60°C to a constant weight, when fruit 
weights no longer decreased, and fruit DW 
(g) was recorded. Cumulative 3-year fruit 
fresh weight was calculated per plant and per 
treatment. All plants were destructively har-
vested at the end of the third growing season. 
Each plant was divided into root crown and 
canes; each organ was oven-dried at 60ºC to 
a constant weight, and DW was recorded. 

Total DW per plant was calculated by sum-
ming the DWs of each of the three organs, 
root crowns, canes, and fruit.
 The experimental was a 2 x 4 factorial in a 
completely randomized design, with two cul-
tivars and four FB thinning treatments. Data 
were analyzed using SAS/STAT® software, 
version 13.1 (SAS Institute Inc., Cary, NC, 
2012) using the PROC MIXED procedure. 
Variables with significant interaction were 
analyzed as treatments within cultivars, and 
the Tukey adjustment for multiple compari-
sons was applied. Number of shoots, number 
of leaves and leaf area per plant data were 
analyzed using the repeated measures proce-
dure and the Tukey–Kramer adjustment for 
multiple comparisons. 

Results and Discussion
 Dry Weight Accumulation and Partition-
ing. Our results showed significant interac-
tion between cultivar and treatment (p < 
0.0001); consequently, cultivars were anal-
ysed separately. ‘Star’ root crown DWs were 
not affected by the treatments at the end 
of year 3. ‘Star’ T1 and T3 plants had the 
highest cumulative fruit DWs, whereas T1, 
T2, and T3 plants had highest total DW per 
plant as compared with T0  (Figure 1a). In 
‘O’Neal’ plants, early cropping did not sup-
press root crown DW, and cumulative fruit 
and total DW per plant were highest for 
plants undergoing the T2 treatment, whereas 
T0 plants had the lowest DW value in all 
tissues weighed except canes (Figure 1b). 
Total DW for ‘Star’ plants was nearly twice 
as high as for ‘O’Neal’. Overall, the highest 
fruit load treatments (T2 and T3) did not re-
duce DWs of root crown and canes of either 
cultivar (Figure 1).
 Fruit load improved leaf photosynthetic 
rate due to its carbon sink activity, and high 
fruit load had a positive effect on total plant 
and fruit DW values (Avery, 1970; Choi et 
al., 2010; Lenz, 2009; Palmer, 1992; Park, 
2011). Young persimmon fruit DW can ac-
count for up to 94% of the total plant DW 
(Park & Kim, 2011). According to our re-
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sults, however, blueberry fruits did not act as 
a strong sink organ, and accounted for only 
1% and 2% of the total DW accumulation for 
‘O’Neal’ and ‘Star’, respectively. In contrast, 
root crowns were the most competitive sink, 
accounting for 64% and 66% of the total DW 
in ‘Star’ and ‘O’Neal’, respectively. These 
results support those of Pritts and Hancock 
(1985), and Throop and Hanson (1997), 
where fruits were considered to be a weak 
sink in young blueberry plants. In fact, in our 
research, the canes represented a more com-
petitive sink than fruits, accounting for 33% 
of the total DW for  ‘Star’ and 31% of the 
total DW for  ‘O’Neal’. In contrast, leaves 
accounted for just 1% and 2% of the total 
cumulative DW for ‘Star’ and ‘O’Neal’, re-
spectively. 
 In northern highbush blueberries, other re-
searchers have reported that early cropping 
reduces root DW by 42% compared with 
controls (Strik & Buller, 2004; 2005). These 
results have proved to be non-repeatable for 

southern highbush blueberry cultivars har-
vested in late spring–early summer (mid-De-
cember) (Pescie & Lovisolo, 2005). North-
ern highbush blueberry plants, especially late 
cultivars, have a short growing season after 
harvest, especially in regions where harvest 
extends to the beginning of autumn (Strik & 
Buller, 2004; 2005). At northern latitudes, 
late-fruiting plants’ growth after harvest is 
limited to a short period, especially when 
very unfavorable temperatures predominate 
(Lyrene, 2006). Conversely, most southern 
highbush blueberry cultivars growing in 
warm–temperate climates, such as the Bue-
nos Aires Province in Argentina, have at 
least a 4-month growing period after harvest, 
with an average temperature of about 23.6°C 
(Instituto Nacional de Tecnología Agropecu-
aria [INTA], 2017) that allows the continued 
growth of stems and the accumulation of sig-
nificant root and crown DM reserves. In con-
trast, in the Southeastern United States, the 
effects of early cropping on growth appear 

Figure 1. Effect of early cropping on dry weight (DW) accumulation and partitioning at the end of the third grow-
ing season in a) ‘Star’, and b) ‘O’Neal’ southern highbush blueberry cultivars subjected to different flower bud 
(FB) thinning treatments (Ts).  Bars denote ± SE of the mean. Means within plant organ followed by common 
letters do not differ at the 5% level of significance. Treatments included T0, control treatment, 100% FB removal 
during the first 2 years; T1, 100% and 50% FB removal at year 1 and year 2, respectively; T2, 50% and 0% FB 
removal at year 1 and year 2, respectively; T3, no FB removal during the first 2 years after potting.
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to be cultivar specific. In the United States, 
growth of high-vigor cultivars, such as 
‘Santa Fe’, is not affected by early cropping, 
whereas for the low-vigor ‘Misty’ cultivar, 
DW accumulation in different plant organs, 
mainly the roots and crown, is significantly 
reduced by early cropping (Williamson & 
NeSmith, 2007). 
 Vegetative Development. Our results 
showed a significant interaction between year 
and treatment variables (p < 0.0001); there-
fore, we analyzed our treatments separately 
by year. In year 1, the lighter crop-load treat-
ments (T0 and T1) grew the fewest leaves 
and shoots, and had the lowest total leaf area 
per plant (Table 1). In year 2, T1 ‘Star’ plants 
produced the most shoots and leaves, where-
as T0 ‘Star’ plants had the fewest shoots and 
leaves. Year 2 ‘O’Neal’ T2 plants grew the 

most shoots and leaves, followed by T1, T3, 
and T0, in decreasing order. During the third 
growing season (year 3), vegetative param-
eters were not correlated with crop load treat-
ments (data not shown).
 Previously published research has shown 
that, in southern highbush blueberries, total 
leaf area per plant can be reduced by increas-
ing crop load (Maust et al., 1999a; 1999b; 
2000). However, in our experiment, total 
leaf area was not affected by higher crop 
load. This was particularly noticeable in the 
high-vigor ‘Star’ cultivar (Table 1). In con-
trast, vegetative growth was reduced in in-
tensive FB thinning treatments (T0 and T1) 
for both ‘Star’ and ‘O’Neal’ (Table 1). This 
physiological response can be explained be-
cause all FBs were eliminated in these treat-
ments (T0 and T1) by pruning at planting, 

Table 1. Effect of early cropping on number of shoots and leaves, and total leaf area per plant in ‘Star’ and 
‘O’Neal’ Southern highbush blueberry plants subjected to flower bud (FB) thinning treatments.            
   Shoots per plant     Leaves per plant         Total leaf area 
Cultivar Treatment (No) (No) (cm2) 
                                                                               Year 1
  T0  12  bz  168  b 1,762  b
Star T1   14  b  189  b 1,806  b
  T2 19  a  212  a 2,150  a
  T3 23  a  227  a 2,319  a
           
  T0 11  b  138  b 1,621  c
O’Neal T1 12  b  142  b 2,018  b
  T2 20  a  235  a 2,199  b
  T3 25  a  269  a 2,476  a
                                                                                Year 2    
  T0 70  c  511  c 4,173  b
Star T1 94  a  547  a 4,617  a
  T2 82  b  526  b 4,592  a
  T3  86  ab  538  ab 4,597  a
           
  T0 22  d  279  d 2,255  d
O’Neal T1 52  b  510  b 2,819  b
  T2 72  a  581  a 3,172  a
  T3 36  c  388  c 2,493  c 
Z Treatment × year, p < 0.0001. Means within column, cultivar and year followed by common letters do not differ at the 5% level 

of significance. Treatments include T0, control treatment, 100% FB removal during the first 2 years; T1, 100% and 50% FB 
removal at year 1 and year 2, respectively; T2, 50% and 0% FB removal at year 1 and year 2, respectively; T3, no FB removal 
during the first 2 years after planting. 



227BlueBeRRy

which reduced the number of vegetative 
buds. As a consequence, the number of sub-
sequent shoots per plant was reduced from 
48% to 39% in ‘Star’, and from 56% to 52% 
for ‘O’Neal’ plants (Table 1). As blueberry 
plants typically display strong apical domi-
nance (Darnell, 2006), the reduction in shoot 
count also caused a reduction in the num-
ber of leaves and in a reduced leaf area per 
plant (Table 1), unlike  peach tree response 
to summer pruning after harvest (Weber et 
al., 2011). Thus, our results indicated that the 
elimination of all FBs by pruning at plant-
ing time (as in the T0 and T1 treatments) 
did not improve vegetative growth of potted 
southern highbush blueberries cultivated in 
warm–temperate climates. In addition, re-
duced vegetative growth caused by pruning 
at planting continued through year 2 in the 
T0-treated plants of both cultivars (Table 1). 
On the other hand, high crop load (as in the 
T3 treatment) caused shoot suppression and 

reduced leaf count and leaf area by the end 
of year 2 in the lower-vigor ‘O’Neal’ culti-
var (Table 1), probably because of increased 
competition for photoassimilates between 
growing organs.
 Fruit Yield. Our results showed a signifi-
cant interaction between cultivar and treat-
ment variables (p < 0.0001); consequently, 
we analyzed cultivars separately. Cumula-
tive 3-year fruit yield per plant was higher 
for ‘Star’ (+45%) than for the low-vigor 
‘O’Neal’ variety. In both cultivars, T0-treat-
ed plants produced the lowest yields. Inter-
estingly, the most productive treatments de-
pended on cultivar; ‘Star’ plants undergoing 
the T1 treatment were most productive, but 
‘O’Neal’ fruit yield was highest in plants un-
dergoing the T2 treatment (Figure 2).  
 Previous research has shown that early 
cropping does not affect cumulative yield 
in early fruiting northern highbush blueber-
ries cultivars such as ‘Duke’ and ‘Bluecrop’; 

 
 

 

 

Figure 2. Effect of early cropping on the cumulative fruit yield in ‘Star’ and ‘O’Neal’ southern 

highbush blueberry cultivars subjected to different flower bud (FB) thinning treatments (Ts). Error bars 

denote ± SE of the mean. Means within cultivars followed by common letters do not differ at the 5% 

level of significance. Treatments included T0, control treatment, 100% FB removal during the first 2 

years; T1, 100% and 50% FB removal at year 1 and year 2, respectively; T2, 50% and 0% FB removal 

at year 1 and year 2, respectively; T3, no FB removal during the first 2 years after potting.  
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Figure 2. Effect of early cropping on the cumulative fruit yield in ‘Star’ and ‘O’Neal’ southern highbush blue-
berry cultivars subjected to different flower bud (FB) thinning treatments (Ts). Error bars denote ± SE of the 
mean. Means within cultivars followed by common letters do not differ at the 5% level of significance. Treatments 
included T0, control treatment, 100% FB removal during the first 2 years; T1, 100% and 50% FB removal at year 
1 and year 2, respectively; T2, 50% and 0% FB removal at year 1 and year 2, respectively; T3, no FB removal 
during the first 2 years after potting. 
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however, better yields were achieved by re-
moving fruit from late-fruiting cultivars such 
as ‘Elliott’ (Strik & Buller, 2005). In our tri-
als, FB removal in early-fruiting cultivars 
‘Star’ and ‘O’Neal’ during the first 2 years 
after planting (the T0 treatment) caused a re-
duction in the cumulative fruit yield in com-
parison with early cropping treatments.
 Annual fruit yield progression showed that 
the presence of fruit during the first year (as 
in the T2 and T3 treatments) did not affect 

fruit yield in year 2. In fact, both ‘Star’ and 
‘O’Neal’ plants undergoing the T2 and T3 
treatments produced the most fruit (Figure 
3a, 3c). In contrast, fruit load during year 2 
strongly affected fruit yield in year 3, with 
year 3 yields for both cultivars severely re-
duced in T2 and T3 plants with high crop 
load treatments (Figure 3b, 3d). Year 2, T1 
crop load seemed to be appropriate for ‘Star’ 
because relative fruit yields were only slight-
ly lower than in year 3 T0 plants (– 8%) (Fig-

 
 

 

 

 

 
 

 

 
Figure 3. Relationship between the number of fruits per plant and relative fruit yield the following year 

for ‘Star’ and ‘O’Neal’ Southern highbush blueberry cultivars subjected to different flower bud (FB) 

thinning treatments. Treatments included T0, control treatment, 100% FB removal during the first 2 

years; T1, 100% and 50% FB removal at year 1 and year 2, respectively; T2, 50% and 0% FB removal 

at year 1 and year 2, respectively; T3, no FB removal during the first 2 years after planting.  
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Figure 3. Relationship between the number of fruits per plant and relative fruit yield the following year for ‘Star’ 
and ‘O’Neal’ Southern highbush blueberry cultivars subjected to different flower bud (FB) thinning treatments. 
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ure 3b). In contrast, relative fruit yield of T1-
treated ‘O’Neal’ plants was 25% lower than 
the T0 controls, indicating that fruit load in 
year 2 was somewhat excessive (Figure 3d).
 Although blueberries are not considered 
to be a biennial (or alternate) bearing species 
(Monselise & Goldschmidt, 1982), Strik and 
Buller (2004) have shown that early crop-
ping during the first year reduces the number 
of FBs in the second year. This effect was 
also observed in our experiments. The T2 
and T3 plants with high crop loads in year 2 
produced only low numbers of FBs in year 
3 (data not shown). Although the most ap-
propriate treatment for obtaining the high-
est cumulative fruit yield for 3 consecutive 
years was differed by cultivar (Figure 2), 
this apparent difference disappeared when 
the evolution of fruit yield per year was ana-
lyzed (Figure 3). Both, T2 and T3 treatments 
were appropriate cultural practices in year 1 
and the T1 treatment was the most appropri-
ate cultural practice in year 2 because of its 
positive effects on year 3 fruit yield. Conse-
quently, both blueberry cultivars could reach 
maximum cumulative fruit yield for 3 con-
secutive years with a similar flower bud thin-
ning treatment during the first 2 years.
 In conclusion, early cropping was a fea-
sible cultural practice for potted plants; it 
did not negatively affect vegetative and re-
productive growth of early-season south-
ern highbush blueberry cultivars ‘Star’ and 
‘O’Neal’ when they were grown in pots in 
the warm–temperate climate of Buenos Ai-
res, Argentina. Although relative fruit yield 
of plants with their FBs removed in earlier 
years was the highest during year 3, their cu-
mulative fruit yield was lower in comparison 
with early cropping treatments. The thinning 
of FBs during year 1 did not show favorable 
effects on plant growth. On the other hand, 
fruit load adjustment during year 2 was cru-
cial to the successful implementation of this 
cultural practice. Cultivar vigor did not show 
a clear influence on the response of plants to 
early cropping.
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Abstract
 A multi-location trial was conducted to evaluate the individual and combined effects of crop density (CD) 
and early-season temperature on peach fruit weight (FW) at harvest. ‘Redhaven’ and ‘Cresthaven’ peach trees 
growing at five sites were hand-thinned each of four years to provide a range of CDs. For each site, cumulative 
growing degree days were calculated from minimum and maximum daily temperatures for the first 30 days after 
full bloom using 4°C as the base temperature (CGDD30). The relationships between average FW and CD and 
CGDD30 were fairly variable, but FW was generally negatively related to both CD and CGDD30. There was a 
negative quadratic relationship between days from bloom to harvest and CGDD30. Variability in the data likely 
resulted from differences in orchard practices at the different sites. The interaction of CD and CGDD30 was rarely 
significant at an individual site, indicating that the two factors are independent and have an additive effect on FW 
and days from bloom to harvest.  

 During the past 40 years produce market 
brokers have increasingly demanded larger 
fruit. Therefore, growers and researchers 
have been motivated to enhance their under-
standing of individual and combined effects 
of orchard practices and environmental fac-
tors that influence fruit size. In commercial 
peach orchards, large fruit are obtained by 
hand thinning to a predetermined crop load 
that varies with cultivar. Johnson and Hand-
ley (1989) found that peach fruit size was 
negatively and linearly related to the number 
of fruits harvested per tree; the slopes for 
early-, mid- and late-season cultivars were 
similar, but the intercepts were different. 
Early-season crop load adjustment is impor-
tant because fruit size improvement declines 
as the number of days after bloom to thin-

ning increases (Havis, 1962). More recently 
researchers have reported that fruit size and 
days from bloom to harvest were related to 
early-season temperatures (Ben Mimoun and 
DeJong, 1999). Day et al. (2008) reported that 
peach and nectarine harvest dates could be 
predicted using growing degree hours accu-
mulated during the first 30 days after bloom. 
Using four cultivars of peach and nectarines 
with different ripening dates, they found that 
the slopes for each type of fruit were similar, 
so a single model could be used to predict 
harvest dates for peaches and another model 
could be used for nectarines. Using data from 
different California orchards, Lopez and De-
Jong (2007) found that days from bloom to 
reference date (date when 80% of the fruits 
had hardened pits near their distal end, plus 
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10 days) declined linearly with increasing 
growing degree hours during the first 30 days 
after bloom. When fruit size trends for three 
major cultivars were analyzed, days from 
full bloom to reference date was negatively 
related to cumulative growing degree hours 
during the 30 days post bloom, and fruit 
size was negatively related to days from full 
bloom to reference date (Lopez et al., 2007). 
Taken together, these data supported the hy-
pothesis that trees exposed to high spring 
temperatures cannot supply assimilates ad-
equately to support maximum early-season 
fruit growth rates. Working with data for a 
number of peach cultivars in two regions in 
South Carolina over several seasons, Ke-
nealy et al. (2015) validated the concept that 
cumulative growing degree days during the 
first 30 days after bloom could be used to 
predict days from bloom to harvest.
 Since early season temperatures and crop 
load can affect both days from bloom to har-
vest and fruit size at harvest, it is important 
to know if the effect of early season tempera-
tures is independent of crop load. Therefore, 
the objective of this study was to determine 
the effects of crop density and early-season 
temperature, alone and in combination on 
days from bloom to harvest and on peach 
fruit size at harvest.

Materials and Methods
 General. In spring 2009, under the auspices 
of the NC-140 multi-state project, a multi-lo-
cation peach rootstock trial was established. 
Trees were planted 5 x 6 m and trained to 
the open vase form. Ten trees of ‘Cresthav-
en’, ‘Redhaven’ and ‘Crimson Lady’ were 
planted at 14 locations to study the effect of 
early-season temperature, solar radiation and 
precipitation on average fruit weight (FW) 
and fruit soluble solids concentration. All 
trees for a given cultivar were propagated 
by the same nursery. Cooperators from ID, 
KY, MD, NY, and SC participated for four 
years (2014 – 2017) to study the effects of 
crop density and early-season temperatures 
on fruit size. During the first 45 days after 

full bloom each year at each site, trees were 
hand-thinned to obtain a range of crop densi-
ties (CD). The target range for CD was 0.5 
to 5.0 fruit per cm2 trunk-cross-sectional area 
(TCA), but due to spring frost or poor fruit 
set, the maximum desired CDs were rarely 
achieved. Each year cooperators recorded 
TCA, the dates of full bloom and 50% fruit 
harvest, the number of fruit per tree and to-
tal yield (kg per tree). Days from bloom to 
50% harvest date, CD and FW were esti-
mated for each tree. Daily maximum and 
minimum temperatures were reported and 
used to calculate cumulative growing degree 
days (CGDD) for the 30, 45 and 60 days af-
ter bloom using both 4° and 7°C as the base 
temperature. ‘Crimson Lady’ had inadequate 
crop loads at most locations in most years, so 
data analyses were limited to ‘Redhaven’ and 
‘Cresthaven’.    
 Data analysis. Various types of scatter 
plots were generated to evaluate relation-
ships between variables, to identify suspi-
cious observations, and to visualize potential 
sources of variation. Initially SAS’s PROC 
MIXED (Littell et al., 2006) was used to 
perform analysis of covariance (ANCOVA), 
where site was included in the model as an 
indicator variable, and linear and quadratic 
terms for CD and CGDD were considered 
regressor variables along with all possible 
interaction terms. The response variables in-
cluded FW and days from bloom to harvest. 
The most complex interaction term with the 
highest P-value was deleted from the model 
and the new model was run. This manual 
backward elimination continued until only 
significant (P=0.05) terms remained in the 
model (Milliken and Johnson, 2002). Inter-
action terms were rarely significant, but scat-
ter plots and the analysis of covariance in-
dicated that FW was often related to CGDD 
and CD in a quadratic manner. When the site 
x CD interaction was not significant, a single 
model was fit with data pooled over all sites. 
When site interacted with CD and/or CGDD, 
PROC REG (Freund and Littell, 2000) was 
used to fit polynomial regression models for 
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each site.
Results

 ‘Redhaven’ fruit weight. Some descrip-
tive statistics are presented in Table 1. Full 

bloom ranged from 12 March 2017 (Julian 
date = 71) in SC to 6 May 2017 (Julian date 
= 126) in NY. CGDD30 varied from 241 in 
NY in 2017 to 439 in KY in 2016. Days from 

Table 1. Descriptive statistics for ‘Redhaven’ and ‘Cresthaven’ peach crop density (CD), fruit weight (FW), 
date of 50% full bloom (FB) and days from full bloom to 50% harvest (Days) for four years at five sites.    
                                                              CD (fruit/cm2)             FW (g)      
Site Year CGDD30 Min. Mean Max. Min. Mean Max. FB Days

‘Redhaven’         
KY 2014 397 0.56 2.20 3.88 92.7 125.7 154.6 100   98
 2015 369 0.66 1.45 2.46 136.5 160.9 193.9   97   99
 2016 439 0.59 2.40 4.00 112.2 148.7 185.0   91 105
 2017 368 0.33 2.12 5.99 108.5 163.5 226.7   83 110
          
SC 2014 291 0.92 1.89 3.21 195.2 246.2 287.3   80 101
 2015 387 0.88 2.69 5.23 156.8 203.1 272.3   79   96
 2016 347 0.66 1.69 3.05 174.4 211.2 255.9   81   96
 2017 350 0.82 1.89 3.49 163.5 199.6 237.6   71   98
          
MD 2014 328 0.42 1.08 1.57 181.8 205.3 221.5 106 100
 2015 399 0.57 1.65 2.84 167.9 195.6 247.9 108   98
 2017 358 0.79 1.94 3.52 133.9 170.4 216.8   90 104
          
NY 2015 402 0.29 1.92 2.76 101.5 123.2 152.0 126   92
 2017 241 0.08 0.48 0.76 125.0 176.5 211.5 109 108
          
ID 2014 244 0.11 1.24 2.75 215.6 261.1 365.4 101 120
 2015 219 0.19 1.02 1.70 161.7 190.1 216.7   90 126
 2016 296 0.40 1.76 2.97 141.5 204.5 324.3   96 121

‘Cresthaven’         
KY 2014 406 0.83 1.86 4.21 90 143 177 104 114
 2015 393 0.01 0.09 0.19 150 194 229 104 108
 2016 483 0.63 1.50 2.44 97 155 197 95 120
 2017 385 0.64 2.02 4.07 102 158 222 91 121
          
SC 2014 291 0.78 2.22 4.25 220 269 329 80 129
 2015 386 1.04 2.61 3.98 157 223 288 79 123
 2016 347 0.52 1.46 2.54 236 277 332 81 127
 2017 392 0.78 2.19 3.68 146 212 279 76 120
          
MD 2014 328 0.39 1.04 1.39 255 280 330 106 120
 2015 399 0.58 1.40 2.43 224 262 312 108 124
 2017 358 1.00 2.23 3.82 166 197 240 90 130
          
NY 2015 402 0.10 1.26 2.74 126 139 154 126 134
          
ID 2014 244 0.23 1.52 3.01 229 315 378 101 143
 2015 223 0.32 1.22 2.24 188 253 304   90 147
 2016 294 0.52 1.26 2.03 180 251 310   96 146
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bloom to harvest varied from 92 in NY in 
2015 to 126 in ID in 2015. For most sites and 
years the minimum CDs were less than 0.9 
fruit/cm2. However, due to spring frost, the 
maximum CDs were sometimes less than 2.8 
and maximum CDs greater than five fruit/
cm2 were obtained at only KY in 2017 and 
SC in 2015. Depending on location and year 
FW varied from 102g to 365g. 
 When FW was plotted against all six com-
binations of CGDD (30, 45, and 60 days after 
bloom) and base temperature (4° and 7°C), 
FW was best related to CGDD for 30 DAFB 
with a base temperature of 4°C and will be 
referred to as CGDD30 (Fig. 1).  Analysis of 
covariance, where each combination of base 
temperature and days after bloom were in-
cluded in the model as covariates, confirmed 
interpretation of the scatter plots: both FW 

and days from bloom to harvest were best 
related to CGDD30. Scatter plots show that 
a quadratic relationship between FW and 
CGDD deteriorated as CGDD was calculated 
with temperatures for 45, and 60 days after 
bloom and for the base temperature of 7°C 
compared to base temperature of 4°C for 30 
days after bloom (Fig. 1).
 A scatter plot of FW against CD shows a 
general negative linear relationship between 
FW and CD. FW was highest in SC and ID 
and lowest in NY and KY (Fig. 2). There 
was also a negative relationship between FW 
and CGDD30 and again FW was highest for 
SC and sometimes for ID, but the highest 
CGDD30 was recorded in KY (Table 1). FW 
was low for NY in 2017 and ID in 2015 de-
spite low early-season temperatures and low 
CD and if those data are ignored, there was a 

 

 

 
 
Figure 1. Relationship between fruit weight and cumulative growing degree days for 30, 45 and 
60 days after bloom with base temperature of 4⁰C (CGDD) and 30 days after bloom with base 
temperature 7⁰C (CGDD30)  for ‘Redhaven’ peach trees at five sites over four years.  
 
 
 
 
 
 
 		

  
 
 
 
 

	

	 	

	

Figure 1. Relationship between fruit weight and cumulative growing degree days for 30, 45 and 60 days 
after bloom with base temperature of 4°C (CGDD) and 30 days after bloom with base temperature 7°C 
(CGDD30)  for ‘Redhaven’ peach trees at five sites over four years. 
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general negative linear relationship between 
FW and CGDD30  base temperature 4° but 
not for base temperature  7°C (Fig. 1). 
 ANCOVA performed on the entire data set 
indicated that the site x CD x CGDD30 inter-
action was significant (P =0.011), so multiple 
regression was performed by site with Proc 
Reg, where the model contained linear and 
quadratic terms for CD and CGDD30 plus 
interactions. There were data for only two 
years from NY, so those data were deleted 
from the data set. Manual backward elimina-
tion was used to delete nonsignificant terms 
from the model and final models containing 
only significant terms are shown in Table 2. 

The final models for each site had R2 values 
greater than 0.69, but the model for SC had 
linear and quadratic terms for both CD and 
CGDD30, whereas models for KY, ID and 
MD contained only linear terms for CD plus 
linear and quadratic terms for CGDD30. 
 Although site interacted with the two co-
variates, it was desirable to simplify the mod-
el and develop a single model for all sites. 
Therefore data from KY, ID, MD and SC 
were combined and the following multiple 
regression model was selected: FW = 158.7 
– 41.22(CD) + 4.51(CD2) + 0.86(CGDD30) – 
0.002(CGDD30

2), R2 = 0.51, P = 0.0001, N 
= 124. Three dimensional plots are difficult 
to interpret, so predicted FW for four levels 
of CD were plotted against CGDD30 (Fig. 
3). The four curves decline with increasing 
CGDD30, but the curves tend to converge as 
CD increases.  When predicted values for 
FW were plotted against observed values the 
model slightly over-predicted FW for large 
fruit (Fig. 4). Discrepancies for large fruit 
were caused by data for two trees with very 
large fruit in ID. The bias for large fruit may 
reflect the fact that the model did not account 
for the influence of orchard practices that 
were not consistent for all sites.  
 ‘Cresthaven’ fruit weight. Date of ‘Crest-
haven’ bloom varied from 20 March 2017 in 
SC to 6 May 2015 in NY (Julian date 76 and 

 
 
Figure 2. Relationship between fruit weight and crop density for ‘Redhaven’ peach trees at five 
sites over four years.  
 

Figure 2. Relationship between fruit weight and 
crop density for ‘Redhaven’ peach trees at five sites 
over four years. 

Table 2. Regression models describing the relationship between FW (g) with CD (fruit/cm2 TCA) and 
CGDD30 for ‘Redhaven’ and ‘Cresthaven’ peach trees at four sites. All models are significant (P = 0.0001).

Cultivar and site                              Regression Model                                                           R2

‘Redhaven’  
  KY FW = -1047.35 – 15.78(CD) + 7.46(CGDD30) – 0.011(CGDD30

2) 0.706
  SC FW = 883.66 – 52.63(CD) + 6.52(CD)2 – 3.19(CGDD30) + 0.0041(CGDD30)

2 0.751
  MD FW = 1753.00 – 26.17(CD) – 8.50(CGDD30) + 0.012(CGDD30)

2 0.808
  ID FW = -1906.65 – 43.24(CD) + 16.75(CGDD30) – 0.032(CGDD30)

2 0.694

‘Cresthaven’  
  KY FW= -139.27 + 2.09CGDD30 – 0.0032(CGDD30)

2 – 31.76(CD) + 2.56(CD)2 0.597
  SC FW = 500.09 - 1.80(CGDD30) + 0.003(CGDD30)

2 + 26.94(CD) + 7.57(CD)2 –   
 0.214(CD*CGDD30)   0.360
  MD FW = 4072.69 – 21.03(CGDD30) + 0.029(CGDD30)

2 – 24.33(CD) 0.463
  ID FW = -2483.38 – 53.22(CD) + 22.73(CGDD30) – 0.044(CGDD30)

2 0.696
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126, respectively). CGDD30 varied from 223 
in ID in 2014 to 444 in SC in 2016 (Table 1). 
Due to spring frost in KY, CD ranged from 
only 0.01 to 0.19 fruit/cm2 in 2015, but for all 
other locations the minimum CD was at least 
0.1 and the maximum CD varied from 2.4 to 
4.25 fruit/cm2 (Table 1). The scatter plot of 
FW against CD indicates that over the range 
of CD, FW was higher in ID, MD and SC 
than in KY and NY, and FW generally de-

clined linearly with increasing CD (Fig. 5). 
The scatterplot of FW against CGDD30  also 
shows a general decline in FW as CGDD30 in-
creased (Fig. 6). Similar to the model for ‘Red-
haven’, the model for ‘Cresthaven’ included a 
significant term for the site x CD x CGDD30 
interaction. The models for each location are 
shown in Table 2 and R2 – values ranged from 
only 0.36 to 0.67. In an attempt to simplify 
the model, the entire data set was used to de-
velop a multiple regression model using data 
from all sites with linear, quadratic and inter-
action terms for CD and CGDD30. The linear 
term for CD and linear and quadratic terms 
for CGDD30 were significant. The model was: 
FW = 1765.2 – 16.62(CD) – 8.34(CGDD30) + 
0.011(CGDD30)

2, R2 = 0.28, P = 0.0001, N = 
117. The low R2 likely resulted from failure to 
include location in the model. 
 ‘Redhaven’ days from bloom to harvest. 
Scatter plots indicated little relationship be-
tween days from bloom to harvest and CD 
(data not shown), but days from bloom to har-
vest declined with increasing CGDD30 (Fig. 
7). When the entire data set, excluding NY, 
was used to fit the model, the significant terms 
included site and the linear and quadratic 
terms for CGDD30 (R

2= 0.052, P=0.028). The 
percentage of model Type III sum of squares 
(partial SS) explained by site, CGDD30 and 
(CGDD30)

2 was 38, 29, and 33% respectively, 
and all three variables were significant at the 

Figure 4. Plot of predicted fruit weight vs. observed 
fruit weight for ‘Redhaven’ using a pooled data set 
for KY, ID, MD and SC and the model included 
linear and quadratic terms for CD and CGDD30. 
LineParm is parameterization line, or the line of 
unity, where points fall when predicted values equal 
observed values.

 
 
 
Figure 4. Plot of predicted fruit weight vs. observed fruit weight for ‘Redhaven’ using a pooled 
data set for KY, ID, MD and SC and the model included linear and quadratic terms for 
CD and CGDD30. LineParm is parameterization line, or the line of unity, where points fall when predicted 
values equal observed values. 
 
 
 
 

 
 
 
Figure. 5. Scatter plot showing the relationship between fruit weight and crop density for 
‘Cresthaven’ trees at five sites over four years.   
 

Figure 3. Plots of predicted values for ‘Redhaven’ 
fruit weight against cumulative growing degree 
days for 30 days after bloom (CGDD30) for four 
levels of crop density (CD) averaged over four sites 
and four years (KY, ID, MD and SC). 

 
 
 
 
 
Figure 3. Plots of predicted values for ‘Redhaven’ fruit weight against cumulative growing 
degree days for 30 days after bloom (CGDD30) for four levels of crop density (CD) averaged 
over four sites and four years (KY, ID, MD and SC).  
 
 

Figure. 5. Scatter plot showing the relationship 
between fruit weight and crop density for ‘Crest-
haven’ trees at five sites over four years.  
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0.05 level. Although site did not interact with 
the other variables, multiple regression mod-
els were fit for each site using manual back-
ward elimination of nonsignificant terms until 
only significant terms remained in the model 
and these models are presented in Table 3. 
The R2 values varied from 0.012 in MD to 
0.477 in ID. The only sites where regression 
models were significant was KY, where days 
from bloom to harvest was linearly related to 
CGDD30  and ID where the linear term for CD 
and the quadratic term for CGDD30 were sig-

nificant (Table 3).
 ‘Cresthaven’ days from bloom to harvest. 
Scatter plots revealed poor relationships be-
tween days from bloom to harvest and CD 
and CGDD30 (data not presented). When a 
multiple regression model was fit with the 
entire data set, the significant variables in-
cluded CD, CD2, CGDD30 and CD*CGDD30, 
but the adjusted R2 was only 0.229. When an 
unequal slopes model was fit, the 3-way in-
teraction of site x CD x CGDD30 was signifi-
cant, so models were developed for each site 

 
 
Figure 6. Relationship between fruit weight and cumulative growing degree days for 30 days 
after bloom with base temperature of 4⁰C (CGDD30) for ‘Cresthaven’ peach trees at five sites 
over four years. 
 

 
 
Figure 7. Scatter plot showing the relationship between fruit weight and days to harvest for 
‘Cresthaven’ at five sites over four years. Regression model: FW = 19.17 + 1.89Days, R2 = 
0.098, P = 0.0002.  
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Figure 7. Scatter plot showing the relationship between fruit weight and days to harvest for 
‘Cresthaven’ at five sites over four years. Regression model: FW = 19.17 + 1.89Days, R2 = 
0.098, P = 0.0002.  
 
 
 

Table 3. Regression models describing the relationship between days from bloom to harvest (Days) with 
CD (fruit/cm2 TCA) and CGDD30 for ‘Redhaven’ and ‘Cresthaven’ peach trees at four sites.

      Cultivar                                                                                                               Model
      and site                      Regression Model                                                         R2          P-value

‘Redhaven’   
  KY Days = 73.79 + 0.088(CGDD30) 0.139 0.001
  SC Days = 109.01 + 1.58(CD)  0.016 0.293
  MD Days = 110.51 + 1.68(CD) 0.012 0.421
  ID Days = 261.77 + 2.37(CD) – 1.06(CGDD30) + 0.0019(CGDD30)

2  0.477 0.004

‘Cresthaven’   
  KY Days = -371.51 + 5.14(CD) + 2.78(CGDD30) – 0.899(CD)2 –  0.789 0.001
 0.0039(CGDD)2 
  SC Days = 83.20 + 55.95(CD) + 0.47(CGDD30) – 0.203(CD*CGDD30) 0.279 0.001
  MD Days = 4072.69 – 21.03(CGDD30) – 24.33(CD) + 0.029(CGDD30)

2 0.463 0.001
  ID Days = 120.08 + 1.59(CD) 0.128 0.087
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Table 4. Regression models describing the relationship between FW and days from bloom to harvest 
(DAYS) for ‘Redhaven’ and ‘Cresthaven’ grown at four sites.

   Cultivar                                                                                                                               Model 
   and sites                                              Regression Model     R2        P-value

‘Redhaven’   
  KY FW =  64.19 + 0.83(Days) 0.0275 0.3067
  SC FW = 420.94 – 2.11(Days) 0.0351 0.3046
  MD FW = 693.56 – 5.01(Days) 0.2833 0.0036
  ID FW = 1264.34 – 8.56(Days) 0.437 0.0004

‘Cresthaven’   
  KY FW=  524.27 – 3.13(Days) 0.245 0.0012
  SC FW= -2.37 + 1.98(Days) 0.032 0.0681
  MD FW= 1340.51 – 8.77(Days) 0.658 0.0001
  ID FW = 1724.59 – 10.00(Days) 0.229 0.0282

(Table 3). The R2 values varied from 0.28 for 
SC to 0.79 for KY; no two of the four models 
contained the same terms and CD interacted 
with CGDD30 in SC.
 ‘Redhaven’ FW vs. day from bloom to 
harvest. A scatter plot for the entire data set 
showed a general negative relationship be-
tween FW and days from bloom to harvest 
(Fig. 6). When Proc Mixed was used to fit 
an ANCOVA model with location as an in-
dicator variable, linear and quadratic terms 
for days from bloom to harvest, plus inter-
actions, the only significant variables were 
linear and quadratic terms for days from 
bloom to harvest. Proc Reg was then used to 
fit polynomial models for the entire data set 
with no indicator variable in the model, and 
only the linear term was significant (R2=0.12, 
P=0.0005, n=100).  To obtain SS, Proc GLM 
was used to fit the model with site and linear 
and quadratic terms, and the SS explained by 
site, days, and days2 were 86, 7, and 7%, re-
spectively, indicating that days from bloom 
to harvest explained much less variation than 
site. When quadratic models were fit by loca-
tion, only the linear term was significant for 
MD and ID (R2 = 0.28 and 0.44, respectively) 
and the models for the other two locations 
were not significant.
 ‘Cresthaven’ FW vs. day from bloom 
to harvest. ‘Cresthaven’ FW generally in-

creased as days from bloom to harvest in-
creased, and the nature of the relationship 
differed by site (Fig. 7). For KY and MD the 
relationship appeared negative and little rela-
tionship was apparent for SC (Fig.7). Poly-
nomial regression models, with days from 
bloom to harvest as the regressor variable, 
were fit for each location because the loca-
tion x days from bloom to harvest interaction 
was significant (Table 4). FW was linearly 
related in a negative manner to days from 
bloom to harvest for KY, ID and MD, but the 
relationship was not significant for SC (Table 
4). Days from bloom to harvest also declined 
linearly with increasing CGDD30 (Fig. 8).

Discussion
 For both cultivars, FW was higher in ID, 
MD and SC than in KY and NY. The reasons 
for these differences are not obvious, but may 
be related to water status of the trees, date 
of fruit thinning, pruning severity, and low 
temperature injury that does not kill flowers 
but adversely affects fruit growth. Some, but 
not all sites provided irrigation. Peach FW 
was reduced by water stress and the effect of 
water stress increased with increasing crop 
load (Berman and DeJong, 1996; Morris et 
al., 1962). If trees were thinned earlier in ID, 
SC and MD, FW would likely be higher be-
cause thinning date can influence fruit size 
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(Havis, 1962). Pruning severity influences 
initial crop load and early-season fruit size 
(Marini, 2003; Morris et al., 1962), so vari-
ability in the number of shoots per tree re-
tained after pruning may explain some of the 
site differences in FW at harvest. The effect 
of non-lethal winter injury is poorly studied 
but may have been a factor in the small FW 
in NY and fluctuating winter temperatures in 
KY may also have affected FW. In previous 
studies, FW always decreased linearly with 
increasing CD (Johnson and Handley, 1989) 
and CGDH30 (Lopez et al, 2007; Lopez and 
DeJong, 2017; Day et al., 2008). However, in 
the present study when CD and CGDD30 were 

 
 
 

 
 

 
Figure 8. Scatter plot showing the relationship plus regression curves for  
Days from bloom to 50% harvest at five sites over four years. Regression 
models for ‘Redhaven’: Days=211.1 – 0.56CGDD + 0.00071xCGDD30

2,  
R2 = 0.536, P = 0.0001; ‘Cresthaven’: Days = 228.8 – 0.48CGDD30 + 
0.000x52CGDD30

2, R2 = 0.571, P= 0.0001. 
 
 
 
 
 
 
 

Figure 8. Scatter plot showing the relationship plus 
regression curves for  Days from bloom to 50% har-
vest at five sites over four years. Regression mod-
els for ‘Redhaven’: Days=211.1 – 0.56CGDD + 
0.00071xCGDD30

2, R2 = 0.536, P = 0.0001; ‘Crest-
haven’: Days = 228.8 – 0.48CGDD30 + 0.000x52C-
GDD30

2, R2 = 0.571, P= 0.0001.

both included in the model, FW decreased 
in a curvilinear manner with increasing CD 
in three of the eight location-year combina-
tions and the relationship was quadratic for 
all eight location-years for CGDD30. The 
interaction of CD and CGDD30 was usually 
not significant (Table 2). These unexpected 
results may be due to the confounding of CD 
and CGDD30. Bubble plots generated to help 
visualize the three-dimensional relationship 
in two-dimensions, showed that in some lo-
cations the lowest CDs occurred only in cool 
years (Fig. 9). The curved relationships may 
have been caused by this confounding of CD 
and CGDD30. For example, in MD 2014 was 
the coolest season and all trees had CDs less 
than 2.0. In NY, 2017 was the coolest season 
and all trees had CDs less than 1.0. In KY, 
CD ranged from 0.5 to 4.0 in both 2014 and 
2016, but 2014 was the cooler year and FW 
was consistently lower than in 2016; FW was 
relatively high in 2017 which was the cool-
est year. The relationship between FW and 
CD in SC appeared curvilinear and at a given 
CD, FW was high in 2014 which was a cool 
year (Fig. 5). Data from ID somewhat con-
tradicted data from the other sites. FW de-
clined curvilinearly with increasing CD, and 
at a given CD, FW was lowest in the cool 
season of 2015 and CD was also relatively 
low (Fig. 9).  
 Coefficients of determination obtained 
with the combined data set in the current 
study are lower than in most previous reports 
(Day et al., 2008; Johnson et al., 2011; Lo-
pez and DeJong, 2017; Lopez et al., 2007). 
This may be partially explained by the fact 
that previous studies often used FW averaged 
over several trees or blocks of trees as the re-
sponse variable, whereas in the current study 
data for individual trees were used for the 
analyses. Tree-to-tree variation is typically 
high for peach (Marini, 1985) and likely ex-
plains why relationships in this study appear 
relatively poor. Additionally, in previous 
studies crop load was reduced to commercial 
standards (Day et al., 2008; Kenealy et al., 
2015; Lopez et al, 2007; Lopez and DeJong, 
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2017) or to levels below a commercial crop 
(Johnson et al., 2011). By varying two fac-
tors in the present study (CD and CGDD30), 
we would expect increased variation.     
 In the present study, unlike in previous re-
ports (Day et al., 2008; Kenealy et al., 2015), 
days from bloom to harvest was not well 
related to CGDD30 or CD, and FW was not 
well related to days from bloom to harvest. 

Figure 9. Bubble plots showing the three dimensional relationship between ‘Redhaven’ fruit weight and 
crop density and cumulative growing degree days for 30 days after bloom (CGDD30) for four locations over 
four years. The size of the circles is proportional to the CGDD30 and the numbers in the circles indicate the 
year (2014, 2015, 2016, and 2017).

 

  
 

 

 
 
 
Figure 9. Bubble plots showing the three dimensional relationship between ‘Redhaven’ fruit 
weight and crop density and cumulative growing degree days for 30 days after bloom (CGDD30) 
for four locations over four years. The size of the circles is proportional to the CGDD30 and the 
numbers in the circles indicate the year (2014, 2015, 2016, and 2017). 
 One reason for these unexpected results is 

likely due to our inability to obtain a wide 
range of CDs each year. In a similar multi-
location trial with apples cooperators had 
difficulty achieving target CDs because fruit 
are difficult to see early in the season, and 
bloom density and fruit set vary from year-
to-year for a number of reasons (Marini et al., 
2012). Non-uniform orchard practices, such 
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as pruning severity, date of fruit thinning, 
and availability of irrigation also likely influ-
enced the relationships between FW, CD, and 
days from bloom to harvest. Weather condi-
tions not recorded in this study may have in-
fluenced FW and days from bloom to harvest 
because Johnson et al. (2011) reported that 
FW on lightly cropped ‘Cresthaven’ trees 
increased linearly with increasing days from 
bloom to harvest, FW decreased linearly with 
increasing early-season solar radiation, and 
soluble solids concentration declined with 
total rainfall for 40 days before harvest.
 The poor relationship between FW and CD 
when combining data for all six locations in 
the same analysis may be due to the method 
of measuring CD using trunk-cross-section-
al area (TCA). TCA is a poor reflection of 
canopy size after trees have filled their allot-
ted space and are pruned to contain tree size. 
Reginato et al. (2007) showed that express-
ing CD based on light interception resulted in 
a common relationship between FW and CD 
across several north-south locations in Chile. 
CD based on light interception is more physi-
ologically sound than when based on TCA. 
In future trials with mature trees, consider-
ation should be given to using light intercep-
tion as a covariate. 

Conclusions
 Although the relationships were more 
variable than expected, these results gener-
ally agree with previous reports where FW 
declined as CGDD30 and CD increased. The 
primary reason to evaluate both CGDD30 
and CD was to determine if the response to 
CGDD30 depended on CD. Because the in-
teraction was not very important we can con-
clude that the negative relationship between 
FW and CGDD30 reported for California is 
valid across North America, but the slopes 
may vary with site.        
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Guava SSR Analysis: Diversity Assessment in U.S.
and Similarity to Accessions Associated with
Reducing Citrus Huanglongbing in Vietnam

e. stoveR1, M. aRadhya2, s. GozleKci3, J. cRane4, t. MatsuMoto BRoweR5, 
c. Mayo Riley5, F. zee5, t. Gottwald1, and d. hall1

Additional index words: huanglongbing, Liberibacter, microsatellite, molecular marker, Psidium guajava

Abstract
 Closely interplanting citrus (Citrus sp. L) and guava (Psidium guajava L.), in Vietnam were reported to greatly 
slow progression of huanglongbing (HLB). It was hypothesized that volatiles in the guava may repel the Asian 
citrus psyllid (ACP, Diaphorina citri Kuwayama) which vectors the HLB causal bacterial agent. To date, field 
confirmation of ACP being repelled by guava has not been demonstrated in the U.S., but it was not known whether 
the guava selections used were the same as those reported to be effective in Vietnam.  In this study, SSR (simple 
sequence repeat) analysis was conducted on all readily accessible U.S. guava accessions, as well as material from 
three Vietnamese citrus/guava orchards, to determine whether Vietnamese guava genotypes reported to suppress 
ACP were already available in the U.S. and to assess diversity of guava available in the U.S.  Accessions included 
60 distinct sources, and multiple samples were collected from 10 of these as an internal check.  Ten SSR primer 
pairs were used in the analysis.  Alleles per locus ranged from 4 to 8, with an average of 6.2.  Forty different 
genotypes were identified, as several accessions appeared to be synonymous based on this analysis.  The cluster 
analysis using the neighbor-joining method revealed five distinct affinities.  The Vietnamese accessions were 
placed in two of the five major clusters.  Several guava varieties in Florida are in the same clusters as the Viet-
namese cultivars.  However, the sweet pink-fleshed varieties that have predominated in the western hemisphere 
did not cluster with the accessions from Vietnam.

 The guava (Psidium guajava) is an ev-
ergreen tree in the Myrtaceae family.  It is 
native to tropical America, likely originating 
in the area of Southern Mexico into Cen-
tral America (Morton, 1987).  It has been 
widely dispersed by man, and is now grown 
throughout the tropics and subtropics of the 
world, where it is enjoyed as a fresh fruit 
and processed into juice, jelly and paste.  
Guava has been a dooryard fruit, minor com-
mercial product, and significant invasive 
threat in Florida for many years (Crane and 
Balerdi, 2005).  Introduction of huanglong-

bing (HLB) into Florida compelled renewed 
interest in guava, since closely interplanting 
citrus and guava in Vietnam was reported to 
greatly slow progression of HLB (Beattie et 
al., 2006; Gottwald et al., 2010). It was hy-
pothesized that volatiles from guava plants 
may repel the Asian citrus psyllid (ACP, Di-
aphorina citri) which vectors the HLB causal 
bacterial agent.  Laboratory studies by Silva 
et al. (2016) confirmed that mature guava 
leaves and essential oils from guava exhib-
ited repellency to the psyllid.  To date, field 
confirmation of ACP being repelled by guava 
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has not been demonstrated in the U.S., but it 
was not known whether the guava selections 
used were the same as those reported to be 
effective in Vietnam.
 In this study, SSR analysis was conducted 
on all readily accessible U.S. guava acces-
sions, as well as material from three Viet-
namese citrus/guava orchards, to determine 
whether Vietnamese guava genotypes were 
already available in the U.S. and to assess di-
versity of guava available in the U.S.  

Materials and Methods
 Plant material studied included all avail-
able guava accessions from the USDA-ARS, 
National Clonal Germplasm Repository 
(NCGR), in Hilo, Hawaii and the University 
of Florida, Tropical Research and Educa-
tion Center (TREC) in Homestead, Florida.  
Samples were also collected and imported un-
der regulatory permit from three Vietnamese 

citrus/guava plantings where psyllids were 
reported to be virtually absent despite being 
abundant in nearby citrus-only plantings (Hall 
and Gottwald, unpublished) and also includ-
ed some additional guava cultivars available 
from commercial nurseries in South Florida.  
Accessions numbered 60 distinct sources, and 
multiple samples were collected from 10 of 
these as an internal check.  Accessions in this 
study are described in Table 1.
 Young leaves from near the shoot-tip of 
rapidly growing guava trees were collected 
and rapidly dried between blotting paper in 
sealed, labeled envelopes, which were placed 
in plastic bags with approximately 20 grams 
of Drierite (W.A Hammond Drierite Com-
pany LTD., Xenia, OH, USA). Total DNA 
was extracted from approximately 20 mg of 
dried leaf tissue using a DNeasy Plant Mini 
Kit (Qiagen, Valencia, CA, USA) following 
the manufacturer’s protocol.
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Sample ID Germplasm Direct source Original source and notes on accession Flesh color Cluster 
FL02 Tree 1,‘Xaly nghi’ Collected in Vietnam Collected interplanted with citrus Vietnam white 1a
FL04 Tree 2 sample 1,‘Xaly nghi’ z Collected in Vietnam Collected interplanted with citrus Vietnam white 1a
FL05 Tree 2 sample 2, ‘Xaly nghi’ Collected in Vietnam Collected interplanted with citrus Vietnam white 1a
FL06 Tree 2 sample 3,‘Xaly nghi’ Collected in Vietnam Collected interplanted with citrus Vietnam white 1a
FL07 Tree 2 sample 4,‘Xaly nghi’ Collected in Vietnam Collected interplanted with citrus Vietnam white 1a
FL10 Tree 3 sample 1,‘Xaly nghi’ Collected in Vietnam Collected interplanted with citrus Vietnam white 1a
FL11 Tree 3 sample 2,‘Xaly nghi’ Collected in Vietnam Collected interplanted with citrus Vietnam white 1a
HPSI-50 Alahabad Safeda USDA ARS NCGR Hilo, HI Collected Australia white 1b
IFAS19 White Indonesian Seedless (Fla.) Collection U of Florida, TREC Unknown introduction white 1b

IFAS25 3-2 y Collection U of Florida, TREC
Old map says "RxS?", (presumably Ruby x 
Supreme) lost 1b

FL19 Tree 1, White Seedless South Florida Nurseries Pine Island Nursery, Miami, FL white 1c
FL20 Tree 2, White Seedless z South Florida Nurseries Pine Island Nursery, Miami, FL white 1c
HPSI-61 Pearl Guava y USDA ARS NCGR Hilo, HI Taiwan Nat. Pingtung Polytech. Inst white 1c

IFAS15 Thai Maroon Collection U of Florida, TREC Donated 1995 from Tenom, Malaysia purple 1c
HPSI-33 Allahabad Safeda USDA ARS NCGR Hilo, HI U HI, collected in India white 1d
HPSI-44 Bon Dov USDA ARS NCGR Hilo, HI U HI, acquired as seed from Israel white 1d
HPSI-47 Uma USDA ARS NCGR Hilo, HI Donated from San Diego, CA white 1d
IFAS10 Indonesian Red Collection U of Florida, TREC Unknown introduction dark pink 1d
HPSI-06 Patillo USDA ARS NCGR Hilo, HI U HI, indirectly from Ruehle TREC pink 2a
HPSI-34 Fan Retief USDA ARS NCGR Hilo, HI U HI, selected in South Africa pink 2a
HPSI-35 Ka Hua Kula USDA ARS NCGR Hilo, HI U HI, OP seedling of Beaumont pink 2a
HPSI-37 Beaumont USDA ARS NCGR Hilo, HI U HI, OP seedling of Beaumont pink 2a
HPSI-42 Diminuitive  y USDA ARS NCGR Hilo, HI Local donation HI pink 2a
HPSI-16 Puerto Rico 2 USDA ARS NCGR Hilo, HI U HI, collected Puerto Rico pink 2b

IFAS04 Blitch Collection U of Florida, TREC
Grafted from seedling in West Palm 
Beach, FL 1945 pink 2b

IFAS06 Giant Vietnamese Collection U of Florida, TREC From CA Trop. Fruit Nursery, Vista, CA white 2b

IFAS17 TREC 53-6550 x Collection U of Florida, TREC
Seedling of 31-18 x Queen made at TREC 
1953 lost 2b

Table 1.  Guava accessions, along with source, tested in this study
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Sample ID Germplasm Direct source Original source and notes on accession Flesh color Cluster 
HPSI-17 138-T y USDA ARS NCGR Hilo, HI U HI pink 2c
HPSI-19 Kona 1 y USDA ARS NCGR Hilo, HI U HI pink 2c
IFAS03 Blanca Collection U of Florida, TREC pink 2c
IFAS12 Patillo Collection U of Florida, TREC Air-layer seedling in Deland, FL 1953 pink 2c
IFAS26 4-1 x Collection U of Florida, TREC Old map says Patillo pink 2c
IFAS27 4-2 x Collection U of Florida, TREC Old map says Patillo pink 2c
IFAS28 4-3 x Collection U of Florida, TREC Old map says Patillo pink 2c
FL08 Tree 1 sample 1, 'Bom' Collected in Vietnam Collected interplanted with citrus Vietnam white 3a
FL09 Tree 1 sample 2, 'Bom' z Collected in Vietnam Collected interplanted with citrus Vietnam white 3a

HPSI-27 J.B. White y USDA ARS NCGR Hilo, HI 
U HI, seed collected Singapore farmer's 
orchard white 3a

HPSI-51 Khao Niyom USDA ARS NCGR Hilo, HI U HI, collected Thailand white 3a
HPSI-60 Klom Toonklao USDA ARS NCGR Hilo, HI U HI, collected Thailand white 3a
FL01 Tree 1, Thai White, source 1 South Florida Nurseries Khemara Farms, Homestead white 3b
FL03 Tree 2, Thai White, source 1 South Florida Nurseries Khemara Farms, Homestead white 3b
FL17 Tree 1, Thai White, source 2 South Florida Nurseries Khemara Farms, Homestead white 3b
FL18 Tree 2, Thai White, source 2  South Florida Nurseries Khemara Farms, Homestead white 3b
HPSI-53 Klom Sa Lee Germplasm repository- Hilo, HI U HI, collected Thailand white 3b
HPSI-55 Khao Sawaive Germplasm repository- Hilo, HI U HI, collected Thailand white 3b

IFAS02 Asian White Collection U of Florida, TREC
Selection from Lara Farm and Nursery, 
Homestead, FL white 3b

HPSI-32 Lucknow 49 USDA ARS NCGR Hilo, HI U HI, collected in India white 4
HPSI-38 Poamoho Pink y USDA ARS NCGR Hilo, HI U HI selection pink 4
IFAS01 Alhabari White Collection U of Florida, TREC From CA Trop. Fruit Nursery, Vista, CA white 4
IFAS11 Mexican Crème Collection U of Florida, TREC From CA Trop. Fruit Nursery, Vista, CA off-white 4

IFAS20 Barbie Pink Collection U of Florida, TREC
Selection Florida Colors Nursery, 
Homestead, FL pink 4

IFAS21 Asian-2 Collection U of Florida, TREC white? 4
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Sample ID Germplasm Direct source Original source and notes on accession Flesh color Cluster 
FL13 Tree 1, Barbie Pink South Florida Nurseries Pine Island Nursery, Miami, FL pink 5
FL14 Tree 2, Barbie Pink z South Florida Nurseries Pine Island Nursery, Miami, FL pink 5
FL15 Tree 1, Ruby Supreme South Florida Nurseries Pine Island Nursery, Miami, FL pink 5
FL16 Tree 2, Ruby Supreme z South Florida Nurseries Pine Island Nursery, Miami, FL pink 5
HPSI-14 Ruby x Supreme USDA ARS NCGR Hilo, HI U HI, indirectly from Ruehle TREC pink 5
HPSI-15 Hong Kong Pink USDA ARS NCGR Hilo, HI U HI, collected Hong Kong, 1958 pink 5
HPSI-20 Waiakea USDA ARS NCGR Hilo, HI U HI selection pink 5
HPSI-26 Gushiken Sweet y USDA ARS NCGR Hilo, HI BioEnergy Dev. Co. pink 5
IFAS07 Hawaiian White Indonesian Collection U of Florida, TREC From Plant It, Hilo, HI white 5

IFAS08 Homestead (Ruby x Supreme 6-29) Collection U of Florida, TREC
Cross of Ruby x Supreme made at TREC 
1945, released as 'Homestead' pink 5

IFAS09 Hong Kong Pink Collection U of Florida, TREC Donated 1995 from Tenom, Malaysia pink 5
IFAS13 Queen Collection U of Florida, TREC Unknown introduction pink 5

IFAS14 Ruby x Supreme 10-30 Collection U of Florida, TREC
Cross of Ruby x Supreme made at TREC 
1945 pink 5

IFAS16 TREC 51-4967 x Collection U of Florida, TREC
Introduced from Saharanpur Fruit Res. 
Station India in 1951 pink 5

IFAS22 1-1 x Collection U of Florida, TREC
Old map says RxS? (possible Ruby x 
Supreme in notes) pink 5

IFAS23 2-1 x Collection U of Florida, TREC
Old map says RxS? (possible Ruby x 
Supreme in notes) pink 5

IFAS24 3-1 x Collection U of Florida, TREC
Old map says RxS? (possible Ruby x 
Supreme in notes) pink 5

IFAS29 5-1 x Collection U of Florida, TREC
Old map says RxS? (possible Ruby x 
Supreme in notes) pink 5

z italicized samples were blind replicates of preceeding accessions
y unverified as a cultivar name 
x numbered accession in collection

Table 1.  Guava accessions, tested in this study, continued

z italicized samples were blind replicates of preceding accessions
y unverified as a cultivar name
x numbered accession in collection
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 PCR amplifications were performed us-
ing GeneAmp PCR system Thermal Cycler 
(model 9700, Thermo-Fisher Scientific, 
Waltham, MA) in total 20-µl volume reac-
tions following typical protocols (Dangl et al., 
2005). Each sample was analyzed at ten SSR 
loci: mPgCIR05, mPgCIR07, mPgCIR09, 
mPgCIR10, mPgCIR11, mPgCIR13, mP-
gCIR19, mPgCIR22, mPgCIR25, and mP-
gCIR26 (Risterucci et al., 2005). Forward 
primers were labeled with one of four fluo-
rescent dyes. Fragment amplifications were 
verified on 2% agarose gels.
 Samples were prepared for capillary elec-
trophoresis by diluting 1.0 µl of amplified 
product and 0.4 µl of the internal size standard 
400HD ROX (ABI) in 12 µl of formamide. 
Typically, products from four loci labeled with 
different fluorescent dyes were multiplexed in 
PCR and thus also in electrophoresis. Ampli-
fied fragments were separated by electropho-
resis using a Genetic Analyzer (ABI Prism 
3100, Thermo-Fisher Scientific, Waltham, 
MA) using 22 cm capillary with 3100 POP-4 
as the matrix, (Dangl et al., 2005).
 Genescan (Version 3.1, Thermo-Fisher 
Scientific, Waltham, MA) and Genotyper 
(Version 2.5, Thermo-Fisher Scientific, 
Waltham, MA) were used to assemble data 
as microsatellite genotypes as well as in bi-
nary format.The Nei and Li distance (Nei and 
Li, 1979) were calculated on the binary data 
based on proportion of alleles shared between 
two accessions for all possible pair-wise 
combinations.  The matrices generated were 
used for cluster analysis using the neighbor-
joining (NJ) method (Saitou and Nei, 1987) 
producing an unrooted additive phenetic tree.  
From the results of the NJ cluster analysis, 
multilocus SSR genotype data were pooled 
into groups and analyzed for within-group 
genetic variability such as mean number of 
alleles per locus and observed and expected 
levels of heterozygosities.  The heterogeneity 
among groups was determined using contin-
gency χ2 analysis.  F-statistics (Wright, 1965) 
were used to determine genetic differentia-
tion within and among groups. 

Results and Discussion
 Marker data were collected for the all ac-
cessions, including the guava accessions from 
Vietnam and the phenotypically-similar ac-
cessions already in Florida (‘Thai White’ and 
’White Seedless’ which should not be con-
sidered cultivar names, but groups of similar 
cultivars with phenotypic fruit characteristics 
in common).  Forty different genotypes were 
identified, as several accessions appeared to 
be synonymous based on this analysis.  The 
cluster analysis using the neighbor-joining 
method revealed five distinct affinities.  The 
genetic differentiation within and among the 
five groups showed marked differentiation 
(FST = 0.325) and inbreeding was slight (FIS 
= 0.154).  For the ten accessions where we 
ran multiple samples, the samples had a per-
fect match, except that one differed by one 
allele at one locus compared to its duplicate, 
reflecting a very low error rate. All further 
discussion of genotypic similarity focus on 
the dendrogram of genetic distance in Fig. 1. 
 Comparison to Vietnamese accessions. 
The guava accessions directly from Vietnam, 
where they were reported to suppress HLB 
when interplanted with citrus, are similar to 
some accessions already in the US, but not 
identical.  It is reported that the material col-
lected directly from Vietnam are the cultivars 
‘Xaly nghi’ and ‘Bom’. ‘Xaly nghi’ was in 
Cluster 1 of the dendrogram (three separate 
trees with tree 1 labelled FL02, multiple sam-
ples of tree 2 labelled FL04 through FL07, 
and two samples from tree 3 labelled FL10 
and FL11), and were in the same cluster as 
material obtained from a South Florida nurs-
ery and labelled ‘White Seedless’ (FL19 and 
duplicated as FL20). The second Vietnamese 
genotype, ‘Bom’, was in Cluster 3 of the 
dendrogram and was most closely related to 
three accessions at the Hilo repository, J.B. 
White, ‘Khao Niyom’, and ‘Klom Toonklao’ 
(HSPI 27, 51, and 60 respectively).  This 
Vietnamese accession was fairly similar (dif-
ferent subgroups of cluster 3) to the mate-
rial obtained from South Florida nurseries 
that was designated ‘Thai White’ (FL1, FL2, 
FL17, and FL18).

Guava
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 Association of SSR fingerprints with pulp 
color. Some dendrogram clusters correlated 
with flesh pigmentation.  Clusters 1 and 3 
were virtually entirely white fleshed acces-

sions, except that the highly pigmented ‘Thai 
Maroon’ (IFAS15), with red peel, flesh, and 
leaves and ‘Indonesian Red’ (IFAS10) which 
has dark pink flesh which are included clus-
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Figure 1.  Unrooted neighbor joining tree with Nei and Li (1979) genetic distance designations, for ten guava 
SSR markers.  Identity of guava accessions tested are indicated in Table 1.
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ter 1.  In contrast, cluster 2 and cluster 5 are 
almost entirely pink-fleshed (exception is 
IFAS06 in cluster 2 and IFAS07 in cluster 
5) and cluster 4 is a mixture of flesh colors. 
Nimisha et al. (2013) reviewed guava breed-
ing and cited several Indian papers indicating 
that white flesh color is recessive to red, is 
monogenically inherited, and white flesh is 
linked to seedlessness.  Chromosomal seg-
ments containing the white-fleshed gene 
may be associated with several SSRs which 
would contribute to the observed association 
between clustering and flesh pigmentation. 
There are earlier reports that SSR dendro-
gram clusters showed association with flesh 
color (Kanupriya et al., 2011; Sitther et al., 
2014). 
 Apparent mis-naming of accessions. When 
multiple accessions with the same name were 
compared, a number of seeming discrepan-
cies in identity, as well as potential solutions 
to mysteries, were found in this study. Two 
accessions are maintained at NCGR-Hilo 
under the name ‘Alahabad Safeda’.  The 
dendrogram places both of these accessions 
in the same cluster but with different finger-
prints, and the curator of the collection had 
noted that the fruit had different characteris-
tics.  ‘Patillo’ from the Florida and Hawaii 
collections were different, but again in the 
same cluster.  It has been noted that ‘Patillo’ 
in Hawaii produces an acid fruit, while in 
Florida it is subacid (Morton, 1987).  This 
reported difference may largely reflect dif-
fering genotypes.  ‘Patillo’ was selected from 
a seedling population in Deland, Florida, and 
the two accessions in this study may reflect 
different selections from the same popula-
tion. ‘Hong Kong Pink’, which Brooks and 
Olmo (1997) reported as a Hawaiian seed-
ling selection of seeds from Hong Kong 
while Lim and Khoo (1990) reported as be-
ing a cultivar from Hong Kong, was evalu-
ated from collections in both Florida and 
Hawaii.  The material from Florida (sourced 
in Malaysia) was different from the Hawai-
ian ‘Hong Kong Pink’, and was identical to 
a group of Florida accessions, including the 

released cultivar ‘Homestead’.
 Four accessions recently collected in Thai-
land are actually two genotypes with two 
names for each: ‘Klom Toonklao’ matched 
‘Khao Niyom’ and ‘Klom Sa Lee’ matched 
‘Khao Sawaive’.  These are all large, crispy 
white fleshed dessert types grouping in clus-
ter 3.  
 Unexpected synonymy was also observed.  
‘Bon Dov’ and ‘Uma’ from the NCGR-Hilo 
were identical in fingerprint and also matched 
‘Indonesian Red’ from Florida.  The two 
NCGR-Hilo selections are white fleshed and 
similar in appearance (NCGR-Hilo, 2016), 
and ‘Bon Dov’ is reported to be true from 
seed (GRIN Global), while ‘Indonesian Red 
is dark pink.  Three accessions from Florida 
(‘Blitch’, ‘Giant Vietnamese’, and TREC 53-
6550) shared a fingerprint with ‘Puerto Rico-
2’ from Hawaii. ‘Waiakea 11-26’ matched 
Gushiken Sweet from NCGR-Hilo.  
 Seven Florida accessions had identical 
fingerprints: ‘Homestead’, 1-1, 2-1, 3-1, and 
5-1 are all known ‘Ruby’ x ‘Supreme’ seed-
lings. Surprisingly TREC 51-4967 and IFAS 
09 ‘Hong Kong Pink’ also had identical fin-
gerprints to accessions in this group.  The 
red-fleshed ‘Ruby’ mother originated from 
seed brought from Peru by Wilson Popenoe 
(P.I. 81849) and the white-fleshed ‘Supreme’ 
is a seedling selection made by George 
Ruehle at the University of Florida (Ruehle, 
1946).  Ruehle crossed ‘Ruby’ x ‘Supreme’ 
in 1945 and the resulting seedlings were test-
ed for decades before the release of ‘Home-
stead’ in 1989 (Campbell 1989). A major-
ity of the trees produced large crops of high 
quality fruit, and  another seedling tree from 
the original cross, labelled 10-30, was also 
considered for release.  Campbell indicated 
(1989) “Planting material was also distrib-
uted to persons at many other locations in 
Florida and other states and countries, where 
the trees proved to be highly productive and 
were considered to have fruit of excellent 
quality”. Prior to the official release, nurs-
eries were selling ‘Homestead’ as ‘Ruby’ x 
‘Supreme’. Campbell specifically indicated 



248 Journal of the american Pomological Society

that ‘Homestead’ does not come true from 
seed.  It seems likely that the accessions from 
IFAS labelled 1-1, 2-1, 3-1, and 5-1 were 
clonal propagations of ‘Homestead’.  TREC 
51-4967 is likely ‘Homestead’ from bud-
wood reimported from material transferred 
to India, and ‘Hong Kong Pink’ reimported 
from Malaysia, or material was mixed up at 
some point. The Hilo repository accession of 
‘Ruby’ x ‘Supreme’, differs from the IFAS 
‘Ruby’ x ‘Supreme’ 10-30 by only one allele 
at one locus (one allele missing, homozygous 
rather than heterozygous) and may reflect a 
read error or mutation.  The two different 
‘Ruby’ x ‘Supreme’, purchased from a com-
mercial nursery, also differ by one allele at 
1-2 loci from both ‘Homestead’ and ‘Ruby’ 
x ‘Supreme’ 10-30.  They may be other seed-
lings from the original cross.  The Univer-
sity of Florida guava collection has received 
little attention in the last twenty years, due 
to funding issues.  However during the last 
15-20 years, a small but vibrant commercial 
pink- and white-pulped fresh guava industry 
has existed in Florida (~250 ha valued at $7.7 
million) (Garcia et al., 2016).  Even actively 
maintained germplasm collections have mis-
named material, so this is a very real possi-
bility in this guava collection.
 Another potential explanation for these 
abundant synonyms is that apomixis may 
occur in guava in some conditions. To our 
knowledge, there is no published report 
of apomixis in Psidium guajava. There are 
anecdotal reports that ‘Bon Dov’ (HPSI-44, 
collected as seed from Israel) is true from 
seed (indicated in GRIN global 2017). From 
the Hilo accessions the fingerprints are iden-
tical for ‘Bon Dov’ and ‘Uma’ (HPSI-47 col-
lected as vegetative material from San Di-
ego, CA, USA), and the fruit are very similar 
in appearance.  The related Syzygium jambos 
and some other members of the Myrtaceae 
are reported to display apomixis (reviewed 
in Lughadha and Proenca, 1996).  How-
ever, Ruehle (1948) noted that in the 1940s 
“practically all of the commercial (guava) 
orchards in Florida are of seedling trees” 

though “choice varieties can be increased 
only by some vegetative means”.
 Other reports on genotyping NCGR-Hilo 
guavas.  Another project on SSR relationship 
of the NCGR-Hilo guava accessions was 
conducted shortly after the work reported 
here, but published several years ago (Sitther 
et al., 2014).  This study used primers for 20 
SSRs identified by Risterucci et al. (2005), 
encompassing the ten SSRs selected for this 
study.  Our results are largely similar where 
we found identical fingerprints for ‘Bon Dov’ 
and ‘Uma’, Gushiken Sweet and ‘Waiakea’, 
‘Khao Sawaive’ and ‘Klom Sa Lee’, but Sit-
ther et al. (2014) found the pairs nearly iden-
tical.  Most clustering is also similar although 
in our study Pearl Guava did not cluster with 
the recent Thai accessions, unlike in Sitther 
et al. (2014) but did with ‘Bon Dov’ and 
‘Uma’ which agrees with the earlier report.  
The additional SSR markers may have con-
tributed to some differences in grouping but 
seemingly not in finding accessions nearly 
identical.
 Possible relevance to citrus protection. 
This study was initiated following initial 
positive reports from plantings in Vietnam, 
that citrus interplanted with guava displayed 
greatly slowed HLB development (Beattie et 
al., 2006).  There have been many subsequent 
reports, largely indicating variable responses 
in the field and consistently showing ACP re-
pellence in the laboratory.  In field trials in 
Vietnam (Ichinose et al., 2012) an orchard 
of citrus interplanted with guava was unin-
fected by CLas at 12-16 months, while the 
comparable guava-free citrus trees had 20% 
infection.  However, almost all trees were in-
fected at 30 months. 
 In a Florida field study, citrus interplant-
ed with the pink ‘Beaumont’ showed sup-
pressed ACP infestation, but no reduction 
in HLB development, while citrus trees in-
terplanted with the white Vietnamese guava 
‘Xaly nghi’ showed no reduction in ACP 
infestation or HLB development (Gottwald 
et al., 2014).  In the same report, citrus nurs-
ery trees closely interplanted with guava 
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displayed lower ACP infestation and lower 
percentage of trees CLas positive than in a 
nearby nursery of citrus only.  The authors 
concluded that the suppression observed was 
not sufficient to merit commercial use. They 
also noted that guava cultivars used may be 
different from those shown to be effective in 
suppressing HLB in Vietnam, and thus may 
differ in volatiles proposed to suppress ACP 
infestation.  An additional concern for field 
implementation is that both pink and white-
fleshed guavas tested in Florida were highly 
susceptible to freeze and root-knot-nematode 
damage (Hall et al., 2013). Several efforts 
have been reported to verify ACP avoidance 
from guava (Barman et al., 2016; Zaka et al., 
2010; Hall et al., 2008; Silva et al., 2016;) 
and attempts to identify the volatile(s) as-
sociated (Mann et al., 2011; Onagbola et al., 
2011; Zaka et al., 2015).  Several of these 
studies compared two guava selections and 
one compared oil from five guava cultivars 
for ACP repellency, showing they were all 
effective but not different from each other 
(Silva et al., 2016).  The evidence seems to 
overwhelmingly support that guava does 
have some degree of ACP repellence.  Given 
the diversity in guava and likely variability 
in volatile production, it may merit greater 
attention to identify selections that are par-
ticularly effective at repelling ACP. 
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Abstract
 Seven floricane fruiting red raspberry (Rubus idaeus L.) cultivars (‘Canby’, ‘Encore’, K81-6, ‘Killarney’, 
‘Moutere’, ‘Prelude’, and ‘Titan’) were grown under high tunnels to assess their relative performance in a pro-
tected agriculture system in western New York. Yield among the cultivars was not significantly different in the 
first two harvest seasons nor cumulatively over the three harvests. ‘Moutere’ tended to have the highest yield over 
three seasons averaging over 9 t·ha-1 per year. ‘Killarney’, K81-6, and ‘Encore’ produced very similar yields to 
‘Moutere’. Generally, ‘Prelude’ and ‘Canby’ produced intermediate yields and ‘Titan’ was lower yielding with 
mean annual yields of 5.7 t·ha-1 per year.   K81-6 had the greatest mean annual fruit weight (3.55 g per fruit over 
3 seasons) with ‘Titan’ matching it in season 1 and 2 and ‘Encore’ in seasons 2 and 3. The other four cultivars 
tended to be smaller with ‘Killarney’, and ‘Prelude’ having the lowest mean fruit weight. In each of the 3 seasons, 
‘Prelude’ was the first cultivar to begin harvest and K81-6 the last. The season started as early as June 13 and as 
late as June 20 and averaged 43 days in length across the 7 cultivars over the 3 seasons, ending at the end of July 
to early Aug. With the largest fruit weights, K81-6 and ‘Encore’ both showed promise in the later summer season 
and ‘Prelude’ had the best quality among the early cultivars so that growing a combination of these cultivars 
which would allow for the longest harvest period in New York and regions of similar climate.  Poor fruit quality 
in ‘Moutere’, ‘Killarney’ and ‘Titan’ made them less desirable cultivars, and susceptibility to powdery mildew in 
‘Canby’ limited its utility under high tunnels where conditions are ideal for the disease. 

Floricane red raspberry (Rubus idaeus L.) 
production has fallen out of favor due to the 
development of high quality primocane cul-
tivars that allow reduced labor for pruning as 
well as production in warm climate condi-
tions without winter chilling. However, since 
the spread of the invasive spotted wing dro-
sophila fruit fly (Drosophila suzukii) into the 
northeastern United States which was first 
detected NY in 2011 (Carrol1 et al. 2012), 
interest in floricane raspberry production has 
increased in the region as a method to avoid 
or reduce the potential infestation period. De-
tection of this pest in northern states occurs in 
late June to early Aug. in most years and peaks 
in late Aug. to early Oct. (Cornell Fruit Re-
sources www.fruit.cornell.edu/spottedwing/) 
which coincides with peak primocane rasp-
berry production. A return to floricane rasp-
berry production to the historical levels of  
early 1900’s in NY when over 4,200 ha was 

under cultivation (Hedrick, 1925) is unlikely, 
but floricane production provides growers 
the ability to reduce the dependence on in-
secticides and also to extend the raspberry 
season in NY by 6 weeks when combined 
with primocane raspberry production. 
 The increased availability of fresh rasp-
berries in supermarkets has driven inter-
est in local sources of fresh raspberries for 
farm-direct retail outlets and farmers’ mar-
kets as well as regional wholesale outlets in 
the Northeast. Increased demand for locally 
grown fruit for use in local processing for the 
tourist trade has also provided more opportu-
nities for growers in the temperate regions in 
the Midwest and Northeastern U.S. to market 
fruit directly. Floricane raspberries fit into the 
peak summer fruit marketing window when 
demand for local product is high.
 The introduction of high tunnels for rasp-
berry production has been instrumental in 

mailto:caw34@cornell.edu
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the expansion of the fresh market raspberry 
industry in the U.S. and around the world 
(Gaskell, 2004). Fruit quality improvements 
due to post-harvest handling advances com-
bined with new primocane fruiting cultivars 
enabled the widespread shipment of fresh 
raspberries from production areas in the 
west to the entirety of the U.S. This technol-
ogy has also made widespread production in 
temperate regions more feasible, and possi-
bly competitive to California production of 
fresh raspberries, when all cost and produc-
tivity factors are considered. Multiple reports 
on performance of open field (Goulart and 
Demchak, 1999; Hanson et al., 2005; Weber 
et al. 2005) and high tunnel (Demchak, 2009; 
Hanson et al., 2011; Weber, 2018; Yao and 
Rosen, 2011) trials with primocane cultivars 
in temperate climate conditions have been 
published. However, while the floricane cul-
tivars available to growers in the region are 
well characterized in open field trials (Weber 
et al., 2004a, 2004b, 2005), few trials using 
floricane cultivars have been conducted in 
high tunnels and little information is avail-
able to growers on their performance in high 
tunnels. 
 The goal of this project was to compare 
the performance of seven commonly grown 
floricane fruiting raspberry cultivars in the 
region in a high tunnel production system 
to aid in evaluating their suitability for the 
system and to demonstrate the potential for 
fresh floricane red raspberry production in 
New York. Yield components and fruit qual-
ity observations were made to evaluate the 
potential of the cultivars for NY production 
and their utility for use in the Cornell berry 
breeding program for the development of im-
proved cultivars for protected production in 
temperate climate regions. 

Materials and Methods
 A trial of seven floricane fruiting red rasp-
berry cultivars was established in a random-
ized complete block design at Cornell Ag-
riTech at the New York State Agricultural 
Experiment Station (NYSAES) in Geneva, 

NY (lat. 42°8’N, long. 77°0’W). The cul-
tivars included ‘Canby’, ‘Encore’, K81-6, 
‘Killarney’, ‘Moutere’, ‘Prelude’, and ‘Titan’ 
which represent standard floricane cultivars 
in the region from multiple breeding pro-
grams around the world (Weber, 2013). Bare 
root canes of each cultivar were sourced from 
commercial nurseries and planted in 30.5 cm 
high raised beds in a Honeoye loam soil with 
less than 3% slope in a 3-bay (7.32 m width 
per bay) high tunnel structure (Haygrove 
Ltd., Ledbury, UK). Each bay was treated as 
a block in a randomized complete block de-
sign with one 6-plant plot (5.49 m per plot) 
of each cultivar randomly located in each 
block (bay). Initial in-row spacing was 0.9 m 
within row and 2.44 m between row centers 
with 3 rows in each bay. 
 A three-level V-trellis with a width of 46 
cm at the base and 60 cm at 1.5 m height was 
installed after planting and drip irrigation 
was provided to deliver approximately 25 
mm of water per week after the tunnels were 
covered prior to bloom and approximately 51 
mm of water per week during the fruit devel-
opment period through harvest after which 
the tunnel covers were removed for the win-
ter. Fertilization was based on recommen-
dations for high tunnel (Heidenreich et al., 
2012) and field production practices (Bush-
way et al., 2008) and was applied through the 
drip irrigation. Weed barrier fabric (Green-
houseMegastore, International Greenhouse 
Co., Danville, IL) was applied between the 
rows and supplemental hand weeding was 
utilized within the rows.  Predator mites 
(Phytoseiulus persimilis) (Biobest USA, 
Inc., McFarland, CA) were released prophy-
lactically 3 times each summer to suppress 
two-spotted spider mite (Tetranychus urticae 
Koch) populations. To ensure good pollina-
tion, a quad-hive of bumble bees (Bombus 
impatiens Cresson) (Biobest USA, Inc., Mc-
Farland, CA) was placed at the end of the 
tunnel at the beginning of bloom each year. 
In floricane raspberry types, few canes de-
velop in the planting year making an addi-
tional year for plot maturation necessary.  
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The plants were grown for approximately 
25 months before the first harvest was re-
corded in the second summer after plant-
ing. Fruit was harvested for the same 2 m 
of row within each block for three seasons 
for annual and cumulative yield calculations. 
Yield was converted to t·ha-1 based 4099 m 
of row·ha-1 at the spacing stated above. Fruit 
were harvested on Mondays, Wednesdays 
and Fridays, for each plot throughout the har-
vest period. For mean fruit weight calcula-
tions, a random 10-fruit sample was taken at 
each harvest date per block per cultivar being 
harvested. Mean fruit weight values over the 
whole season were calculated for each year, 
and total mean fruit weight values across all 
three years were calculated. All mean yield 
and fruit weight values for each cultivar were 
subjected to one-way analysis of variance 
(ANOVA) and mean separation by Duncan’s 
multiple range test (P ≤ 0.05) when appro-
priate using Microsoft Excel software (Mi-
crosoft Corp., Redmond, WA) following the 
procedures of Gomez and Gomez (1984). 
Harvest began when any plot had ripe fruit 
and ended when the last plot had fruit. The 
date of first harvest, peak harvest, and last 

harvest were recorded each year for each cul-
tivar with peak harvest being the date with 
the greatest 3-plot cumulative daily yield. 
Air temperature and rainfall measurements 
were recorded at the NYSAES North Farm 
weather station approximately 1.5 km from 
the trial site to identify any gross differences 
in annual weather conditions between years 
that may have affected the trial results.

Results and Discussion
 Yield in this trial was very similar to open 
field trials previously conducted at the NY-
SAES (Weber et al., 2004a; 2004b; 2005) 
when adjusted to yield per meter of row to 
account for different row spacing. Yield of 
individual cultivars within the trial was not 
significantly different in the first two harvest 
seasons nor cumulatively over the three year 
period (Table 1). Yield differed significantly 
only in the third season, most likely due to re-
duced vigor for the more root disease suscep-
tible cultivars ‘Titan’ and ‘Canby’ compared 
to the very resistant ‘Prelude’.  The reduc-
tion in yield in the later cultivars in the third 
season, especially ‘Titan’, also shifted the 
overall peak harvest period for the planting 

Table 1. Mean yields of seven floricane red raspberry cultivars in a high tunnel field trial at Geneva, NY 
over three harvest seasons. Field spacing was equivalent to 4099 m of row per ha at 3.44 m center to center 
row spacing.      
        Mean cumulative  
Cultivar  Mean yieldz, y  yieldy 
   (t·ha-1)x   (t·ha-1)x
 
  Year 1 Year 2 Year 3   
Moutere 10.2  10.1 5.6 ab 27.2 
Killarney 9.9  9.6 5.9 ab 26.7 
K81-6 8.7  13.0 4.1 bc 26.7 
Encore 8.4 10.4 5.5 ab 25.4 
Canby 7.6 10.4 3.8 bc 22.7 
Prelude 7.6 6.5    8.6 a 23.6 
Titan 6.8 7.9    1.7 c 17.2 
   Meanw 8.47 9.69 5.02   
z There were 3 replications per cultivar per year.     
y Means within columns followed by common letters do not differ significantly different as determined by Duncan’s multiple range 

test at P ≤ 0.05. Means in Years 1 and 2, and cumulatively over 3 years were not significantly different among the cultivars.
x Multiply t·ha-1 by 890 for equivalent lb·ac-1.     
w Yearly mean across all cultivars.
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considerably earlier (Table 3). This differ-
ence between cultivar productivity and peak 
planting harvest would likely be more pro-
nounced in future seasons as the less vigorous 
cultivars continued to decline. This contrasts 
to the significant improvement in yield ob-
served by Hanson et al. (2011) in a Michigan 
trial which compared tunnel production with 
open field production concurrently but with 
fewer cultivars. The yield advantage in the 
Michigan trial was significant even when ac-
counting for row spacing differences. While 
these studies cannot be compared directly be-
cause they were completed in different years 
and locations, it indicates that environmental 
conditions during the summer season may 
play an important role in productivity. Photo-
synthetic activity in red raspberries declines 
at temperatures above 25°C (Fernandez and 
Pritts, 1994; Percival et al., 1996) which is 
more likely to occur during the floricane fruit 
development and ripening periods from late 
June through July than in the late Aug. to 
Oct. period when most primocane cultivars 
ripen in western NY. Root damage from Phy-
tophthora rubi or other pathogens on over-

wintered floricanes would exacerbate this 
reduction in productivity. 
 However, overall fruit weights were high-
er in this trial compared to the same cultivars 
grown in the open field trials (Weber et al., 
2004a; 2004b; 2005). This was especially 
true for the cultivars with larger fruit like 
K81-6, ‘Titan’ and ‘Encore’ but less so for the 
smaller cultivars like ‘Killarney’ and ‘Pre-
lude’. This dichotomy was similar to that ob-
served in the Michigan trial with concurrent 
tunnel and open field production (Hanson et 
al., 2011), though fewer floricane cultivars 
were tested. This trend of larger/heavier fruit 
was consistent over subsequent seasons but 
the overall mean weight declined with each 
successive season (Table 2) although the 
maximum weights were more consistent in 
the first two seasons before dropping off in 
the third season. The mean fruit weight of the 
individual cultivars also decreased with each 
successive season but the relative size among 
them was consistent. K81-6, ‘Titan’ and ‘En-
core’ were consistently the largest fruiting 
cultivars with ‘Canby’ and ‘Moutere’ be-
ing intermediate in size and ‘Killarney’ and 

Table 2. Mean fruit weight for seven floricane red raspberry cultivars over three harvest seasons at Geneva, 
NY.       

                                     Mean fruit                    Three-year mean     Maximum 10-fruit    Minimum 10-fruit
                                       weightz,y          fruit weighty,x          Mean weight          Mean weight
                                           (g)                                   (g)                (g)                   (g) 
Cultivar                                    Season               Season 
                       Year 1         Year 2           Year 3                            1       2       3                 1      2      3 
K81-6 4.11 a       3.96 a 2.58 a 3.55 a  5.5    5.8    4.0  2.7    2.1    1.7 
Titan   3.88 ab  3.39 ab 2.20 b 3.16 a  4.9    5.7    3.6  3.1    1.4    1.4 
Encore 3.66 b  3.33 ab 2.68 a 3.22 a  4.8    5.3    3.6  2.7    1.7    2.0 
Canby 2.92 c  2.40 cd  2.00 bc 2.46 b  3.8    2.9    2.9  2.3    1.5    1.2 
Moutere 2.86 c   2.78 bc 2.21 b 2.62 b  5.1    4.2    3.5  1.9    1.9    1.6 
Killarney   2.64 cd   2.55 cd 1.98 c 2.39 b  3.4    4.1    2.6  1.9    1.8    1.2 
Prelude 2.40 d 1.91 d   2.03 bc 2.11 b  3.1    2.5    2.6  1.9    1.6    1.3 
      Meanw 3.21 2.91 2.24     
z  There were 3 replications per cultivar per harvest seasons.     
y  Means within columns followed by common letters are not significantly different as determined by Duncan’s multiple range test 

at P ≤ 0.05.       
x  Mean across all three harvest season.       
w  Seasonal mean across all cultivars.
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‘Prelude’ being generally small in size (Table 
2). Fruit weights also tended to decline as 
the seasons progressed (Figure 1) with the 
heaviest fruit harvested in the beginning of 
the season. However, in the latest cultivars, 
the fruit at the end of the season increased 
in size when few fruit were present (Figure 
1). ‘Encore’ was the most uniform in weight 
over the harvest periods with ‘Canby’ and 
‘Killarney’ also being relatively uniform al-
beit smaller (Fig. 1). 
 The fruit in this trial often started relative-
ly small and increased in mean weight until 
peak harvest at which point there was a drop-
off in fruit weight. This was followed by an-
other increase in size, often with maximum 
fruit size recorded after the peak harvest date 
when the crop load was low followed by a 
steep drop-off at the very end of the season. 
This pattern differed in the primocane rasp-
berry where the largest fruit was observed at 
the beginning of the season with a decline in 
mean size as the season progressed  (Yao and 
Rosen, 2011), sometimes with a spike after 

peak harvest which would then diminish as 
the season concluded (Weber, 2018). The 
fruit weights among plots was much more 
variable in floricane cultivars than that ob-
served in primocane fruiting cultivars. It may 
be more highly influenced by the relatively 
higher July temperatures and varying water 
status of the plants as irrigation was needed 
more frequently to maintain adequate soil 
moisture. 
 Variation in mean fruit size during the sea-
son was greatest for ‘Moutere’ with mean 
reduction from maximum to minimum mean 
fruit weights of 44% over the 3 year period. 
‘Prelude’ produced the most consistent fruit 
weights over the three seasons, averaging 
only a 21% decrease from the maximum to 
minimum mean weight.  The other cultivars 
varied between 34% and 40% reduction in 
fruit weight between the maximum and mini-
mum (data not shown).  This wide difference 
in fruit weight uniformity among the culti-
vars suggests a strong genetic effect on this 
character. Therefore, improving this unifor-
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(Julian date 170 corresponds to June19 and 215 to August 3).
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mity is likely to be possible through breeding 
but may be more difficult as the maximum 
fruit weight increases. Additionally, the larg-
est fruiting cultivars were larger than the 
largest primocane cultivars from previous 
trials (Weber, 2018, Hanson et al., 2011) sug-
gesting that large fruiting floricane cultivars 
can be a source for large fruit size for breed-
ing larger primocane cultivars.  This has 
been demonstrated in the development of the 
cultivars ‘Watson’ (US Plant Patent 7,067P) 
(Sanford et al., 1988) and ‘Crimson Giant’ 
(US Plant Patent 23,375P3) in the Cornell 
program, both utilizing ‘Titan’ as the large 
fruit contributing parent. 

 The length of the floricane harvest season 
is relatively short, lasting only six weeks (Ta-
ble 3). ‘Prelude’ was the earliest fruiting cul-
tivar in each season, starting harvest seven 
days earlier than the next earliest, ‘Killarney’ 
(Table 3). K81-6 and ‘Encore’ were the latest 
fruiting each year with ‘Titan’ and ‘Moutere’ 
producing in a very similar time frame. Each 
individual cultivar’s harvest season lasted as 
little as 17 days for ‘Prelude’ in season one 
to as long as 36 days for ‘Killarney’ in sea-
son three (Table 3). By comparison, harvest 
periods of 40 to 60 days have been observed 
for primocane cultivars with a season across 
cultivars lasting 10 weeks or longer (Weber, 

Table 3: Harvest dates for 7 floricane raspberry cultivars grown under high tunnels over three harvest 
seasons in Geneva, NY. 

Cultivar Harvest  1st Harvest Last Harves  Peak Harvest Season Length
 Season Date Date Date (days)

Prelude 1 Jun 14 Jun 30 Jun 21 17
 2 Jun 22 Jul 11 Jun 27 20
 3 Jun 13 Jul 9 Jun 18 27
Killarney 1 Jun 21 Jul 19 Jun 28 29
 2 Jun 29 Jul 28 Jul 11 31
 3 Jun 20 Jul 25 Jul 2 36 
Canby 1 Jun 21 Jul 19 Jun 28 29
 2 Jul 1 Jul 28 Jul 11 28
 3 Jun 25 Jul 25 Jun 27 31 
Moutere 1 Jun 22 Jul 26 Jul 8 35
 2 Jul 7 Jul 26 Jul 13 20
 3 Jun 25 Jul 23 Jul 2 29 
Titan 1 Jun 24 Jul 26 Jul 2 33
 2 Jul 5 Jul 29 Jul 7 25
 3 Jun 22 Jul 25 Jul 5 34 
Encore 1 Jun 24 Jul 26 Jul 12 33
 2 Jul 5 Aug 2 Jul 12 29
 3 Jun 25 Jul 23 Jul 9 29 
K81-6 1 Jun 25 Jul 26 Jul 12 32
 2 Jul 7 Aug 2 Jul 13 27
 3 Jun 25 Jul 25 Jul 9 31 
Whole Planting 1 Jun 14 Jul 26 Jul 12 43
 2 Jun 22 Aug 2 Jul 12 42
 3 Jun 13 Jul 25 Jul 1 43
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2018). The flowering period of floricane 
cultivars is much more concentrated than 
primocane cultivars since the whole plant 
is emerging from dormancy simultaneously 
so that the fruiting laterals form much more 
uniformly than in primocane cultivars where 
new laterals are produced progressively 
down the cane for many weeks. This flower-
ing pattern makes for a much more concen-
trated harvest in floricane cultivars. 
 The late cultivars in this trial stretched the 
season to late July or early Aug. in each year 
(Table 3). There is at least one cultivar, ‘Oc-
tavia’ (Solomon, 2013), not included in this 
trial that continues to fruit beyond the win-
dow of K81-6 and ‘Encore’ but it seems that 
breeders are nearing the limits of what can be 
accomplished through genetics to lengthen 
the floricane season. However, by combining 
optimal production practices with late flori-
cane and early primocane fruiting cultivars, 
continuous production of red raspberries for 
up to 6 months in cool climate locations such 
as western NY is possible. The development 
of improved cultivars is needed to take ad-
vantage of this long window, especially large 
fruited cultivars for the early season and 
firmer cultivars overall.
 While the overall yield performance of the 
floricane cultivars under high tunnels was 
similar to what has been recorded in outdoor 
trials in NY (Weber et al., 2004a; 2004b; 
2005), the trial in Michigan showed consid-
erable yield advantage (Hanson et al., 2011). 
Additionally, fruit quality aspects of the fruit 
in this trial, especially size, were consider-
able so that the advantages of high tunnel 
production when optimized likely justify the 
increase input costs. Pest control require-
ments in this trial were significantly reduced 
compared to outdoor trials with no fungi-
cides applied and only minimal hand weed-
ing. Even without fungicide treatments, no 
appreciable fruit rots were observed. In most 
years, spotted winged drosophila (SWD) 
(Drosophila suzukii) does not become a pest 
problem in the region until late July to early 
Aug. so that most of the floricane production 

avoids infestation. Monitoring for SWD was 
only done in the general area during this trial 
so specific cultivar infestation is unknown. 
Cultivar preference studies have had mixed 
results as far as infestation rates in specific 
cultivars (Burrack et al., 2012; Lee et al., 
2011) but high rates of infestation have gen-
erally been observed in raspberries. In order 
to reduce the impact of this pest, a diligent 
monitoring program should be followed, es-
pecially late in the season, to identity any fly 
infestation and to implement an appropriate 
insecticide program if needed, rotating rec-
ommended chemical classes (Pritts et al., 
2015) if needed. Alternatively, complete ex-
clusion with netting (http://blogs.cornell.edu/
swd1/2016/04/19/exclusion-netting-against-
swd/) could be used to control the insect, but 
this may not be cost effective unless earlier 
infestation dates are observed in the future.  
 While a direct comparison to open field 
production was not done in this trial, many 
of the cultivars had improved fruit size com-
pared to previous open field trials (Weber et 
al., 2004a, 2004b, 2005). However, some 
displayed characteristics that may limit their 
suitability for production under tunnels or for 
marketing. The canes of ‘Killarney’ grew in 
a very curvy, uncontrolled manner and were 
less upright than observed in outdoor trials, 
making them difficult to prune and train. The 
fruit of ‘Killarney’ was also darker red, espe-
cially after storage, than is generally desirable 
for fresh raspberries but may be acceptable 
for local markets. This cultivar is typically 
darker red, but the color intensity may have 
been affected by the higher temperatures ex-
perienced in the high tunnels. ‘Moutere’ had 
very attractive fruit with good firmness and 
uniformity, but the flavor was very poor and 
generally unacceptable for fresh consump-
tion. This could possibly be attributed to the 
conditions under the high tunnels but is more 
likely a regular characteristic of this cultivar 
(H. Hall, pers. comm.). ‘Titan’ displayed the 
same susceptibility to Phytophthora root rot 
observed in open field conditions (Maloney 
et al., 1993). The noticeable drop off in vigor 

http://blogs.cornell.edu/
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and productivity observed in the third sea-
son may even have been exacerbated by the 
higher temperatures experienced in the high 
tunnels. The fruit of ‘Prelude’ was consis-
tently smallest in the trial which is generally 
undesirable, however, it still has a place in 
the marketplace since it is a week earlier than 
other cultivars so has little competition from 
other local raspberries in this market win-
dow. Care should also be taken, especially 
with the latest cultivars, to pick during the 
coolest period of the day and to refrigerate 
quickly after harvest because they tended to 
soften in the high temperatures experienced 
in mid-afternoons in July.  
 On the whole, even with some shortcom-
ings in the cultivars, very high quality fruit was 
produced that was superior to much of what is 
offered in local markets from outdoor produc-
tion, and it proved to be acceptable to local 
wholesale buyers. The adoption of high tun-
nels for raspberry production in cool climate 
regions should be encouraged as a quick way 
to improve the quality of local fruit. However, 
production practices to hasten the establish-
ment of floricane plantings are also needed 
to reduce the payback period for growers. It 
may be possible to use tissue culture plugs 
planted at a high density to produce enough 
fruiting canes for harvest in the first summer 
after planting. An economic evaluation of the 
added cost of plants versus the potential yield 
in such a system would be needed. Addition-
ally, the development of improved cultivars 
specifically for high tunnel production in cool 
climate regions will amplify the benefits over 
time, allowing the industry to grow and take 
advantage of the expanding local markets 
where growers can receive high retail prices 
for greater profitability. 
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Abstract
 This study aimed to assess the ancient carob germplasm growing in Lebanon. A set of 59 old trees sampled 
from different locations across the country (between 0 and 554 m a.s.l.) were subject to morphological character-
ization by using 33 traits related to the tree, the leaf, the pod and the seed. Results revealed important morphologi-
cal variability within the Lebanese carob germplasm. The most variable traits were the number of aborted seeds 
per pod, seed yield, pulp weight, pod weight and pod volume. Correlation analysis showed a negative correlation 
of both pod size and weight with seed yield, and a positive correlation between pod length and total seed weight. 
Evaluation of carob morphological characters and eco-geographic parameters revealed positive correlation of 
seed length, chord length and pod width with the longitude, in addition to a slight positive correlation of pod 
weight with latitude and longitude. Principal component analysis allowed extracting the most active and discrimi-
nant morphological variables, which were mainly represented by pod weight, width, length, thickness and shape, 
chord length, and individual seed weight and length. Cluster analysis revealed a clear differentiation between 
two main morphological groups; the first cluster was characterized by long and heavy pods and seeds, while the 
second cluster was distinguished by medium to small pods and seeds. Two eco-geographic sub-clusters could be 
differentiated, Mount Lebanon and the South, while the trees of Beirut and the North were dispersed in various 
subgroups. According to these results, the Lebanese carob germplasm might be a reservoir of genetic diversity 
that should be further investigated by complementary studies including flowering characteristics, pod chemical 
quality attributes and genetic analysis.

 Originated in the Eastern Mediterranean 
and the Arabian Peninsula, the carob tree 
(Ceratonia siliqua L.) is a typical constitu-
ent of the evergreen vegetation of Mediter-
ranean and Near East low altitude areas 
(Batlle and Tous, 1997; Zohary, 2002). The 
Mediterranean Basin is considered to be at 
least one of carob domestication centers and 
the trees were planted extensively in warmer 
parts of both the southern and eastern shores. 
Since ancient times, carob trees spread as 
wild seedlings, but they are regarded as fe-
ral derivatives of the fruit crop which prob-

ably evolved under domestication based on 
the shifting from sexual reproduction (wild 
forms) to the vegetative propagation (under 
cultivation) (Sidina et al., 2009; Zohary, 
2002). 
 Historically carob has been used as feed 
for domesticated animals. The fruit was also 
eaten by peoples in times of famine while 
the wood was also used for fuel. Tradition-
ally, carob trees were inter-planted with ol-
ives, grapes, almonds and even barely in 
low intensity farming system (Batlle and 
Tous, 1997). This multi-use tree cultiva-

mailto:lamis.chalak@ul.edu.lb


261caRoB

tion represents an age-old land use system 
where fruit trees are deliberately grown in 
the same planting with other crops and/or 
animals (Makhzoumi, 1997). Today, wild, 
naturalized, and abandoned cultivated carob 
trees have become an integral component of 
the ‘thermo-Mediterranean’ zone which is 
characterized by dense coastal woodlands of 
evergreen screlophyllous plant species, and 
is distributed at low altitudes in all warmer 
parts of the Mediterranean Basin, especially 
North Africa and the Near East (Batlle and 
Tous, 1997; Christodoulakis, 1992; Talhouk 
et al., 2001).
 The potential multi-use value of carob in 
the past is still valid today and new uses have 
proven to be economically important. The 
carob bean gum extracted from carob’s seeds 
is widely used today in the manufacture of 
foodstuffs as a stabilizer, emulsifier, and 
thickener. The ground up pod is also used as 
a substitute for cocoa powder. It’s hardwood 
is used as charcoal in several Mediterranean 
countries (Abi Saleh et al., 1996; Corell et 
al., 1987). In addition, the adaptability of 
carob tree to all types of soils at lower and 
middle altitudes and its resistance to drought, 
makes it suitable for reforestation (Abi Saleh 
et al., 1996; Tous et al., 2013). Moreover, the 
species is considered beneficial in associa-
tion with low altitude conifer trees because 
of its tolerance to fires (Talhouk et al., 2005).
In Lebanon, carob grew abundantly on the 
lower coastal hills to the extent that a region-
al district was referred to by the species name 
‘Iklim Al Kharroub’ (the carob district), and 
is cultivated in different agricultural systems, 
among olive and almond trees, where carob 
is mainly grafted on the remnant wild forms 
(Breugel and Stephan, 1999; Talhouk et al., 
2001). By 1914, carob trees were uprooted 
for the expansion of agricultural alternatives 
causing a noticeable decrease of their popu-
lations, described as consisting of sporadic 
trees (Abou Nasser, 1963). Today, some cen-
tennial carob trees are still found witnessing 
the long history of this species in the country. 
Unfortunately, the remaining carob popula-

tions are threatened again by various anthro-
pogenic pressures and more particularly by 
the intensive urbanization activities in the 
coastal zone, which are causing an alarming 
destruction of the remnant semi-natural habi-
tats where carob thrives. 
 During the last decade, several afforesta-
tion initiatives were undertaken using carob 
seedlings. Also, several municipalities are 
investing in carob cultivation in South Leba-
non for both ornamental and economic pur-
poses. According to the statistic census of the 
Ministry of Agriculture of Lebanon, carob 
culture is occupying 241 hectares, mostly lo-
cated in South Lebanon (132 ha), with an es-
timated average total production of 2000 tons 
per year. Local production is not sufficient to 
satisfy the local demand for molasses pro-
duction. Therefore, carob pods are regularly 
imported by carob factories from Cyprus and 
Greece. Formal data regarding the imported 
quantities are not available yet.
 Usually cultivars are described and breed-
ing material is selected on the base of con-
ventional phenotypic descriptors that are 
readily recognizable. In the Mediterranean, 
carob cultivars were often assessed using 
pod and seed morphological traits as it was 
the case in Algarve, Portugal (Barracosa et 
al., 2007). Also pod and seed morphological 
characteristics were used to study the vari-
ability within the Tunisian carob germplasm 
(Naghmouchi et al., 2009; Naghmouchi et 
al., 2009). In Morocco both morphological 
traits and chemical composition of pods were 
used for the characterization of carobs (Khli-
fa et al., 2013; Sidina et al., 2009). More 
recently, morphological traits of pods and 
seeds were used to characterize carob popu-
lations collected from two Croatian islands 
(Srečec et al., 2016).
 To date the genetic diversity of carob trees 
growing in Lebanon has not been sufficiently 
addressed. Only a few local cultivars were 
differentiated across the country namely 
‘Ahmar’, ‘Makdissi’, ‘Khachabi’, ‘Sandali’ 
and ‘Barri’, based on a limited number of 
pod characteristics (Breugel and Stephan, 
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1999; Haddarah et al., 2014). The genetic 
variability of the Lebanese carob popula-
tions was explored by using RAPD mark-
ers (Talhouk et al., 2005). Results from this 
genetic study indicated that carob trees did 
not cluster based on geographic proximity, 
and revealed a significant difference between 
and within populations, suggesting that the 
remaining trees constitute a valuable germ-
plasm that deserves to be investigated.
 In this context, the present work aims to 
assess the phenotypic diversity of the ancient 
Lebanese carob germplasm by characterizing 
the remaining centennial carob trees growing 
in the country. Germplasm characterization 
consisted of analyzing the variation in mor-
phological descriptors relevant to the tree, 
the leaf, the pod and the seed among 59 se-
lected trees to determine if they are related 
with species geographical distribution in 
Lebanon. This work is the first contribution 
in Ceratonia siliqua in which morphological 
features are analyzed to characterize Leba-

nese’s genotypes based on their potentialities 
and to valorize ancient carob trees in further 
conservation actions and selection programs. 
The hypothesis was that morphological dif-
ferences can be characterized, and that this 
analysis will provide a starting point for fu-
ture molecular analysis for this important 
natural resource in the Mediterranean and the 
Near East regions.

Materials and Methods
Surveys and collected accessions
 A set of 59 ancient carob trees representing 
most natural and domesticated Lebanese’s 
populations was collected during June - Oc-
tober 2016 (Supplementary Table 1). These 
trees grew in family gardens, road edges, val-
leys and abandoned lands and were described 
immediately at the site prior to material col-
lection. Trees were located at 31 sites spread 
over four main geographical areas, the North, 
the South, Mount Lebanon, and Beirut dis-
tricts (Fig. 1) at altitudes between 16 and 545 

Figure 1. Distribution of the 59 centennial carob trees surveyed in 31 locations in Lebanon.
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Figure 1. Distribution of the 59 centennial carob trees surveyed in 31 locations in Lebanon. 
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m and receiving between 920 and 491 mm of 
rainfall (Supplementary Table 1). Each tree 
was assumed to be one accession, having a 
trunk circumference of 2 m and above (Fig. 
2). According to information given initially 
by the growers and elderly villagers, the trees 
were considered to be more than 100 years 
old. For each tree, samples of 20 mature 
leaves and pods were collected randomly on 
lateral branches. After seed extraction, 20 

seeds were randomly chosen from 10 pods 
per tree. 

Morphological descriptors 
Globally five qualitative (scored) and 28 
quantitative traits (measured) of the tree, 
leaf, pod and seed were examined, based 
on the descriptors previously developed for 
carob tree characterization (Barracosa et al., 
2008 and 2007; Batlle and Tous, 1997; Ghar-
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Figure 2. Examples of centennial carob trees across Lebanon considered in the study. From left 
to right and from top to bottom: Female carob tree with a high basal circumference in Amioun 
population; Male tree with two trunks in Amioun population; Female carob tree of Joun 
population with a big cavity on trunk induced by bad pruning practices; Female carob tree of 
Nahr Ibrahim population with big cavity on the basal part of trunk. 

Figure 2. Examples of centennial carob trees across Lebanon considered in the study. From left to right and from 
top to bottom: Female carob tree with a high basal circumference in Amioun population; Male tree with two trunks 
in Amioun population; Female carob tree of Joun population with a big cavity on trunk induced by bad pruning 
practices; Female carob tree of Nahr Ibrahim population with big cavity on the basal part of trunk.
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nit et al., 2004; Retana et al., 1994; Tous et 
al., 2013). Tree traits included foot trunk cir-
cumference (m), trunk largest circumference 
(at 50 cm height from the ground) (m), crown 
projection diameter (m), and central cavity 
(length×width×depth; m³) (Supplementary 
2; Fig. 2). Leaf characteristics included leaf 
length (mm) and width (mm), petiole length 
(mm) and width (mm), and number of leaflets 
per leaf, leaflet length (mm) and width (mm) 
(Supplementary Table 3). Pod characteris-
tics included pod shape (scored on a scale 
of 3=straight, 5=curved and 7= twisted); pod 
color (rated on a scale of 3=brown, 5=dark 
brown, 7=black; chord length (mm); pod 
length, width and thickness (mm), weight (g) 
and volume (ml); pulp weight (g); pod stalk 
length (mm) and width (mm); percentage of 
aborted seeds per pod; seed yield (%) and 
seed number per pod (Supplementary Table 
4); Seed characteristics included seed): shape 
(1=round, 2=oval, 3=elliptic; color (1=yel-
lowish brown, 2=brown, 3=red brown and 
4=black) and surface (1=smooth, 2=rough 
and 3=very rough); seed length (mm); width 
and thickness (mm); individual seed weight 
and total seed weight per pod (g) (Supple-
mentary Table 5). Seed yield (%) was calcu-
lated as the total seed weight over pod weight 
x 100 (Batlle and Tous, 1997).

Eco-geographical data 
 Climatic data used in these analyses were 
derived from the dataset of the meteorologi-
cal stations of the Lebanese Agricultural Re-
search Institute distributed across the coun-
try. In this study, the general climate variables 
considered for each location included mini-
mum and maximum average temperatures 
and annual rainfall. Information on GPS co-
ordinates and elevations of the sampled trees 
was also recorded in each location.

Data analysis
 For each variable, means ± standard devia-
tions and coefficients of variation were cal-
culated. The normality test of Kolmogorov–
Smirnov was used to determine if samples 

came from a normally distributed population 
(Martínez-González et al., 2006). When ex-
amining the distributions for the quantitative 
variables associated with pod, seed and leaf 
characteristics, the Kolmogorov-Smirnov 
(K-S) test indicated values of p above 0.05 
for seven morphological traits which fit nor-
mality (chord length, pod width, weight, pulp 
weight, pod stalk length, leaflet length, leaf-
let width). Other variables i.e. pod volume, 
leaflet length and width, seed number per 
pod, seed length) were log10-transformed 
(Milton and Tsokos, 1983). When case num-
ber sample size is large, K-S test is sensitive 
to small deviations from normality (Milton 
and Tsokos, 1983). To avoid this problem, all 
the variables that did not fit normality with 
K-S test, even after Log10 transformation, 
were evaluated with histograms and Q-Q 
plots (Normal vs Expected, and Standard 
deviation trends), to confirm the deviation of 
the normal distribution. After these evalua-
tions, data for eight traits still deviated from 
normality, and were excluded from the  mul-
tivariable classification approach (pod stalk 
width, % aborted seed per pod, seed yield, 
seed thickness and width, leaf petiole length 
and width and leaflet number per leaf).
 Pearson’s correlation coefficients were 
calculated at the individual level to evaluate 
relationships between morphological traits. 
The correlation coefficients with the vari-
ables which did not fit normal distribution 
were analyzed using Spearman’s correlation 
test. Additionally, the correlations between 
eco-geographical variables (i.e. altitude, lon-
gitude and precipitations) and the mean val-
ues of morphological traits were examined at 
the population level (Fig. 3) (Snedecor et al., 
1967).
 Principal Component Analysis (PCA) was 
performed using IBM SPSS statistics 17.0 
(IBM Corp., Armonk, NY, USA) on all stud-
ied individuals of the data set except for the 
trees that were not productive and thereby 
considered to be male. All variables satisfy-
ing conditions of normality, homoscedastic-
ity and bivariate correlations greater than 
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0.3 (P < 0.05), except for those exhibiting 
collinearity, were included in the PCA to se-
lect the most representative ones, according 
to Sleighter et al. (2010). Selected variables 
were identified by an optimal PCA solu-
tion that included Bartlett’s sphericity test, 
a KMO (Kaiser-Meyer-Olkin) test, com-
munalities, correlations with principal com-
ponents, and maximum explained variance 
(Martínez-González et al., 2006). With the 
eight variables accounting for the maximum 
fraction of variance in the original dataset 
(Supplementary Table 6; Fig. 4), accessions 
were subjected to agglomerative hierarchi-
cal cluster analysis (unsupervised clustering, 
Ward’s method) based upon squared Euclid-
ean distance. Classification was carried out 
using an agglomerate algorithm (Everitt, 
1980). The number of groups was judged 
visually based on the resulting dendrogram. 
After groups were defined, one-way analyses 
of variance were used to detect differences 
in quantitative traits among the previously 
established groups. To detect geographic pat-
terns of variation in pod morphology, a clus-
tering analysis following Ward’s method was 
performed using R v.3.2.3.

Results
General status of the carob centennials
 Our study included 59 centennial carob 
trees growing in 31 locations across the 
country distributed in Mount Lebanon (26 
trees), North Lebanon (13 trees), South Leb-
anon (10 trees) and Beirut (10 trees) (Fig. 1). 
Trees were found along the littoral and up to 
545 m of altitude (Marouahine in the South). 
Minimum winter temperature varied between 
-3.8°C and 3.5°C, while the maximum sum-
mer temperature varied between 34.8°C and 
38.9°C. The annual rainfall was between 491 
mm (Wadi Al Houjair in the South) and 920 
mm (Douma in the North). Most of centen-
nials are growing as scattered trees on road 
edges e.g. Nahr Ibrahim, family gardens and 
yards, and in the remaining maquis in some 
area e.g. Joun. On the other hand, some car-
obs were found in olive groves (e.g. Deir 

Janine and Joun), recalling the traditional 
Mediterranean agro-ecosystem where olive 
and carob trees were inter-planted. Many of 
these trees were in good shape while others 
were partially destroyed by various anthro-
pogenic acitivities. The immense majority of 
these trees did not recieve  irrigation or other 
agricultural practices.
 Most of the surveyed carob trees were still 
productive, except seven trees found during 
the survey without pods and were considered 
by farmers as male trees. Although flower 
type was not addressed in this study, at least 
eight trees of the 59 studied and mostly lo-
cated in Mount Lebanon were hermaphrodite 
with some inflorescences carrying pistillate 
flowers and others carrying staminate flow-
ers, or with inflorescences carrying her-
maphroditic flower. Normally, dried pods 
are harvested in September and processed to 
produce carob molasses also called “black 
honey” or “debs”. According to the grow-
ers, only a few trees were grafted, such as the 
one found in Kefraya (designated as Kefraya 
NLC1) and the one called Rihani (designated 
as Rihani NLC1). Most of these centennial 
trees were thought to be subnatural and as-
sumed to be derived initially from seedlings 
growing spontaneously in natural landscapes 
or in plantations.
 Information given by the growers and mu-
nicipalities indicates the carob trees consid-
ered in this study may have been 150 to 250 
years old. The oldest tree might be the one 
found in Amioun (Amioun NLC2) which may 
have been more than 200 years, followed by 
the tree of Deir Janine (Deir Janine NLC1) 
and the one of Kefraya (Kefraya NLC1) with 
more than 150 years. Some centennials are 
located near some archeological troves, ru-
ins and ancient monasteries, indicating their 
long history in the country. 

Tree characteristics
 Trees had large foot circumferences, from 
2 m (e.g. Wadi Al Houjair SLC2) to 8.2 m 
(e.g. Amioun NLC2) (Supplementary Table 
2, Fig. 2). Trunk circumferences ranged be-
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tween 1.6 m (Wadi Al Houjair SLC2, Deb-
biyeh MLC4) and 9 m (e.g. Baasir MLC1), 
while most of the trees had trunk circumfer-
ences between 2.2 m and 4 m. Trunk cavities 
were present in only 44% of trees with vol-
umes between 0.01 m³ (e.g. Chekka NLC1) 
and 0.95 m³ (e.g. Nahr Ibrahim NLC4). 
Crown projection ranged from 3.3 m (Jiyeh 
MLC1) to 16 m (Baasir MLC1) with an aver-
age of 6.61 m.

Morphological characterization
 Carob centennials had a wide range of mor-
phological variability (Tables 1; Supplemen-
tary Tables 2-5). Seed thickness, seed length 
and seed width were least variable with a 
coefficient of variation of  9%, followed by 

pod length and width, number of seed per 
pod, individual seed weight, and leaf petiole 
width with coefficients of variation ranging 
between 12 to 15%. High variation coeffi-
cients were associated with aborted seeds per 
pod, seed yield, pulp weight, pod weight, pod 
volume, leaf length, chord length, leaf petiole 
length and pod length with respective values 
of 93.91, 44.63, 42.94, 39.33 and 36.07, 28.5, 
25.99, 25.26 and 21.26%.
 Leaf length ranged between 42.7 mm (e.g. 
Marouahine SLC7) and 188.9 mm (e.g. Sal-
hiyeh SLC1), whereas leaf width varied from 
24.8 mm (e.g. Eddeh NLC1) to 167 mm (e.g. 
Bourjein MLC3). Leaf petiole length was 
short for most of the trees (19-30 mm length) 
and varied from medium to long for the oth-
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Table 1. Descriptive statistics for pod, seed, and leaf variables for 59 carob centennial trees growing in 
Lebanon. 

Morphologcal traits  Minimum Maximum Mean ± SD CV (%) 
Pod: 
Chord length (mm) 

 
78.1 

 
219.9 

 
142.52±37.04 

 
25.99 

Length (mm) 108.3 234.2 161.93±34.43 21.26 
Width (mm) 14.3 27.0 22.06±3.23 14.64 
Thickness (mm) 4.6 12.2 8.26±1.58 19.13 
Weight (g) 5.9 37.65 20.34±8 39.33 
Volume 8.6 35.5 20.68±7.46 36.07 
Stalk length (mm) 6.7 16.6 11.93±3.12 26.15 
Stalk width (mm) 2.2 4.3 3.16±0.46 14.56 
Color Brown (3)* Black (7)* Dark brown (5)*  
Shape Straight (3)*  Twisted (7)* Curved (5)*  
Pulp weight (g) 4.49 34.67 18±7.73 42.94 
Nº of seeds  7.86 14.3 10.93±1.47 13.45 
% aborted seed/ pod 
Seed yield (%) 

0 
6.7 

23 
36.6 

7.06±6.63 
13.13±5.86 

93.91 
44.63 

Seed : 
Length (mm) 

 
7.7 

 
11.5 

 
9.71±0.87 

 
8.96 

Width (mm) 6 8.6 7.42±0.7 9.43 
Thickness (mm) 3.7 5.3 4.27±0.37 8.67 
Total seed weight/ pod (g) 1.36 3.05 2.24±0.45 20.09 
Individual seed weight (g) 0.152 0.295 0.22±0.03 13.64 
Shape Oval (2)* Elliptic (3)* Oval (2)*  
Color Brown (2)* Black ( 4)* Red brown (3)*  
Surface Smooth (1)* Rough (2)* Smooth (1)*  
Leaf: 
Length (mm) 

 
42.7 

 
188.9 

 
97.8±27.9 

 
28.5 

Width (mm) 24.8 167 132.19±23.44 17.73 
Leaf petiole length (mm) 18.5 69.7 37.05±9.36 25.26 
Leaf petiole width (mm) 1.7 3 2.3±0.29 12.61 
Leaflet length (mm) 45.6 83.4 64.31±9.36 14.55 
Leaflet width (mm) 28.4 56.7 41.87±6.21 14.83 
Leaflet per leaf (mm) 5.4 10.6 7.88±1.11 14.09 
* Values in parentheses are scores attributed to qualitative traits. 
  

*  Values in parentheses are scores attributed to qualitative traits.

Table 1. Descriptive statistics for pod, seed, and leaf variables for 59 carob centennial trees growing in Lebanon.
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ers (up to 70 mm) such as AUB BLC7. Leaf 
petiole width ranged between 1.7 mm (Chek-
ka NLC1, Joun MLC3 and Alma El Chaeb 
SLC2) and 3 mm (e.g. Seddiqine SLC21).
 Leaflet number per leaf varied between 6 
(NahrIbrahim MLC1, Saadiyat MLC1, Qana 
SLC12, Hanaway SLC18, Seddiqine SLC21) 
and 10 (Baasir MLC1, Salhiyeh SLC1, Wadi 
Al Houjair SLC2). Leaflet length varied be-
tween 45.6 mm (Marouahine SLC7) and 83.4 
mm (Hadat BLC9), with an average width of 
64.3 mm. Leaflet width ranged between 28.4 
mm (e.g. Alma El Chaeb SLC2) and 56.7 mm 
(e.g. Jiyeh MLC8). Leaflet shape was ellipti-
cal for all trees (Supplementary Table 3). It is 
worthy to note that carob trees of the south 
were characterized by small size leaves and 
leaflets.
 Pod characteristics were highly variable. 
Pod shape varied between curved to twisted 
with dominance to curved shape, but Kefra-

ya NLC1 and Eddeh NLC6 had straight pods 
(Table 2). Pod color, varied from brown to 
black. Pod length varied from 108.3 mm (e.g. 
Ijdeabrine NLC1) to 234.2 mm (e.g. Baasir 
MLC1). Chord length varied between 78.1 
mm (e.g. Hanaway SLC18) and 219.9 mm 
(e.g. Baasir MLC1) (Supplementary Table 
4). Pod weight ranged from 5.9 g (e.g. Mar-
ouahine SLC7) to 37.65 g (e.g. Jiyeh MLC1), 
and pulp weight varied between 4.49 g and 
34.67 g for the same trees. Pod thickness var-
ied between 4.6 mm (e.g. Saadiyat MLC1) 
and 12.2 mm (e.g. Eddeh NLC6). Pods har-
vested in the North and Mount Lebanon had 
the widest pods, averaging 22.06 mm. Pod 
stalk length ranged between 6.7 mm (Joun 
MLC2) and 16.6 mm (DeirJanine NLC3), 
whereas pod stalk width was similar for all 
samples with an average of 3.17 mm. Gener-
ally, carob from the south had small and light 
pods whereas those of Mount Lebanon had 
large and heavy pods.
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Figure 3.  Correlation matrix with correlation coefficients for 28 traits of the pod, seed and 
leaves of carob centennial trees growing in Lebanon.  
 
 

X1: CL, chord length 
X2: PL, pod length 
X3:  PW, pod width 
X4: PTh, pod thickness 
X5:  PWht, pod weight 
X6: PV, pod volume 
X7: PSL, pod stalk length 
X8: PSW, pod stalk width 
X9: PC, pod color 
X10: PSh, pod shape 
X11: PlpWht, pulp weight 
X12: S/P, seed per pod 
X13: %AbS/P, aborted seed per pod (%) 
X14: SL, seed length 
X15:  SW, seed width 
X16: STh, seed thickness 
X17: TotSWht/P, seed weight per pod 
X18: IndSWht, individual seed weight 
X19: %SY, percentage seed yield 
X20: SSh, seed shape 
X21: SC, seed color 
X22: SS, seed surface 
X23: LL, leaf length 
X24: LW, leaf width 
X25: LPL, leaf petiole length 
X26: LPW, leaf petiole width 
X27:  LlL, leaflet length 
X28: LlW, leaflet width 
X29:  Ll/L, leaflet per leaf 

Figure 3. Correlation matrix with correlation coefficients for 28 traits of the pod, seed and leaves or carob centen-
nial trees growing in Lebanon.
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Seed number per pod ranged between 8 and 
14 seeds with 0 to 23% aborted seed per pod, 
whereas total seed weight per pod varied from 
1.36 g to 3.05 g (CV=20.09) (Supplementary 
Table 5). Seed yield per pod varied between 
6.7% (e.g. Debbiyeh MLC4) and 36.6 % (e.g. 
Jadra MLC2) (CV= 44.63). Individual seed 
quantitative traits varied among trees where 
seed length (CV=8.96) ranged from 7.7 mm 
(e.g. Qana SLC2) to 11.5 mm (e.g. DeirJa-
nine NLC1), width from 6 mm (e.g. Qana 
SLC2) to 8.6 mm (e.g. Mazraat Yachoua 
MLC1) (CV=9.43), thickness from 3.7 mm 
(Amioun NLC2, Debbiyeh MLC4) to 5.3 mm 
(e.g. Barja MLC6) (CV=8.67), and weight 
from 0.152 g (e.g. Qana SLC2) to 0.295 g 
(e.g. Eddeh NLC6) (CV=13.64). 
 Seed qualitative characteristics varied in 
color and slightly in surface and shape. Actu-
ally, seed color was yellow brown for Chek-
ka NLC1, brown for Ijdeabrine NLC1, red 
brown for Joun MLC2 and black for Hadat 
BLC9. Seed surface was smooth for all trees 
studied except for Eddeh NLC1 (North Leba-
non) which had rough to smooth seeds. Seed 

shape was oval for the majority of trees, and 
elliptic for Yarine SLC6, Seddiqine SLC21 
(South Lebanon), Deir Janine NLC1, Deir 
Janine NLC2 (North Lebanon) and Nahr 
Ibrahim MLC4 (Mount Lebanon).

Correlation between morphological traits 
 Pearson’s correlation confidents for mor-
phological traits are presented in Figure 3. 
Tree dimensions and other variables were not 
correlated, whereas significant correlations 
existed between pod and seed characteristics 
(data not shown). For instance, pod weight 
was positively significantly correlated with 
pod length (r=0.83), width (r=0.9) and thick-
ness (r=0.56), chord length, total seed weight 
and seed length with correlation coefficients 
of r= 0.79, 0.65, 0.789, respectively. Simi-
larly, individual and total seed weight were 
correlated with seed length (r=0.61 and 0.64, 
respectively) and width (r=0.76 and 0.56, re-
spectively). On the other hand, leaflet length 
and width were positively and moderately 
correlated with pod weight (r=0.49 and 0.33, 
respectively), length (r=0.48 and 0.32, re-
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Figure 4. PCA biplot of the 52 centennial carob trees. Symbol shape represents HCA results 
(clustering). Accession symbols represent geographical areas. Arrows represents variable 
loadings, scaled to the range of PC factors (-3, 3 interval). Ellipse represents normal probability 
of cluster distribution with a significance level of 5%. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. PCA biplot of the 52 centennial carob trees. Symbol shape represents HCA results (clustering). Acces-
sion symbols represent geographical areas. Arrows represents variable loadings, scaled to the range of PC factors 
(-3, 3 interval). Ellipse represents normal probability of cluster distribution with a significance level of 5%.
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spectively) and width (r=0.52 and 0.37), and 
individual seed weight (r=0.52 and 0.43, 
respectively). In total, eight morphological 
traits were correlated, with correlation coef-
ficients between 0.3 and 0.9, and were con-
sidered for further analysis.

Correlation between traits and eco-geo-
graphical growing areas  
 Correlation between the eight variables 
selected from the PCA analysis and the geo-
graphic parameters was performed to exam-
ine their relationship with the morphological 
characteristics of the carob centennials (Ta-
ble 2). Results revealed slight negative cor-
relation between pod shape and altitude (r=-
0.35). Slight to moderate positive correlation 
was found between latitude and pod width 
(r= 0.318) and seed length (r=0.591). Lon-
gitude was positively correlated with seed 
length (r=0.606), chord length (r=0.323) and 
pod width (r=0.308). Slight negative correla-
tions existed between rainfall and pod length 
and seed number per pod (r=-0.360 for both). 

Multivariate analyses
 PCA analysis showed a great variation 
among the carob centennials depending 
on the eight variables previously extracted 
through Pearson correlation analysis (Fig. 4). 
The first two components account for 80.9% 
of the total variance. In the first compo-
nent representing 61.9%, the traits of chord 
length, pod weight, length and width, in ad-
dition to individual seed weight and length, 

were prominent as active variables. For the 
second component, representing 19.0% of 
the total variance, pod thickness and shape 
were the most significant variables. 
 Based on the active variables, the PCA bi-
plot (Fig. 4) may allow distributing the carob 
centennials in three main groups; trees of the 
South are clustered in one group, trees of the 
Mount are found in a second group, while 
the third group clusters trees growing in Bei-
rut, Mount Lebanon and the North in mix-
ture with no dependency on eco-geographic 
growing areas. 
 The agglomerative hierarchical classifica-
tion constructed with the squared Euclidean 
distance based on the eight active variables 
representing pod and seed traits allowed dis-
tributing the carob centennials in two large 
clusters at 10% dissimilarity distance (Fig. 
5). Cluster I contains 13 individuals coming 
from Mount Lebanon, four individuals from 
the North and three individuals from Beirut, 
all characterized by big curved to twisted pod 
with big seeds. Cluster II contains 14 indi-
viduals coming from Mount Lebanon, nine 
from the South, six from the North and two 
individuals coming from Beirut, and all char-
acterized by low to medium size of pod and 
seed with dominance of curved pods.
 At 5% dissimilarity, four sub-clusters 
could be differentiated. Cluster I was divided 
into two sub-clusters. The largest sub-cluster, 
designated as sub-cluster I.1, contained 12 
trees from the Mount, four from the North 
and three from Beirut. Sub-cluster I.2 was 

Table 2. Pearson correlation coefficientsz for morphological traits selected after statistical analysis (PCA) and 
geographical variables.
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Table 5. Pearson correlation coefficients z for morphological traits selected after statistical 
analysis (PCA) and geographical variables. 

 Variables Altitude Latitude Longitude Rainfall 
Chord length (CL) -.207 .297* .323* -.278* 
Pod length (PL) -.173 .191 .260 -.360** 
Pod width (PW) -.030 .318* .308* -.157 

Pod thickness (PTh) -.025 .114 .003 .096 
Pod weight (PWht) -.129 .312* .308* -.259 

Pod shape (PSh) -.351* .019 .043 -.135 

Seed length (SL) -.045 .591** .606** .016 

Individual seed weight (ISW) -.124 .358** .224 .076 
z  Coefficients followed by 1 or 2 asterisks are significant at the 5% and 1% level, respectively.  

 

 

zCoefficients followed by 1 or 2 astericks are significant at the 5% and 1% level, respectively.
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represented by only the Baasir MLC1 tree, 
with the longest and heaviest pods with high 
seed number per pod. Cluster II was divid-
ed into two main sub-clusters based on pod 
length and width, whereas sub-cluster II.1 
contained 22 trees with small to medium 
pod size of which seven were from Mount 
Lebanon, eight from the South, six from the 
North and one from Beirut. Sub-cluster II.2 
contained 10 trees with big pods of which 
six were from Mount Lebanon, two from the 
North, one from the South and one from Bei-
rut. At 2.5% dissimilarity and below, trees of 
the South (which have small and light pods 
and seeds) and the ones of Mount Lebanon 
(with heavy and long pods and seeds) are 
clearly differentiated, while the trees of Bei-
rut and the North are distributed in various 
subgroups. 

Discussion
 In Lebanon, carob has always been an im-
portant component of the natural landscape 
and the traditional agroforestry system, but 

morphological variability of the species at 
country level has been rarely assessed (Tal-
houk et al., 2005). The present work is the 
first phenotypic assessment of the Lebanese 
carob germplasm, using a set of morphologi-
cal traits related to tree, pod, seed and leaf. 
Morphological descriptors have been widely 
used to assess variability of carob germplasm 
and to differentiate cultivars and promising 
trees (Batlle and Tous, 1997; Sidina et al., 
2009; Naghmouchi et al., 2009; Sidina et al., 
2009; Tous et al., 2013).
 The most variable traits found in this study 
included number of aborted seeds per pod, 
seed yield, pulp weight, pod weight and pod 
volume with respective coefficients of varia-
tion of 93.9, 44.6, 42.9, 39.3, and 36.1. These 
traits are mostly complex and controlled by 
polygenetic features, and are strongly influ-
enced by the environmental factors (Sidina et 
al., 2009). On the other hand, seed traits var-
ied less and seem less influenced by environ-
mental factors, similar to the results reported 
previously for the Spanish cultivars, and the 
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Figure 5. Dendogram of 52 centennial carob trees constructed on the base of morphological 
traits recorded, using rescaled squared Euclidean distance.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Dendogram of 52 centennial carob trees constructed on the base of morphological traits recorded, using 
rescaled squared Euclidean distance. 
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Tunisia and Moroccan germplasms (Albanell 
et al., 1996; Naghmouchi et al., 2009; Sidina 
et al., 2009).
 Data from morphological studies were 
used to evaluate correlations between mor-
phological characteristics (Albanell et al., 
1988 and 1996; Caja et al., 1988). In this 
study, pod size and weight were negatively 
correlated with seed yield (r=-0.427 and 
-0.564, respectively), confirming previous   
reports (Albanell et al., 1996; Sidina et al., 
2009). The heaviest seed was  the longest 
and widest, and seed weight ranged between 
0.15 g and 0.30 g with a mean of 0.22 g. Pod 
length and total seed weight were previously 
found to be positively correlated (r= 0.567) 
(Albanell et al., 1996; Sidina et al., 2009). 
 In our study, seed length, chord length and 
pod width were positively correlated with 
the longitude (r=0.606, 0.323, 0.308, respec-
tively; Table 5), whereas pod weight was 
slightly correlated with latitude and longi-
tude. Surprisingly, pod size and weight were 
negatively correlated with the rainfall, indi-
cating an unusual behavior of the Lebanese 
carobs to precipitation. For the Moroccan 
carob germplasm, significant positive and 
negative correlations were reported for pod 
thickness and pulp weight with the latitude 
and altitude respectively, allowing identifica-
tion of different geographic patterns of carob 
in Morocco (Sidina et al., 2009). Hierarchi-
cal clustering analysis revealed an important 
diversity among the studied carob trees, with 
a differentiation of the trees of the South and 
the ones of Mount Lebanon which could 
correspond to two potential eco-geographic 
groups. On the other hand, carob trees of Bei-
rut and the North were the most difficult to 
classify, being spread over the four clusters.

Conclusion
 Using a set of morphological traits, the 
present work is the first morphometric as-
sessment of the Lebanese ancient carob 
germplasm. Although preliminary, the results 
of this study identified the diversity potential 
of the Lebanese ancient carob germplasm. 

Further complementary studies involving re-
production biology characteristics (Caruso et 
al., 2008), chemical attributes (Dakia et al., 
2007) and genetic analysis (La Malfa et al., 
2014) are necessary to investigate the perfor-
mance and real value of this heritage, prior to  
conserving and  utilizing the germplasm in 
pre-breeding and breeding programs.
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Supplementary Table 1. Climatic and geographic data for the 31 locations surveyed for carob 
accessions. NL: North Lebanon; ML: Mount Lebanon; BL: Beirut; SL: South Lebanon. 

Location (Province) Elevation 
range (m) 

Latitude 
(N) 

Longitude  
(E) 

Rainfall 
(mm)* 

Min. mean 
Tª 

Max. mean  
Tª 

Avg. 
Tª 

Accessions collected 

North Lebanon   

Deir Janine (Akkar) 338-433 34°33'51.5" 36°10'36.7" 730 -3.8 37.3 19.03 NLC1, NLC2, NLC3, NLC4 

Douma (Batroun) 245 34°12'14.7" 35°50'32.3" 920 -2.9 38.3 19.37 NLC1 

Chekka (Batroun) 63 34°19'28.7" 35°43'47.3" 920 -2.9 38.3 19.37 NLC1 

Amioun (Koura) 318 34°18'14.5" 35°48'28.8" 920 -2.9 38.3 19.37 NLC2 

Ijdeabrine (Koura) 308 34°14'36.3" 35°41'45.7" 920 -2.9 38.3 19.37 NLC1 

Kefraya (Koura) 302 34°17'46.4" 35°43'06.3" 920 -2.9 38.3 19.37 NLC1 

Amchit (Jbeil) 91 34°08'59.0" 35°38'17.8" 878 3.5 38.9 22.25 NLC5 

Rihani (Jbeil) 169 34°35'05.1" 36°06'60.0" 878 3.5 38.9 22.25 NLC1 

Eddeh (Jbeil) 

Mount Lebanon 

239-259 34°08'24.6" 35°39'52.2" 878 3.5 38.9 22.25 NLC1, NLC6 

NahrIbrahim (Kesrwan) 76-127 34°04'02.4" 35°38'44.4" 878 3.5 38.9 22.25 MLC1*, MLC4 

MazraatYachoua (Metn) 347 33°55'50.1" 35°38'09.7" 878 3.5 38.9 22.25 MLC1 

Jiyeh (Chouf) 54-184 33°40'15.3" 35°25'30.9" 615 3.2 36 21.28 MLC1, MLC2*, MLC6*, MLC8, MLC9 

Barja (Chouf) 180-398 33°38'59.7" 35°26'35.6" 737.2 -0.6 37.1 18.225 MLC3, MLC4, MLC6 

Jadra (Chouf) 92-120 33°37'51.9" 35°24'27.7" 615 3.2 36 21.28 MLC2*, MLC4*, MLC6 

Joun (Chouf) 398-434 33°34'53.5" 35°27'40.4" 737.2 -0.6 37.1 18.22 MLC1, MLC2, MLC3*, MLC4*, MLC5 

Debbiyeh(Chouf) 434-438 33°39'54.9" 35°29'16.5" 737.2 -0.6 37.1 18.225 MLC1, MLC3,MLC4 

Baasir (Chouf) 326 33°39'32.8" 35°26'53.0" 737.2 -0.6 37.1 18.225 MLC1* 

Saadiyat (Chouf) 112 33°41'41.3" 35°25'31.5" 737.2 -0.6 37.1 18.225 MLC1 

Bourjein (Chouf) 382-461 33°39'29.3" 35°29'10.7" 737.2 -0.6 37.1 18.225 MLC1,MLC3 

South Lebanon   

Salhiyeh (Saida) 208 33°33'36.8" 35°25'20.8" 820 -1.4 36.4 20.18 SLC71 

WadiAlHoujair (Bentjbeil) 252-315 33°15'30.7" 35°28'30.9" 491.2 -2.5 34.8 16.91 SLC1, SLC2 

AlmaElChaeb (Sour) 388 33°06'17.3" 35°10'50.9" 710 2.2 34.8 20.33 SLC2 

Yarine (Sour) 426 33°06'26.0" 35°13'55.9" 710 2.2 34.8 20.33 SLC6 

Marouahine  (Sour) 554 33°06'31.1" 35°16'28.0" 710 2.2 34.8 20.33 SLC7 

Naqoura (Sour) 89 33°07'05.6" 35°08'23.4" 710 2.2 34.8 20.33 SLC11 

Qana (Sour) 367 33°12'29.2" 35°18'00.6" 710 2.2 34.8 20.33 SLC12 

Hanaway (Sour) 201 33°13'18.5" 35°16'38.6" 710 2.2 34.8 20.33 SLC18 

Seddiqine (Sour) 372 33°11'22.8" 35°18'37.3" 710 2.2 34.8 20.33 SLC21 

Beirut   

AUB (Beirut) 16-108 33°54'03.1" 35°28'51.3" 878 3.5 38.9 22.25 BLC1---- BLC8** 

Hadat (Baabda) 82 33°51'00.5" 35°31'38.0" 878 3.5 38.9 22.25 BLC9 

Hazmiyeh (Baabda) 195 33°51'18.8" 35°32'09.5" 878 3.5 38.9 22.25 BLC10 

*Ecotypes hermaphrodites 

**: BLC1, BLC2, BLC3, BLC4, BLC5, BLC6, BLC7, BLC8. 

Supplementary Table 1. Climatic and geographic data for the 31 locations surveyed for carob accessions. NL: 
North Lebanon; ML: Mount Lebanon; BL: Beirut; SL: South Lebanon.

* Ecotypes hermaphrodies
**: BLC1, BLC2, BLC3, BLC4, BLC5, BLC6, BLC7, BLC8
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Supplementary Table 2. Tree characteristics recorded for 59 carob centennials growing across 
Lebanon. 
Accessions Foot Circumference 

(m) 
Trunk Circumference 
(m) 

Crown Projection 
(m) 

Central Cavity   
(m³) 

North Lebanon      
DeirJanine NLC1 6.40 5.70 4.50 0.36 
DeirJanine NLC2 4.70 3.50 7.30 0.04 

DeirJanine NLC3 3.60 2.40 6.50 0.04 
DeirJanine NLC4 4.10 2.20 8.30 0.04 
Douma NLC1 3.60 3.55 8.60 0.95 
Chekka NLC1 2.40 2.10 8.10 0.01 
Amioun NLC2 8.20 5.70 8.50 0.00 
Ijdeabrine NLC1 4.60 4.35 9.00 0.53 
Kefraya NLC1 5.00 3.60 5.10 0.00 
Amchit NLC5 7.60 5.30 5.30 0.00 
Rihani NLC1 4.20 3.30 6.20 0.02 

Edde NLC1 3.60 3.00 7.10 0.08 
Eddeh NLC6 4.60 3.50 6.30 0.00 
Mount Lebanon     

Nahr Irbrahim MLC1 4.00 3.00 6.30 0.06 
Nahr Ibrahim MLC4 4.20 3.60 7.00 0.95 
MazraatYachouh MLC1 3.00 3.30 5.20 0.12 
Jiyeh MLC1 2.20 1.63 3.30 0.00 
Jiyeh MLC2 2.74 2.24 6.30 0.00 
Jiyeh MLC6 3.10 2.30 4.00 0.01 
Jiyeh  MLC8 5.00 3.30 5.50 0.03 
Barj MLC3 2.32 1.95 4.70 0.00 
Barja MLC4 2.80 2.65 6.00 0.00 
Barja MLC6 3.50 2.50 3.60 0.00 
Jadra MLC2 3.00 2.30 5.30 0.11 
Jadra MLC4 4.30 4.90 6.00 0.00 
Jadra NLC6 2.60 2.30 5.00 0.00 
Joun MLC1 3.15 2.26 7.80 0.00 
Joun MLC2 7.70 4.30 6.40 0.17 
Joun MLC3 6.20 6.00 4.00 0.00 
Joun MLC4 6.70 3.50 6.50 0.59 
Joun MLC5 5.50 1.68 5.30 0.00 

Debbyieh MLC1 3.90 3.60 5.20 0.00 

Debbiyeh MLC3 4.80 4.50 5.80 0.00 
Debbiyeh MLC4 2.60 1.60 4.10 0.00 
Baasir MLC1 7.10 9.00 16.00 0.00 
Saadiyat MLC1 5.50 1.57 6.90 0.00 
Bourjein MLC1 3.15 2.42 6.00 0.00 
Boujein MLC3 3.70 3.20 6.80 0.00 

Beirut     
AUB BLC1 5.50 2.60 7.10 0.21 
AUB BLC2 2.50 2.00 5.70 0.00 
AUB BLC3 6.63 5.40 5.90 0.00 
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AUB BLC4 2.90 2.45 4.40 0.06 
AUB BLC5 5.50 2.10 3.80 0.00 
AUB BLC6 3.80 2.50 4.70 0.00 
AUB BLC7 4.70 4.00 10.5 0.00 
AUB BLC8 4.30 4.90 4.70 0.00 
Hadat BLC9 5.50 3.13 6.70 0.31 
Hazmiyeh BLC10 2.72 2.57 6.40 1.04 

South Lebanon     
Salhiyeh SLC1 7.40 4.00 9.00 0.07 
WadiAlHoujair SLC1 7.24 6.30 7.10 0.00 
WadiAlHoujair SLC2 2.00 1.60 6.10 0.00 
AlmaElChaeb SLC2 4.40 3.00 8.00 0.05 
Yarine SLC6 4.60 2.00 10.00 0.00 
Marouahine SLC7 3.90 3.60 8.00 0.00 
Naqoura SLC11 6.80 2.80 9.00 0.13 
Qana SLC12 5.00 4.30 9.00 0.22 
Hanaway SLC18 4.60 2.50 12.00 0.49 
Seddiqine SLC21 4.20 2.20 4.60 0.00 
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AUB BLC4 2.90 2.45 4.40 0.06 
AUB BLC5 5.50 2.10 3.80 0.00 
AUB BLC6 3.80 2.50 4.70 0.00 
AUB BLC7 4.70 4.00 10.5 0.00 
AUB BLC8 4.30 4.90 4.70 0.00 
Hadat BLC9 5.50 3.13 6.70 0.31 
Hazmiyeh BLC10 2.72 2.57 6.40 1.04 

South Lebanon     
Salhiyeh SLC1 7.40 4.00 9.00 0.07 
WadiAlHoujair SLC1 7.24 6.30 7.10 0.00 
WadiAlHoujair SLC2 2.00 1.60 6.10 0.00 
AlmaElChaeb SLC2 4.40 3.00 8.00 0.05 
Yarine SLC6 4.60 2.00 10.00 0.00 
Marouahine SLC7 3.90 3.60 8.00 0.00 
Naqoura SLC11 6.80 2.80 9.00 0.13 
Qana SLC12 5.00 4.30 9.00 0.22 
Hanaway SLC18 4.60 2.50 12.00 0.49 
Seddiqine SLC21 4.20 2.20 4.60 0.00 
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Table 2. Leaf characteristics of 59 centennial carob trees growing in Lebanon. Values were estimated from a 20-leaf sample from 
individual trees. 

Tree code Leaf length 
(mm) 

Leaf width 
 (mm) 

Leaf petiole 
length (mm) 

Leaf petiole 
 Diam. (mm) 

Leaflet length 
 (mm) 

Leaflet width 
 (mm) Leaflet per leaf 

DeirJanine NLC1 121.9±21.7 126.6±19.8 43.1±9.8 2.3±0.2 59.8±10.9 40±6.1 9±1.1 

DeirJanine NLC2 90.6±19.1 124.7±16.3 33.9±4.3 2.3±0.3 58±11.6 41±5.8 7.2±1 

DeirJanine NLC3 82±19.3 130.9±8.7 37.3±6.5 2.1±0.3 60.9±4 42.1±3.8 6.8±1 

DeirJanine NLC4 103±30.3 151.5±19.2 39.8±14.1 2.5±0.2 70.6±10.4 47.6±4.8 7.6±0.8 

Douma NLC1 126.6±20.7 143.5±18.5 55.6±12.9 2.5±0.3 67.9±11.7 37.8±12.8 8.2±1.1 

Chekka NLC1 145.2±30.1 165.3±22.8 61.7±18.5 1.7±0.3 75.2±21 43.3±6.6 8±0 

Amioun MLC2 95.5±32.1 124.2±19.7 39.1±13.4 2.4±0.2 58.4±9.3 41.5±7 8.2±1.1 

Ijdeabrine MLC1 98.7±24.1 126.2±24.7 40.8±7.6 2.3±0.2 62.2±6.6 42.7±4.6 7.4±1.3 

Kefraya MLC1 85.4±3 112±16.9 34.5±2.7 25.4±0.2 57.8±14.3 3.3±3.2 8±0 

Amchit MLC5 125.6±26 122±11.8 33.3±7.3 2.4±0.2 57.3±6.1 38.3±3.4 10.6±1.3 

Rihani NLC1 115.8±19.3 131±14.4 44.2±12.4 2.4±0.1 60.9±6.9 41.4±4.3 9±1.4 

Eddeh NLC1 114.9±24.7 24.8±2.5 37.5±11.9 2.5±0.2 77.1±7.8 48.1±6.2 8.4±0.8 

Eddeh NLC6 138.9±23.4 155.7±14.3 51.8±13.4 2.8±0.2 77.1±7.3 51.5±10.1 9.4±1 

NahrIrbrahim MLC1 63.8±7.1 122.1±11.1 29.4±7.9 2.1±0.7 71.9±23.4 45.9±5.2 6.2±0.6 

NahrIbrahim MLC4 96.3±12.1 136.1±9.6 36.5±3.9 1.8±0.2 63.4±5.4 47.4±6.1 7.4±1 

MazraatYachoua MLC1 100.4±31.7 159.7±25.4 39.3±9 2.4±0.3 82±11.5 46.5±4.9 7.2±1 

Jiyeh MLC1 89.6±16.3 146±19.3 29.4±6.4 2.3±0.3 77.7±5.7 44.5±2.9 8±0 

Jiyeh MLC2 91.9±22.2 149.3±15.9 34.8±7.4 2.4±0.5 74.6±16.1 53.4±16 8.4±0.8 

Jiyeh MLC6 75±16.7 137.3±16.2 31.6±7.3 2.2±0.3 80.4±4.8 47.1±3 6±0 

Jiyeh MLC8 63.8±15.7 128.5±13.5 29.6±6 1.9±0.1 70.2±10.9 56.7±15.7 9.2±1 

Jiyeh MLC9 83.2±16.2 155.3±16.7 37.4±8.3 2.4±0.1 71.7±7.5 40.7±4.1 8±0.9 

Barja MLC3 88.4±15.8 153.6±13.5 42±12.4 2.7±0.2 69.6±8.8 42.1±4.7 8.4±1.3 

Barja MLC4 93.2±7 158.3±18.2 34.8±4.3 2.5±0.2 74.4±9.4 42.9±5.1 8.2±0.7 

Barja MLC6 107.2±15 106±13 32.4±7.7 2±0.3 54.2±4.2 35.6±2.7 9.6±1.3 

Jadra MLC2 141.2±12.4 129.6±11.3 38.1±7 2.5±0.3 61.5±7.5 41.4±4.1 9.8±0.6 

Jadra MLC4 90.9±18 154.1±22.8 43.4±10.2 2.3±0.3 71.8±10.8 44.1±5.1 8±1.3 

Jadra NLC6 91±22.5 153.2±13.6 37.9±6.2 2.6±0.2 69.6±4.4 38.8±4 8±0 
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Joun MLC1 105.3±20.2 128.6±14.3 40.5±7.9 2.2±0.2 60.2±6.2 40.3±2.5 9±1.1 

Joun MLC2 85.7±15.6 133.5±10.5 28.5±6.1 2.4±0.1 60.7±4.8 40.9±3.4 8±0 

Joun MLC3 82.8±14.4 103.8±9.5 21.5±5.1 1.7±0.2 64.9±5.8 44.9±3.5 7.8±0.6 

Joun MLC4 85.2±13.6 126.9±15.7 27.5±5.7 2.1±0.2 60.8±5.5 43.3±3.1 8±0 

Joun MLC5 70.4±20.4 129±15.8 28±3.9 2±0 67.3±7.1 47.8±3.2 6.8±1 

Debbyieh MLC1 76.8±11.8 148.6±8.7 34.7±4.1 2.5±0.1 70.1±3.7 41±2.4 7.8±0.6 

Debbiyeh MLC3 63.2±12.2 139.3±15.3 31±6.5 2.5±0.2 63.9±7.5 39.6±4.9 7±1.1 

Debbiyeh MLC4 70.8±18.5 140.6±16.5 27±7.1 2.2±0.3 60.8±9.1 36±5.9 8±0 

Baasir MLC1 140.3±29.8 132.7±12.8 35.2±10.8 2.1±0.2 66.6±5.8 43.3±4.5 10±0.9 

Saadiyat MLC1 95.8±16.2 120.1±7.7 39.6±12.7 1.9±0.4 51±6 34.8±4.2 6.4±0.8 

Bourjein MLC1 71±16 132.9±13.3 29.6±9.7 1.9±0.2 59.1±9.3 35.1±6.7 7±1.1 

Bourjein MLC3 108.7±15 167±23.5 46.9±9.8 2.6±0.2 77.1±10.7 45.6±3.5 8.2±0.6 

AUB BLC1 125.9±10.9 129.7±10.6 46.7±8 2.2±0.3 59.6±5.5 42±4.6 8±0 

AUB BLC2 90.5±36.1 126.7±18.4 40.2±8.7 2.2±0.2 55.5±8.1 37.5±4.2 7.3±1.6 

AUB BLC3 114.5±20.9 151.4±14.2 52.4±9.8 2.2±0.2 70.6±7.7 43±5.3 7±1.1 

AUB BLC4 92.4±20.8 159.6±16 45.9±4.8 2.7±0.2 73.7±8.1 41.7±6.1 7.4±1 

AUB BLC5 114.1±19.8 109.1±12.7 42.6±9.9 2.7±0.4 48.9±6.7 37.1±4.6 8.6±1.3 

AUB BLC6 74.1±14.4 133.6±11.9 33±13.1 2.1±0.1 58.8±7.5 35.9±4.2 7.2±1 

AUB BLC7 165±28.6 140.5±17.5 69.7±14.9 2.4±0.3 64.1±8.1 49.7±6.3 7.8±1.5 

AUB BLC8 88.5±11.4 126.9±10.8 32.4±8.2 2.9±0.3 60.9±9.4 47±9.2 8.6±1 

Hadat BLC9 139.5±49.1 163.1±18.8 38±16.9 2.5±0.3 83.4±8.7 50±6.5 8.8±1 

Hazmiyeh BLC10 95.1±14.1 151.5±7.5 42.1±6.4 2.4±0.2 70.1±3.5 42.4±3.6 8±0.9 

Salhiyeh SLC1 188.9±17.4 154.5±9.6 48±8.2 2.4±0.2 69.9±4.8 50.1±3.9 10±0 

WadiAlHoujair SLC1 124.5±15.3 150.7±15.4 39.1±6.6 2.4±0.3 69.7±10 53.8±5.1 8±0 
WadiAlHoujair SLC2 115.5±16.8 126.8±13.6 35.5±9.9 2.6±0.3 55.9±5.6 46.1±3 9.6±1.3 

AlmaElChaeb SLC2 64.7±14.2 105.6±16.6 22.5±5.4 1.7±0.2 50.1±9 28.4±5.9 6.8±1 

Yarine SLC6 82.4±13.2 114.1±10 29.5±4.5 1.9±0.3 54.2±5.2 34.5±4.1 6.9±0.9 
Marouahine SLC7 42.7±11.6 87.2±19.9 26.8±4.6 2.3±0.3 45.6±7.4 30.2±5.5 5.4±1 
Naqoura SLC11 87.9±20.7 120.8±7.1 26.3±4.6 2.1±0.1 52±6.2 37±7.8 6.8±1.4 
Qana SLC12 66.4±11.7 100.7±9.8 33.4±6.9 2±0.2 49±5 31.7±3.2 6±0 
Hanaway SLC18 52.4±18.2 99.9±9.9 18.5±3.4 2.1±0.3 49.9±5.4 31.1±5.1 6.2±1.5 
Seddiqine SLC21 67.5±9.9 110.6±10.2 30.1±9.9 3±0.5 49.4±9.6 31.3±4.5 6.5±1.1 

Supplementary Table 3. Leaf characteristics of 59 centennial carob trees growing in Lebanon. Values were 
estimated from a 20-leaf sample from individual trees.
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Supplementary Table 4. Pod characteristics of 52 centennial carob trees (the non-productive trees considered as 
male were excluded). Values were estimated from a 20-leaf sample from individual trees.
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Table 3. Pod characteristics of 52 centennial carob trees (the non-productive trees considered as male were excluded). Values were 
estimated from a 20-leaf sample from individual trees.  
Tree code Chord 

length 
(mm) 

Pod  
length 
(mm) 

Pod  
width  
(mm) 

pod 
thickness 
(mm) 

Weight 
(g) 

Volume 
(ml) 

Pod stalk 
length 
(mm) 

Pod stalk 
width 
 (mm) 

Pod  
color 

Pod 
shape 

Pulp  
weight 
(g) 

DeirJanine NLC1 183.4±20.7 199.6±18.9 26±1.5 8.5±1 31.32±5.5 26.4±6.2 15.6±1.5 3.7±0.3 Dark brown Curved twisted 28.41±5.4 

DeirJanine NLC2 181.6±31.7 210.8±24.9 25.3±2.2 8.8±1.2 31.29±6.5 31±7.7 16.4±2.4 3.7±0.4 Dark brown Curved 28.63±5.87 

DeirJanine NLC3 174.6±23.9 202.4±21.6 27±1.9 9.1±1 31.19±6.2 31±5.7 16.6±1.7 3.4±0.3 Dark brown Curved 28.66±5.8 

DeirJanine NLC4 169.2±24 189.4±17.4 25.3±2.1 7.7±1.2 24.51±3.4 18±4.7 15.4±3 3.3±0.4 Dark brown Curved twisted 22.15±3.51 

Douma NLC1 106.5±18.4 111.5±17.8 17.7±1.5 7.1±1 7.95±1.9 11.4±3.4 12.7±1.5 2.2±0.2 Brown Curved twisted 6.55±1.53 

Chekka NLC1 115.6±18.9 130.5±16.4 23.6±3.5 5.8±1.5 16.16±5.7 15.5±6 12.8±1.6 3±0.2 Dark brown Curved twisted 14.16±5.19 

Amioun MLC2 142.3±16.9 149.1±18.5 18.9±1.5 7.6±0.6 14.28±2.3 15.5±2.8 9.2±0.5 3.2±0.2 Brown Curved 12.04±1.98 

Ijdeabrine MLC1 104.3±16.2 108.3±15.5 19.6±2.7 6.4±1.8 9.36±3.6 12.1±4.9 11.1±1.3 2.9±0.2 Dark brown Curved twisted 7.7±3.23 

Kefraya NLC1 120.8±11.5 127±11 22.8±2.5 10±1.1 21.6±3.8 20±3.3 6.7±0.7 2.5±0.3 Dark brown Straight curved 19.9±3.5 

Rihani NLC1 118.5±20.1 137.2±36 22±1.8 10.9±0.7 18.65±3 19.1±3.5 13.4±1.5 2.8±0.2 Dark brown Curved 15.99±2.68 

Eddeh NLC1 142.9±19.2 181±18.7 25.1±3.3 10.8±1.7 32.21±9.2 32.2±8.8 16.4±2.2 3.1±0.2 Dark brown Curved 28.59±7.98 

Eddeh NLC6 119.1±14.5 116.6±14.2 22±1.8 12.2±0.8 20.2±4 20±4.7 11.6±1.1 2.9±0.2 Dark brown Straight curved 16.61±4.08 

NahrIrbrahim MLC1 87.5±16.2 121±13.9 21.1±2 9.2±2 17.29±2.9 17.8±2.7 12.2±1.9 3±0.2 Dark brown Curved 14.82±2.62 

NahrIbrahim MLC4 127.5±21.5 137±18.1 21.9±2.4 8±1.6 20.24±3.9 20.6±1.7 7.9±1.2 2.8±0.2 Dark brown Curved twisted 17.74±3.56 
MazraatYachoua 
MLC1 149.1±17.1 153.4±18.4 24.2±2.1 8.4±1.8 22.52±3.6 23.1±3.4 13.4±1.4 3.3±0.3 Dark brown Curved twisted 20.35±2.92 

Jiyeh MLC1 191.6±22.6 217±25.9 26.8±2.5 9.8±1.4 37.65±6.9 33.2±6.3 14.3±2 3.7±0.5 Dark brown Curved twisted 34.67±6.65 

Jiyeh MLC2 200.9±19.2 207.9±19.6 25.2±2.7 7.3±1.7 27.78±5.5 29.3±6.4 14.5±1.3 3.7±0.3 Black Twisted 25.18±5.16 

Jiyeh MLC6 182.1±29.3 203.1±28.6 24.2±2.9 7.6±1.6 26.69±5.3 27±6.3 15.9±1.7 3.5±0.3 Dark brown Twisted 24.37±4.73 

Jiyeh MLC8 184.3±23.3 194.6±20.4 23.9±2.6 7.7±1.8 25.62±5 26.1±5.9 14.7±1.1 3.2±0.4 Dark brown Curved twisted 23.42±4.8 

Jiyeh MLC9 189±15.1 204±17.3 23.8±2.2 8.1±1.2 27.78±4.7 28.7±4.7 16.6±2.5 3.2±0.4 Black Twisted 24.43±4.05 

Barja MLC3 155.7±16.5 162.3±16 19.6±1.7 6.1±1.1 12.75±3.2 14.5±4.4 14.4±2.6 3.2±0.4 Black Curved twisted 10.32±2.77 

Barja MLC4 164.6±23 181±21.7 25.4±2.1 9.6±1.3 25.99±4.8 27.2±5.3 13±1.5 3.2±0.3 Black Curved twisted 23.59±4.33 

Barja MLC6 128±6.8 132.3±6.6 16.1±1.6 7.4±1.7 11.73±1.7 15±4.1 10±0.7 2.3±0.2 Dark brown Curved twisted 9.28±1.83 

Jadra MLC2 175±20.2 193.8±33.3 25.1±1.9 8.8±1 30.97±7.6 30.5±9.6 12.1±1.1 3.7±0.5 Dark brown Curved 27.79±7.05 

Jadra MLC4 208±19.7 219.5±24.2 24.5±2.4 8.6±1.6 30.62±7.7 32.4±7.4 12.1±1.2 3.5±0.3 Dark brown Curved twisted 28.3±5.24 

Jadra NLC6 189.1±35.4 204.5±28.4 24.8±2.4 9.6±1.2 30.81±6.7 31±6.6 15.6±1.9 3.6±0.4 Black Curved twisted 27.71±6.08 
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Table 3 (Cont.)  
Tree code Chord 

length 
(mm) 

Pod  
length 
(mm) 

Pod  
width  
(mm) 

pod 
thickness 
(mm) 

Weight 
(g) 

Volume 
(ml) 

Pod stalk 
length 
(mm) 

Pod stalk 
width 
 (mm) 

Pod  
color 

Pod 
shape 

Pulp  
Weight  
(g) 

Joun MLC1 119.6±21.3 159±37.6 21.6±1.8 7.3±0.6 15.96±2.7 14.3±5.1 8±0 2.4±0 Black Curved 11.21±3.31 

Joun MLC2 109.6±22.7 164.3±21.7 22.6±1.7 8.4±1.5 19.38±2.3 17.1±3.1 6.7±1.3 2.5±0.5 Black Curved twisted 17.45±2.11 

Joun MLC3 121.4±26.6 140±23.6 16.9±1.7 5.6±0.8 10.16±2.3 12.5±2.6 10.8±0.8 2.9±0.4 Brown Curved 7.7±1.89 

Joun MLC4 134.1±15.8 141.2±10 23.5±2.2 6.7±1 22.2±2.2 21.5±2.4 8.4±0.6 2.7±0.3 Dark brown Curved 19.95±1.88 

Joun MLC5 111.9±19.3 127.9±16.8 22.7±2.2 6.6±1.1 18.2±4.5 15.5±4.4 7.5±1.1 2.9±0.4 Dark brown Curved 16.46±4.11 

Debbyieh MLC1 176.5±25.6 188.5±27.3 26.5±3 8.7±1.4 27.24±5.1 27.5±5.9 13.6±1.7 3.8±0.5 Black Twisted 25.64±4.63 

Debbiyeh MLC3 168.1±32.9 179.2±31.8 26.1±2.7 9.2±1.5 28.9±6.8 29.5±6.9 13.6±2.2 3.4±0.3 Black Twisted 26.43±6.07 

Debbiyeh MLC4 162.7±19.3 170.8±13 25.8±3 8.8±1.5 25.71±4.9 26.5±4.7 13.8±2.3 3.5±0.4 Black Curved twisted 23.87±4.6 

Baasir MLC1 219.9±26 234.2±29.7 24.7±3 9.7±1.6 35.67±7 35.5±8 16.1±2.5 3.5±0.2 Black Twisted 32.87±6.26 

Saadiyat MLC1 130.3±18.1 141.8±12.4 15.1±2.3 4.6±0.9 8.9±0.8 9.5±1.6 15.4±1.8 2.4±0.3 Dark brown Curved twisted 6.69±0.76 

Bourjein MLC1 155.6±28.5 171.8±25.1 16.9±1.7 7.2±1.2 15.37±5.1 18.5±5.3 11.5±1.2 2.8±0.4 Dark brown Curved 12.76±4.89 

Bourjein MLC3 145.2±31 165.5±36.7 25.4±2.2 9.8±1.1 22.73±5.7 21±7 13.8±3.1 3.3±0.3 Dark brown Curved twisted 20.83±5.2 

AUB BLC2 110±17.5 120±12.4 18.7±2 8.8±2 12.6±3.1 16±4.6 11.9±1.4 2.7±0.3 Black Curved twisted 11±2.6 

AUB BLC3 184.4±27.9 201.3±34.5 24±2.4 8.6±1.1 28.6±7.9 30±8.2 12.7±0 4.3±0 Black Twisted 25.5±7.3 

AUB BLC6 147.7±8.9 152.2±9.4 18.6±2.8 7.4±1.2 13.78±3.1 15.8±5.8 14.3±1.1 3.9±0.4 Black Curved twisted 12.14±2.92 

Hadat BLC9 182.7±41 201.6±30.2 20.4±2.2 7.5±0.9 17.12±5.5 19.7±7.3 12.9±1.1 2.7±0.3 Black Curved twisted 15.33±4.39 

Hazmiyeh BLC10 180.6±19.8 199±18.2 23.4±2.3 8.7±1.1 23.49±4.2 21.2±4.8 15.3±2.4 3±0.5 Black Twisted 20.87±3.72 

Salhiyeh SLC1 115.8±16.8 166.1±16 20.4±0.8 7.6±0.9 13.39±2 12.6±3.2 8.4±0.8 2.8±0.4 Black Curved 11.2±1.61 
WadiAlHoujair 
SLC2 123.2±15.3 131.3±13.7 19±1.4 5.3±0.9 11.08±1.5 12.1±2.2 10.2±0.9 2.7±0.2 Brown Curved twisted 8.68±1.24 

AlmaElChaeb SL2 106.4±11.3 146.3±10.3 21.8±2.1 10.3±1.1 15.81±2.7 19.2±1.8 8±0.9 3.2±0.8 Black Curved 13.62±2.42 

Yarine SL6 96.8±6.5 139±20.2 21.3±2.2 9.7±0.9 15.34±2.9 15.2±3.5 7.9±1.3 3.4±0.2 Black Curved 13.62±2.75 

Marwahine SL7 94±16.1 112.5±10.9 14.3±1.6 6.2±1 5.9±1 8.6±1.6 7.2±0.8 3±0.3 Dark brown Curved 4.49±0.81 

Naqoura SL11 85.6±14 127.5±18.4 21.3±2.1 10.3±1.1 16.45±3.9 16.6±4.3 7.5±1 3.4±0.3 Black Curved 14.74±3.59 

Qana SL12 84.7±10.5 129.5±18 17.6±2.2 7.2±0.9 10.65±2.2 10.1±1 8.6±0.7 3.7±0.3 Black Curved 8.94±2.05 

Hanawey SL18 78.1±14.2 121.5±21.4 19.3±2.1 7.9±0.8 9.74±3.1 8.9±2.8 7.2±0.8 3.5±0.5 Dark brwon Curved 7.95±2.51 

Seddiqine SL21 95.6±14.6 131.2±22 21.5±1.3 10.6±2.2 17.31±4.2 17.6±4.1 7.9±0.9 3.8±0.4 Dark brown Curved 15.32±4.19 
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Supplementary Table 5. Seed characteristics of 52 centennial carob trees growing in Lebanon. Values were 
estimated from a  20-fruit sample from individual trees.
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Table 4 (Cont.)  

Seed  
characteristics 
 

Seed number 
per pod 
 

% aborted  
seed per pod 
 

Seed 
 length 
(mm) 

Seed  
width 
(mm) 

Seed 
thickness 
(mm) 

Total 
 seed  
weight (g) 

Individual  
 seed  
weight (g) 

Seed 
yield 
 

Seed  
shape 
 

Seed  
color 
 

Seed  
surface 
 

Joun MLC1 10±3.08 16.3±12.4 9.3±0.9 6.6±0.3 4.3±0.3 1.84±0.57 0.204±0.01 13.7±0.5 Oval Red brown Smooth 

Joun MLC2 10.14±1.35 22.9±8.9 9.5±0.5 6.8±0.7 4.7±0.2 1.96±0.38 0.227±0.023 10.1±1.8 Oval Red brown Smooth 

Joun MLC3 13.1±1.85 8±10.8 9.4±0.7 7±0.3 3.9±0.2 2.42±0.47 0.201±0.025 24.1±1.9 Oval Brown Smooth 

Joun MLC4 11.2±1.48 16.9±15.3 9.5±0.4 6.9±0.3 4.4±0.4 2.2±0.42 0.219±0.019 9.8±1.4 Oval Red brown Smooth 

Joun MLC5 9.6±2.12 21.9±19.2 9.8±0.3 6.9±0.2 4.6±0.7 1.69±0.56 0.222±0.014 9.3±2.1 Oval Red brown Smooth 

Debbyieh MLC1 10.6±2.63 6.8±7.9 10.2±0.5 8.3±0.4 3.8±0.2 2.29±0.73 0.256±0.021 8.3±1.4 Oval Red brown Smooth 

Debbiyeh MLC3 10.3±2.63 6.7±6.5 10.2±0.6 8.4±0.4 3.9±0.2 2.35±0.59 0.250±0.03 8.1±0.7 Oval Red brown Smooth 

Debbiyeh MLC4 8.1±2.85 9.6±16.7 10±0.7 8.2±0.6 3.7±0.3 1.72±0.33 0.220±0.032 6.7±0.7 Oval Red brown Smooth 

Baasir MLC1 13.4±2.59 16.3±18 10.4±0.4 8±0.4 4±0.1 2.79±0.93 0.250±0.017 7.7±1.8 Oval Red brown Smooth 

Saadiyat MLC1 12.6±1.26 2.5±4.1 7.9±0.5 6.4±0.3 4.8±0.8 2.05±0.21 0.166±0.011 23.2±2.6 Oval Red brown Smooth 

Bourjein MLC1 12.3±1.77 10.6±12.5 9.1±0.4 7.9±0.4 4.2±0.4 2.48±0.48 0.219±0.018 17.1±3.7 Oval Red brown Smooth 

Bourjein MLC3 8.6±2.46 10.4±17.5 10.4±0.6 8.1±0.4 4±0.3 1.77±0.58 0.224±0.032 7.9±1.7 Oval Red brown Smooth 

AUB BLC2 8.9±2.3 10.5±11.5 9.3±0.6 7.1±0.6 4.2±0.4 1.6±0.5 0.200±0.028 12.7±1.6 Oval Brown Rrough 

AUB BLC4 10.33±2.1 4.8±6.2 10.3±0.5 7.9±0.5 3.9±0.2 2.3±0.7 0.244±0.020 8.1±1.6 Oval Red brown Smooth 

AUB BLC6 10.5±1.38 12.2±14.1 8.9±0.3 6.9±1.3 4.7±0.8 1.88±0.43 0.202±0.023 14.5±5.9 Oval Brown Smooth 

Hadat BLC9 11.33±3.2 3.3±5.2 9.7±0.4 7.1±0.3 4.3±0.4 1.96±0.58 0.199±0.027 11.9±2.9 Oval Black Smooth 

Hazmiyeh BLC0 10.6±2.91 4.6±6.6 9.9±0.8 7.7±0.5 3.8±0.3 2.25±0.67 0.225±0.024 8.6±3.5 Oval Red brown Smooth 

Salhiyeh SLC1 12.3±1.89 16.2±11.5 8.7±0.4 6.7±0.3 4.3±0.2 1.95±0.34 0.196±0.021 14.7±1.9 Oval Red brown Smooth 

WadiAlHoujair SLC2 14.3±1.57 4.2±3.7 9.2±0.4 6.4±0.4 4±0.2 2.32±0.3 0.170±0.012 21±1.5 Oval Red brown Smooth 

AlmaElChaeb SLC2 11.4±1.84 1.7±3.7 8.9±0.3 6.8±0.4 4.7±0.2 2.22±0.27 0.203±0.017 14.4±3.4 Oval Red brown Smooth 

Yarine SLC6 11±2.58 2.25±4.8 8.8±0.6 6.6±0.6 4.7±1 2.01±0.46 0.193±0.018 13.1±2 Elliptic Red brown Smooth 

Marwahine SLC7 8.8±1.14 0±0 7.9±1 6.9±0.8 4.2±0.4 1.38±0.18 0.166±0.018 23.6±1.7 Oval Brown Smooth 

Naqoura SLC11 9.7±2.58 6.5±10.8 8.6±0.7 6.5±0.5 4.7±0.5 1.64±0.47 0.279±0.424 10±1.6 Oval elliptic Red brown Smooth 

Qana SLC12 11.1±1.1 1.8±3.8 7.7±1.1 6±0.9 4.6±0.6 1.66±0.2 0.152±0.022 15.8±1.8 Oval Brown Smooth 

Hanaway SLC18 10±3.5 0.8±2.6 8.7±0.4 6.3±0.4 4.6±0.2 1.76±0.61 0.181±0.012 17.7±2.3 Oval elliptic Brown Smooth 

Seddiqine SLC21 11.4±2.07 3.4±4.4 8.7±0.4 6.4±0.7 5±1.2 1.99±0.37 0.177±0.026 11.9±2.3 Elliptic Red brown Smooth 
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Table 4. Seed characteristics of 52 centennial carob trees growing in Lebanon. Values were estimated from a 20-fruit sample from 
individual trees.   

Seed  
characteristics 
 

Seed number 
per pod 
 

% aborted  
seed per pod 
 

Seed 
 length 
(mm) 

Seed  
width 
(mm) 

Seed 
thickness 
(mm) 

Total 
 seed  
weight (g) 

Individual  
 seed  
weight (g) 

Seed 
yield 
 

Seed  
shape 
 

Seed  
color 
 

Seed  
surface 
 

DeirJanine NLC1 11.4±0.97 0.9±2.9 11.5±0.4 7.8±0.4 3.8±0.3 2.7±0.26 0.238±0.027 8.8±1.3 Elliptic Red brown Smooth 

DeirJanine NLC2 10.9±2.69 0.8±2.6 11.3±0.7 7.8±0.5 3.9±0.3 2.58±0.69 0.239±0.029 8.2±1 Elliptic Red brown Smooth 

DeirJanine NLC3 10.8±2.57 0±0 11±0.8 7.5±0.6 3.8±0.4 2.58±0.64 0.247±0.022 8.2±1 Oval elliptic Red brown Smooth 

DeirJanine NLC4 10.4±1.43 2.9±4.6 11.3±0.3 7.8±0.3 3.9±0.3 2.3±0.38 0.233±0.021 9.6±2.7 Oval elliptic Red brown Smooth 

Douma NLC1 8±2.4 2.8±6 8.6±0.5 6.9±0.5 4.2±0.4 1.36±0.38 0.177±0.021 17.4±4.7 Oval Red brown Smooth 

Chekka NLC1 11.8±1.75 0.9±2.9 10±0.5 7±0.4 3.8±0.2 2.28±0.54 0.206±0.021 14.7±3.3 Oval Yellow brown Smooth 

Amioun NLC2 10.7±1.42 1.7±3.7 9.8±0.5 7.8±0.4 3.7±0.3 2.12±0.37 0.222±0.014 14.9±2.1 Oval Red brown Smooth 

Ijdeabrine MLC1 7.86±1.07 8.3±8.6 10.5±0.6 8.2±0.4 4.4±0.5 1.87±0.42 0.267±0.019 21.5±5.7 Oval Brown Smooth 

Kefraya NLC1 8.4±2 20.5±13.5 9.4±0.3 7±0.6 4.7±0.3 1.6±0.4 0.23±0.05 7.8±2 Oval Brown Smooth 

Rihani NLC1 12±1.41 0.8±2.4 9.7±0.4 7.3±0.7 4.8±0.3 2.99±0.46 0.25±0.02 16.2±2.5 Oval Red brown Smooth 

Eddeh NLC1 12.6±1.84 10±15.7 10.7±0.5 8±0.4 4.4±0.3 3.02±0.75 0.261±0.028 9.7±2.7 Oval Red Brown Rough 

Eddeh NLC6 11±1.41 1.8±3.9 10.5±0.4 8.1±0.5 4.6±0.4 2.99±0.58 0.295±0.024 14.6±2.6 Oval Red brown Smooth 

NahrirIbrahim MLC1 10.5±1.18 2.7±4.3 10±0.3 7.5±0.7 4.5±0.3 2.51±0.4 0.242±0.021 14.6±1.5 Oval Red brown Smooth 

NahrIbrahim MLC4 13.2±2.62 23±14.5 9.3±0.7 6.8±0.5 4.6±0.4 2.23±0.6 0.212±0.026 7.2±5.3 Elliptic Red brown Smooth 

MazraatYachoua MLC1 9.8±3.65 12.5±31 10.4±0.6 8.6±0.4 4.1±0.2 2.39±0.77 0.267±0.022 10.4±2.3 Oval Red brown Smooth 

Jiyeh MLC1 12±1.56 5±8.1 10.9±0.7 8.3±0.5 4±0.3 2.98±0.74 0.256±0.034 8±1.5 Oval Red brown Smooth 

Jiyeh MLC2 11.2±1.93 3.9±5.1 10.4±0.6 8.2±0.4 4±0.2 2.76±0.58 0.244±0.019 10±1.6 Oval Red brown Smooth 

Jiyeh MLC6 10.6±2.72 5.2±9.2 10.1±0.9 7.8±0.5 4±0.3 2.16±0.62 0.22±0.04 8±1.3 Oval Red brown Smooth 

Jiyeh MLC8 12.4±1.65 7.9±9.5 10.2±0.5 8±0.5 4±0.1 2.64±0.42 0.234±0.025 10.5±2.1 Oval Red brown Smooth 

Jiyeh MLC9 12.3±2.67 0±0 10.3±0.5 7.7±1 4±0.1 2.82±0.62 0.229±0.023 10.1±1.2 Oval Red brown Smooth 

Barja MLC3 12.5±1.35 17.9±9.8 9.9±0.3 7.4±0.3 4.4±0.2 2.36±0.59 0.235±0.014 18.7±2.9 Oval Red brown Smooth 

Barja MLC4 9.7±1.89 3.7±6.2 10.3±0.6 8.4±0.5 4.2±0.2 2.36±0.54 0.254±0.033 9±0.9 Oval Red brown Smooth 

Barja MLC6 12.25±0.5 1.9±3.8 8.2±0.4 6.7±0.4 5.3±0.4 2.47±0.16 0.208±0.018 21.5±4.1 Oval Red brown Smooth 

Jadra MLC2 11.2±2.66 0.8±2.6 10.4±0.5 8.5±0.6 4.3±0.4 1.12±2.66 0.262±0.024 36.6±6.1 Oval Red brown Smooth 

Jadra MLC4 11.2±3.33 0.8±2.6 10.5±0.6 8.2±0.5 4.1±0.3 2.58±1.08 0.258±0.037 8.5±3.2 Oval Red brown Smooth 

Jadra NLC6 12.6±2.41 2.9±3.7 10.2±0.6 7.9±0.4 4±0.3 3.05±0.66 0.243±0.024 9.9±1.4 Oval Red brown Smooth 
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 The prime purpose of the Journal of the American 
Pomological Society is to provide a repository for 
information on all aspects of fruit and nut crops. The 
long-term emphasis of the journal on cultivars and 
rootstocks continues, but manuscripts reporting origi-
nal research on a wide range of fruit and nut crops are 
welcomed.  Acceptable areas of research including 
pruning, nutrition, growth regulators, cultural practic-
es, economics, and pest control. Studies involving the 
interaction of one or more of these aspects with either 
cultivars and/or rootstocks are particularly appropriate. 
If in doubt about the suitability of a particular manu-
script, please contact the Editor.
 Reports on field studies are expected to contain data 
from multiple years. Reports are to be the result of ad-
equately replicated trials and the data should be sub-
jected to appropriate statistical analysis. Manuscripts 
submitted for publication in the Journal must not have 
been previously published, and submission implies no 
concurrent submission elsewhere.
 Scientific names and authorities for plants, disease 
organisms, and insects should be included parentheti-
cally when the organism is first mentioned. American 
spelling conventions and SI units should be used. Man-
uscripts should be double spaced throughout. Typical 
organization is as follows: Title, Authors, Abstract, 
Introduction, Materials and Methods, Results, Discus-
sion, Literature Cited, Tables, Figures. The Results 
and Discussion sections are often combined. Author 
addresses, email adresses and acknowledgements are 
in footnotes on the first page. More detailed instruc-
tions for manuscript preparation can be found at: 

http://www.americanpomological.org/journal/journal.
instructions.html
 Before submission, manuscripts should be reviewed 
by at least two colleagues and revised accordingly. At 
the time of submission, the corresponding author must 
attest in the covering letter to the Editor that all coau-
thors on the paper have had the opportunity to review 
it before to submission, that it has not been published 
previously, and that it is not presently under consider-
ation for publication elsewhere. In addition, the names 
and full contact information (mailing address, e-mail 
and telephone numbers) for three potential reviewers 
should be provided. Submit manuscripts electronically 
to the  Editor: Dr. Richard Marini, 203 Tyson Build-
ing, Department of Plant Science, University Park, PA 
16802-4200 USA; E-mail: richmarini1@ gmail.com. 
Acceptable format is MSWord.
 Manuscripts are sent to two reviewers competent to 
evaluate scientific content. Acceptance for publication 
depends upon the combined judgement of the two re-
viewers and the Editor. In unusual circumstances the 
Editor, without further review, may return a manu-
script, which obviously does not meet Journal stan-
dards, to the author.
 A charge of $50.00 per page for APS members (at 
least one author is a member) and $65.00 per page 
($32.50 per half page) for nonmembers will be made 
to authors for those articles constituting publication 
of research. In addition to the page charge, there will 
be a charge of $40.00 per page for tables, figures and 
photographs. 

Supplementary Table 6. Statistics of the PCA analysis. A: Communalities of the 8 variables accounting for 
the maximum variability range. B: Statistic test to sample adequacy and PC vectors. MO: Kaiser-Meier-Olkin 
test of sample adequacy (KMO<0.5: Unacceptable; 0.5<KMO<0.7: Acceptable; 0.7<KMO<0.8: Adequate; 
0.8<KMO<0.9: Meritorious; 0.9<KMO: Marvelous). 
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Supplementary Table 3. Statistics of the PCA analysis. A: Communalities of the 8 variables 1	
accounting for the maximum variability range. B: Statistic test to sample adequacy and PC 2	
vectors. KMO: Kaiser-Meier-Olkin test of sample adequacy (KMO<0.5: Unacceptable; 3	
0.5≤KMO<0.7: Acceptable; 0.7≤KMO<0.8: Adequate; 0.8≤KMO<0.9: Meritorious; 0.9≤KMO: 4	
Marvelous).  5	
 6	

A	
	  

B	
	 Communalities  Eigeen values 

Chord length 0.91  PC1 4.95 

Pod length 0.87  PC2 1.52 

Pod width 0.84   Sample adequacy 
Pod thiknes 0.74  KMO 0.78 

Pod weight 0.92   Bartlett  test 
Pod shape 0.69  χ2 420.00 

Seed length 0.78  DF 28 

Individual seed weight 0.72  Sig. <0.001 
 7	
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 9	
 10	
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Call for Wilder Silver Medal Nominations
The Wilder Committee of the American Pomological Society (APS) invites
nominations for the 2019 Wilder Silver Medal Award. All active members of
APS are eligible to submit nominations. The award was established in 1873 in
honor of Marshall P. Wilder, the founder and first president of APS. The award
consists of a beautifully engraved medal which is presented to the recipient at
the annual meeting of APS, held during the ASHS Annual Meeting.
The Wilder medal is presented to individuals or organizations that have
rendered outstanding service to horticulture in the area of pomology. Special
consideration is given to work relating to the origination and introduction
of meritorious fruit cultivars. Individuals associated with either commercial
concerns or professional organizations will be considered if their introductions
are truly superior and have been widely planted. Significant contributions to
the science and practice of pomology other than through fruit breeding will
also be considered. Such contributions may relate to any important area of
fruit production such as rootstock development and evaluation, anatomical
and morphological studies, or noteworthy publications in any of the above
subjects. Information about the award, past recipients, etc. can be found on
the APS website at:
 http://americanpomological.org/wilder1.html

To obtain nomination guidelines, please contact committee chairperson,
 Dr. John R. Clark
 Dept. of Horticulture, University of Arkansas
 phone: 479-575-2810
 fax 479-575-8619
 e-mail: jrclark@uark.edu
Nominations must be submitted by 1 May 2019.

http://americanpomological.org/wilder1.html
mailto:jrclark@uark.edu
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