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Abstract. Correlation and causal relationships among 21 horticultural traits were
determined using 71 walnut genotypes selected from seven valleys in Kerman Province,
Iran. Pearson’s correlation coefficient was calculated. Kernel percentage and blight
susceptibility were used as dependent variables in a stepwise regression model to determine
predictor variables. Direct and indirect effects of each independent variable were calculated
using path analysis. A highly significant correlation was observed between lateral bearing
habit and yield. Lateral-bearing trees were also more susceptible to blight and winter cold
than terminal bearers. Kernel and nut weights, shell thickness, and difficulty of extracting
kernel halves were the most important traits accounting for kernel variation. Kernel weight
and difficulty extracting kernel halves had the strongest positive direct effects and nut
weight the most negative. Flowering habit, nut shape, and leafing date had positive direct
effects on blight susceptibility, but the large residual effects suggest there are other
important determinant traits for blight susceptibility, which were not considered in this
study.

Persian walnut (Juglans regia L.), widely
cultivated for nut production, is an ancient
species (Fjellstrom and Parfitt, 1994; Vahdati,
2000) originating in areas of Central Asia,
including Iran. Wild trees of this species are
widely dispersed throughout Iran and provide
a rich natural reservoir of walnut germplasm for
developing improved genotypes. Kerman prov-
ince has the greatest planted area of Persian
walnuts under cultivation in Iran and also has
the largest native walnut stands (Vahdati, 2000).

Knowledge of the relationship between nut
and kernel characteristics and other tree traits
can guide appropriate selection schemes for
walnut breeding programs. Hansche et al.
(1972) examined heritability and phenotypic
correlations for 18 traits of walnut and found
heritabilities above 0.80 for shell thickness,
nut and kernel weights and dates of leafing,
first pollen shed, pistil receptivity, and harvest.
The heritability was above 0.39 for lateral

bearing, shell seal, percent light-colored ker-
nels, kernel veins, and kernel spots. Lateral
bearing showed a fairly strong positive corre-
lation with yield despite the large measure-
ment error associated with yield.

Germain (1990) found that lateral bearing
habit was moderately correlated with early
leafing, tree architecture, and precocity. Solar
et al. (2001) also found that lateral flowering
trees developed flowers earlier in the spring
and had better yield potential than terminal
bearers. Leafing date was correlated with flower
timing in addition to tree vigor, branching
density, height of tree, and trunk diameter. Tree
vigor was positively correlated with tree height,
trunk diameter, tree form, branching density,
and fruit bearing type. Forde and McGranahan
(1996) reported a negative correlation between
tree height and yield.

In contrast, Atefi (1990) found a strong
positive correlation of yield with tree di-
ameter and height but a negative correlation
with nut weight. Altitude was positively
correlated with frost resistance but negatively
impacted yield.

Eskandari et al. (2006) studied genetic
diversity and heritability of horticultural
characteristics of 81 walnut genotypes from
eight provinces of Iran. Broad sense herita-
bilities (h2

b) for all traits were more than 0.60
with the exception of susceptibility to spring

frost and kernel percentage, which were 0.45
and 0.39, respectively.

Reported correlations of yield with pro-
togynous or protandrous flowering habit con-
flict (Kornienko, 1974; Majacka, 1971). Sen
(1985) obtained a negative significant corre-
lation between shell thickness and kernel
percentage. Akca and Sen (1997) found that
nut and kernel weights and kernel to shell
ratio of protogynous varieties were greater
than those of protandrous types. Sharma and
Sharma (2001) also reported correlations of
nut traits. Correlations for traits of walnut
were also reported by Komanich (1980),
Sharma (1996), and Sholokhov (1974).

The coefficient of correlation is not infor-
mative in all cases in explaining cause–and-
effect relationships in the variables, because the
association between two variables may depend
on a third variable. The use of path analysis
provides a plausible explanation of observed
correlations by modeling the cause-and-effect
relations between the variables. Thus, it is pos-
sible to analyze the correlation coefficient of
variables in the form of variance and covariance
using path analysis (Okut and Orhan, 1993).

Path analysis has emerged as a general
statistical method for cause–and-effect anal-
ysis in a system of correlated variables. A path
coefficient is a standardized partial regression
coefficient and measures the direct influence
of a predictor variable on the response (de-
pendent) variable (Mohammadi et al., 2003;
Steel and Torrie, 1980). This permits the sepa-
ration of the correlation coefficient into direct
effect (path coefficient) and indirect effects
(effects exerted through other independent vari-
ables) (Mohammadi et al., 2003). Unexplained
effects are treated as residual effects. Path
analysis provides both flexibility and greater
insight into the biological organization of the
organism than regression analysis. A compre-
hensive account of the method is given in Rao
and Morton (1980). Path analysis has been used
by plant breeders to understand the relationship
between productivity and its components in
various crop plants (Kang et al., 1983). This
technique, however, has rarely been used in
plant population biology and we did not find
any report using path analysis in walnut.

The objectives of this study were: 1) to
determine the correlations between agronom-
ical traits of walnut in landraces of Kerman
Province, Iran; and 2) to use causal (path)
analysis to examine the influence of other
horticultural traits on kernel percentage and
blight susceptibility.

Materials and Methods

Seventy-one native walnut genotypes were
selected from six valleys in Kerman province;
Hanza (lat. 29.17� N, long. 57.11� E), Bezenjan
(lat. 29.14� N, long. 56.41� E), Gougher (lat.
29.27� N, long. 56.37� E), Rien (lat. 29.21�
N, long. 57.19� E), Bidkhan (lat. 29.37� N,
long. 59.30� E), and Kiskan (lat. 29.21� N, long.
56.38� E). These areas are situated at elevations
of 2680, 255, 2815, 2230, 2525, and 2580 m
above mean sea level, respectively, and are the
major centers for Persian walnut diversity.

Received for publication 27 May 2010. Accepted
for publication 7 Sept. 2010.
We thank the University of Tehran and the Iran
National Science Foundation (INSF) for providing
support for this research. Dr. Alireza Nabipour is
also acknowledged for kindly pre-reviewing the
manuscript.
1To whom reprint requests should be addressed;
e-mail kvahdati@ut.ac.ir.

1690 HORTSCIENCE VOL. 45(11) NOVEMBER 2010



Twenty-one horticultural traits were eval-
uated during 2004–2007 based on Biodiver-
sity International (IPGRI, 1994) descriptors
(Table 1) and Pearson’s coefficient of corre-
lation was calculated (Steel and Torrie,
1980). Two main traits, kernel percentage
and blight susceptibility, were analyzed as
dependent variables and traits influencing
these were detected by stepwise regression
(Draper and Smith, 1998). Direct (standard-
ized partial regression coefficients) and in-
direct effects of the influencing variables were
then calculated using path analysis.

Based on the results of the stepwise re-
gression analysis for kernel percentage, this
trait was selected for use as a dependent
variable in the path analysis and the traits
that had a linear relationship with kernel
percentage in stepwise regression, including
shell thickness, tree form, difficulty of extract-
ing kernels halves, nut weight, kernel weight,
number of leaflets per leaf, shell texture, and
kernel plumpness were treated as exogenous
variables. The path diagram for kernel per-
centage is indicated in Figure 1A. Stepwise
regression for blight susceptibility also in-
dicated its use as a dependent variable in path
analysis with flowering habit, nut shape, and
leafing date treated as exogenous variables.
The path diagram for blight susceptibility is
shown in Figure 1B. Correlation analysis and
stepwise regression were performed using
SAS (Version 9.0; SAS Institute Inc., 1988)
software. Also, the direct effects of exogenous
variables on dependent variables were esti-
mated by Proc Reg of SAS (Version 9.0)
software using the unweighted least square
method and stb (standardized b) option. In-
direct effects involved the product of a cor-
relation coefficient between two predictor
variables and the appropriate direct effect in
accordance with the path diagram (Williams
et al., 1990; Wilson et al., 1981). Path diagrams
were drawn using SPSS Amos 16 software
(SPSS Inc., Chicago, IL).

Results

Correlation coefficients. Correlations be-
tween horticultural traits are shown in Table
2. Tree form (more spreading) was positively
correlated with lateral flowering habit (0.383),
yield (0.294), and susceptibility to winter cold
damage (0.336). Lateral-bearing trees had more
yield and greater kernel weight than terminal
bearers (0.638 and 0.228, respectively) but
were more susceptible to cold damage and
blight (0.526 and 0.496) and slightly more
likely to be protandrous.

Blight-susceptible genotypes produced
higher kernel weights but were also suscep-
tible to winter cold. Susceptibility to cold
damage was correlated with rough shell tex-
ture and greater nut weight. Leafing date was
positively correlated with harvest date (0.370)
and date of leaf drop (0.298) but negatively
correlated with kernel plumpness (–0.254).
Harvest date was correlated with date of leaf
drop (0.603) and shell thickness (0.231) but
negatively correlated with the difficulty of

Table 1. The horticultural traits evaluated and their scaling in 71 walnut genotypes native to Iran.

The traits Scaling

1. Tree form Upright (1), moderately upright (3), moderately spreading (5),
spreading (7)

2. Tree vigor Very weak growth (1) to very vigorous (9)
3. Flowering habit Terminal bearing (1), less than 25% lateral bearing (3), 25% to 50%

lateral bearing (5), more than 50% lateral bearing (7)
4. Leafing date Genotypes ranked from 1 to 8 in relation to the average walnut

leafing date within a location: greater than 26 d before
average (1) to 21 to 25 d after average (8)

5. Numbers of leaflets per
leaf

From 1 (3 to 5 leaflets) to 4 (12 to 14 leaflets)

6. Dichogamy Protandrous (1), homogamous (2), protogynous (3)
7. Catkin abundance No male flowers (1), few (3), average (5), abundant (7), very

abundant (9)
8. Harvest date Very early (1) to extremely late (7)
9. Yield No crop (1), commercially acceptable crop (4), very heavy yield (6)

10. Leaf drop date in fall Early (3), moderate (5), late (7)
11. Blight susceptibility Five classes: from very low (1) to very high (5)
12. Winter cold damage Low damage (1), moderate damage (3), extensive damage (5)
13. Nut shape Round (1), triangular (2), broadly ovate (3), ovate (4), short

trapezoid (5), long trapezoid (6), broad elliptic (7), elliptic (8)
14. Shell texture Smoothest (1) to roughest (9)
15. Shell thickness Very thin (1), thin (3), moderate (5), thick (7), very thick (9)
16. Difficulty in extracting

kernel halves
Very difficult (1) to very easy (9)

17. Kernel plumpness Shriveled (3) to very plump (9)
18. Kernel color Brown (1), amber (3), light amber (5), light (7), and extra light (9)
19. Nut weight in grams From 1 (less than 8.5 g) to 9 (greater than 15.5 g)
20. Kernel weight in grams From 1 (less than 3.5 g) to 7 (5.5 to 6.49 g)
21. Kernel percentage Ratio of kernel weight to nut weight · 100

Fig. 1. Path diagram of effects of exogenous traits on kernel percentage (A) and blight susceptibility
(B). Curved double-headed arrows show correlation coefficients and straight arrows show direct
effects. Indirect effects are obtained by multiplying a correlation coefficient between two exogenous
variables and the appropriate direct effect. (A) Y = kernel percentage; X1 = shell thickness; X2 = tree
form; X3 = difficulty in extracting kernel halves; X4 = nut weight; X5 = kernel weight; X6 = numbers
of leaflets per leaf; X7 = shell texture; X8 = kernel plumpness; R = residual effects. In A, all of the
exogenous traits have pairwise correlations, but only the correlations between the neighbor traits are
shown. (B) Y= blight susceptibility; X1 = flowering habit; X2 = nut shape; X3 = leafing date; R =
residual effects.
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extracting kernel halves and kernel weight
(–0.279 and –0.292, respectively).

Nut and kernel weights correlated posi-
tively (0.785), but nut weight and kernel
percentage were negatively related (–0.361).
Shell thickness was negatively correlated with
difficulty in extracting kernel halves, kernel
plumpness, and kernel percentage. Kernels
with the lightest color had the greatest nut
and kernel weights and kernel plumpness also
correlated with these traits.

Stepwise regression and path coefficient
analyses. After calculating the correlation
coefficients, two main horticultural traits,
kernel percentage and blight susceptibility,
were considered as dependent variables and
important independent variables were deter-
mined using stepwise regression (Tables 3
and 4). Then the direct and indirect effects of
each independent variable on the two key
traits were calculated (Tables 5 and 6). Step-
wise regression showed that kernel weight, shell
thickness, tree form, difficulty in extracting
kernel halves, nut weight, number of leaflets
per leaf, shell texture, and kernel plumpness
accounted 32.39%, 26.49%, 12.62%, 4.80%,
4.66%, 3.13%, 1.85%, and 1.79%, respectively,
of the variations in kernel percentage, although
shell thickness was then removed in Step 6 from
the regression model. As shown in Table 3, shell
thickness was the first variable that entered to
the model. Nonetheless, regression coefficients
of shell thickness and difficulty of extracting
kernel halves were not significant after the en-
trance of kernel weight into the model in Step 5.
Because the regression coefficient for shell
thickness was lower than that for difficulty in
extracting kernel halves, the former trait was
removed from the model in Step 6 (Table 3). In
the stepwise regression for blight susceptibility,
only three traits, flowering habit, nut shape,
and leafing date, were entered into the model
and explained �35.3% of the variations in
blight susceptibility. Nut shape and leafing
date coefficients were not significant at Step 3
(Table 4).

Comparison of direct and indirect effects
on kernel percentage (Table 5) shows that
kernel weight and difficulty in extracting
kernel halves had the greatest positive direct
effects (0.812 and 0.521) and shell thickness
and nut weight had the most negative direct
effects (–0.541 and –0.836).

Stepwise regression of blight susceptibility
data showed that flowering habit, nut shape,
and leafing date accounted for 29.61%, 2.89%,
and 2.8% of the variation (Table 4) and path
analysis showed these traits all had positive
direct effects (Table 6).

Discussion

The positive significant correlation of tree
form with flowering habit and winter cold
susceptibility indicates that trees with a more
spreading (less upright) form are more likely
to be both lateral flowering and susceptible to
winter cold. Germain (1990) and Solar et al.
(2001) found a similar relationship between
tree form and lateral flowering.T
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We also found that lateral-bearing trees
were more likely to be high-yielding than
terminal bearers, as also reported by Hansche
et al. (1972), and to have higher kernel
weights, but this advantage could be offset in
cold locations by their greater susceptibility
to winter cold damage. Although they were
lower-yielding, upright trees produced nuts
with somewhat greater kernel percentages.
The observed positive and significant corre-
lation of flowering habit with yield and kernel
weight can be useful in the selection process
for breeding programs as suggested by Han-
sche et al. (1972) who noted that the low
heritability of yield (0.07), the relatively high
heritability of flowering habit (0.40), and the
positive correlation coefficient between the

two in their data indicated that screening trees
on the basis of flowering habit (more lateral
bearing trees) would lead to selecting high-
yielding trees.

We found a positive correlation between
leafing date and harvest date, which is in
agreement with Forde and McGranahan
(1996) and Hansche et al. (1972). Protandrous
genotypes had higher yields and more rounded
fruit shape than protogynous ones. This result
agrees with Kornienko (1974), but Akca and
Sen (1997) and Majacka (1971) reported the
reverse.

The correlations of kernel plumpness with
nut and kernel weight and kernel color were
significant at the 1% probability level, although
Eskandari et al. (2006) reported a significant
negative correlation for these traits. This dif-
ference could be the result of the geographic
distribution of genotypes studied. The earlier
study included genotypes from high mountain
areas in different provinces of Iran.

Yield is a main objective in most Juglans
regia breeding programs. This trait was
positively correlated with lateral bearing,
blight susceptibility, susceptibility to winter
cold, and kernel weight in our study. This

suggests that selecting for yield may increase
winter cold damage and blight. This correla-
tion is important because the heritability of
susceptibility to winter cold and blight is rela-
tively high (Eskandari et al., 2006), whereas that
of the yield is very low (Hansche et al., 1972).

The positive correlation between yield
and kernel weight has important commercial
and practical implications because both traits
are desirable in developing new cultivars.

The correlation between harvest date and
date of leaf drop, in addition to the high
heritability of harvest date 0.85 estimated by
Eskandari et al. (2006), indicates that selec-
tion for late harvest date would also select for
late-season leaf abscission and consequently
susceptibility to fall frost damage.

Our results indicate that it will be easier to
extract kernels in halves from genotypes with
smooth shell texture (negative correlation,
–0.26). In contrast, Eskandari et al. (2006)
reported a small positive, but not significant,
correlation (0.195) between shell texture and
difficulty in extracting kernel halves. Nuts
with thicker shells had both a lower kernel
percentage and kernels that were less plump.
These results are similar to those described
by Eskandari et al. (2006), Sen (1985), and
Sharma and Sharma (2001).

The positive correlation of nut weight
with kernel weight (0.785) and the negative
correlation with kernel percentage (–0.361)
were in agreement with Eskandari et al. (2006)
and Sharma and Sharma (2001). Hansche et al.
(1972) also reported a positive correlation
between nut weight and kernel weight.

Finally, kernel color was positively corre-
lated with nut and kernel weight. Atefi (1990)
reported the same result in elevated regions.
This is an important correlation because light
kernel color is a primary breeding objective
for walnut (Tulecke and McGranahan, 1994).

In developing the regression model for
kernel percentage, shell thickness was entered
in the first step, but after entrance of difficulty
in extracting kernel halves and kernel weight,
shell thickness was eliminated from the model.
This means that if kernel weight and difficulty
in extracting kernel halves are considered in
the model, shell thickness does not need to be
included. However, when we examined the
raw data for the 71 genotypes scored for shell
thickness, 16 were scored thin (Score 3), one
very thick (Score 9), and none very thin (Score

Table 3. Stepwise regression between kernel percentage (dependent variable) and other traits (independent variables) in native Persian walnut genotypes of
Kerman, Iran.

Step Inserted variable az b1 b2 b3 b4 b5 b6 b7 b8 Final R2 Partial R2

1 Shell thickness 58.9** –2.21** 0.2649** 0.2649
2 Tree form 65.33** –2.138** –1.177** 0.3911** 0.1262
3 Difficulty in

extracting kernel
53.83** –1.36* –1.32** 1.454* 0.4391* 0.048

4 Nut weight 56.72** –1.117 NS –1.23** 1.65* –0.54* 0.4857* 0.0466
5 Kernel weight 46.55** –0.424 NS –0.605** 0.663 NS –2.69** 6.303** 0.8096** 0.3239
6 Number of leaflets

per leaf
40.48** –0.616** 0.75* –2.97** 6.853** 1.773** 0.8356** 0.0313

7 Shell texture 36.27** –0.562** 0.914** –3.025** 6.887** 1.511** 0.834** 0.8540** 0.0185
8 Kernel plumpness 38.664** –0.504 NS 1.06** –3.067** 7.352** 1.42** 0.844** –0.948** 0.8719** 0.0179

*, **Significant at 0.05 and 0.01 P levels, respectively and NS = non-significant.
za = intercept in each step; b1 to b8 = coefficient of the traits in each step; Final R2 = final coefficient of determination in each step and Partial R2 = partial
coefficient of determination in each step.

Table 4. Stepwise regression between blight susceptibility (dependent variable) and other traits
(independent variables) in native Persian walnut genotypes of Kerman, Iran.

Step Inserted variable az b1 b2 b3 Final R2 Partial R2

1 Flowering habit 0.564** 0.2164** 0.2961** 0.2961
2 Nut shape 0.343 NS 0.228** 0.057 NS 0.325 NS 0.0289
3 Leafing date 0.150 NS 0.2273** 0.116 NS 0.058 NS 0.353 NS 0.028

**Significant at 0.01 P level; NS = non-significant.
za = intercept in each step; b1 = coefficient of flowering habit in each step; b2 = coefficient of nut shape in
second step forward; b3 = coefficient of leafing date; Final R2 = final coefficient of determination in each
step and Partial R2 = partial coefficient of determination in each step.

Table 5. Direct (bold numbers) and indirect effects of traits on kernel percentage in native Persian walnut
genotypes of Kerman, Iran.

Character 1 2 3 4 5 6 7 8 rp

1. Shell thickness –0.541 –0.005 0.169 –0.077 –0.157 0.002 0.045 0.099 –0.464
2. Tree form –0.027 –0.086 –0.048 –0.154 0.017 0 –0.012 –0.028 –0.334
3. Difficulty in extracting

kernel halves
–0.176 0.007 0.521 –0.036 0.238 0.001 –0.057 –0.109 0.394

4. Nut weight –0.049 –0.016 0.021 –0.863 0.637 0.001 0.026 –0.122 –0.361
5. Kernel weight 0.103 –0.002 0.153 –0.678 0.812 0 –0.003 –0.168 0.22
6. Number of leaflets

per leaf
0.065 –0.005 0.085 –0.097 –0.072 0.009 0.021 0 0.15

7. Shell texture –0.114 –0.004 –0.136 –0.105 –0.011 0 0.217 0.034 –0.107
8. Kernel plumpness 0.176 –0.017 0.193 –0.273 0.349 0 –0.024 –0.349 0.057

Residual effects = 0.258.

Table 6. Direct (bold numbers) and indirect effects
of traits on the blight susceptibility of native
Persian walnut genotypes in Kerman, Iran.

Character 1 2 3 rp

1. Flowering habit 0.567 –0.014 –0.029 0.526
2. Nut shape –0.062 0.121 0.016 0.076
3. Leafing date –0.11 0.014 0.145 0.049

Residual effects = 0.827.
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1). Examination of the data for difficulty in
extracting kernels in halves showed that none
were scored as very easy (Score 9) or very
difficult (Score 1). We concluded that the
indicated elimination of shell thickness from
the model could be an artifact related to uneven
representation of these traits in the particular
genotypes included. Therefore, we did not
eliminate shell thickness from the path analysis.

The stepwise regression model for blight
susceptibility showed that the traits entered
into the model explained only approximately
one-third of the variation in blight scoring
with nut shape and leafing date showing little
effect and their coefficients not significant.
This indicates that other factors that were not
considered in the study play a more important
role in explaining blight.

Comparison of direct and indirect effects
indicates that nut and kernel weight had in-
teractive effects on kernel percentage, i.e.,
the nut weight reduced the kernel percentage
directly but increased the kernel percentage
indirectly through its effect on kernel weight.

In conclusion, we found that four key
variables, kernel weight, nut weight, shell
thickness, and difficulty in extracting kernel
halves, were the main variables accounting
for kernel percentage and that they should be
considered together in breeding. Path analy-
sis showed that flowering habit, nut shape,
and leafing date had positive direct effects on
blight susceptibility. Among these, flowering
habit had more effect than the other two.

The residual effects indicate the degree to
which the causal factors account for variation
in the dependent factor. Low residual effects
show that the causal factors explain the de-
pendent variable well. In the present study,
these were estimated to be 0.827 for blight
susceptibility and 0.258 for kernel percent-
age. Because the residual effects for blight
susceptibility were relatively high and a low
coefficient of determination was observed in
the stepwise regression, we can conclude that
there are important additional factors influ-

encing blight susceptibility that were not
considered in this study.
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