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Stratification,  chilling,  and  heat  requirements  for both  seeds  and  buds  of  five  Persian  walnut  genotypes
were  compared.  In  experiments  carried  out  between  November  2006  and  March  2008,  1-year-old  twigs
were collected  after  leaf-fall,  placed  in plastic  bags,  and  kept  at 4  ±  1 ◦C to provide  chilling  periods  ranging
from  400  to  1500  h. After  chilling,  twigs  were  transferred  to a greenhouse  for determination  of  chilling
requirement  and  the  number  of  growing  degree  hours  (◦C) needed  for bud break.  For  germination  exper-
iments,  mature  seeds  were  stratified  at 4 ±  1 ◦C for treatment  periods  ranging  from  0  to  8 weeks  and
then  grown  in  a greenhouse  under  natural  conditions.  Germination  rate  and  time  to  radicle  emergence
were  recorded  weekly  and  seedling  heights  were  recorded  after  2 months  growth.  Results  indicated
genotypes  could  be classified  into  three  dormancy  groups  based  on  their  chilling  and  heat  requirements:
eed
uglans regia

low  (‘Ronde  de  Montignac’  and  ‘Serr’),  medium  (‘Z53’), and  high  (‘Lara’  and  ‘Z63’)  dormancy.  Stratification
for  6–8 weeks  was  most  appropriate  to overcome  walnut  seed  dormancy,  to  obtain  the  best  germina-
tion  percentage  and  germination  rate, and  to prevent  physiological  dwarfing.  A  relationship  between  the
chilling  and  heat requirements  for bud-break  and the  stratification  requirement  for  germination  of  seeds
was observed  and  data  showed  that  the  nutshell  is a mechanical  barrier  to  germination  in  walnut  seeds
with  intermediate  physiological  dormancy.
. Introduction

Dormancy is a general term used to indicate a period of
emporary halt in visible growth of a plant structure (Lang,
987), including shoot and root dormancy (Young and Werner,
984; Young, 1987) and seed dormancy (Hartmann et al., 1997).
ikolaeva (1977) defined dormancy based primarily upon physio-

ogical controls and Lang (1987) defined the terms eco-, para- and
ndo-dormancy to simplify terminology.

Seed dormancy is an adaptation in various species to delay
ermination after the seed has been shed from the tree until the
ppropriate time for germination. Dormancy results from physi-
logical, morphological and physical characteristics of the seeds
Baskin and Baskin, 1998) and affects both germination and sub-
equent seedling growth (Du Toit et al., 1979; Mehanna et al.,
985; Frisby and Seeley, 1993). There are two types of seed dor-

ancy: exogenous and endogenous (Leadem, 1997). Temperature

s the main factor affecting the length of the seed dormancy period
Baskin and Baskin, 1998). Stratification, the standard method used
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to overcome seed dormancy (Bewley and Black, 1994), involves
storing seeds with an equal volume of moist medium for a period
of time at a cold temperature. The effective temperature range
for stratification is generally 0–10 ◦C (Crocker and Barton, 1957;
Stokes, 1965). A cold treatment at 5 ◦C (Stokes, 1965) for 60 days
suffices to overcome embryo dormancy in many plant species
(Bewley and Black, 1994). Dormancy release is indicated by the
ability of seeds to germinate at an optimal temperature. The time
required to achieve a fully non-dormant state is indicated by the
ability to germinate over a range of temperatures (Baskin and
Baskin, 1988).

In deciduous woody plants, the date of shoot bud-break reflects
both the chilling and the heat requirements of a given plant in a
specific environment (Spiegel-Roy and Alston, 1979; Petropoulou,
1985). Each tree species and cultivar has a specific chilling
requirement that is related to the accumulated hours below a
chilling-temperature threshold or to a cumulative amount of chill
units, defined as hours weighted for temperature effective for
breaking dormancy (Weinberger, 1950; Erez et al., 1979). Under-

standing the mechanism of dormancy set and release is prerequisite
to developing strategies for manipulation of the dormant period in
order to avoid spring frost damage (Faust et al., 1997). This, com-
bined with characterization of the heat requirements of cultivars,

dx.doi.org/10.1016/j.envexpbot.2011.08.006
http://www.sciencedirect.com/science/journal/00988472
http://www.elsevier.com/locate/envexpbot
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ill provide us with information useful for managing cultivars with
ow chilling requirements but high heat requirement in relatively
old areas (Citadin et al., 2001).

Walnut (Juglans regia, L., Juglandacea) species are monoecious,
.e. the pollen male (staminate) flowers and the nut-producing
emale (pistillate) flowers are born separately on the same tree.
ndividual staminate flowers are small, relatively inconspicuous,
nd grouped in hanging clusters called catkin. These develop later-
lly on the previous season’s growth. Pistillate flowers are formed
ost often in pairs at the tip of current season’s shoots. In all culti-

ars the pistillate flowers emerge from terminal buds shortly after
he emergence of the young leaves (Lin et al., 1977).

It is clear that increasing the inbreeding coefficient of the par-
nt(s) or using full sibs instead of half sibs will result in less
egregation among the progeny. On the other hand, control of only
ne parent and harvesting half sib seeds is much easier, more eco-
omical and more practical. In several studies of the relationship
etween seed and bud dormancy in fruit trees, half sib progeny
ave been used (Kester et al., 1977; Garcia-Gusano et al., 2004).

There are several studies regarding the chilling requirements
or termination of bud dormancy in walnut (Chandler et al., 1937;
onarli and Celebioglu, 1977; Mauget, 1988, 1990; Aslani Aslamarz
t al., 2009) and more on methods to enhance walnut seed germina-
ion (Crocker, 1948; Molchenko et al., 1977; Gaur, 1980) but data on
he mechanism of dormancy in walnut and its relation to the chill-
ng and heat requirements of buds are scarce. Therefore, the aims
f this study were to: (1) exam stratification affects on walnut seed
ermination and growth; (2) determine dormancy mechanisms in
alnut seed; (3) calculate chilling and heat requirements needed

o break bud dormancy; and (4) find the relationship between seed
nd bud dormancy in several walnut genotypes.

. Materials and methods

.1. Source of seeds and twigs

Experiments were carried out during two successive years
etween November 2006 and March 2008. Mature seeds and 1-
ear-old twigs were collected from eight 14-year-old trees of five
alnut genotypes (‘Serr’, ‘Lara’, ‘Ronde de Montignac’, ‘Z63’ and

Z53’) grafted onto J. regia seedling rootstocks as is standard practice
or propagating walnut varieties. These trees were growing in the
amal Shahr Experimental Orchard of the Seed and Plant Improve-
ent Institute Horticulture Department at Karaj, Iran, located at

5.51 N, 50.51 E., 50 km west of Tehran and 1312 m above sea level.
his location is characterized by 240-mm average annual rainfall, a
elatively short (2 months) dry period in the summer, cold winters
minimum temperature −21 ◦C), and 6 months of frost danger (late
ovember to April).

.2. Estimation of chilling and heat requirements for buds

The collected twigs were cut into 288 stem pieces per geno-
ype (1404 total pieces), each 20 cm long, and transferred to the
aboratory. Only one lateral, one terminal, and one catkin bud

ere retained. All other buds were eliminated. After disinfection
ith 4000 ppm Captan (Bayer Co.), groups of 20 cuttings each
ere wrapped in moistened cheese cloth, placed in plastic bags to
revent dehydration during treatments, exposed to low temper-
ture (4 ± 1 ◦C) for periods varying in 100 h increments from 400
o 1500 h. After chilling, the excised twigs were placed with their

asal ends in distilled water and placed in a greenhouse under nat-
ral photoperiod and temperatures that varied from 18 to 27 ◦C.
pproximately 3–4 mm were cut from the basal ends of the cut-

ings three times a week and the water was replaced daily (Citadin
erimental Botany 75 (2012) 74– 82 75

et al., 1998). Twigs were evaluated three times a week for the num-
ber of buds that had reached the balloon or green tip stage (Citadin
et al., 2001). The accumulated growing degree hours (GDH) was
calculated for the time interval from twig transfer to the green-
house until 50% of buds reached the balloon or green tip stage
(Richardson et al., 1974). One GDH is defined as 1 h at the tem-
perature 1 ◦C above the base temperature of 4.5 ◦C. Total GDH  was
calculated using hourly temperatures between 4.5 and 25 ◦C and
all temperatures above 25 ◦C were considered equal to 25 ◦C.

2.3. Stratification of seeds

Seeds were air-dried after collection, cleaned, and stored at
room temperature (15–20 ◦C and 60% RH) for 2 months. Immature
seeds and those damaged by insects were eliminated. Remaining
seeds were allowed to imbibe distilled water at ambient tempera-
ture for 24 h, then surface-sterilized using a 5 min soak in 4000 ppm
Captan (Bayer Co.) followed by a thorough rinse with sterilized
water prior to applying treatments (Vahdati et al., 2009).

Seeds were placed on a double layer of peat moss moistened to
field capacity and held in 40 cm × 25 cm × 15 cm perforated plastic
boxes to allow gas exchange and drainage of excess water. These
were then exposed to low temperature (5 ± 1 ◦C) in the dark for
periods ranging from 1 to 8 weeks. Because seeds that require cold
stratification need water imbibition during the process (Baskin and
Baskin, 1998), samples were inspected periodically to avoid exces-
sive drying or poor aeration during chilling. To reduce potentially
damaging microorganisms, the nuts were washed in 4000 ppm
Captan (Bayer Co.) for 1 min, every week during stratification.

To determine the influence of the shell on germination, shells
were carefully and completely removed from half of the samples,
while the remaining seeds were kept intact. The in-shell and shelled
nuts were planted in containers of perlite in the greenhouse and
kept under natural photoperiod, temperatures that varied between
18 and 27 ◦C, and 75% RH. The containers were watered three times
a week. Seeds were considered germinated when the tip of the
radicle had grown from the seed. Germination percentage was
calculated and a germination index (GI), used as a measure of ger-
mination speed, was  calculated by

∑
(Gt/Dt) (Yang et al., 2007),

where Gt is the number of germinated seed(s) after t days (Dt).
Seedling heights were measured 2 months after the seeds were
transferred to the greenhouse. All experiments using shelled and
in-shell nuts were conducted using three replications of 15 seeds
per treatment.

2.4. Experimental design and statistical analysis

Correlation coefficients between chilling and heating require-
ments of genotypes were determined using Pearson ranked-order
correlation. Student’s t analysis was  performed using SPSS 13.0
Windows (Chicago, IL, USA). Data were analyzed using SAS Soft-
ware (SAS Institute, Inc., 2002). Means with significant differences
were compared using Duncan’s multiple range tests at P ≤ 0.01.

3. Results

3.1. Chilling and heat requirement of buds

The calculated (or estimated) chilling and heat requirements
for walnut genotypes in 2 consecutive years are shown in Table 1.
The chilling and heat requirements were considered to be satisfied
when 50% of buds reached the balloon or green tip stage. The chill-

ing requirements of catkins were lower than lateral and terminal
buds and were highest for lateral buds. The chilling requirements
ranged from 450 to 750 h for catkins, from 600 to 800 h for terminal
buds, and from 650 to 900 h for lateral buds. ‘Serr’ and ‘Ronde de
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Table  1
Chilling ± standard error (4 ◦C) and heat requirement (GDH ◦C ± standard error) for 50% of lateral and terminal buds and catkins of Persian walnut genotypes to reach the
balloon  or green tip stage in 2006 and 2007.

Genotype Years Lateral bud Mean Terminal bud Mean Catkin Mean

Chilling requirement
Serr 2006 700 ± 35c 650 ± 25 600 ± 20c 600 ± 25 400 ± 30e 450 ± 30

2007  600 ± 20d 600 ± 30c 500 ± 30d
Lara  2006 900 ± 45a 900 ± 30 800 ± 20a 800 ± 30 700 ± 15b 750 ± 20

2007  900 ± 20a 800 ± 40a 800 ± 30a
Ronde de Montignac 2006 700 ± 15c 650 ± 25 600 ± 10c 600 ± 10 500 ± 40d 500 ± 30

2007 600 ±  40d 600 ± 10c 500 ± 20d
Z53 2006 800 ± 45b 800 ± 35 700 ± 30b 700 ± 35 700 ± 15b 650 ± 15

2007  800 ± 20b 700 ± 40b 600 ± 20c
Z63 2006 900 ± 10a 850 ± 15 800 ± 50a 750 ± 30 600 ± 30c 600 ± 35

2007  800 ± 10b 700 ± 10b 600 ± 40c
Heat  requirement

Serr 2006 10600 ± 380d 10430 ± 223 10850 ± 95d 10753 ± 122 7075 ± 212c 7165 ± 156
2007  10268 ± 97d 10656 ± 122d 7255 ± 35bc

Lara 2006 12150 ± 265bc 12457 ± 290 11936 ± 167c 12620 ± 176 7480 ± 84bc 7672 ± 56
2007  12765 ± 366b 13305 ± 274b 7856 ± 34b

Ronde de Montignac 2006 10220 ± 69d 10225 ± 87 10452 ± 224d 10552 ± 154 6955 ± 225c 7052 ± 134
2007  10330 ± 158d 10652 ± 330d 7150 ± 53c

Z53 2006 10360 ± 114d 11064 ± 110 12764 ± 224bc 12020 ± 267 7930 ± 35b 8432 ± 56
2007  11768 ± 143c 11276 ± 345 cd 8534 ± 73b

Z 2006 15033 ± 89a 14636 ± 78 15267 ± 345a 15186 ± 234 8270 ± 35b 9071 ± 22
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2007 14240 ±  128a 

ean ± SE in each column followed by the same letter are not significantly differen

ontignac’ had the lowest chilling requirements (650 and 650 h).
Z53’, ‘Z63’ and ‘Lara’, with 800, 850 and 900 h, respectively, showed
ntermediate and high chilling requirements. The range of chilling
equirements for breaking bud and catkin dormancy in the geno-
ypes studied varied from 450 to 900 h. The heat requirement for
ateral and terminal buds and catkins was calculated by the method
f Richardson et al. (1974).  The genotypes were classified into three
roups in accordance with their heat requirements: low (‘Z30’ and

Ronde de Montignac’), medium (‘Z53’ and ‘Lara’), and high heat
equirement (‘Z63’). Our results indicated that the heat require-
ents for catkins were lower than for lateral and terminal buds

nd the GDH accumulation for terminal buds was higher than for
ateral buds.

.2. Seed germination

Our data confirmed a clear effect of the length of the stratifi-
ation period on enhancement of seed germination. According to
ig. 1, all genotypes showed some germination, even without a
tratification treatment. The mean germination percentage of in-
hell and shelled seeds in the control treatment (0 week) for the first
nd second years varied as follows: 42–48% (‘Serr’), 33–38% (‘Lara’),
5–44% (‘Ronde de Montignac’), 29–31% (‘Z53’) and 32–34% (‘Z63’).
imilar relatively low germination percentages were observed after

 short period of stratification (3 weeks) but longer stratification
6–8 weeks) resulted in seed germination of 70–90%. During the
ongest stratification treatment (8 weeks) the germination per-
entages reached 84–91% (‘Serr’), 82–92% (‘Lara’), 90–93% (‘Ronde
e Montignac’), 62–70% (‘Z53’) and 89–91% (‘Z63’). Regardless of
hether seeds had shells or not, genotypes ‘Serr’ and ‘Ronde de
ontignac’ with a low chilling and heat requirement, took less time

o achieve 80% germination (5–7 weeks) than the higher chilling
nd heat requirement genotypes ‘Lara’ and ‘Z63’ which needed 7
nd 8 weeks, respectively.

.3. Germination rate
According to our results, stratification increased GI values for
oth in-shell and shelled seeds. Furthermore, we found that when
he seed of genotypes with low chilling and heat requirement (‘Serr’
nd ‘Ronde de Montignac’) were stratified, the GI values, both in
15105 ± 274a 9423 ± 96a

rding to Duncan’s multiple range test (P ≤ 0.01).

seeds with and without shell, were suddenly increased after 4–5
weeks in comparison to genotypes with higher chilling and heat
requirements (Table 2).

A relationship between the combined chilling/heat requirement
of genotypes and the time required for seeds to germinate was
observed. Table 3 shows that the mean time needed for germina-
tion of low chill/heat genotypes (‘Serr’ and ‘Ronde de Montignac’)
was less than the time required for the high chill/heat requiring
genotypes (‘Lara’ and ‘Z63’).

3.4. Interaction between chilling and heat requirement in the
seeds and buds

The chilling requirements for breaking bud and seed dormancy
were found to be correlated with the heat requirements (Table 4).
For seeds, the genotypes ‘Z53’ and ‘Ronde de Montignac’ had the
highest correlation coefficients while the coefficients for ‘Z53’ and
‘Serr’ were highest for buds. Except for ‘Ronde de Montignac’, the
degree of correlation found in buds was  consistent with the degree
of correlation in seeds, indicating similar interaction between chill-
ing and heat requirement in the seeds and buds of these genotypes.
Among the genotypes examined, chilling and heat requirements
were most strongly correlated in ‘Serr’ and ‘Z53’.

3.5. Seedling height

The correlation between mean height of seedlings after 2
months and the stratification treatments for seeds, either with shell
(y1) or without shell (y2) in 2 successive years, along with regres-
sion functions and coefficients of determination, are shown in
Fig. 2. Based on the linear regression functions, the mean height
of seedlings at 2 months increased for all genotypes as the amount
of stratification increased from no chilling to 8 weeks of cold. The
increase in height of seedlings after 8 weeks of stratification in wal-
nut genotypes with and without shell in 2 successive years was
1.9–2.5 fold (‘Ronde de Montignac’), 2.3–3.2 fold (‘Serr’), 2.1–2.3
fold (‘Lara’), 1.9–2.2 fold (‘Z63’) and 1.8–2.3 fold (‘Z53’). The greatest

mean coefficient of determination (R2) for 2 years was  exhibited
by ‘Ronde de Montignac’ (0.96) while ‘Lara’ showed the lowest
coefficient of determination (0.90). No significant difference was
observed among genotypes, indicating the chilling requirement of
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Table 2
Effect of stratification at 4 ± 1 ◦C for 0–8 weeks on the seed germination index (GI) of several walnut genotypes grown with or without shells in a greenhouse at temperatures varying between 19 and 24 ◦C.

Genotypes Germination index (GI)

Stratification treatments at 4 ± 1 ◦C (week)

Year 0 1 2 3 4 5 6 7 8

In shell
Serr 2006 1.8 ± 0.32p-t 1.9 ± 0.32o-t 2.7 ± 0.23m-t 3.1 ± 0.2 j-r 3.2 ± 0.21j-r 3.7 ± 0.15g-o 5.5 ± 0.08b-g 6.8 ± 0.8ab 7.9 ± 0. 4a

2007  1.6 ± 0.28m-q 1.71 ± 0.3l-q 2.1 ± 0.32k-q 2.3 ± 0.2j-p 2.9 ± 0.14g-n 4.3 ± 0.12e-h 5 ± 0.28c-f 6.4 ± 0.7a-c 7.8 ± 0. 8a
Lara  2006 0.9 ± 0.31t 1.1 ± 0.12st 1.1 ± 0.32p-t 1.6 ± 0.08q-t 1.9 ± 0.34o-t 2.2 ± 0.14n-t 2.8 ± 0.18k-s 3 ± 0.36j-r 4 ± 0.1f-n

2007  0.79 ± 0.19q 0.9 ± 0.2o-q 1 ± 0.1n-q 1.3 ± 0.2m-q 1.7 ± 0.12l-q 1.88 ± 0.1l-q 2.6 ± 0. 15i-p 3.1 ± 0. 8g-m 3.9 ± 0.06f-k
Ronde  de Montignac 2006 1.5 ± 0.28q-t 2.1 ± 0.11o-t 2.8 ± 0.1 l-t 3.1 ± 0.3j-r 3.5 ± 0.11h-p 4.6 ± 0.1d-l 5.4 ± 0.47b-h 5.7 ± 0.07b-e 6.5 ± 0.11a-c

2007 1.3  ± 0.3m-q 1.8 ± 0.29l-q 2.7 ± 0.1h-m 3 ± 0.3g-m 3.5 ± 0.35f-l 4.7 ± 0.1c-g 6 ± 0.028b-d 4.5 ± 0. 7d-h 6.9 ± 0.12ab
Z53 2006 0.9 ± 0.18t 1.1 ± 0.31st 1.3 ± 0.31r-t 2.4 ± 0.31n-t 3.7 ± 0.12g-o 4.4 ± 0.5e-m 4.7 ± 0.15c-k 6.2 ± 0.16a-e 6.3 ± 0. 7a-d

2007  0.9 ± 0.27o-q 1.1 ± 0.2n-q 0.8 ± 0.33pq 2.1 ± 0.25k-q 2.7 ± 0.18h-o 4 ± 0.08e-j 4.2 ± 0.11e-i 5.1 ± 0.26c-f 5.8 ± 0.06b-e
Z63 2006 0.97 ± 0.34st 0.87 ± 0.02t 1.4 ± 0.1r-t 2.6 ± 0.2m-t 3.4 ± 0.2l-q 2.5 ± 0.22n-t 4.6 ± 0.1d-l 4.8 ± 0.38c-j 5.1 ± 0.15b-i

2007  0.95 ± 0.3o-q 1 ± 0.14n-q 1.3 ± 0.2m-q 1.8 ± 0.24l-q 2.5 ± 0.09i-p 2.6 ± 0.12i-p 2.9 ± 0.21g-n 3 ± 0.04g-m 4.1 ± 0. 7e-j
Shelled

Serr  2006 2.4 ± 0.2m-t 2.4 ± 0.2m-t 3 ± 0.1k-t 3.8 ± 0.33h-o 3.8 ± 0.3h-o 4.4 ± 0.1h-l 6.5 ± 0.6b-e 8 ± 0.5ab 9 ± 0.1a
2007  2 ± 0.17k-o 2 ± 0.14k-o 2.6 ± 0.3k-o 2.8 ± 0.1k-o 3.5 ± 0.1f-k 5 ± 0.15d-f 5.9 ± 0.3c-e 7.4 ± 0.1ab 8.9 ± 0.5a

Lara  2006 1.9 ± 0.25t 1.3 ± 0.32r-t 1.7 ± 0.26q-t 2 ± 0.14o-t 2.2 ± 0.12n-t 2.6 ± 0.14l-t 3.3 ± 0.32j-r 3.5 ± 0.52i-q 4.5 ± 0.6f-k
2007  1 ± 0.3o 1.1 ± 0.28no 1.2 ± 0.1no 1.6 ± 0.5k-o 2.1 ± 0.4k-o 2.2 ± 0.2k-o 3 ± 0.33g-o 3.58 ± 0.5f-k 4.5 ± 0.3f-k

Ronde  de Montignac 2006 1.9 ± 0.3o-t 2.5 ± 0.1l-t 3.3 ± 0.2j-s 3.7 ± 0.1h-p 4.4 ± 0.1h-m 5.4 ± 0.2d-l 6.4 ± 0.15b-f 6.5 ± 0.42b-e 7.4 ± 0.7ab
2007  1.7 ± 0.14k-o 2.2 ± 0.1k-o 3.3 ± 0.09f-l 3.6 ± 0.1f-k 4.2 ± 0.5e-i 5.6 ± 0.08c-e 5.6 ± 0.4c-e 5.2 ± 0.17d-f 7.8 ± 0.2ab

Z53 2006 1 ± 0.0.2t 1.4 ± 0.2r-t 1.3 ± 0.1st 2.8 ± 0.2k-t 4.4 ± 0.6h-l 5.2 ± 0.4e-i 5.6 ± 0.4c-g 7.2 ± 0.2a-d 7.2 ± 0.5a-d
2007  1 ± 0.15no 1.3 ± 0.15l-o 1.1 ± 0.3no 2.6 ± 0.1k-o 3.3 ± 0.1f-m 4.8 ± 0.2d-g 4.9 ± 0.3d-f 5.97 ± 0.3c-e 6.5 ± 0.2b-e

Z63 2006 1.1 ± 0.4t 1 ± 0.12t 1.7 ± 0.2p-t 3 ± 0.1k-t 3 ± 0.14k-t 2 ± 0.4k-t 5.4 ± 0.2c-h 5.5 ± 0.2c-h 5.8 ± 0.2c-g
2007  1.1 ± 0.2no 1.3 ± 0.1m-o 1.6 ± 0.2k-o 1.4 ± 0.4 l-o 3 ± 0.2g-o 3 ± 0.3g-n 3.4 ± 0.4f-k 3.65 ± 0.3f-j 4.7 ± 0.4d-g

Each value is the mean of three replications of 15 seeds per each treatment.
Mean ± SE in table followed by the same letter are not significantly different according to Duncan’s multiple range test (P ≤ 0.01).
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Fig. 1. Seed germination percentages of walnut genotypes with or without shells strat
greenhouse in 2006 and 2007 under natural photoperiod and temperatures between 19
different (P ≤ 0.01).

Table 3
Seed germination index (GI) of several walnut genotypes grown with or without
shells in a greenhouse at temperatures varying between 19 and 24 ◦C.

Genotype Year Mean of germination index (GI)

Serr 2006 4.09 ± 0.6a
2007 3.8 ± 0.2a

Lara 2006 2.15 ± 0.3d
2007 1.99 ± 0.1c

Ronde de Montignac 2006 3.92 ± 0.2ab
2007 3.85 ± 0.2a

Z53 2006 3.46 ± 0.4b
2007 3 ± 0.3b

Z63 2006 2.93 ± 0.3c
2007 2.26 ± 0.3c

Means in column followed by the same letter are not significantly different according
to  Duncan’s multiple range test (P ≤ 0.01).

Table 4
Correlation coefficients between the combined chilling and heat requirements needed fo
the  combined stratification/growth time needed to achieve 50% germination in seeds wit

Genotype Year Correlation

Bud 

Serr 2006 −0.65** 

2007 −0.63** 

Lara  2006 −0.33ns 

2007 −0.62** 

Ronde de Montignac 2006 −0.45ns 

2007 −0.48** 

Z53 2006 −0.87** 

2007 0.95** 

Z63 2006 −0.47ns 

2007 −0.32ns 

ns and ** non significant and significant at 1% statistical level, respectively (P ≤ 0.01).
ified at 4 ± 1 ◦C for 0–8 weeks. Seeds were planted in containers of perlite in the
 and 24 ◦C, and 75% RH. Means indicated by the same letter are not significantly

seed and buds had no relationship to the height and vigor of the
seedlings.

3.6. Difference in the response to stratification of seeds with or
without shells

Means analyses for testing differences between seeds with and
without their shells were conducted using Student’s t-test (Table 5).
The t-value was only significant for the germination rate (index)
which confirms the inhibition effect of shell on release from dor-
mancy and germination.
3.7. Year to year variation

Year to year variation in data for combined experiments in 2006
and 2007 is shown in Table 6. The mean value of all treatments

r 50% of the buds of walnut genotypes to reach the balloon or green tip stage and
h or without shells in 2 successive years.

 coefficient

Seed with shell Seed without shell

−0.58** −0.61**
−0.62** −0.64**

−0.41ns −0.45ns
−0.38ns −0.39ns

−0.75** −0.77**
−0.63** −0.66**

−0.82** −0.85**
−0.86** −0.88**

−0.51** −0.52**
−0.47ns −0.57**
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Fig. 2. Correlation between seedling height after 2 months growth and seed stratification treatments of walnut genotypes with (y1) and without (y2) shells in 2 successive
years,  including the regression functions and coefficient of determination. Seeds exposed to chilling temperatures for times from 0 to 8 weeks were then grown at 20 ◦C.
Seedling heights measured after 2 months. Genotypes indicated by the same letter are not significantly different from each other (P ≤ 0.01).
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Table  5
Student’s t-test comparison of seeds with and without shells for walnut genotypes collected in 2006 and 2007.

Paired differences between
seed with and without shell

Mean Std. deviation Std. error mean t value d.f.

Seedling height −5.1 44.79 2.72 −1.87ns 269
Germination percent 0.83 9.14 0.55 1.5ns 269
Germination rate −0.52 0.85 0.51 −10.17** 269

Table 6
Year to year variation in the chilling and heat requirement of buds, seedling height, germination percent, and seed germination index acquired from analysis of combined
experiments in 2006 and 2007.

Year Germination percent (%) Germination (GI) Seedling height (mm)  Chilling requirement (h) Heat requirement (GDH)

2006 62a 3.9a 180a 780a 12482a

Y  to Du

a
a
i
7
f
y
a

a
y
K
m
w

4

s
r
b
d
i
‘
i
f
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a
t
a
h
m
f
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t
t
a
o
m
s
l

T
D

2007 56b 3.4b 174a

ear in column followed by the same letter are not significantly different according

nd genotypes in first and second years, respectively, were 62%
nd 56% for germination percentage, 3.9 and 3.4 for germination
ndex (GI), 180 mm and 174 mm for seedling height, 780 h and
50 h for chilling requirement, and 12,482 GDH and 12,143 GDH
or heat requirement. Only seedling height did not differ between
ears. Results for chilling-heat requirement, germination percent
nd germination rate (index) differed in the 2 years with P ≤ 0.01.

Means analysis using Student’s t-test for differences in temper-
ture, rainfall and relative humidity between the first and second
ears based on data acquired from the meteorology station at
araj, Tehran are presented in Table 7. Our data show that cli-
atic conditions (temperature, rainfall and humidity) in 2 years
ere significantly different.

. Discussion

The results for chilling requirements are in accordance with the
uggestion of Chandler et al. (1937),  who estimated the chilling
equirement for walnut genotypes to be between 400 and 1500 h
elow 7 ◦C. Unfulfilled chilling can lead to losses in yield or low pro-
uction when genotypes with higher chill requirements are grown

n warmer regions (Erez, 2000). Based on our results, ‘Serr’ and
Ronde de Montignac’ appear to be more suitable for cultivation
n warmer climates. Alternatively, ‘Lara’ may  be more appropriate
or cultivation in colder regions, especially those with a risk of late
pring frosts. Among the Iranian genotypes, ‘Z63’ seems to be best
dapted to colder winter climates. The data support the hypothesis
hat terminal buds require less chilling than lateral buds (Scalabrelli
nd Couvillon, 1986). Although late-flowering cultivars usually had
igher heat requirements, the flowering time was  mainly deter-
ined by chilling requirements. Therefore, in breeding cultivars

or areas with cold winters and early spring or late winter frost,
arents exhibiting high chilling requirements like ‘Lara’ and ‘Z63’
hould be used to produce suitable progeny. Our data regarding
he role of heat requirement in bud break supports the observa-
ions of Citadin et al. (2001) and Gariglio et al. (2006).  Arnold (1959)
nd Citadin (1999) found that time of bloom of genotypes depends

n their heat requirement (GDH C accumulation) during endodor-
ancy. Among the walnut genotypes examined in this study, ‘Z63’

eems to be most appropriate for cultivation in the regions with
ate winter or early spring frosts. ‘Serr’ and ‘Ronde de Montignac’,

able 7
ifferences between the first and second years of data collection in temperature, rain fall

Paired difference Mean S

Temperature of first–second years 3.36 2
Rain  fall of first–second years 1.17 3
Relative humidity of first–second years 2.5 3

** Significantly different (P ≤ 0.01) according to Student’s t-test.
750b 12143b

ncan’s multiple range test (P ≤ 0.01).

with the lowest heat requirements, appear least suitable for such a
climate.

Large variability in seed germination rate was observed among
genotypes. This could be due to differences in depth of dormancy
or in the chilling/heat requirements of the seeds.

The increase in GI values with increased stratification seen in
walnut seeds, both with and without shells, suggests a change in
embryo growth potential during stratification. This may  be due to
a change in membrane fluidity at chilling temperatures or differen-
tial enzyme activity for storage reserves (Bewley and Black, 1994).
Protease and lipase enzymes have been shown to increase dur-
ing chilling stratification (Lewak and Rudnicki, 1977). Alteration in
lipids, sugars and amino acids could explain the increase in growth
potential seen in the embryo following chilling treatments and sub-
sequent accelerated breaking of dormancy.

The relationship between chilling-stratification and heat
requirement of buds and germination time of seeds is consistent
with previous studies by Grigorian (1972), Kester et al. (1977) and
Garcia-Gusano et al. (2004).  The correlation coefficients between
chilling treatment and heat requirement for breaking dormancy
in buds and seeds were negative, and imply that prolonged expo-
sure to chilling temperatures could reduce the heat requirement for
seed germination and bud break. These results confirm that rest-
ing or partially chilled trees require extensive heat accumulation
before they are able to bloom than trees which have their chill-
ing fully satisfied (Samish, 1954; Richardson et al., 1975; Swartz
and Powell, 1981). These results also agree with those obtained in
peach by Seeley et al. (1998),  who indicated an interaction between
chilling and heat requirement for seed germination also confirmed
the previous study about interaction between heat and chilling on
bud dormancy in walnut (Mauget, 1988).

Stratification length strongly influenced the later growth of the
seedlings. For chilling treatments shorter than 5–6 weeks a rosette-
type of growth was observed in all genotypes; a phenomenon called
physiological dwarfing by Hartmann et al. (1997).  This effect was
also observed by Grigorian (1972) in some almond cultivars and
by Martinez-Gomez and Dicenta (2001) in peach. The high coef-

ficient of determination (R2) seen in all genotypes confirmed that
stratification has an important effect on the height of seedlings.

The negative impact of an intact shell on walnut germina-
tion is consistent with other observations of shell impact on

, and relative humidity during the growth period.

D SE t value d.f.

.57 0.17 19.43** 215

.48 0.24 4.87** 215

.17 0.27 9.42** 215
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ermination. Seed-enclosing structures, such as walnut shells
Crocker, 1948) and stone fruit pits (Nikolaeva, 1977; Crisosto
nd Sutter, 1985) restrict embryo expansion during germination.
ehanna and Martin (1985) and Gaur (1980) concluded that shells

rovide mechanical resistance to germination while Taylorson and
endricks (1977) described both mechanical and hormonal effects
f the shell during this process. Additional discussions of the role
hell plays in germination were published by Du Toit et al. (1979),
artmann et al. (1997) and Martinez-Gomez and Dicenta (2001).

Previous studies indicate dormancy can be affected by a vari-
ty of atmospheric and soil conditions including air temperature
Welling, 2003), nutrition (Almond and Young, 1990), rainfall
Buchanan et al., 1977) and other factors impacting seed devel-
pment while maturing on the mother plant (Baskin and Baskin,
975, 1995). Our climatic conditions (temperature, rainfall and rel-
tive humidity) statistically differed (by Student’s t-test) during the

 years of the study. Therefore one or more of these climatic factors
ould have had an impact on the observed year to year variation in
eed and bud dormancy. The main difference in bud dormancy of
alnut between 2 years in the natural condition has been shown
reviously (Mauget, 1990).

Our results are in agreement with Erez and Couvillon (1987)
ho demonstrated that the mechanism for breaking dormancy in

eeds is similar to the mechanism for completing bud dormancy.
owell (1987) attributed this phenomenon to a similar hormonal
echanism in both. Experimental evidence supports the involve-
ent of specific endogenous plant growth substances in the control

f dormancy in both organs. Most of the information focuses on
bscisic acid (ABA), gibberellins and cytokinins, whereas auxin and
ther compounds have been shown to have little or no effect on the
ormancy. ABA concentration declines in both buds and seeds dur-

ng cold treatment from the initiation to the breaking of dormancy
Powell, 1987; Rodriguez et al., 1991; Hilhorst and Karssen, 1992).

 relationship between chilling and the appearance of cytokinins
lso has been demonstrated (Thomas et al., 1992; Mok  and Mok,
994) and previous studies have also shown changes in the levels
f endogenous gibberellins in buds and seeds during stratification
Takahashi et al., 1991; Wieble et al., 1992).

Our data are consistent with earlier work indicating that seeds
isplaying intermediate physiological dormancy usually require
tratification for release from dormancy, as distinguished from
eeds with deep physiological dormancy and a shorter chilling
tratification requirement (Hartmann et al., 1997). The seed cov-
ring (coat or shell) of seeds with an intermediate physiological
ormancy can also have an impact on breaking rest (Hartmann
t al., 1997). Hence our results confirm that the mechanism of
ormancy in walnut is both an intermediate physiological and a
echanical dormancy (hard seed dormancy). This combined or

ouble dormancy acts as a safety mechanism for walnut seeds in
reventing premature germination. In order to promote germina-
ion, both blocking conditions (physiological and mechanical) must
e removed. This dormancy is the most common type found in
eeds of trees, shrubs and some herbaceous plants of the temperate
one possessing hard seed coats (Crocker, 1916; Young and Young,
992; Fambrini et al., 1993).

. Conclusion

Chilling treatments increase the percentage of bud break and
ecrease the heat requirement in all genotypes of walnut studied,
ut the responses of genotypes and the various bud types to chill-
ng differ. The estimated chilling and heat requirements are good
redictors for time of bud break. Stratification periods of 6–8 weeks
ere the most appropriate to overcome walnut seed dormancy, to

btain the best germination percentage and best germination rate,
erimental Botany 75 (2012) 74– 82 81

and to prevent physiological dwarfing. The walnut shell also plays
an important role in regulating dormancy. These results confirm a
relationship between the dormancy breaking mechanism in buds
and in seeds. Finally, walnut is a good example of double dormancy
in seeds and its various bud types differ in their chilling and heat
requirements.
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