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Storage Behaviour of Salix alba and Salix matsudana Seeds
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E�ects of dehydration, storage temperature and humidi®cation on germination of Salix alba and S. matsudana
seeds were studied. Newly released seeds showed 100% germination before and after dehydration to 11±12%
moisture content. Germination of the high vigour lot (100% initial normal germination) was not a�ected by
dehydration to 6.7% moisture content but germination decreased with further dehydration to 4.3%. The lower
vigour lot (75% initial normal germination) was more susceptible to dehydration and germination decreased
following dehydration to 6.7% moisture content. Dry seeds of both species survived immersion in liquid nitrogen
without loss of viability. The germination of seeds stored with 9% moisture content decreased to 35±40% in 5
months at ÿ208C or in 2 months at 58C. However, at 258C seeds entirely lost viability within 2 weeks. Seeds
showed improved performance when stored at ÿ708C4 ÿ 208C4 58C4 258C and tolerated dehydration to a
moisture content in equilibrium with 15% relative humidity. Results suggest that they are orthodox in storage
behaviour although they are short-lived. Humidi®cation treatment of low vigour seed lots resulted in a remarkable
increase in germination percentage. # 2000 Annals of Botany Company
Key words: Salix alba, Salix matsudana, willow, seed storage behaviour, dehydration, humidi®cation,
cryopreservation.
INTRODUCTION

Willow (Salix spp.) seeds are short-lived. Seed viability is
lost within a few days at room temperature (Teng and Yu,
1948; Arya et al., 1988) and because of this rapid loss in
viability, commercial seeds are not available (Brinkman,
1974). Willow seeds were provisionally classi®ed as recalci-
trant (King and Roberts, 1979; Pence, 1995) although
recently Hong et al. (1996) classi®ed seeds from 28 species of
Salix as orthodox, except for S. caprea which was
intermediate. Hong et al. (1996) took into account that
seeds of the 28 species had been maintained without loss in
viability for some years at subzero temperature and low
moisture content (Crocker, 1938; Sato, 1955; Zasada and
Densmore, 1977, 1980; Simak, 1982; Densmore and Zasada,
1983; Bol'shakow, 1988). S. alba and S. matsudana were not
included in the re-classi®cation. The objective of this paper
is to describe physiological characteristics of both Salix alba
and S. matsudana seeds in relation to their storage
seedlings without doubt.
MATERIALS AND METHODS

Plant material

Seeds from trees of Salix alba L. and S. matsudana Koidz
grown in Delta area, Provincia de Buenos Aires, Argentina,
were collected during mid-October 1997 using the following
procedure. Branches carrying catkins were separated from
he capsules turned yellowish and the seeds had
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begun to be released. The catkins were immediately
separated from branches, spread on trays and maintained
for 12 h at room temperature (approx. 248C). Every hour
during the 12 h period, seeds released from capsules were
collected and removed from the surrounding cotton with
compressed air. The seeds were dried initially for 3 h in
ambient conditions and then stored at 58C. Seed moisture
content was approx. 40% (wet basis) immediately after
release and was reduced to 11±12% after 3 h in ambient
conditions. Moisture content (mc) of two samples of 100
seeds was determined gravimetrically by the oven method
(1 h at 1308C+ 18C) and calculated on a wet weight basis
(wb) (ISTA, 1999). Seeds were tested for germination on
top of three pieces of ®lter paper moistened with 3.5 cm3

distilled-deionized water in 6-cm-diameter Petri dishes at
258C+ 18C and 16 h ¯uorescent light/8 h dark for 6 d.
Four replicates of 25 seeds were used for each treatment.
Normal germination was evaluated. In some experiments
abnormal germination and non-germinated seeds were also
assessed in addition to normal germination. Germination
was considered normal if the seedling developed cotyle-
dons, hypocotyl and root, and was erect; seedlings not
meeting these criteria were classi®ed as abnormal. Although
fresh seed germinated in 12 to 24 h (up to 72 h for low
vigour seed), de®nitive counting was carried out on the
sixth day after sowing in order to recognize abnormal
Dehydration of seeds and liquid nitrogen treatment

Salix alba seed lots with 100 and 75% germination and

12% mc were dehydrated to di�erent moisture contents.
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Seeds were held at 58C for 24 h in an atmosphere equil-
ibrated with saturated solutions of K2CO3 (approx. 43%
relative humidity, RH) and LiCl (approx. 15% RH) or with
concentrated H2SO4 (approx. 1% RH). Moisture contents
after dehydration were 9% (K2CO3), 6.7% (LiCl) and
4.3% (H2SO4). Thereafter seeds were placed in cryovials
and immersed in liquid nitrogen (LN) for 1 h; one sample
with 100% germination and 12% mc was maintained in
LN for 11 months. Immediately after LN treatment,
cryovials with seeds were transferred to a water bath at
368C for 1 min. The e�ect of treatments on germination
was evaluated. A similar procedure was followed with a
S. matsudana seed lot having 100% germination and 11%
mc. Dehydration was carried out only over LiCl-saturated
solution and concentrated H SO . Moisture contents after
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dehydration were 6.5% (LiCl) and 4.4% (H2SO4).
Storage at di�erent temperatures

A Salix alba seed lot with 75% germination and 9% mc
was stored at ÿ20, 5 and 258C. In another experiment the
S. matsudana seed lot with 100% germination and 10.5%
mc was placed at ÿ708C. Seeds were stored in sealed
containers. Periodically samples were removed from storage
and tested for germination (as above). For the ÿ708C
stored lot, germination at 24 h from sowing was included as
a vigour indicator; in this case the germination criterion was
hypocotyl protrusion (unlike other seeds, the ®rst visible
sign of germination of Salix seeds is the extension of the

hypocotyl; PoÂ lya, 1961).

and for several months at ÿ208C. The S. matsudana seed

TABLE 1. In¯uence of moisture content on normal germina-
tion (%) of two seed lots of Salix alba that di�er in initial
germination exposed (�LN) or not to liquid nitrogen
Humidi®cation treatment

The e�ect of humidi®cation on the germination of S. alba
and S. matsudana seeds was tested. Three S. alba seed lots
(9% mc), two with approx. 43% and one with approx.
16% germination, and two seed lots of S. matsudana
(10.5% mc) with 90 and 46% germination were used. Seeds
were maintained in a saturated atmosphere (100% RH):
S. alba at 258C and S. matsudana at 178C. Samples were
removed at 3 h intervals and tested for germination. In seed
samples of S. matsudana, moisture content and germination
percentage were also determined hourly during the ®rst 3 h
of humidi®cation.

Results were analysed statistically using analysis of
variance. The di�erences between treatment means were

determined with Tukey's test. (ÿLN)

Moisture content
(%, wb)

Initial normal germination

100% 75%

ÿLN �LN ÿLN �LN

12 100a 98a 75a 70a

9 94a 96a 68a 66a

6.7 89a 93a 55b 54b

4.3 23b 28b 33c 36c

Values with the same superscript within columns are not signi®-
RESULTS AND DISCUSSION

Immediately after release from catkins, S. alba seeds had
40% moisture content and showed 100% germination;
immersion of newly released seeds in liquid nitrogen was
lethal (data not shown). Three hours drying in ambient
conditions lowered the moisture content to 12% without
reducing seed germination. Seeds dried this way were not
a�ected by liquid nitrogen treatment (Table 1). It appears
that 3 h drying was enough to lower the seed moisture

content below that of freezable water (Stanwood, 1985).
The seed lot with 100% germination tolerated desicca-
tion to 9 and 6.7% moisture content using potassium
carbonate and lithium chloride as desiccants which
provided approx. 43 and 15% RH, respectively (Table 1).
However, further dehydration to 4.3% by sulphuric acid,
which provided about 1% RH, reduced germination
approx. four-fold. The seed lot with 75% initial germina-
tion was more susceptible to dehydration. Although
germination at 9% moisture content was slightly reduced,
further dehydration to 6.7 and 4.3% moisture content
reduced germination signi®cantly to 55 and 33%, respect-
ively (Table 1). Germination of seeds dried between 4.3 and
12% moisture content was not a�ected by liquid nitrogen
treatment in either high or low viability lots.

Similar results with respect to dehydration and tolerance
to liquid nitrogen were obtained with S. matsudana seeds
(Fig. 1). Newly released seeds (41% moisture content) dried
for 3 h in ambient conditions after release (11% moisture
content) showed 98 and 100% germination, respectively.
Germination was slightly reduced by dehydration at 6.5%
moisture content (lithium chloride) ( from 100 to 86%),
while a considerable reduction to 16.5% germination at
4.4% moisture content (sulphuric acid) was observed.
Seeds died when exposed to liquid nitrogen immediately
after release from their capsules, but seeds that survived
dehydration treatments (at 11, 6.5 and 4.4% moisture
content) remained alive after exposure to a cryogenic
temperature. Moreover, the S. matsudana seed lot at 11%
moisture content and stored for 11 months in liquid
nitrogen showed no signi®cant decrease in germination
(data not shown). Taking into account the tolerance to
liquid nitrogen, cryogenic storage would be a suitable
method for long-term conservation of S. matsudana, as
suggested by Pritchard and Seaton (1993) for species with
short-lived seeds. Additionally, the very small size of Salix
seeds results in an e�ective cryogenic procedure which is
easy to operate.

The e�ect of storage temperature on viability of S. alba
seeds is shown in Fig. 2. In accordance with the reported
short life of Salix seeds, viability was lost in 2 weeks at 258C
(Fig. 2). Seed survival was extended for several weeks at 58C

ehaviour of Salix Seeds
cantly di�erent at P � 0.05 by Tukey test.
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FIG. 1. Germination (%) of S. matsudana seeds after dehydration
treatments, each with and without immediate immersion in liquid
nitrogen (LN) for 1 h. A, Newly released seeds (control): 40% mc; B,
3 h after seed release at ambient conditions: 11% mc; C, desiccated
over LiCl saturated solution: 6.5% mc; D, desiccated over concen-
trated H2SO4 : 4

.4% mc. Bar values are means of four replicates of 25
seeds. (j), Normal germ; (j), abnormal germ; (h), non-germ.
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FIG. 2. Germination (%) of Salix alba seeds after storage at 9%
moisture content and 25, 5 or ÿ208C. Values are means of four
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lot with 10.5% moisture content stored at ÿ708C main-
tained initial germination levels for up to 30 months
(Table 2).

Our results showed that seeds of Salix alba and
S. matsudana tolerated desiccation to 6.7 and 6.5%
moisture contents, respectively, i.e. in equilibrium with
about 15% RH (over lithium chloride) at 58C, and that
longevity was greater with lower storage temperature.
According to the criteria for orthodox seeds (Hong and
Ellis, 1996), we conclude that seeds of the two species
investigated showed orthodox seed storage behaviour. This
conclusion is in accordance with the orthodox seed storage
behaviour of 28 other Salix species classi®ed by Hong et al.
(1996).

A relatively long duration of storage of willow seeds from

di�erent species has been reported at sub-zero temperatures

TABLE 2. Germination (%) of S. matsudana seeds after
storage for di�erent periods at 10.5% moisture content and

ÿ708C

Germination (%)

Months of storage 24 h* Normal � Abnormal Normal

6 95+ 1.8 100 98+ 1.4
18 96+ 4.5 100 95+ 3.9
24 100 100 97+ 4.5
30 89+ 9.6 99+ 3.3 97+ 4.5

*From sowing.
Values are means of four replicates of 25 seeds+ s.e.
(Sato, 1955; Zasada and Densmore, 1980). For example,
seeds of Salix alaxensis Coville, S. glauca Linn., S. bebbiana
Sarg. and S. novae-angliae Anderss. maintained a high
percentage germination during 2 years' storage at ÿ108C.
Similarly, Sato (1955) reported that the viability of
S. urbaniana Seemen seeds, maintained at ÿ88C for
535 d, ranged from 20 to 60% depending upon the desicca-
tion treatment. However, di�erences in species, growth
region, seed lot quality and moisture content preclude any
strict comparison of results.

Humidi®cation treatment in the deteriorated seed lots of
S. alba (Fig. 3) and S. matsudana (Fig. 4) resulted in a
reduction, followed by a rise in germination percentage. For
example in lot A of S. alba (Fig. 3), a decrease from 42%
initial germination to 33% occurred after the ®rst 3 h of
treatment. After humidi®cation treatment for 6 h, germina-
tion reached 41%, thus recovering the initial germination
level, and then continued to increase up to 60%, more than
the initial value. Because of the shortage of seeds of lots B
and C, full recovery of germination was not achieved.
Humidi®ed S. matsudana seeds from lots A and B (Fig. 4)
followed a similar pattern. A three-fold reduction in
germination percentage (normal germination) was observed
after 3 h humidi®cation: from 90 and 46% initial
germination to 30 and 15% for lots A and B, respectively.
Bene®cial e�ects of humidi®cation on seed germination in
various species have previously been reported and attrib-
uted to the avoidance of imbibition damage (Bewley and
Black, 1985; Ellis et al., 1990). In seeds of one Salicaceae
species, Populus alba, PoÂ lya (1961) detected an increase in
germination percentage from 47 to 65% in seeds previously
humidi®ed to 12.6% moisture content. However, in our

replicates of 25 seeds+ s.e.
experiments, a decrease, rather than an increase, was



not been reported previously for any Salicaceae species.
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FIG. 3. E�ect of seed humidi®cation at 100% RH and 258C on
germination (%) of Salix alba seed lots (A±C) with di�erent initial
germination. Initial seed water content was 9%. Values are means of

four replicates of 25 seeds+ s.e.
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FIG. 4. E�ect of seed humidi®cation at 100% RH and 178C
on germination (%) of Salix matsudana seed lots (A and B) with
di�erent initial germination. Initial seed water content was 10.5%.
Normal � abnormal germination (G), normal germination (NG).

Values are means of four replicates of 25 seeds+ s.e.
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promoted by 3 h humidi®cation in the two Salicaceae
species studied. At this time percentage germination was the
lowest and moisture content averaged 25.1% (Fig. 4), a
level that should preclude any imbibition damage (Hong
and Ellis, 1996). Even after humidi®cation for 1 h, seeds of
lot B with 17.3% moisture content showed some loss in
germination percentage. However, several germination tests
made with S. alba and S. matsudana seed lots having
moisture contents between 9 and 12% showed 98±100%
normal germination when assayed without previous
humidi®cation, suggesting that imbibition damage had
not occurred (data not shown). It may be that deteriorated
seed lots could show a di�erent response. Thus, germina-
tion at shorter humidi®cation periods (less than 3 h)
remains to be evaluated for low vigour lots.

The initial decrease in germination percentage of
S. matsudana seed lots was followed by a remarkable
increase, from 15 and 31% for lots A and B, respectively, to
approx. 80% for both lots after 9 h humidi®cation.
Curiously, in most seed samples from both lots A and B,
germination (normal plus abnormal germination) reached
100% along the entire humidi®cation treatment (Fig. 4). A
decrease only occurred in the more deteriorated seed lot B
at 3 h humidi®cation and corresponded to the lowest
normal germination percentage.

Results suggest that some deteriorative process other
than imbibition damage accounts for the observed decrease
in germination in the ®rst hours of the humidi®cation
treatment. Figure 4 shows that seedling growth was much
more a�ected than germination ability by this apparent
deterioration. From these results it seems likely that

metabolic repair must be involved in the bene®cial e�ects
of humidi®cation on seed recovery that followed the initial
decay (Burgass and Powell, 1984; Bray et al., 1989; Gray
and Drew, 1991; Fujikura et al., 1992). Such germination
behaviour of humidi®ed S. alba and S. matsudana seeds has
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