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Germination response of alder and birch seeds to applied gibberellic
acid and priming treatments in combination with chilling
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Abstract – The effects of seed moisture content (MC), gibberellic acid (GA3) concentration, chilling and priming pretreatments on the germination
of common alder (Alnus glutinosa) and downey birch (Betula pubescens) seeds were examined. After treatment, the seeds were allowed to germinate
for 42 days at 15 ◦C or 20 ◦C (dark)/30 ◦C (light). Treatment responses were similar at both temperatures and in both species. GA3 treatment of seeds
in fully imbibed (FI) state for 30 days, or at the lower, target moisture content (TMC) for 30−90 days, significantly improved germination, but longer
treatment periods reduced it (FI seeds) or had no effect (TMC seeds). Priming for two days improved germination in the FI seeds, but more than 4 days
reduced it. Priming for up to 14 days had little effect on the germination of the TMC seeds.

alder / birch / seed / GA3 / priming

Résumé – Réponse germinative des graines de l’aulne glutineux et du bouleau pubescent à l’application d’acide gibbérellique et de traitements
d’amorçage en combinaison avec du froid. Les effets de l’humidité des graines (MC), de la concentration en acide gibbérellique (GA3), du froid et
des prétraitements d’amorçage sur la germination des graines d’Alnus glutinosa et de Betulus pubescens ont été examinés. Après traitement, les graines
ont été mise à germer pour 42 jours à 15 ◦C ou 20 ◦C (à l’obscurité)/30 ◦C (à la lumière). Les réponses au traitement ont été similaires aux deux
températures et pour les deux espèces. Le traitement, par GA3, des graines totalement imbibées (F1) pour 30 jours, ou de façon moindre, l’objectif
d’humidité (TMC) pour 30−90 jours, ont amélioré significativement la germination, mais des périodes de traitements plus longues l’ont diminuée
(graines F1) ou n’ont pas eu d’effet (graines TMC). Un amorçage de deux jours améliore la germination pour les graines F1, mais un amorçage de plus
de 4 jours la diminue. Un amorçage jusqu’à 14 jours a eu peu d’effet sur la germination des graines TMC.

Alnus glutinosa / Betula pubescens / graine / GA3 / amorçage

1. INTRODUCTION

There has been a large increase in the planting of broadleaf
species, such as common alder (Alnus glutinosa) and downey
birch (Betula pubescens), in Ireland and other European coun-
tries in recent years. For this reason, there has been a renewed
interest in examining all phases of nursery culture and seed1

factors with a view to improving yields in the nursery. Seeds of
alder and birch often germinate poorly in the nursery, perhaps
in part because of dormancy problems [40, 41]. Moist chilling
(ca 0−5 ◦C) for 4−8 weeks usually releases dormancy in seeds
of both species [19, 39], but there is little information on the
effect of applied growth regulators on dormancy release and
the germination response in these species. Seeds can also be
primed to stimulate germination, but the exact mechanism of
this response is not understood [13]. Priming usually involves
incubating seeds in a warm environment for a short period be-
fore sowing.

* Corresponding author: Conor.oreilly@ucd.ie
1 The ‘seeds’ of alder and birch are actually winged fruits (achenes)
that contain a single seed without endosperm that is surrounded by a
pericarp.

Endogenous factors, especially plant growth regulators,
such as gibberellins (GAs) (usually GA3) and abscissic acid
(ABA) play a key role in the dormancy response mechanism
in most tree seeds [3, 28, 35]. Dormant seeds of many tree
species contain ABA in the embryonic axis, which prevents
embryo growth [5]. However, embryo dormancy can be bro-
ken in hazelnuts (Corylus avellana) by exogenous GA3 or
indirectly by applying treatments that result in the synthesis
of endogenous GA, such as chilling [6]. Chilling appears to
change the inhibitor – promoter balance in the seeds, sug-
gesting that the requirement for moist chilling cannot be re-
placed entirely by exogenous GA application. However, addi-
tional GA3 might reduce the chilling requirement to release
dormancy [35, 44]. For this reason, a combination of chilling
and GA3 treatments have been used to improve germination in
a range of tree species [27].

Seeds of alder and birch are normally chilled in their fully
imbibed (FI) state (ca 50%−60% moisture content; MC) to re-
lease dormancy, but lower seed MC levels may be preferable.
Seeds of these species can be adjusted to about 30−35% MC
and then chilled for 12−18 weeks to release dormancy and
maximise germination speed [9]. Seeds adjusted to these
‘target’ MC (TMC) levels can be held at chilling or freezing
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Table I. Provenance details for seed lots of alder and birch used in study.

Species Country, seed zone and origin coordinates Seed lot code

Alder Southwest Scotland, origin unknown 01 (203) K 56o 28’ N, 3o 0’ W AC-UK203-B104a

Mideastern England, origin unknown 01 (403) F 52o 22’ N, 2o 43’ W AC-UK403-B106

Birch Co. Laois, Ireland 00 (417) 53o 02’ N, 7o 17’ W BC-IELAO-A20

Co. Cork, Ireland 00 (417) 51o 54’ N, 8o 8’ W BC-IECORK-A62
a Abbreviated (last four digits) of code (supplier’s tracking code) is in bold text.

Table II. Physical and germination (%) characteristicsa of the alder and birch seed lots used in the study.

Species Seed lot identity codec Moisture content (%) Purity (%) 1000 seed weight (g) Viable seeds (kg−1) Germinationb

20/ 30 ◦C 15 ◦C

Alder B104 11.6 90 1.44 443624 56 26

B106 10.6 91 1.71 294149 59 9

Birch A20 11.3 56 0.620 368000 26 na

A62 13.6 50 0.453 302000 15 na

a All treatments/ observations carried out according to International Seed Testing Association rules by the Dept. of Agriculture, Abbotstown, Co. Dublin,
Ireland.
b Germination at 20/ 30 ◦C and at 15 ◦C for non-pretreated seeds.
c Abbreviated code (see Tab. I); na = not available.

temperatures for lengthy periods without the risk of prema-
ture germination [9, 10]. A combination of GA3 and chilling
at TMC levels might increase germination potential while re-
ducing the risk of premature germination in alder and birch
seeds. However, there is a paucity of information on the effect
of GA3 and seed MC on the germination response of alder and
birch seeds.

Tree seeds can also be primed at 15−20 ◦C for short pe-
riods (usually 7−21 days) to improve germination [4]. This
treatment may invigorate or ‘prime’ the metabolic activity nec-
essary to prepare the seed for germination, but if water avail-
ability is restricted, the radicle will not emerge [16, 33]. Al-
though seeds can be primed in the FI state, a lower seed MC
level (e.g. TMC) will reduce the risk of premature germination
and/or deterioration. However, the risk of premature germina-
tion can also be reduced if moisture uptake during priming is
controlled using an osmoticum, such as polyethylene glycol
(PEG) [14]. Primed seeds can generally tolerate post-sowing
environmental stresses better than non-primed seeds [37]. This
is usually reflected in higher germination and/or a faster rate of
germination of primed compared with non-primed seeds [4,8].
However, the seeds of many tree species require chilling to re-
lease dormancy before they can germinate [18], so the effect
of priming might be expected to vary with dormancy intensity
prior to priming.

The objective of this study was to determine the effect of
GA3 concentration during chilling on dormancy release in FI
and TMC seeds of alder and birch. In addition, the effect of
priming at 15 ◦C with or without PEG on the germination re-
sponse of FI and TMC seeds without GA3 was examined.

2. MATERIALS AND METHODS

2.1. Seed material

Two seed lots each of alder and birch provided by the Coillte Na-
tional Seed Centre (Carlow, Ireland) were used in this study (Tab. I),
which was carried out in 2003. The seeds were stored at 4 ± 1 ◦C be-
fore the treatments commenced. The physical and germination char-
acteristics of the seed lots, based upon the official test results carried
out elsewhere, are given in Table II.

2.2. Experiment 1. Chilling, seed MC and GA3
treatments

Some seeds were fully imbibed (about 50% and 53% MC in alder
and birch, respectively) for treatment, as used in standard operational
practice, while others were adjusted to TMC levels (Tab. III). The
TMC levels (30% and 35% MC in alder and birch, respectively) were
determined in previous research [9]. A measured quantity (weight
basis) of distilled water or GA3 solution (20% GA3 Powder; Super-
Grow, LaSalle, Quebec, Canada) was added to the seeds of each
species to adjust their moisture content to FI or TMC levels [30, 38].
The FI seeds were treated in 0 (control), 100 or 200 ppm GA3 solu-
tions. The TMC seeds received the same total amount of GA3 as the
FI seeds, so higher concentrations of GA3 solution were used (since
the total amount of solution absorbed is smaller). The seeds were then
placed in loosely tied plastic bags in a refrigerator at 4 ± 1 ◦C (in the
dark) and stored for 0, 15, 30, 60, 90 or 120 days. The seed to air
volume ratio was about 1:4. The bags were shaken once weekly to
prevent an accumulation of water/ solution at the bottom of the bags.
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Table III. Summary description of treatments applied to alder and birch seeds in the experiments. The seed lot and seed moisture content
treatments were the same in both experiments. Experiment 1: Gibberellic acid treatments. Experiment 2: Priming with or without polyethylene
glycol (PEG).

Experiment Treatment Treatment description Number of levels

1, 2
Species Alder and birch 2

Seed lot See Table I 2

Seed moisture content (%) Fully imbibed or target moisture content 2

1
Chilling 0, 15, 30, 60, 90 or 120 days 6

Gibberellic acid concentration 0, 100 or 200ppm 3

2
Chilling 0, 9 or 18 weeks 3

Priming at 20 ◦C: without PEG 0, 2, 4, 7 or 14 days 5

with PEG 0, 4, 7, 21 or 42 days 5

2.3. Experiment 2. Priming with or without
polyethylene glycol

Seeds of each species were adjusted to FI or TMC levels using dis-
tilled water (without GA3) and then chilled in loosely tied plastic bags
in a refrigerator for 0, 9 or 18 weeks, in an identical manner to that de-
scribed for experiment 1. After chilling, half of the seeds were primed
at 20 ◦C in the dark for 0, 2, 4, 7 or 14 days, while the other half was
primed in PEG solution under identical conditions for 0, 4, 7, 21 or
42 days (Tab. III). Since PEG reduced the risk that the FI seeds would
germinate prematurely, longer periods of treatment could be evalu-
ated. The seeds were placed on top of a germination paper saturated
with a PEG-6000 solution at 0 MPa (control), −1.50 MPa (alder) or
−1.0 MPa (birch). The results of preliminary tests, using PEG solu-
tions that gave osmotic potential from 0 to −2.0 MPa, indicated that
the selected concentrations would prevent radicle emergence.

2.4. Germination tests

The seeds were germinated in 12 × 8 × 5 cm transpar-
ent, rectangular plastic boxes (Hofstätter & Ebbesen A/S, model
500/50, Espergærde, Denmark) each containing one germination pa-
per (Frisenette Aps, No. AGF 725, 11.5 × 7.5 cm, Ebeltoft, Den-
mark). The germination paper was kept continuously moist through a
filterpaper wick to the water reservoir in the box (containing approx-
imately 150 mL distilled water).

Germination was assessed in both experiments over a 42-day pe-
riod at a constant 15 ◦C with 8 h lighting (32 µmol m−2 s−1; Philips
TL-D 15W/83) per day and at 20 ◦C (dark)/ 30 ◦C (light) with the
same lighting and other conditions and close to 100% relative hu-
midity inside the boxes. Dormancy is not normally expressed at the
higher test temperature in both species [9]. The germination cabinet
(CMC Germination Cabinet 400L D/N-L, Glesborg, Denmark) con-
tained four replications per treatment combination. A replicate was a
germination box containing approximately 0.15 g (alder) and 0.05 g
(birch) seeds, which was equivalent to about 50 to 100 seeds in both
species. The number of seeds that germinated prematurely was deter-
mined before the boxes were placed in the germinators; these values
were excluded from the germination data (except where otherwise
stated). Thereafter, the number of seeds that germinated was recorded
every 3 or 4 days. A seed was considered to have germinated in either
species when the radicle protruded about 2 mm. Percentage germina-
tion and mean germination time (MGT) were calculated from these

data. MGT was calculated as the mean number of days for the seeds
to germinate [26]. If no seeds germinated, MGT was assumed to be
42 days to permit analysis of variance [24].

2.5. Data analyses

2.5.1. Experiment 1. Applied GA3

The data were analysed according to a full factorial ANOVA de-
sign to test for the effects of seed lot, MC, GA3 concentration, chilling
duration, germination temperature and their interactions on percent-
age germination and MGT using the GLM procedure in SAS [36].
Full factorial ANOVAs were carried out separately also on the data
for each test temperature. Means were compared further using least
significant means tests.

2.5.2. Experiment 2. Priming

The effects of seed lot, MC, PEG, chilling duration, priming du-
ration, germination temperature and their interactions on percentage
germination and MGT were evaluated using treatment durations (0, 4
and 7 days) that were common to both the PEG and non-PEG treat-
ments using the GLM procedure in SAS [36]. In addition, four full
factorial ANOVAs were carried out to test for the effects of seed
lot, MC, chilling duration, priming duration and their interactions
on percentage germination and MGT, each carried out separately for
one of the four data sets, i.e. with PEG or without PEG at each test
temperature.

3. RESULTS

Treatment effects were clearer at 15 ◦C than at 20/30 ◦C, al-
though the trend was similar at both temperatures. The data for
15 ◦C only are presented for this reason. However, seeds ger-
minated more rapidly at 20/30 ◦C than at 15 ◦C. Germination
was generally much higher in alder than in birch, but treatment
effects were generally consistent in each species. Birch lots
normally contain a large number of empty and dead seeds, so
germination was considered acceptable when more than 20%.
The response to treatment was small for seeds of both species
that received no chilling, so most of the data for 0 chilling are
not shown.
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Table IV. ANOVA of the effects of seed lot, seed moisture content, gibberellic acid concentration, and chilling duration on germination and
mean germination time (MGT) of alder and birch seeds germinated at 15 oC. Values in bold are significant at p < 0.05.

Alder Birch

Germination MGT Germination MGT

Source of variation df F P F P F P F P

Seed lot (S) 1 6.2 0.0139 5.5 0.0204 254.6 0.0001 12.0 0.0006

Moisture content (M) 1 24.6 0.0001 75.8 0.0001 1.9 0.1701 31.3 0.0001

Gibberellic acid (G) 2 17.8 0.0001 141.9 0.0001 39.7 0.0001 30.6 0.0001

Chilling (C) 5 298.9 0.0001 482.4 0.0001 370.4 0.0001 370.0 0.0001

S ×M 1 3.7 0.0574 5.5 0.0198 1.4 0.2407 1.1 0.2941

S × G 2 0.5 0.5941 8.4 0.0003 1.7 0.1857 0.2 0.8404

S × C 5 7.3 0.0001 9.7 0.0001 9.1 0.0001 3.0 0.0114

M × G 2 24.4 0.0001 6.3 0.0023 7.5 0.0007 1.8 0.1700

M × C 5 89.3 0.0001 48.6 0.0001 78.6 0.0001 10.2 0.0001

G × C 10 18.5 0.0001 15.3 0.0001 15.7 0.0001 10.8 0.0001

S ×M × G 2 0.5 0.5905 9.2 0.0002 0.9 0.4196 0.6 0.5790

S ×M × C 5 3.9 0.0019 6.2 0.0001 2.8 0.0190 1.2 0.3366

S × G × C 10 4.3 0.0001 4.7 0.0001 1.6 0.0979 1.6 0.1169

M × G × C 10 10.5 0.0001 9.4 0.0001 9.5 0.0001 9.1 0.0001

S ×M × G × C 10 3.5 0.0003 4.5 0.0001 1.1 0.3666 0.6 0.8043

Error 216

Total 287

3.1. Seed lot effects

Seed lot effects on germination and MGT were highly sig-
nificant in both experiments (Tabs. IV and V). The effect was
particularly large in birch; germination was much higher in
lot A20 than in lot A62. Seed lot also interacted significantly
with other factors. For example, the interaction of seed lot
with chilling and GA3 was significant, which reflected the fact
that the seeds of one lot reached their maximum germination
and lowest MGT following shorter durations of treatment and
lower GA3 concentration than in the other lot. Because seed
lot effects were generally consistent in both experiments and
in both species, they are not described further.

3.2. Experiment 1. Applied GA3

Chilling duration, MC and GA3 treatment and their interac-
tions had a highly significant effect on germination and MGT
in both species (Tab. IV). For clarity of presentation, only the
data for 30, 90 and 120 days are shown (Fig. 1). Seeds given
these treatments displayed the largest difference in the ger-
mination response to treatment. Few seeds given 0 days GA3

treatment germinated in either species.
Although GA3 reduced the chilling requirement, it could

not fully replace it. The response to treatment was similar in
both species, with chilling and GA3 treatment having a larger
effect in birch than in alder. Germination was particularly low
in birch seeds that received 30 days chilling without GA3. The
response to GA3 treatment varied with seed MC.

The FI seeds given 30 days chilling germinated well in both
species, but the effect of GA3 concentration was small. Ger-
mination increased from 49% (control) to 61% (100 ppm) and
64% (200 ppm) in the FI seeds of alder given 30 days chilling.
The equivalent values were 16, 25 and 26% in birch. However,
longer periods of chilling and GA3 treatment reduced germi-
nation in the FI seeds of both species. For example in alder
prechilled for 90 days, germination declined from 51% (con-
trol) to 33% (100 ppm) and 36% (200 ppm). A high proportion
of these seeds germinated prematurely.

In contrast to the FI seeds, short periods of chilling were
not effective in releasing dormancy in the TMC seeds, but GA3
helped to compensate for chilling. Following 30 days GA3 at
TMC levels, seed germination increased significantly from 8%
(no GA3) to 14% (100 ppm GA3) and 20% (200 ppm GA3) in
birch, but the response was small and not significant in alder.
Following 90 days treatment at TMC levels in alder, germi-
nation increased significantly from 52% (0 GA3) to 67% (100
ppm GA3) and 64% (200 ppm GA3). The equivalent values
for the TMC seeds in birch seeds given 90 days chilling were
17%, 22% and 27%. However, it appears that 120 days chill-
ing without GA3 sufficiently released dormancy in alder (62%)
and birch (27%) TMC seeds, with little further increase due to
the applied GA3.

The pattern of response to treatment for speed of germina-
tion (MGT) was generally consistent with that observed for
percentage germination in both species (insets, Fig. 1). The
concentration of GA3 had a relatively small effect on the re-
sponse. Germination speed increased greatly in seeds of both
species given 30 days chilling at both seed MC levels, the
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Table V. ANOVA of the effects of seed lot, seed moisture content, chilling and priming duration on germination and mean germination time
(MGT) of alder and birch seeds. Values in bold are significant at p < 0.05.

Alder Birch

Germination MGT Germination MGT

Source of variation df F P F P F P F P

Seed lot (S) 1 6.2 0.0139 0.5 0.4831 278.8 0.0001 1.7 0.1939

Moisture content (M) 1 66.0 0.0001 0.2 0.6272 63.4 0.0001 0.2 0.6436

Priming duration (P) 4 26.7 0.0001 172.8 0.0001 25.1 0.0001 2.3 0.0586

Chilling (C) 2 567.0 0.0001 127.3 0.0001 650.9 0.0001 2542.8 0.0001

S ×M 1 3.4 0.0654 2.13 0.1465 14.1 0.0002 0.0 0.9655

S × C 2 21.7 0.0001 17.7 0.0001 69.5 0.0001 0.9 0.4227

S × P 4 0.7 0.6186 13.5 0.0001 0.5 0.0001 0.2 0.9523

M × P 4 36.7 0.0001 173.8 0.0001 15.0 0.0001 2.7 0.0347

M × C 2 315.2 0.0001 487.3 0.0001 208.6 0.0001 101.6 0.0001

C × P 8 15.9 0.0001 224.1 0.0001 12.5 0.0001 103.6 0.0001

S ×M × C 2 2.8 0.0667 17.3 0.0001 13.8 0.0001 0.2 0.8201

S ×M × P 4 0.4 0.7978 4.4 0.001 3.3 0.013 0.1 0.9682

S × C × P 8 1.5 0.1738 5.4 0.0001 2.9 0.0043 0.1 0.9991

M × C × P 8 14.9 0.0001 188.5 0.0001 13.1 0.0001 112.3 0.0001

S ×M × C × P 8 2.0 0.0505 3.6 0.0006 1.8 0.0768 0.1 0.9995

Error 180

Total 239

response being greatest in the FI seeds. For the FI seeds given
30 days chilling, MGT declined significantly from 7.6 (no
GA3) to 3.7 (both GA3 concentrations) in alder, and from 7.7
(no GA3) to 4.4 (100 ppm GA3) and 4.0 (200 ppm GA3) in
birch. The equivalent values for the TMC seeds were 8.0, 6.2
and 5.9 in alder; and 5.8, 4.9 and 4.6 in birch (decline not
significant in birch). GA3 treatment also reduced MGT in the
TMC seeds in alder that received 90 or 120 days chilling. For
example in TMC seeds in alder, MGT declined significantly
from 5.3 (no GA3) to 3.1 (both GA3 concentrations) for seeds
that received 120 days chilling. The effect of GA3 was small
or negligible in all other cases.

3.3. Experiment 2. Priming

While PEG prevented premature germination in the
FI seeds, the germination response was similar for seeds
treated with or without PEG for 0, 4 or 7 days (common dura-
tion treatments). The data for seeds treated without PEG only
are presented for this reason. Seeds primed without any pre-
vious chilling germinated poorly at both seed MC levels, as
shown in Table VI for the FI seeds.

Some of the FI seeds of both species germinated prema-
turely during the 18-week chilling period, but few did so dur-
ing the 9-week treatment. Some FI seeds also germinated pre-
maturely during priming (Tab. VI), whereas none of the TMC
seeds germinated prematurely during chilling and subsequent
priming for up to 14 days.

Chilling duration, MC and their interactions had the largest
effect on germination (Tab. V). Priming and its interaction with
MC also had a large effect on germination. Many other treat-
ment interactions were also highly significant. The main find-
ing was that priming had no significant effect on germination
in the TMC seeds of alder, but short priming periods improved
it in the FI seeds in a few cases (Fig. 2). In the FI seeds chilled
for nine weeks, two days priming significantly increased ger-
mination from 49% (control) to 63% in alder and from 19%
(control) to 29% in birch. Although 7 days priming increased
germination in the TMC seeds of birch chilled for 18 weeks,
this was not significant. The significant interaction among MC,
chilling and priming reflected these trends (Tab. V). Treatment
periods longer than 4 days reduced germination in the FI seeds
that had been chilled for 18 weeks, declining to zero following
14 days priming. There was a similar trend for seeds chilled
for 9 weeks, but the decline was much smaller.

In general, the effect of treatments on MGT mirrored the
pattern described for germination (Tab. V). In alder however,
the two-way interaction between priming with chilling and
priming with seed MC had a more highly significant effect on
MGT than on germination. In the TMC seeds of alder chilled
for 9 weeks, MGT declined from 9.2 days for seeds that re-
ceived no priming to 5.4 days for seeds that received 7 days
priming (Insets, Fig. 2). The effects of chilling and its in-
teraction with priming and the three-way interaction among
MC, chilling and priming were more highly significant for
MGT than for germination in both species (Tab. V). In the FI
seeds chilled for 9 weeks, MGT declined from 8.2 (no prim-
ing) to 3.1 in alder and from 5.2 (no priming) to 2.7 in birch



390 N. De Atrip, C. O’Reilly

Figure 1. Effect of seed moisture content and chilling duration at different gibberellic acid (GA3) concentrations on percentage germination of
alder (A) and birch (B) seeds at 15 ◦C. The insets (C, D) show mean germination time (MGT). Treatments: fully imbibed (continuous lines, full
symbols) or target moisture content (discontinuous lines, empty symbols) seeds chilled for 30 (circles), 90 (squares) or 120 days (triangles).
The vertical lines are standard errors (some smaller than symbols).
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Table VI. Percentage germination, including or excluding premature
germination, in fully imbibed alder and birch seeds in response to
chilling and priming.

Chilling duration (weeks)

0 9 18

Premature germination included

Yes No Yes No Yes No

Alder

Priming duration (days)

0 20.4 20.4 49.1 49.1 47.8 41.5

2 24.7 24.7 63.6 62.9 43.0 36.1

4 28.1 28.1 56.2 50.4 34.0 28.4

7 20.9 18.4 50.7 42.7 25.7 21.0

14 27.4 22.3 40.5 34.0 5.0 0

Birch

Priming duration (days)

0 0 0 18.9 18.9 20.2 15.5

2 0 0 29.4 28.5 17.1 10.7

4 0 0 26.2 22.4 11.5 7.7

7 0 0 23.7 17.0 9.0 5.3

14 5.3 5.3 14.3 8.7 3.6 0

following 2 days priming (Insets, Fig. 2). Priming for 14 days
greatly increased MGT in the FI seeds that had been chilled
for 18 weeks in both species, but the effect (compared with
7 days) was small in other cases. Germination was also very
low for seeds given this treatment.

4. DISCUSSION

4.1. Seed lot effects

Most seed lot differences were small compared with the
main effects and were mostly evident only for treatments that
resulted in poor germination, suggesting that seed lot effects
were not important. In both species, there were some differ-
ences between lots in the level of dormancy and quality. The
seeds of one lot germinated better than those of the other
lot in each species. Seed maturity, weather conditions during
seed maturation, genetic factors, handling and storage prac-
tices prior to treatment [19] may have caused some of these
responses.

4.2. Experiment 1. Applied GA3

It appears that GA3 reduced the chilling requirement to
release dormancy, but it did not completely compensate for
it. GA3 might have enhanced growth promoter levels that
helped overcome the effect of the inhibitors (such as ABA),
leading to seed dormancy release. Forest tree seeds are ge-
netically highly variable so GA response differences might be
expected [44]. Thus, exogenous GA3 may have triggered dor-
mancy release in the fraction of seeds that had not been re-
leased from dormancy during chilling. GA3 has been shown

to play a key role in dormancy release in the seeds of other
broadleaf species, including beech (Fagus sylvatica L.) [7],
goldenrain tree (Koelreuteria paniculata Laxm.) [35] and ar-
gan tree (Argania spinosa (L.) Skeels) [1]. The results pre-
sented here showed that GA3 could be used to shorten the
chilling period. However, the response varied greatly with seed
MC. A longer period of chilling is needed to release dor-
mancy at lower seed MC [23], so the better response of the
TMC seeds to applied GA3 over the longer chilling periods is
not surprising (Fig. 1). However, the effect of GA3 treatment
may have been confounded with seed MC, although the same
amount of GA3 was supplied to both the FI and TMC seeds.
It was not possible to determine if more GA3 was available in
the TMC than in the FI seeds, although this is unlikely. In ad-
dition, De Atrip and O’Reilly [9] previously showed that the
seeds of these species maintained good germination potential
for up to 36 weeks (252 days) at TMC levels during chilling
whereas the FI seeds started to germinate prematurely or dete-
riorated, consistent with the pattern observed in this study.

Applied GA3 was more effective in improving germination
in birch than in alder, especially in the TMC seeds. The larger
amount of non-embryonic tissue1 in the seeds of alder than
birch may have reduced the effectiveness of the applied GA3
(see [27]). However, the birch seeds may have been more dor-
mant than the alder seeds (as evidenced by their better relative
response to chilling without GA3), so therefore might respond
better to the applied GA3. The sensitivity of seeds to applied
GA3 decreases as dormancy is released during chilling [11].

In most cases the lowest concentration (100 ppm) of GA3
used was sufficient to maximize germination speed, but not
percentage germination (Fig. 1). This GA3 concentration may
have been sufficient to weaken the seed coat [20]. If the seed
coat had been weakened by the applied GA3, germination
could probably have proceeded quickly thereafter. Higher GA3
concentrations may have been needed to activate the synthesis
of proteins and other metabolites required by the embryo for
germination [7].

4.3. Experiment 2. Priming

Although PEG successfully prevented premature germina-
tion in the FI seeds, it did not allow the period of treatment
to be extended without causing deterioration (seeds would
not germinate when transferred to the optimal conditions of
20/30 ◦C, so they were probably dead). Similarly, the results
of research on the seeds of several conifer tree species have
shown that PEG provided inconsistent results [17]. In contrast,
PEG has been used successfully to prime the seeds of several
agricultural and horticultural crop species [2, 31].

Priming for 2 days improved both percentage germination
and germination speed in the FI seeds of both species that had
been chilled for 9 weeks. This improvement was significantly
better than could be achieved using the TMC method (with-
out priming) in birch, but not in alder. There is evidence that
priming stimulates metabolic activity, such as RNA synthesis,
ATP production and enzyme activity [15,22]. Perhaps priming
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Figure 2. Effect of priming (20 ◦C) duration on percentage germination of alder (A) and birch (B) seeds at 15 ◦C. The insets (C, D) show mean
germination time (MGT). Treatments: fully imbibed (continuous lines, full symbols) or target moisture content (discontinuous lines, empty
symbols) seeds chilled for 30 (circles), 90 (squares) or 120 days (triangles). The vertical lines are standard errors (some smaller than symbols).

stimulated GA metabolism leading to germination, thus induc-
ing a similar response to that described for some GA3 treat-
ments (Fig. 1). Priming may have helped compensate for chill-
ing in the FI seeds leading to a faster rate of dormancy release,
as found in Sitka spruce (Picea sitchensis (Bong.) Carr.) [25].
Unlike Sitka spruce however, priming did not enhance ger-
mination in seeds that received no prior chilling (Tab. VI),
suggesting that it cannot completely compensate for chilling.
Priming was less effective in enhancing seed germination in
the FI seeds that received the longest chilling period in this
study. Similarly Wu et al. [43] reported that the benefits of
priming loblolly pine (Pinus taeda L.) seeds decreased as the
length of chilling increased.

In contrast to the FI seeds, priming had a small effect on
the germination of the TMC seeds, although 7 days prim-
ing significantly increased germination speed in alder. There
might have been insufficient moisture in the seeds of both
species to allow the TMC seeds to respond to treatment. How-
ever, priming of the TMC seeds of several conifer species
(30−35% MC) increased percentage germination and speed
of germination [12, 13, 21]. Furthermore, the TMC seeds that
received long periods of chilling probably had been fully re-
leased from dormancy [9], so might not have responded further
to treatment in this study. It is likely that priming stimulated
the metabolic processes associated with germination. Accord-
ing to Obroucheva and Antipova [32] the initial activation of
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respiration occurs when seed MC reaches 20−23%, whereas a
MC of at least 55−60% (similar to the FI levels in alder and
birch seeds in this study) is needed before the activation of all
major metabolic processes could commence and for germina-
tion to occur.

It may be difficult to use the priming method operationally
on FI seeds of alder and birch because they begin to germinate
prematurely or deteriorate if not sown immediately. However,
it is not known if primed seeds can be stored at freezing tem-
peratures or dried back to TMC levels for future use without
adversely affecting seed quality and the benefits of pretreat-
ment [34]. It might also have been possible to increase the MC
of the TMC seeds to FI levels for priming, but this was not
investigated.

The decrease in germination potential in the FI seeds over
the final 12 days of priming treatment was probably largely
due to seed deterioration as few of them germinated prema-
turely (Tab. VI). Deterioration was most rapid in seeds that
had received 18 weeks chilling (Fig. 2), perhaps because nutri-
ent reserves had been partially depleted during chilling [4,42].
However, additional tests were not carried out to confirm this.
It is unlikely that dormancy was re-introduced. Germination
at 20/30 ◦C (data not shown) and at 15 ◦C (Fig. 2) was simi-
lar. Seed dormancy is broken more effectively using the TMC
method than the FI one [9], but the results presented here also
show that the TMC seeds still remain sufficiently “quiescent”
to withstand the stress of being held for 14 days of priming at
20 ◦C. Thus the TMC seeds are also likely to better withstand
the stresses of handling and storage than the FI seeds, in agree-
ment with earlier findings [9, 10]. This may not be surprising
because seeds are known to deteriorate less rapidly at low MC
than at high MC levels [29].

4.4. Conclusions

1. GA3 applied before chilling reduced the chilling require-
ment for dormancy release in alder and birch seeds, but it
did not eliminate the requirement for chilling. The effect of
applied GA3 was smaller in alder than in birch, probably
because the alder seeds were less dormant.

2. Two days of priming at 20 ◦C after 12 weeks chilling im-
proved germination in the FI seeds, but more than about
four days priming reduced it. In contrast, priming for up to
14 days had a negligible effect on germination in the TMC
seeds of both species, regardless of chilling duration used.
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