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Abstract: Oriental spruce (Picea orientalis (L.) Link) is a relict—-paleoendemic species that requires priority
conservation due to its ecological and genetic significance. In this study, changes in germination percentage
(GP) and mean germination time (MGT) were evaluated following 11 years of storage at 0—4 °C in seeds col-
lected from 20 populations representing the natural distribution range of the species. The effects of thermal
pretreatments, including hot water (40 °C) and dry heat (90 °C), on these parameters were also assessed.
Statistical analyses revealed that seed origin was the primary factor shaping germination performance,
with GP values varying widely among populations, ranging from 10.04% to 78.04%. The highest germina-
tion percentage (78.04%) was recorded in the Dereli 1350-1650 m a.s.l. population. MGT values ranged
from 9.88 to 15.56 days, with the longest germination time observed in the Karadag 1650-1950 m a.s.l.
population. Among the thermal experimental variants, the 90 °C dry heat treatment significantly reduced
germination success, whereas the 40 °C hot water treatment produced more balanced results, closer to the
control group. In addition, increasing elevation had a significant negative effect on germination success,
and germination time was prolonged in high-elevation populations. Despite its limited distribution and
relict-paleoendemic nature, the ability of this species to maintain a certain level of seed viability even after
11 years of storage represents a significant advantage for ex situ conservation strategies.
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in the Eastern Black Sea Region of Tiirkiye and re-
quires priority conservation due to its ecological and
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heterogeneity, and considerable variation in cone and
seed characteristics has been reported among popu-
lations (Atalay, 1984; Boydak, 1996). The physiolog-
ical and morphological traits of Oriental spruce seeds
vary depending on microclimatic conditions of their
origin, and significant differences in germination
capacity and viability potential have been observed
among populations (Yahyaoglu & Geng, 2007; Ozpay
& Boydak, 1995).

Oriental spruce is considered one of the priority
tree species for conservation due to its limited nat-
ural distribution worldwide and its genetic and eco-
logical importance (Giiney et al., 2019). Ecologically,
it is a dominant species in the subalpine zone of the
Northeastern Black Sea Region of Tiirkiye and the
Caucasus, where it forms resistant forest stands near
the timberline and plays a critical role in maintain-
ing ecosystem balance through its contributions to
biodiversity, soil protection, and watershed stability
(Ucler et al., 2018). Oriental spruce also has consid-
erable economic importance due to the wide range
of uses of its wood in construction timber, furniture
production, paper and cellulose industries, and mu-
sical instrument manufacturing, as well as its fre-
quent use as an ornamental species in landscape ar-
chitecture because of its aesthetic form. In addition,
the demand for Oriental spruce timber raw material
has been continuously increasing. The species also
contributes significantly to forest-based livelihoods
and social welfare in the region. Owing to its restrict-
ed distribution, climate-sensitive distribution char-
acteristics, ecological role, and economic value, the
conservation and sustainable management of its ge-
netic resources are of particular importance (Acarer,
2024; Turna, 2004).

Proper seed storage is a critical prerequisite for
achieving sustainable seedling production in affores-
tation efforts. However, as storage duration increas-
es, ageing processes in seeds accelerate viability
loss through mechanisms such as membrane dete-
rioration, reduced enzymatic activity, and decreased
respiration efficiency. Recent studies have demon-
strated that impairments in mitochondrial functions
during long-term storage play a decisive role in the
reduction of seed viability through increased reac-
tive oxygen species production and oxidative stress.
In addition, factors such as storage temperature and
seed moisture content have been reported to exert
significant effects on germination success and seed-
ling development depending on species-specific re-
sponses (Edwards, 1998; Wawrzyniak et al., 2020;
Matecka et al., 2021; Fuchs et al., 2023). The effects
of long-term storage (10-30 years) on germination
success in conifer seeds have been extensively in-
vestigated in species such as Picea abies (L.) Karst.,
Picea glauca (Moench) Voss, and Picea mariana (Mill.)
BSP, and storage temperature (particularly 0-5 °C),

seed moisture content, and the physiological condi-
tion prior to storage have been identified as the most
critical factors influencing viability loss (Tomask-
ova et al., 2014; Simpson et al., 2008; Suszka et al.,
2005; Bonner, 1998; Simpson et al., 2004). Similar-
ly, Edwards and Wang (1995) reported that conifer
seeds can be stored at low temperatures for up to
25 years; however, germination rates tend to decline
in a non-linear manner with increasing storage dura-
tion. Recent studies have further demonstrated that
prolonged storage may induce oxidative stress and
mitochondrial dysfunction, which are closely associ-
ated with reduced seed viability and deterioration of
germination performance (Matecka et al., 2021).

The limited number of studies conducted di-
rectly on Oriental spruce indicate that long-term
storage conditions significantly affect germination
performance. Goktiirk et al. (2019) demonstrated
that seeds stored at 0-5 °C for nine years exhibited
variation in germination rates depending on prove-
nance, with some origins showing greater tolerance
to storage-related stress. This finding suggests that
germination responses in long-term stored Oriental
spruce seeds are influenced not only by ageing-relat-
ed physiological constraints but also by underlying
genetic factors.

Various pre-treatment methods have been em-
ployed to improve germination performance in long-
term stored seeds. These methods generally aim to
enhance water uptake, weaken physical dormancy,
stimulate metabolic activity, or optimize seed mois-
ture conditions prior to germination. Common ap-
proaches include hot water soaking, short-term
heat-shock applications, mechanical or chemical
scarification, and controlled drying treatments (Waw-
rzyniak et al., 2020; Zembele & Ngulube, 2022). For
instance, Himanen et al. (2013) reported that soak-
ing in water can increase germination rate in P. abies,
while Simak (1991) and Chen and Varis (1990) indi-
cated that short-term heat treatments may contrib-
ute to dormancy breaking in certain conifer species.
Therefore, evaluating the effects of pre-treatments
on long-term stored Picea seeds is essential for un-
derstanding the impacts of physiological ageing and
for improving seedling production strategies.

Provenance-based variation in seed germination
is a well-documented phenomenon in forest tree
species (Gliney et al., 2014, 2015). Studies on P. abies
have shown that seeds from different geographic or-
igins exhibit consistent and predictable differences
in germination onset, optimal temperature require-
ments, and germination rate (Dormling, 1979). This
suggests that post-storage germination responses
may also vary among Oriental spruce populations
collected from different ecological zones. Accord-
ingly, evaluating long-term storage and pre-treat-
ment methods across a wide range of provenances
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representing the species’ natural distribution is cru-
cial for both understanding fundamental physiologi-
cal processes and providing guidance for silvicultural
practices. Recent studies further indicate that germi-
nation and early seedling performance are influenced
not only by intrinsic seed properties but also by ex-
ternal applications and changing environmental con-
ditions, and that climate change may alter regenera-
tion dynamics in woody species (Sevik et al., 2025;
Canturk et al., 2025).

In this context, the present study aims to de-
termine how germination performance of Oriental
spruce seeds changes following approximately 11
years of storage at 4-5 °C when subjected to different
pre-treatment methods. By jointly evaluating (i) in-
ter-population variation, (ii) the effects of pre-treat-
ment types, and (iii) the potential physiological limi-
tations associated with long-term storage, this study
addresses an important gap in the existing literature.

Materials and methods

Study area and seed material

The seeds of Oriental spruce used in this study
were obtained from 20 different provenances repre-
senting the natural distribution range of the species
(Table 1). Cones were collected from five selected
trees within each provenance, and samples were pre-
pared at both population and individual levels. After
extraction from the cones, the seeds were cleaned,
moisture content was equilibrated, and the seeds

were stored in sealed polyethylene bags under cold

storage conditions at 0—4 °C. The seed material was

maintained under these conditions for a total of 11

years until the initiation of the experiment. Natural

range of Oriental spruce across Tiirkiye showing the
locations of the sampled populations.
A completely randomized full-factorial experimen-

tal design consisting of 20 provenances X 5 trees X 3

experimental variants X 3 replicates was employed

in this study. Each replicate consisted of 25 seeds.

Experimental units were randomly arranged, and

all experimental variants were conducted under

standardized conditions. Prior to germination, two
different pre-treatments were applied to the seeds.

The treatment parameters were determined based

on thermal application protocols commonly used for

long-term stored conifer seeds (Ugler et al. 2018; Ra-

wat & Uniyal, 2011).

1. Control (untreated): No physical or chemical
pre-treatment was applied. Seeds were directly
subjected to germination.

2. Hot water treatment (40 °C, 1 h): Seeds were
placed in small cloth bags and immersed in a wa-
ter bath at 40 °C for 60 minutes. The temperature
was maintained constant throughout the treat-
ment. Afterward, seeds were briefly placed on fil-
ter paper to remove surface moisture.

3. Dry heat treatment (90 °C, 1-1.5 min): Seeds, en-
closed in thin paper packets, were exposed to dry
heat in a laboratory oven set at 90 °C for 1-1.5
minutes. At the end of the treatment, seeds were
immediately removed and allowed to cool at room
temperature.

Table 1. Geographic characteristics of the sampled Oriental spruce populations

Pop no Provenance Elevation (m a.s.l.*) Latitude (N) Longitude (E)
1 Ordu-Cambagt 1050-1350 40°4320" 37°57'15"
2 Ordu-Cambagt 1650-1950 40°38'58" 37°50'16"
3 Giresun-Dereli 1050-1350 40°35'50" 38°26'17"
4 Giresun-Dereli 1350-1650 40°33'48" 38°25'15"
5 Giresun-Dereli 1650-1950 40°33'45" 38°26'15"
6 Trabzon-Karadag 1350-1650 40°56'37" 39°24'00"
7 Trabzon-Karadag 1650-1950 40°55'38" 39°22'55"
8 Trabzon-Magka 1350-1650 40°40'30" 39°25'45"
9 Trabzon-Macka 1650-1950 40°40'16" 39°25'30"

10 Trabzon-Caykara 1350-1650 40°3424" 40°12'03"
11 Trabzon-Caykara 1650-1950 40°34'30" 40°12'03"
12 Rize-Ikizdere 1650-1950 40°38'50" 40°32'12"
13 Rize-Camlihemsgin 1350-1650 40°52'28" 40°56'15"
14 Rize-Camlihemsgin 1950-2250 40°48'40" 40°56'45"
15 Torul-Kiirtiin 1050-1350 40°35'10" 39°20'40"
16 Torul-Kiirtiin 1350-1650 40°34'30" 39°20'45"
17 Torul-Oriimcek 1350-1650 40°39'30" 39°15'10"
18 Torul-Oriimcek 1650-1950 40°39'45" 39°15'02"
19 Artvin-Atilla 1050-1350 41°07'23" 41°0722"
20 Artvin-Taglica 1650-1950 41°08'00" 41°36'40"

* a.s.l.: above sea level.
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Fig. 1. Natural range of Oriental spruce across Tiirkiye showing the locations of the sampled populations

Germination tests

Following pre-treatments, seeds were placed in
Petri dishes containing double-layered moistened fil-
ter paper. Seeds were evenly spaced within each Petri
dish, and excessive surface moisture was avoided.
Germination was conducted in a growth chamber at
20 = 1 °C under a 16 h light / 8 h dark photoperiod
and approximately 70-75% relative humidity condi-
tions, which are commonly recommended for germi-
nation studies in spruce species. Germination was
defined as the emergence of a radicle at least 2 mm
in length (ISTA, 2020). Germinated seeds were re-
moved from the medium, and counts were recorded
on days 7, 14, 21, 28, and 35. Germination percent-
age (GP) for each population and tree, depending on
the experimental variant, was calculated based on
the cumulative number of germinated seeds recorded
on the specified observation days.

GP (%) = (X n,/N) x 100

Here, n, represents the number of seeds germi-
nated at a given time point, and N denotes the total
number of seeds.

Mean germination time (MGT) was calculated us-
ing the following formula.

MGT = X(n, X t) / 2n,

Here, n, represents the number of seeds germi-
nated on the ith counting day, t, denotes the number
of days until germination, and n, indicates the to-
tal number of germinated seeds (Ranal & Santana,
2006).

Statistical analyses

The effects of provenance, variant groups, and
their interactions on germination percentage and
germination rate were evaluated using one-way and
multifactor analysis of variance (ANOVA). Percent-
age data were subjected to arcsine square-root trans-
formation when necessary to meet the assumption
of normality. Differences among treatment means
were compared using Duncan’s multiple range test.
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Principal Component Analysis (PCA) was addition-
ally used to assess the multivariate relationships
among populations according to germination charac-
teristics. Hierarchical cluster analysis was also per-
formed to evaluate similarities among populations
based on germination characteristics. All analyses
were performed based on population mean values,
and the level of significance was set at p < 0.05.

Results

Effects of experimental variants on
germination performance

The effects of pre-treatment applications on ger-
mination performance are presented in Table 2 and
Figures 2 and 3. The applied variant groups resulted
in significant differences in both final germination
percentage and germination dynamics.

The hot water treatment (HotWater 40 °C)
showed mean germination percentages comparable
to the control group, but higher than those observed
under the dry heat treatment (Table 2). In contrast,
the short-term dry heat treatment (DryHeat 90 °C)
was characterized by the lowest mean germination
percentage and negatively affected germination suc-
cess. Differences among variants were found to be
statistically significant (p < 0.05).

In terms of germination rate, mean germination
time (MGT) values also differed markedly among
variants. MGT values in the control and hot water
variants were very similar, indicating faster germina-
tion. Conversely, the DryHeat 90 °C variant resulted
in higher MGT values, reflecting delayed germina-
tion. According to Duncan’s multiple range test, the
variants were separated into three statistically dis-
tinct groups for both GP and MGT. The distribution
of germination percentage was more homogeneous
under the hot water variant, whereas the dry heat
variant was characterized by lower mean values and
a wider range of variation (Fig. 2).

When these findings are considered together, it is
evident that pre-treatment applications in long-term
stored Oriental spruce seeds significantly influence
not only the final germination percentage but also
the rate of the germination process. In particular, the

Table 2. Effects of variant groups on germination percent-
age (GP) and mean germination time (MGT) of Orien-
tal spruce seeds

Pre-treatment GP (%) + SD MGT (days) + SD
Control 51.69 = 1.512 11.57 = 0.20?
HotWater 40 °C 46.67 = 1.65° 11.67 = 0.21°
DryHeat_90 °C 39.17 = 1.64° 13.29 = 0.24¢

Different letters within each column denote significant differences
among variant groups (Duncan’s test, p < 0.05).

hot water treatment provides more balanced results
in terms of faster germination dynamics, whereas the
dry heat treatment appears to exacerbate physiolog-
ical limitations following storage. The results of the
two-way ANOVA showing the effects of population,
variant, and their interaction on germination per-
centage (GP) and mean germination time (MGT) are
presented in Table 3.
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Table 3. Two-way ANOVA results for population and var-
iant groups effects on GP and MGT of Oriental spruce

Source of variation df GP (p-value) MGT (p-value)

Population 19 < 0.001 < 0.001
Pre-treatment 2 <0.010 < 0.010
Population X Pre-treatment 38 < 0.050 < 0.050

The results of the two-way analysis of variance
indicated that both germination percentage (GP) and
mean germination time (MGT) in Oriental spruce
seeds were significantly affected by provenance and
pre-treatment factors. The provenance factor was
highly significant for both variables (p < 0.001),
demonstrating that even after long-term storage,
germination capacity and germination dynamics are
largely determined by provenance-specific character-
istics. The pre-treatment factor also had a statistical-
ly significant effect on both GP and MGT (p < 0.01),
indicating that the applied thermal variant groups
influence not only final germination success but also
the rate of the germination process. In addition, the
significant provenance X pre-treatment interaction
for both variables (p < 0.05) reveals that germination
responses to pre-treatment applications vary among
provenances (Table 3). The corresponding effect size
(partial n?) values for population, variant, and their
interaction on GP and MGT are presented in Table 4.

Furthermore, effect size analyses revealed that the
most dominant factor influencing both germination
percentage (GP) and mean germination time (MGT)
was provenance. The partial n? values calculated for
the provenance factor indicated a large effect size for
both variables, demonstrating that a substantial por-
tion of the variation in germination traits is attrib-
utable to provenance-specific characteristics. While
the pre-treatment factor exhibited a moderate effect
size on GP and MGT, the effect size of the prove-
nance X pre-treatment interaction ranged from small
to moderate (Table 4). The limited variation in ger-
mination percentages associated with experimental
variants across populations is also visually supported
by the distribution patterns presented in Figure 3,
confirming the relatively secondary influence of this
factor compared to provenance.

As can be seen in Figure 3, although the changes
associated with variant groups varied among popu-
lations, they generally followed a similar trend. The
dry heat treatment (DryHeat 90 °C) resulted in
higher mean germination percentages than the hot
water treatment (HotWater_40 °C) in 15 populations
and higher than the control in 3 populations.

The overall trend in germination indicates that
GP values decreased with increasing elevation, with
high-elevation populations exhibiting lower germi-
nation success. In contrast, the relationships between
GP and latitude and longitude were relatively weak,
suggesting that the effect of geographic location on
germination success is secondary compared to eleva-
tion. Mean germination time (MGT) increased with
elevation, indicating that germination occurred more
slowly in high-elevation populations.

Germination performance of Oriental spruce
seeds exhibited pronounced variation among popula-
tions (Table 5). Germination percentage (GP) ranged
from approximately 10.04% to 78.04% across pop-
ulations, indicating that provenance-specific differ-
ences in germination potential were maintained even
under long-term storage conditions.

The highest mean germination percentage
was recorded in the Dereli 1350-1650 m popula-
tion (78.04%), followed by Kiirtiin 1050-1350 m
(68.44%) and Oriimcek 1350-1650 m (67.47%). In
contrast, the Dereli 1650-1950 m population was
clearly distinguished from the others by its very low
germination percentage (10.04%), highlighting sub-
stantial differences in germination success among

Table 5. Germination percentage and germination rate val-
ues according to populations

Population GP (%) + SD  MGT (days) + SD
Ordu 1050-1350 48.09 = 3.92 defg* 9.91 + 0.54
Ordu 1650-1950 54.49 = 3.99 cde 10.77 = 0.42
Dereli 1050-1350 57.07 + 5.77 cd 10.12 = 0.62
Dereli 1350-1650 78.04 £2.22a 10.80 = 0.49
Dereli 1650-1950 10.04 = 1.961 9.88 + 0.66

Karadag 1350-1650  20.27 = 2.61 h 10.48 = 0.63
Karadag 1650-1950  27.64 = 1.87 h 15.56 = 0.63
Magka 1350-1650 43.73 = 3.66 fg 12.29 = 0.53
Magka 1650-1950 20.53 £ 2.40h 13.21 = 0.69
Caykara 1350-1650  28.62 + 3.39h 13.38 = 0.52
Caykara 1650-1950  52.89 + 2.49 cdef  13.13 = 0.47
ikizdere 1650-1950  52.80 + 3.00 cdef ~ 12.03 = 0.51
Camlihemsin 1350-1650 58.40 = 3.69 bcd 13.53 + 0.55
Camlihemsin 1950-2250 40.27 =2.79 g 11.75 = 0.53
Kiirttin 1050-1350 68.44 + 3.20b 13.45 = 0.48
Kiirttin 1350-1650 60.89 + 3.24 bc 11.76 = 0.39
Oriimcek 1350-1650  67.47 = 2.85b 12.30 = 0.61
Oriimcek 1650-1950  61.51 =+ 2.95 bc 13.16 = 0.36
Artvin 1050-1350 44.98 * 3.64 efg 11.41 = 0.54
Artvin 1650-1950 20.09 = 3.04 h 12.84 = 0.58

* Different letters within the GP column indicate statistically sig-
nificant differences among populations according to Duncan’s
multiple range test (p < 0.05).

Table 4. Effect sizes for population, variant groups, and their interaction on GP and MGT

Source of variation GP (partial n?)

Effect size

MGT (partial n?) Effect size

Population > 0.40 large > 0.35 large
Pre-treatment ~0.08-0.12 moderate ~0.07-0.10 moderate
Population X Pre-treatment ~0.05-0.07 small-moderate ~0.05-0.08 small-moderate
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Fig. 4. Hierarchical cluster analysis based on GP and MGT values (dendrogram on the left)

populations. Different letters within the GP column
indicate statistically significant differences among
populations according to Duncan’s multiple range
test (p < 0.05).

Similarly, significant differences among popula-
tions were observed in terms of mean germination
time. MGT values ranged from approximately 9.9
to 15.6 days. The lowest MGT values were record-
ed in Ordu 1050-1350 m (9.91 days) and Dereli
1650-1950 m (9.88 days), indicating faster germina-
tion in these populations. In contrast, the Karadag
1650-1950 m population, which also exhibited low
germination percentage, showed the highest MGT
value (15.56 * 0.63 days), indicating markedly de-
layed germination.

Populations located in close geographic proxim-
ity — such as Kiirtiin 1050-1350 m, Kiirtiin 1350-
1650 m, Oriimcek 1350-1650 m, and Oriimcek
1650-1950 m - displayed similar values in both ger-
mination percentage (GP) and mean germination
time (MGT). These populations were distinguished
by relatively high GP values and consistent germina-
tion rates compared to others. To further reveal sim-
ilarities among Oriental spruce populations in terms
of germination performance, a hierarchical cluster
analysis was conducted using GP and MGT variables
(Fig. 4).

The results of the cluster analysis indicate that
Oriental spruce populations do not exhibit a homo-
geneous structure in terms of germination percent-
age and germination rate, but rather are grouped
into distinct performance clusters. Figure 5 shows
the spatial distribution of the clustering groups

formed according to GP and MGT values among the
populations.

The populations were grouped under different
clusters, and some populations within the same clus-
ter were geographically close to each other. In con-
trast, some populations located in similar geographic
regions were found in different clusters. The dis-
tribution of cluster groups revealed the presence of
different germination performance patterns among
populations (Fig. 5). The results of the principal
component analysis (PCA) based on germination
percentage (GP) and mean germination time (MGT)
are presented in Figure 6.

Spatial distribution of Picea orientalis populations
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Fig. 5. Spatial distribution of hierarchical clustering groups

based on GP and MGT values according to geographic
location
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PCA biplot based on GP and MGT
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Fig. 6. PCA-Biplot based on GP and MGT

The first two principal components explained
100% of the total variance, with PC1 and PC2 ac-
counting for 60.7% and 39.3% of the variance, re-
spectively. The PCA biplot showed that the PC1 axis
was associated with high GP and low MGT, whereas
the PC2 axis reflected secondary variation.

Discussion

Germination performance also showed clear rela-
tionships with elevation and geographic distribution.
Comparisons among populations from the same re-
gion but different elevation zones revealed distinct
patterns. The pronounced variation in germination
observed among populations in this study can be
attributed to the high adaptive capacity of Oriental
spruce within its natural distribution range. Studies
by Turna (2004) have demonstrated that Oriental
spruce populations in Tiirkiye exhibit clear ecolog-
ical differentiation along watershed and elevation
gradients, which directly influences seed morpholo-
gy. The findings of the present study, particularly the
lower germination success of high-elevation popula-
tions (e.g., Dereli 1650-1950 m), support the view of
Donahue and Upton (1996) that variation is largely
associated with climatic factors and elevation. The
elevation-related differences identified in this study
are also consistent with findings showing that kary-
otypic characteristics in Oriental spruce populations
are positively correlated with elevation and that en-
vironmental factors play a decisive role in shaping
chromosomal structures (Inceer et al., 2009). Turna
(2004) further reported that neighboring popula-
tions with similar ecological characteristics tend to
form comparable groups. Similarly, in the present
study, populations from geographically close re-
gions such as Kiirtiin and Oriimcek exhibited similar

germination strategies, indicating that, in addition to
genetic structure, local adaptations play a key role in
shaping post-storage seed performance.

Recent studies have demonstrated that environ-
mental conditions, particularly differences related to
temperature and water regime, shape germination
behavior by influencing biochemical changes occur-
ring within seeds. Kijowska-Oberc et al. (2023) re-
ported that biochemical responses associated with
drought stress vary depending on seed characteris-
tics and stress duration, whereas Fang et al. (2017)
demonstrated that germination traits in populations
originating from different habitats are more strongly
associated with environmental conditions than with
phylogenetic relatedness. Similarly, Kijowska-Oberc
et al. (2020) emphasized that germination capaci-
ty and seed physiological responses are shaped not
only by genetic background and seed type, but also
by the environmental conditions prevailing during
seed development on the mother tree. The authors
further indicated that changes in temperature and
precipitation regimes may alter the physiological
status of seeds by affecting biochemical processes
such as proline accumulation and redox balance. In
addition, seed germination has been described as a
complex biophysical and biochemical process initiat-
ed by water uptake and involving enzyme activation,
increased respiration, and mobilization of storage
compounds (Liu et al., 2022; Welbaum et al., 1998).
These findings suggest that, particularly in Oriental
spruce populations developing across different eleva-
tion zones, physiological and biochemical differences
occurring during seed development may represent
one of the main factors underlying variation in ger-
mination performance.

The ability of seeds to maintain viability over a
long period of 11 years is consistent with the ortho-
dox seed characteristics of Oriental spruce; howev-
er, viability losses occurring during this process are
a physiological reality. A study by Gu et al. (2024),
which examined pine seeds (Pinus densiflora) stored
at different temperatures for 20 years, demonstrat-
ed that storage temperatures such as +4 °C can lead
to increased electrolyte leakage and deterioration of
cell membrane integrity. This indicates that damage
occurring during water uptake (imbibition) in aged
seeds can inhibit germination. Similarly, recent ex-
perimental studies on tree species have shown that
various environmental stresses and external applica-
tions can significantly alter physiological responses
in plant tissues (Guney et al., 2023; Kog et al., 2026).
On the other hand, Suszka et al. (2005) reported
that Norway spruce (Picea abies) seeds can be stored
for up to 29 years under appropriate moisture con-
ditions, although a decline in germination capacity
is inevitable. In the present study, the relatively low
overall mean germination rate (45.84%) compared to
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fresh seeds can be attributed to the gradual depletion
of internal biochemical reserves (e.g., carbohydrates)
and the weakening of metabolic integrity over time.

Long-term storage studies on Norway spruce (Pi-
cea abies) seeds have demonstrated that seed viabil-
ity and germination performance can be maintained
for many years when appropriate moisture content
and low-temperature conditions are ensured. Suszka
et al. (2005) reported that P. abies seeds dried to low
moisture content retained high germination percent-
ages and stable mean germination times even after
prolonged storage at low temperatures. This indi-
cates that germination success is closely related not
only to storage duration but also to the physiologi-
cal characteristics and origin of the seeds. Similarly,
it has been emphasized that seed resistance during
storage and differences in germination rate may be
associated with population-specific physiological var-
iation (Roberts, 1973; Bonner, 1990). Barton (1961)
highlighted that even under optimal storage condi-
tions, biochemical processes associated with seed
aging continue, ultimately leading to viability loss,
and therefore seed longevity should be evaluated in
conjunction with storage conditions. Walters et al.
(2004) further demonstrated that declines in germi-
nation capacity can occur over time even at very low
temperatures, suggesting that cumulative biological
changes may affect viability even under long-term
cold storage conditions in species such as Oriental
spruce.

The success of ex situ seed storage in woody spe-
cies is known to vary depending on species and prov-
enance, and viability losses during long-term storage
are considered inevitable (Wang et al., 1993). Atay
et al. (1970) reported that germination percentages
of Oriental spruce seeds decreased below 50% after
8 years of storage. In the present study, the results
indicate that after 11 years of storage, approximately
half of the provenances exhibited germination rates
above 50%, while the other half remained below this
threshold, with an overall mean of 45.84%. Even un-
der low-temperature storage conditions, seeds con-
tinue to respire, making viability loss an expected
outcome (Urgen¢ & Odabasi, 1971). Temperature
has been identified as a key determinant of seed
viability during long-term storage (Urgeng, 1960;
Nasreen et al., 2000). Similarly, long-term storage
experiments on Picea glauca seeds have shown that
seeds stored at +4 °C exhibit significant declines in
both germination percentage and germination rate,
whereas those stored at —20 °C germinate more rap-
idly and uniformly (Simpson et al., 2008). Based on
the present findings, the observed changes in ger-
mination percentage and germination rate in seeds
stored at 0—4 °C for 11 years appear to be influenced
not only by storage temperature but also by storage
duration and provenance characteristics.

It has previously been reported that germination
percentage and germination rate in Oriental spruce
seeds vary depending on storage duration, and that
the extent of this variation differs among provenanc-
es. A general decline in germination capacity with
increasing storage duration has also been observed,
although some provenances appear to be more re-
sistant to long-term storage than others (Goktiirk et
al., 2019). The differences in GP and MGT identified
among populations in the present study indicate that
germination performance is influenced not only by
environmental or temporal factors but also by prove-
nance-specific physiological and adaptive traits.

The effects of pre-treatments applied after long-
term storage may also vary depending on seed or-
igin. It has been reported that seeds derived from
natural stands maintain more stable performance
after pre-treatment compared to seed orchard ma-
terial (Hilli et al., 2003). The fact that the Orien-
tal spruce populations examined in this study were
selected from natural stands may have influenced
seed resistance after storage and their response to
pre-treatments. In addition, pre-soaking treatments
have been shown to enhance germination uniform-
ity and improve nursery performance (Himanen &
Nygren, 2014). Given that Oriental spruce is a rel-
ic and paleoendemic species under threat of genetic
erosion (Yahyaoglu et al.,, 1991), strategies for the
storage and regeneration of its seeds are of critical
importance. As also emphasized by Tomdskova et al.
(2014), seeds aged 10 years and older should still be
considered highly valuable material for afforestation
efforts, particularly in periods when high-quality
fresh seeds are scarce.

When the results of the applied variant groups are
evaluated, the dry heat treatment at 90 °C appears
to have a relatively negative effect on seed viability
and reduces germination success to a certain extent.
This finding is consistent with the results of Moro
et al. (2021), who reported that high-temperature
heat shocks in woody species can eliminate germi-
nation and final viability. Although thermotolerance
mechanisms exist in conifer seeds, Gifford and Ta-
leisnik (1994) emphasized that temperatures above
a certain threshold can disrupt cellular protein struc-
tures within the seed and halt metabolic activity. In
contrast, the more balanced performance of the hot
water treatment (40 °C) observed in this study is
in line with the findings of Ucler et al. (2018), who
identified moist heat treatment as the most effective
pre-treatment method in subalpine Oriental spruce
seeds. These results also agree with recent studies
indicating that the effects of external applications on
germination success depend on the type and inten-
sity of the treatment as well as the sensitivity of the
biological material (Sevik et al., 2025).
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The findings further confirm that Oriental spruce
seeds stored at 0—4 °C for as long as 11 years can still
serve as a potential resource for afforestation efforts,
particularly during periods when seed availability
is limited. Tomdskovd et al. (2014) also noted that
conifer seeds aged 10 years and older may remain
usable despite quality loss. However, as emphasized
by Goktiirk et al. (2019), the fact that some prov-
enances exhibit much greater resistance to storage
stress than others highlights the critical importance
of provenance selection in determining seed transfer
zones and storage strategies.

The findings of this study clearly demonstrate that
the primary factor shaping germination performance
of Oriental spruce seeds after long-term storage is
seed provenance. Genetic monitoring studies based
on isoenzyme analyses have likewise revealed signif-
icant genetic differentiation among Oriental spruce
populations, highlighting populations such as To-
rul-Oriimcek as strategic reserves with high genetic
diversity (Gliney et al., 2019). The high effect size
values calculated for germination percentage (GP)
and mean germination time (MGT) further confirm
that variation in these parameters largely originates
from provenance-specific genetic and physiolog-
ical differences. The relatively limited effect of the
provenance X pre-treatment interaction indicates
that no universal pre-treatment method is applica-
ble to all materials; rather, each provenance exhib-
its a distinct sensitivity to applied treatments. This
necessitates the development of tailored approaches
that consider the biological limits of each provenance
rather than relying on standardized protocols to im-
prove germination success in aged Oriental spruce
seeds. In addition, recent habitat modeling studies
have shown that the distribution of woody species
in Tiirkiye is sensitive to climatic variables and that
suitable habitats may shift in the future. Therefore,
provenance-based germination and storage studies
are important not only for current production needs
but also for future conservation and restoration plan-
ning (Canturk et al., 2025).

The results also indicate that germination success
depends not only on the applied variants but also on
the physiological condition of the seeds and storage
duration. Recent studies have demonstrated that
environmental conditions, particularly temperature
and water regime, play a decisive role in seed via-
bility and germination processes. Fang et al. (2017)
reported that germination behavior in populations
originating from different habitats is more strongly
associated with environmental conditions than with
phylogenetic relatedness, whereas Kijowska-Oberc et
al. (2023) demonstrated that physiological responses
associated with drought stress vary according to seed
characteristics and stress duration. In addition, oxi-
dative stress and mitochondrial alterations occurring

under environmentally driven seed aging processes
have been identified as important factors reducing
seed viability and germination capacity (Matecka et
al., 2021; Fuchs et al., 2023). These findings sug-
gest that the variation observed in long-term stored
Oriental spruce seeds may be influenced not only by
storage duration itself but also by the environmental
adaptation capacity of different populations. Indeed,
the literature emphasizes that successful long-term
storage strategies should take species- and prov-
enance-specific physiological characteristics into
consideration.

Conclusion

The findings of this study demonstrate that long-
term stored Oriental spruce seeds can retain substan-
tial germination potential depending on provenance
and applied thermal variants. Oriental spruce is
among the species under significant threat of genet-
ic erosion due to its limited distribution range and
relic-paleoendemic nature. The reduction of forest
areas, improper utilization, and biotic disturbances
pose a serious risk to the integrity of its gene pool.
To mitigate these threats, the integration of ex situ
(seed banking) and in situ conservation strategies
is of critical importance for preserving the genetic
structure shaped over thousands of years. The abili-
ty of long-term stored seeds to retain a certain level
of germination capacity provides a significant advan-
tage, as it allows the genetic material conserved in
seed banks to be reintroduced into propagation pro-
grams or restoration efforts when needed.
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