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Abstract

The long-term storage of seeds is important for conserving native species, but its effec-
tiveness depends on maintaining seed quality. This study assessed the impact of storage
duration on seed quality in Alnus glutinosa (alder) and Betula pubescens (downy birch). Seed
quality was evaluated using thousand-seed weight (TSW), moisture content (MC), tetra-
zolium (TZ) viability, and germination tests. Results from stored seed lots were compared
with those from recently collected seeds. Moisture content, TZ viability, and germination
were significantly affected by storage duration, although sensitivity analyses indicated
that storage conditions, particularly lower temperature and airtight storage, may have
contributed to improved seed viability in specific seed lots. A relationship between TZ
viability and germination was observed, although this was influenced by zero values. Cold
stratification improved germination in downy birch but did not compensate for reduced vi-
ability in older seed lots. These findings highlight the importance of storage conditions and
species-specific pre-treatments and support the use of TZ testing as a rapid indicator of seed
viability when used alongside germination testing. The results provide practical guidance
for managing seed resources and maintaining reliable forest reproductive material supply.

Keywords: forest reproductive material; seed storage; moisture content; tetrazolium viability;
seed longevity; cold stratification

1. Introduction
Seeds represent a fundamental form of Forest Reproductive Material (FRM) used in

the establishment, regeneration and succession of plant populations in forestry systems [1].
However, many tree species do not produce consistent quantities of seed each year. Instead,
they exhibit periodic episodes of high seed production known as mast years [2,3]. A mast
year occurs when a species produces synchronised and elevated levels of FRM across
a geographic range [4]. The interval between mast events varies among species and
locations [5], and this reproductive strategy is particularly common among forest trees [6],
including species such as alder and downy birch. Because these species are long-lived,

Seeds 2026, 5, 29 https://doi.org/10.3390/seeds5030029

https://crossmark.crossref.org/dialog?doi=10.3390/seeds5030029&domain=pdf&date_stamp=2026-05-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/seeds
https://www.mdpi.com
https://orcid.org/0009-0001-6820-6510
https://orcid.org/0000-0002-6254-9854
https://orcid.org/0000-0002-1551-8297
https://doi.org/10.3390/seeds5030029


Seeds 2026, 5, 29 2 of 14

populations can persist despite occasional years of low seed production [6]. Nevertheless,
irregular seed production presents challenges for the consistent supply of FRM required to
meet forestry and restoration targets [3].

One strategy to address this variability is the effective collection and storage of seed
during mast years, when FRM availability is high [7]. Under suitable storage conditions,
surplus seed can be used in subsequent years when natural production is limited, thereby
supporting continuous forestry operations and contributing to long-term species conserva-
tion and forest resilience [7,8].

Successful seed storage relies on slowing the natural ageing processes within the seed,
thereby maintaining viability and physiological function over time [9]. The effectiveness of
long-term storage is influenced by several factors, including species-specific seed physiol-
ogy, initial seed quality, seed moisture content, and storage environment [10–12]. Although
general recommendations for seed storage are available [9,11], empirical data describing
seed longevity under operational storage conditions remains limited for many native tree
species. This knowledge gap can hinder decision-making in seed banks, nurseries, and
breeding programmes managing valuable seed collections [13]. Monitoring seed perfor-
mance during long-term storage is therefore an important approach for understanding how
storage conditions influence seed quality over time [14].

Seed quality testing plays a central role in evaluating stored seed lots and informing
sowing and storage decisions [9,15]. Common assessments include measurements of
seed purity, seed mass, germination capacity, moisture content, vigour, viability and seed
health [16,17]. These tests provide insights into whether seeds remain viable, metabolically
active and capable of supporting normal seedling development [18]. Thousand-seed
weight (TSW) is commonly used to estimate seed mass and to standardise germination
tests, particularly for species with very small seed such as downy birch [19]. Moisture
content (MC) analysis helps determine appropriate storage conditions and can influence the
response seeds to dormancy-breaking treatments [20]. The tetrazolium (TZ) test provides a
rapid biochemical assessment of seed viability by detecting the activity of the respiration
enzymes in living tissues [21]. Because results can be obtained within 24–48 h and dormant
seeds can still be classified as viable, TZ testing is widely used as a complementary tool to
germination testing [21–23]. This timeframe can often be beneficial for seeds with a deep
dormancy or those that are hard to germinate [24,25]. Germination capacity, defined as
the proportion of seeds that develop into normal seedlings under specified conditions [26],
remains the primary measure of functional seed performance.

In Ireland, Teagasc has breeding programmes for species such as alder and downy
birch, where seeds are sourced from gene banks and indoor qualified seed orchards [27,28].
Seed collections from these sources have been harvested and maintained under a range of
cold-storage conditions to support national forestry initiatives [29]. Alder (Alnus glutinosa)
and downy birch (Betula pubescens) are important native broadleaf species in Irish forestry
and restoration programmes, where reliable seed supply is essential for planting and
regeneration. Their reliance on seed-based propagation highlights the importance of
maintaining seed quality during storage. Long-term collections therefore provide a valuable
opportunity to investigate seed longevity and quality across multiple harvest years under
realistic storage scenarios [30]. Seed banks and seed stands are important components of a
strategy to conserve genetic resources at the national level [31].

The aim of this study was to assess the impact of long-term storage duration on
seed quality and germination in alder (Alnus glutinosa) and downy birch (Betula pubescens)
seed lots maintained under operational storage conditions. Specifically, we examined
(1) how seed quality indicators and germination capacity changed with storage duration,
and (2) the relationship between TZ-based viability estimates and observed germination
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outcomes. The effect of cold stratification on the germination of stored downy birch seeds
was also investigated.

2. Materials and Methods
2.1. Seed Material and Storage History

Seeds of alder (Alnus glutinosa) and downy birch (Betula pubescens) were obtained
from multiple seed lots harvested between 2010 and 2024. Seed lots originated from the
Teagasc alder and birch breeding programme and were maintained in Ireland for forestry
and research purposes. Following harvest, seeds were cleaned, packaged and transferred
to cold storage. Details of the seed lots used in this study are summarised in Table 1.

Table 1. Seed lots of alder (Alnus glutinosa) and downy birch (Betula pubescens) used in this study,
including harvest year, storage duration (YPH), source, and storage protocol. M1: 4 ◦C, paper bag +
resealable plastic bag. M2: −3 ◦C, airtight plastic bag.

Species Sample Harvest
Year

Storage Duration
(Years Post Harvest; YPH) Source Storage

Method

alder

ag-24 2024 1 Teagasc M1
ag-23 2023 2 Coillte M2
ag-21 2021 4 Teagasc M1
ag-20 2020 5 Teagasc M1
ag-19 2019 6 Teagasc M1
ag-18 2018 7 Teagasc M1
ag-10 2010 15 Teagasc M1

birch

bp-24 2024 1 Teagasc M1
bp-21 2021 4 Teagasc M1
bp-20 2020 5 Teagasc M1
bp-19 2019 6 Teagasc M1
bp-18 2018 7 Teagasc M1
bp-17 2017 8 Coillte M2
bp-15 2015 10 Teagasc M1

Two principal storage protocols were represented. Seeds supplied by Teagasc were
stored at approximately 4 ◦C. Individual seed lots were placed in brown paper bags,
which were then enclosed in resealable plastic bags, and stored together within plastic
storage boxes. Seed samples supplied by Coillte were stored in air-tight plastic bags at
approximately −3 ◦C. When transferred for seed testing, these samples were placed into
resealable plastic bags within paper bags and held temporarily in a 9 ◦C cold store prior to
testing. Storage duration was defined as the number of years between seed harvest and
testing (years post-harvest; YPH).

2.2. Experimental Design

The study examined alder and downy birch independently under similar analytical
frameworks. For downy birch germination, a stratification treatment was included as an
additional factor. Individual seed lots, as defined in Table 1, were treated as experimental
units, with multiple replicates used for each test.

The following seed quality analyses were performed on both alder and downy birch:
thousand-seed weight (TSW), moisture content (MC), tetrazolium viability (TZ) testing
and germination testing. Replication differed depending on the test performed. TSW was
determined using eight counts of 100 seeds. MC analysis used two replicates per seed lot.
TZ testing was conducted using four replicates of 50 seeds for alder and two replicates of
50 seeds for downy birch. The germination test for alder consisted of four replicates of
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100 seeds, while the downy birch germination test consisted of two treatments (stratified
and unstratified) each with four replicates of 0.1 g of seed.

All seed testing procedures were conducted in accordance with the International Seed
Testing Association (ISTA) rules [32].

2.3. Thousand-Seed Weight

For each replicate, 100 seeds were counted and weighed using an analytical balance.
Weights were recorded to four decimal places. TSW was calculated using standardised
ISTA procedures [32].

2.4. Moisture Content Analysis

Seed MC for both species was determined according to ISTA rules [32] using the
oven-drying method at 103 ± 2 ◦C for 17 ± 1 h. Fresh seed weights were recorded prior
to drying and dry weights were recorded following drying. MC was calculated using the
following equation:

MC (%) = ((Wf − Wd)/Wf) × 100 (1)

where Wf represents the fresh seed weight and Wd is the dry seed weight. Values were
expressed to one decimal place.

2.5. Tetrazolium Viability Testing

TZ testing was conducted for both species in accordance with ISTA procedures [32].
Seeds were soaked in water for 18 h to allow imbibition. Following soaking, seeds were cut
and stained in a 1% tetrazolium chloride solution. After staining, embryos were examined
and classified as viable or non-viable based on the staining intensity and pattern observed
on the embryos (Figure 1).

Figure 1. Tetrazolium (TZ) staining patterns used to classify viable and nonviable seeds of alder
(Alnus glutinosa) and downy birch (Betula pubescens). For alder, viable seeds show: (A) even light-red
staining; (B) light-red staining with darker patches; (C) mixed lighter and darker staining with pale
distal section indicating cutting damage; (D) intense red colour with minor pale/unstained areas; and
(E) uniformly intense red staining. Nonviable seeds show: (F) unstained embryo; (G) uneven staining
with radicle tip absent; (H) uneven staining with more than one-third of the cotyledon and radicle
tip unstained; (I) more than one-third of the embryo removed from the distal end; and (J) radicle
tip unstained. For downy birch, viable seeds show: (A) intense red staining with minimal lighter
shading; (B) fully stained embryo with lighter and darker patches; (C) intense red staining with pale
distal section indicating cutting damage; (D) even light-red staining; and (E) intense red staining
with minor light patches and less than one-third of the radicle tip unstained. Nonviable seeds show:
(F) staining restricted to radicle tip; (G) uneven staining with more than one-third of cotyledon
unstained; (H) largely pale/unstained embryo; (I) embryo not cut; and (J) unstained necrotic tissue.
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2.6. Germination Test

Alder and downy birch seeds were placed on moist filter paper in plastic germination
boxes. Germination tests were conducted under alternating temperatures of 20–30 ◦C for
21 days, and germinated seedlings were counted at seven-day intervals. Representative
germinated seedlings and ungerminated seeds are shown in Figure 2.

Figure 2. Ungerminated seeds of alder (A) and downy birch (B), and germinated seedlings of alder (C)
and downy birch (D).

For downy birch, two treatments were conducted: stratified and unstratified. In the
stratified treatment, seeds were held at 4 ◦C for 21 days prior to incubation in the climatic
chamber. Unstratified seeds were incubated directly without prior chilling.

Alder germination percentage (G) was calculated as:

G = (Ng/Nt) × 100

where Ng is the number of germinated seeds and Nt is the total number of seeds tested.
For downy birch, germination was first expressed as viable seeds per kilogram and

subsequently converted to germination percentage. Viable seeds per kilogram (VSkg) was
calculated as:

VSkg =
Nn × 1000

Wr

where Nn is the number of normal seedlings and Wr represents the replicate weight in
grams. Total seeds per kilogram (Skg) was calculated from TSW as:

Skg =
1, 000, 000

TSW

where TSW represents the weight (g) of 1000 seeds. Germination percentage (G) was
calculated as:

G =
VSkg

Skg
× 100

where VSkg represents viable seeds per kilogram and Skg represents total seeds per kilogram.

2.7. Statistical Analysis

All statistical analyses were conducted using R (version 4.4.2). Analyses were per-
formed separately for each species. For TSW and MC variables, the relationship between
them and YPH was quantified using simple linear regression fitted by ordinary least
squares. The assumptions of homoscedasticity, normality of residuals and independence
were verified by residual analysis. The effect of YPH on the viability of alder and downy
birch seeds was modelled using bias-reduced Generalized Linear Models for two response
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variables: TZ viability and germination. They represented proportional data, specifically
the count of viable seeds or normal seedlings relative to the total number of seeds tested
per replicate. The models were fit using a binomial error distribution with a logit link
function. To account for the non-linear biological trajectories observed in the data, such
as the initial increase in viability and staggered maturation, polynomial terms were incor-
porated. Specifically, for alder, a quadratic version of the model was used to capture the
maturation peak observed at 2 YPH. For downy birch, a third-order polynomial model
was applied to test the hypothesis of a secondary peak occurring at approximately 8 YPH,
mirroring the early-stage behaviour of alder but on an extended timeline. To address
potential non-independence among replicates within lots, MC was analysed at the sample
level calculating the replicate means, while binomial models for TZ viability and germi-
nation were additionally fitted as GLMMs with a random intercept for seed lot and as
bias-reduced GLMs on lot-aggregated counts. Linear regression was used to assess the
association between TZ viability (%) and germination (%) for each species, first using all
observations and then repeating the analysis after excluding zero values.

To assess the influence of storage conditions on the observed patterns, additional
analyses were conducted excluding seed lots stored under alternative conditions (Coillte
samples). These analyses were performed using the same statistical approaches described
above. To formally evaluate the robustness of the duration-effect estimates across disparate
storage protocols, a parallel model-fitting exercise was conducted as a sensitivity analysis;
results are presented in the Supplementary Materials Table S1 and Figure S1.

3. Results
3.1. Changes in Thousand-Seed Weight (TSW), Moisture Content (MC), Tetrazolium (TZ)
Viability and Germination with Storage Duration

Alder TSW ranged from 1.2634 g (5 years post-harvest (YPH)) to 1.8733 g (6 YPH)
(Table 2). Seeds stored for 1 YPH had a TSW of 1.8120 g, compared with the oldest seed
sample (15 YPH), which had a TSW of 1.6258 g. Storage duration had no statistically
significant effect on alder TSW (p = 0.873).

Table 2. Thousand-seed weight (TSW) for alder (Alnus glutinosa) and downy birch (Betula pubescens)
seed lots across storage duration (years post-harvest; YPH).

Alder Downy Birch

Sample YPH TSW Sample YPH TSW

ag-24 1 1.8120 bp-24 1 0.1545
ag-23 2 1.6629 bp-21 4 0.1850
ag-21 4 1.2836 bp-20 5 0.0789
ag-20 5 1.2634 bp-19 6 0.1881
ag-19 6 1.8733 bp-18 7 0.1416
ag-18 7 1.2769 bp-17 8 0.2476
ag-10 15 1.6258 bp-15 10 0.2126

Downy birch TSW ranged from 0.0789 g (5 YPH) to 0.2476 g (8 YPH) (Table 2). The
sample with the shortest storage duration (1 YPH) had a TSW of 0.1545 g, whereas the
oldest sample (10 YPH) had a TSW of 0.2126 g. Storage duration had no statistically
significant effect on TSW in downy birch (p = 0.296), indicating that observed variation was
likely influenced by factors other than storage duration.

For alder, MC ranged from 9.6% (2 YPH) to 15.6% (6 YPH) (Figure 3A). Seeds stored
for 1 YPH had an MC of 11.2%, whereas those stored for 15 YPH had an MC of 14.6%. The
model estimated an MC of 11.1% at 0 YPH, with an increase of 0.3% per year. However,
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storage duration did not have a statistically significant effect on MC in alder (p = 0.169).
For downy birch, MC ranged from 9.2% (8 YPH) to 19.0% (5 YPH) (Figure 3B). The sample
with the shortest storage duration (1 YPH) had an MC of 14.8%, whereas the sample with
the longest storage duration had an MC of 11.3%. The model estimated an MC of 18.2% at
0 YPH, with a decrease of 0.5% per year; however, this relationship was not statistically
significant (p = 0.320).

 

Figure 3. (A,B) Moisture content (MC); (C,D) Tetrazolium (TZ) viability; (E,F) Germination of alder
(Alnus glutinosa) and downy birch (Betula pubescens), all plotted against storage duration (years
post-harvest; YPH). Point shape denotes seed source, with circles representing Coillte and triangles
representing Teagasc.

Storage duration had a significant effect on TZ viability in both species (p < 0.001). In
alder, viability increased from 1 YPH (averaging 50%) to a maximum at 2 YPH (averaging
70%), with some replicates reaching 84% (Figure 3C). Following this peak, viability dropped
sharply by 4 YPH, viable seed counts fell to nearly zero and remained at zero through
to 15 YPH. The effect of YPH on downy birch TZ viability showed a strong non-linear
pattern (p < 0.001; R2 = 0.959), with relatively higher viability observed in the early storage
durations. A peak in viability was recorded at 8 YPH (averaging 40%, with one replicate
reaching 50%), followed by a decline in older seed lots (Figure 3D).

Germination success was significantly affected by storage duration in both species,
alder and downy birch (p < 0.001) (Figure 3E,F). The germination of alder seeds followed
a sharp and linear decline as YPH increased. The model for this species explained ap-
proximately 92.5% of the variance in germination. In downy birch, germination declined
markedly after 1 YPH, with most seed lots showing minimal or no germination. However,
a higher level of germination was observed in the 8 YPH seed lot. Stratification had a signif-
icant effect on germination (p = 0.0458), with stratified seeds showing a higher probability
of germination compared with unstratified seeds.
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Additional analyses excluding seed lots stored under alternative conditions (Coillte
samples) are presented in the Supplementary File S1, Table S1 and Figure S1. These analyses
showed a consistent decline in viability and germination with increasing storage duration.

3.2. Relationship Between TZ Viability and Germination

For alder, a strong positive association was observed when all viability and germi-
nation observations were included (p < 0.001, R2 = 0.935) (Figure 4A). However, after
excluding zero values, the association was no longer significant (p = 0.808, R2 = 0.011).
Similarly, for downy birch, a positive association was found when zero values were kept
(p < 0.001, R2 = 0.670) (Figure 4B), whereas no association was found after excluding zero
values (p = 0.270, R2 = 0.198). This indicates that the significant relationships observed in
the full datasets were driven mainly by the presence of zero observations, with no evidence
of a linear association among the positive values alone.

 

Figure 4. Relationship between tetrazolium (TZ) viability and germination in (A) alder (Alnus glutinosa)
and (B) downy birch (Betula pubescens) seed lots. Point shape denotes seed source, with circles
representing Coillte and triangles representing Teagasc.

3.3. Effect of Stratification in Downy Birch

While there was a marginal hint of an interaction between YPH and treatment
(p = 0.0647), this effect was not significant. Therefore, the benefit provided by stratifi-
cation is relatively stable regardless of how many years have passed (Figure 3F). Pairwise
comparisons between stratified and unstratified treatments across storage durations (YPH)
are presented in Table 3.

Table 3. Pairwise comparisons of stratified and unstratified treatments across storage duration (YPH).

YPH Contrast Odds Ratio p-Value

1 Stratified/Unstratified 0.855 0.1054
4 Stratified/Unstratified 36.178 0.0549
5 Stratified/Unstratified 18.837 0.0522
6 Stratified/Unstratified 6.733 0.0496
7 Stratified/Unstratified 2.332 0.0465
8 Stratified/Unstratified 1.104 0.4365
10 Stratified/Unstratified 2.512 0.3699
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4. Discussion
4.1. The Effect of Long-Term Storage on Seed Quality

Analysis of TSW in alder and downy birch showed that storage duration (YPH) did
not significantly affect seed weight. Seed weight is a quantitative trait influenced by both
genetic and environmental factors. Studies in other species, such as linseed and rapeseed,
indicate that variation in TSW can result from seed size, cell number, and maternal geno-
type [33,34]. Although these are crop species, TSW is largely determined during seed
development and is therefore less sensitive to post-harvest storage conditions, explaining
the lack of significant change with YPH observed in this study. Ecologically, seed weight
affects dispersal and establishment; lighter seeds are typically adapted for wind dispersal,
whereas larger seeds may confer advantages under stressful environmental conditions [33].
Alder and downy birch seeds are both wind-dispersed species, consistent with their rela-
tively low TSW values [35,36]. Thus, these findings suggest that TSW is relatively stable
under the storage conditions tested. While both species were examined within the same
study framework, they were analysed independently, and direct comparisons between
species should be interpreted with caution due to differences in seed biology, treatment
conditions, and experimental design.

The interpretation of storage duration effects must be considered in the context of the
storage conditions represented in this study. Seed lots from different sources were stored un-
der distinct temperature and packaging regimes, resulting in partial confounding between
storage duration and storage environment. To address this, a sensitivity analysis excluding
seed lots stored under alternative conditions (Coillte samples) was performed (Supple-
mentary File S1, Table S1 and Figure S1). This analysis confirmed that the overall decline
in viability and germination with increasing storage duration remains consistent, while
deviations from this trend are likely attributable to differences in storage conditions. These
findings further indicate that seed longevity is strongly influenced by storage environment,
particularly temperature and moisture control, in addition to storage duration.

Moisture content (MC) analysis showed that alder seed MC showed variations across
storage durations, whereas downy birch seed MC remained comparatively stable. This
indicates that moisture dynamics during storage are species-specific. Under controlled cold-
store conditions, moisture levels would typically be expected to remain stable, provided
that packaging is fully airtight [9]. The higher MC observed in alder seed lots suggests
that the packaging used may have allowed moisture exchange with the environment.
Previous studies on alder and downy birch have demonstrated that MC interacts with
storage conditions and pre-treatments differently between alder and birch, with alder often
showing greater sensitivity to moisture variation [37,38]. These findings suggest that MC is
not solely influenced by storage duration but also by species-specific physiological traits
and environment. MC is a critical determinant of seed longevity, as it regulates metabolic
activity during storage [39]. Elevated or fluctuating moisture levels can increase metabolic
activity and accelerate seed deterioration, thereby contributing to viability loss/decline
over time [40].

Seed viability and germination in both alder and downy birch declined with increas-
ing storage duration, consistent with known seed ageing processes, including cellular
damage and structural degradation [41]. These processes are accelerated under suboptimal
temperature and moisture conditions [42]. However, deviations from this general decline
were observed. In particular, peaks in tetrazolium (TZ) viability and germination were
observed at 2 YPH (alder) and 8 YPH (downy birch). These are associated with a seed lot
stored under different conditions (−3 ◦C in airtight plastic bags), suggesting that storage
environment plays a critical role in maintaining seed quality. Previous studies support this
interpretation; higher storage temperatures accelerated viability loss in alder and birch [43],
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whereas lower storage temperatures and controlled moisture conditions may help maintain
seed vigour over longer periods [37]. Harrington [40] further demonstrated that increase in
storage temperature substantially accelerate seed ageing rates.

Taken together, these findings highlight that while seed viability generally declines
with storage duration, the rate and extent of decline are strongly influenced by storage con-
ditions, particularly temperature and moisture control. Elevated MC is known to accelerate
deterioration in orthodox seeds by increasing metabolic activity and susceptibility to fungal
damage and can lead to rapid declines in viability even over short time periods [44]. The
reduction in seed quality observed may reflect the combined effects of storage duration and
moisture uptake due to imperfect packaging. This possibility highlights the importance
of packaging integrity in long-term seed conservation. In contrast, structural traits such
as TSW remain largely unaffected. These results emphasise the importance of optimising
storage environments to maintain seed quality in long-term collections.

A limitation of this study was the availability and distribution of seed lots across
storage durations and storage sources. The dataset did not include consistent representation
of both Teagasc and Coillte samples across all storage durations, limiting direct comparisons
between storage regimes. In particular, storage duration and storage conditions were
partially confounded, as most seed lots were stored under a single protocol, with limited
overlap between conditions. These factors are known to influence seed longevity and
may interact with ageing processes. Consequently, the observed differences in viability
and germination cannot be attributed solely to storage duration, as variation in storage
environment may also have contributed to the observed differences. Moreover, the absence
of baseline (post-harvest) seed quality data limits the ability to quantify absolute declines in
viability over time. Findings should be interpreted with this understanding and future work
using controlled, standardised storage conditions will be required to isolate the specific
effects on alder and birch seeds. In addition, the absence of intermediate storage durations
between viable and non-viable seed lots restricts the resolution of viability decline patterns.
Expanding the range and continuity of sampled storage durations, and including parallel
seed lots stored under comparable conditions, would allow for more robust modelling of
seed longevity and clearer separation of storage effects.

4.2. Predictive Value and Limitations of the TZ Test

The relationship between TZ viability and germination showed that significant corre-
lations were largely driven by the inclusion of zero values. When these zero values were
excluded, no statistically significant linear association was detected. This indicates that the
apparent association between TZ viability and germination may be influenced by extreme
observations, such as complete loss of viability, and reflects the limited number of seed lots
with positive viability.

Although TZ testing is widely used as a rapid indicator of seed viability by detecting
dehydrogenase activity in living tissues [45,46], it measures metabolic viability rather than
actual germination performance. In aged seed lots, this divergence is likely to reflect the
presence of embryos that retain metabolic activity but lack sufficient physiological vigour
to complete germination. Discrepancies between TZ and germination have been reported
in aged seed lots and in species with dormancy requirements [21,23]. The dehydrogenase
activity in living tissues can persist in seeds that have experienced ageing damage. These
seeds may therefore stain positive in TZ tests while being too weak to initiate or sustain
growth [47]. The higher TZ values observed in the alder and birch seed lots could reflect
residual metabolic activity rather than true germinability. In Betula species, dormancy and
stratification requirements strongly influence germination outcomes [48,49], which may
also explain the higher TZ viability compared to germination observed in the 1 YPH and
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8 YPH downy birch seed lots [38]. Suboptimal germination conditions and seed mortality
during testing may also contribute to underestimation of viable seeds [22]. Furthermore,
variation in TZ methodology, including staining duration and incubation conditions, can
influence test outcomes [23,50]. In this context, while TZ testing provides a rapid and
useful estimate of seed viability, it should be interpreted alongside germination testing,
particularly for aged seed lots or species with dormancy constraints. Future advances in
image-based analysis, including AI-assisted interpretation, may improve the consistency
and efficiency of tetrazolium assessment by reducing subjectivity in staining evaluation.

4.3. Relationship Between Stratification and Germination

Downy birch seeds exhibit physiological dormancy, which can be alleviated by cold
stratification [38]. In this study, a 21-day cold stratification treatment significantly increased
germination compared with unstratified seeds, and this effect remained relatively stable dur-
ing storage durations. These findings are consistent with previous studies demonstrating
that stratification enhances germination in Betula species by overcoming dormancy [48,49].

Although stratification improved germination, its effect was limited in seed lots with
low viability, indicating that dormancy-breaking treatments cannot compensate for viability
loss during storage. Previous work suggest that longer stratification periods may further
enhance germination in viable seed lots [38]. Therefore, combining appropriate storage
conditions with effective pre-treatments is essential to maximise germination potential and
support the use of stored seed in forestry applications.

5. Conclusions
This study assessed the impact of storage duration on seed quality in alder

(Alnus glutinosa) and downy birch (Betula pubescens) under operational storage conditions.
Physiological traits, including moisture content and viability, declined with storage dura-
tion, whereas thousand-seed weight remained stable. The results indicate that seed viability
generally declines during long-term storage under suboptimal conditions, highlighting
the limited storage longevity of these species and suggesting that storage environment,
particularly temperature and moisture control, plays an important role in maintaining
seed quality.

Storage conditions, particularly temperature and moisture control, played a key role in
maintaining seed quality. Seed lots stored under lower temperature and airtight conditions
(Coillte samples) retained higher levels of viability and germination, demonstrating the
importance of optimised storage environments in extending seed longevity. These findings
have direct implications for the management of forest reproductive material, particularly in
making effective use of mast-year surpluses and ensuring a reliable supply of planting stock.

A relationship between tetrazolium (TZ) viability and germination was observed,
although this was largely influenced by zero values, highlighting the need for cautious
interpretation. Stratification improved germination in downy birch but did not compensate
for loss of viability in older seed lots. These results support the use of TZ testing as a rapid
indicator of viability when used alongside germination tests.

Limitations in seed availability across storage durations and sources constrained
direct comparisons between storage regimes. Because storage duration and conditions
were confounded between seed sources, the effects of time cannot be fully isolated from
environmental influences, and the results should be interpreted within this context. Further
work under additional controlled conditions is needed to better define the role of moisture
content in long-term storage and to improve consistency in TZ assessment, including
the development of image-based or AI-assisted approaches to improve the consistency
and efficiency. These advances will support the development of more effective seed
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storage strategies and improve the use of mast-year surpluses in forestry, restoration,
and conservation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/seeds5030029/s1, Figure S1: Sensitivity analysis showing modelled
trends for moisture content, tetrazolium viability, and germination after excluding Coillte seed lots
stored under the alternative storage protocol; Table S1: Comparison of model results from the main
analysis and the sensitivity analysis excluding Coillte seed lots; File S1: Sensitivity analysis: effect of
excluding seed lots stored under the alternative protocol (Coillte, −3 ◦C, airtight).
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