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Abstract: Canadian buffaloberry (Shepherdia canadensis (L.) Nutt.) is a perennial shrub
known for its drought tolerance, nitrogen-fixing ability, and suitability for land reclama-
tion and vegetation, particularly on nutrient-poor industrially disturbed soils in Alberta,
Canada. Despite its ecological importance, commercial nurseries and greenhouses face
challenges due to limited knowledge of optimizing seed germination and maintaining
genetic diversity in cultivated seedlings. In this study, we investigated the interactive effect
of cold stratification duration (0, 2, 4, 8, 12, and 16 weeks) and scarification time (control (no
scarification), 1, and 4 h) on buffaloberry seed germination. The seed germination rate was
tested using a factorial experiment with two factors arranged in a completely randomized
design with four replications. Our findings indicate that scarification with a low concentra-
tion of acid for 1 h significantly enhances germination outcomes and shortens the required
stratification period from 16 weeks to 12 weeks, achieving an optimal germination rate of
82%. Our novel approach using low-concentration acid to scarify Canadian buffaloberry
seeds will help commercial greenhouses and forest nurseries improve seed germination,
which utilizes this species for land reclamation and reforestation. Furthermore, this method
can be adapted to improve germination in other native species with similar dormancy
challenges, broadening its applications in ecological restoration efforts.

Keywords: seed germination rate; synchronization index; mean germination time; seed
pre-treatments; low-concentration acid

1. Introduction
The successful regeneration of plant species in disturbed ecosystems is essential for

ecological restoration, particularly in regions experiencing soil degradation, biodiversity
loss, and climate-induced stress. Canadian buffaloberry (Shepherdia canadensis (L.) Nutt.), a
deciduous shrub native to North America, has gained increasing attention for its potential
in land reclamation use. This species is valued for improving soil fertility and organic
matter status and tolerating inhospitable conditions [1–3]. It is particularly well suited
for revegetating disturbed sites, including reclaimed mining areas in Alberta, Canada [4],
where it contributes to nutrient cycling, improves soil quality, and creates favorable con-
ditions for the establishment of other plant species. Additionally, buffaloberry plays an
important role as a food resource for Indigenous people [5] and wild animals, such as
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grouse, black bears, grizzly bears, and snowshoe hares [6–8]. These ecological and cultural
benefits make Canadian buffaloberry a valuable species for successful restoration efforts.

Despite its ecological and cultural significance, Canadian buffaloberry has not been
fully utilized for land reclamation and revegetation due to several practical challenges.
This species has primarily grown in the wild and has only recently been cultivated in green-
houses, largely in response to changes in regulatory standards in Alberta, Canada. These
new standards require resource extraction companies to restore disturbed land to “equiva-
lent land capability”, meaning the restored land must support forest goods and services
comparable to those provided prior to the disturbance [9]. Achieving this goal requires the
establishment of fully functioning plant communities, including herbaceous plants, low
shrubs, tall shrubs, and trees [9]. However, cultivating many boreal native shrub species,
including Canadian buffaloberry seedlings, presents significant obstacles, mainly due to
two factors: (1) seeds are exclusively collected from the wild, which is a labor-intensive
process, and (2) seed dormancy impacts germination, reducing the efficiency of seed use. At
present, the cost of a single Canadian buffaloberry seedling is approximately CAD 3, largely
due to inefficient propagation methods. Furthermore, commercial greenhouses and forest
nurseries lack the necessary knowledge to optimize germination rates and maintain genetic
diversity in seedlings. To address these challenges, it is essential to develop cost-effective
and reliable germination and propagation techniques to enable the widespread use of this
beneficial species in reforestation and land reclamation efforts. Many native boreal species,
including Canadian buffaloberry, face similar germination challenges, posing difficulties
for timely and efficient restoration efforts.

Native boreal species typically have lower germination rates compared to agronomic
species [10], posing challenges to the efficient and timely revegetation of native plant
communities. Canadian buffaloberry seeds exhibit physiological and physical dormancy,
preventing germination under unfavorable environmental conditions. Seed physiologi-
cal dormancy is primarily caused by metabolic inhibition within the embryo, which can
be overcome through cold stratification [11]. Cold stratification involves moistening the
seeds and storing them at low temperatures (~5 ◦C) for several weeks or months [12].
The duration of cold stratification required to break dormancy varies among native shrub
species, with some species taking weeks or months to achieve an optimal germination rate,
often in combination with other treatments. For example, the challenges of overcoming
dormancy in native species are illustrated by studies on Rubus occidentalis, where seeds
subjected to sulfuric acid scarification for an extended duration (up to 3 h) followed by cold
stratification exhibited significant improvements in germination rates, reaching up to 74%
after 12 months [13]. In the case of Canadian buffaloberry, a stratification period ranging
from 8 to 14 weeks, when combined with scarification, has been shown to improve germi-
nation rates [11,14]. For instance, when seeds were exposed to 14 weeks of stratification
combined with scarification, a maximum seed germination rate (~40%) was achieved [14].
However, these efforts have been limited by relatively low success rates and challenges
such as reduced seedling uniformity and the risk of overexposure to high-concentration
acid. Research into alternative approaches, such as using reduced acid concentrations and
shorter stratification periods, remains sparse, indicating an urgent need for improvement.
Despite evidence that seed germination linearly improved with increasing cold stratifi-
cation duration, the overall germination rate of this species remains low, even after the
recommended treatment applications. This highlights the need to investigate whether
extending the cold stratification period could further enhance germination rates and to
determine the limits of this improvement.

Canadian buffaloberry also exhibits physical dormancy due to the impermeability of
the seed coat to water [11,14,15]. Water uptake in seeds is a key process in overcoming
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dormancy and initiating germination. This process, known as water acquisition, consists
of three distinct phases [16–18]. Phase I, referred to as imbibition, involves rapid physical
water uptake driven by the matrix potential of the seed coat and internal tissues. During
this phase, water absorption occurs without metabolic activity. Phase II is marked by
metabolic activation, where water uptake stabilizes, and enzymes essential for germina-
tion are activated. Phase III involves radicle elongation and active growth, signaling the
completion of germination, and only viable seeds can reach this phase [19]. Scarification
treatments primarily affect Phase I by improving seed coat permeability and facilitating
rapid water uptake during imbibition [17,18]. Acid scarification with sulfuric acid (H2SO4)
is a highly effective scarification method for breaking physical dormancy in seeds, making
them permeable [20]. This technique is widely recognized for its efficiency, precision, and
reliability in promoting the germination of hard-coated seeds [11,20]. However, selecting
the appropriate acid concentration with soaking time is essential to avoid damaging the em-
bryo, which can cause a low germination rate [21]. Notably, only one study investigates the
effect of acid scarification using concentrated sulfuric acid (98%) to improve buffaloberry
seed germination [14]. Using concentrated sulfuric acid may cause the risk of overtreat-
ment, such as acid damage and losing significant portions of a population that may or may
not be connected to critical genetic factors. Losing a portion of the genetic diversity of a
population would make it less resilient in the future. It is also a concern that a long seed
exposure time to strong acids may excessively weaken the seed coat and reduce survival
during cold stratification [22,23]. Nevertheless, cold stratification in combination with
acid scarification is recommended for seed germination in some species [24–27]. Although
seed scarification in combination with cold stratification has resulted in improvements in
germination in Canadian buffaloberry [14], there is still a need to investigate low acid con-
centrations and a minimum length of stratification, which provide maximum germination,
increased uniformity, and less germination time. Our study uniquely explores the use of
low-concentration sulfuric acid as a practical and safer alternative for nurseries, coupled
with optimized stratification durations to maximize germination rates while maintaining
seed viability.

Given the ecological and practical importance of Canadian buffaloberry for restoration,
this study aims to (i) determine the required cold stratification duration to achieve an
optimum germination rate; (ii) evaluate the effect of a low concentration of sulfuric acid to
overcome seed physical dormancy and improve germination; and (iii) assess the interactive
effect of cold stratification duration and scarification time on buffaloberry seed germination
using a low concentration of sulfuric acid. By addressing these challenges, this study aims
to develop effective propagation strategies for buffaloberry, ultimately supporting its use
in ecological restoration programs under changing environmental conditions. Furthermore,
the findings of this study will provide new insights into propagation techniques that could
be adapted for other native species with similar germination challenges, facilitating broader
applications in land reclamation and restoration efforts.

2. Materials and Methods
2.1. Fruit Collection and Seed Extraction

Matured buffaloberry fruits were collected near the town of Peace River, Alberta,
Canada (altitude: 571 m, latitude: 56.23◦ N, and longtitude: 117.27◦ W), between June
and July 2019. To ensure genetic diversity, seeds from four different seed lots were evenly
mixed. The locations of the seed lots are listed in Table 1. Following the collection, fruits
were stored at 4 ◦C (39.2 ◦F) for up to 7 days before seeds were extracted, according to the
procedures described by [28]. The dry-cleaned seeds, with a moisture content of 4–8%,
were then stored in a sealable bag at −20 ◦C (−4 ◦F).
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Table 1. Seedlot number, collecting year, and geographical coordinates of Canadian buffaloberry seeds.

Seedlot No. Year of Collection Latitude Longitude

NAIT 952 2019 N-56.33477 W-117.34823

NAIT 953 2019 N-56.33469 W-117.34814

NAIT 954 2019 N-56.54013 W-116.92723

NAIT 955 2019 N-56.59835 W-116.94783

2.2. Experiment Design

The experiment followed a factorial design with two factors, arranged in a completely
randomized design with four replications. The first factor included six levels of cold
stratification duration (0, 2, 4, 8, 12, and 16 weeks), while the second factor comprised
three scarification treatments (1 h scarification, 4 h scarification, and a control with no
scarification). A total of 1800 seeds were used for the germination test, with 25 seeds per
Petri dish × 6 stratification durations × 3 scarification treatments × 4 replications (25 × 6
× 3 × 4 = 1800).

2.3. Seed Treatments

The experiment was conducted in the Laboratory of the Centre for Boreal Research,
Northern Alberta Institute of Technology, AB, Canada. The seeds were divided into
three groups and subjected to different scarification times: 1 h, 4 h, and a control group
(soaked in deionized water for 1 h). For the scarification treatments, seeds were soaked
in 5% sulfuric acid (98%, VWR International, Edmonton, AB, Canada) for either 1 h or
4 h. This acid concentration was chosen based on preliminary trials, which indicated no
significant difference in seed germination rates between 5% and 10% sulfuric acid. After the
scarification process, the seeds were thoroughly rinsed with deionized water and placed on
double layers of filter paper (Whatman No.1) in 9 cm plastic Petri dishes moistened with
sterilized distilled water. Following scarification, the seeds were stratified at 5 ◦C for either
0 (control), 2, 4, 8, 12, or 16 weeks. The Petri dishes were sealed with parafilm to maintain
moisture throughout the cold stratification period.

2.4. Visible Germination Test

After each cold stratification period, the seeds in the Petri dish treated with different
scarification time treatments were placed in a germination chamber. The germination
chamber was set to a daily photoperiod of 12:12 day–night, a temperature of 25 ± 2 ◦C, and
75% relative humidity. Visible germination was monitored every 2 days for 50 days and
recorded when emerged radicles (3 mm) were observed [29].

2.5. Water Acquisition Tests

To evaluate the impact of scarification time on seed water uptake during the water
acquisition process, a water acquisition test was conducted. Ten seeds were placed in each
Petri dish, with five replications for each scarification treatment. The seeds were weighed
initially (dry mass) and then watered with deionized water. Subsequent weights were
recorded at 24 h intervals over four days. Seeds were removed from the Petri dish for each
replication, quickly surface-dried using filter paper, and weighed. The percentage of water
acquisition (%) was calculated using the following equation:

Water acquisition (%) =
(W2 − W1)

W1
∗ 100
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where W1 is the mass of dry seeds in each replication, and W2 is the mass of the seeds after
water acquisition at the specified time interval.

2.6. Data Analysis

Germination data were analyzed using the GerminaR R package [30], which pro-
vides tools for calculating key germination indices. Three primary germination variables
were calculated:

1. Germination rate: it represents the proportion of seeds that successfully germinated
out of the total number of seeds tested. It is expressed as follows:

Germination Rate =

(
Number o f seeds germinated

Total number o f seeds

)
× 100

2. Mean gtermination ime (MGT): MGT represents the average time required for seeds
to germinate and was calculated using the following formula:

MGT =
∑ ni·ti
∑ ni

where ni is the number of seeds germinated at time ti, and ti represents the time elapsed
from the start of the germination test.

3. Synchronization index (SYN): SYN quantifies the degree of synchronization in ger-
mination timing and was calculated using the following formula:

SYN =
∑ Cni, 2

N

where ∑ Cni,2 = ni·(ni−1)
2 represents the number of pairwise combinations of germi-

nated seeds at each time i, and N = ∑ni·(∑ni−1)/2 is the total number of possible pair-
wise combinations.

The data were examined graphically for the normality of the distribution (probability
plots of residuals) and homogeneity of variance (scatter plots) using the R software (Ver-
sion 4.2.0, R Development Core Team) before being subjected to an analysis of variance
(ANOVA). An effect was considered significant if p ≤ 0.05. When the ANOVA shows a
significant (p ≤ 0.05) stratification duration effect, scarification time effect, or a significant
interaction, Tukey’s post hoc test was used to compare individual means.

3. Results
3.1. Visible Germination Test

The interactive effects of stratification duration and scarification time significantly
influenced the germination rate (p < 0.05, Table 2). Germination occurred rapidly within the
first 10–15 days and plateaued thereafter (Figure 1). Overall, the germination rate improved
with increasing stratification duration, though the rate of improvement diminished beyond
12 weeks (Figure 1). Seeds stratified for 12 weeks combined with a 1 h scarification
demonstrated the highest germination rate of 88 ± 5.16%, significantly outperforming other
treatments (Figure 2). Conversely, seeds treated with a 4 h scarification or no scarification
achieved lower germination rates (66 ± 12% and 66 ± 5.16%, respectively) after 12 weeks
of stratification.
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Table 2. ANOVA results (F and p values) for the effects of stratification duration (Strat), scarification
time (Scar), and their interactions on germination rate, mean germination time (MGT), and the
synchronization index (SYN) of S. canadensis. The seeds were exposed to six levels of stratification
duration (0, 2, 4, 8, 12, and 16 weeks) and three levels of scarification time (control (no scarification),
1 h, and 4 h). The numbers in bold are significant at <0.05.

Strat
(DF = 5)

Scar
(DF = 2)

Strat × Scar
(DF = 10)

Variable F p F p F p

Germination rate 186.465 <0.001 2.345 0.106 2.206 0.031

MGT 9.852 <0.001 9.877 <0.001 1.785 0.093

SYN 4.346 0.003 0.076 0.927 1.270 0.284
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3.2. Mean Germination Time (MGT)

Cold stratification and scarification time significantly affected MGT (p < 0.01, Table 2).
Longer stratification durations reduced MGT, with 12 and 16 weeks resulting in the
shortest times (6.12 ± 1.47 and 6.07 ± 1.35 days, respectively). Similarly, a 1 h scarifi-
cation significantly reduced the MGT to 7.74 ± 6.69 days compared to untreated seeds
(14.09 ± 11.60 days; Figure 3a,b).

3.3. Synchronization Index (SYN)

While cold stratification marginally improved SYN, the differences were not statis-
tically significant (p > 0.05, Table 2). Stratification durations exceeding 8 weeks showed
an increasing trend in SYN, with 16 weeks achieving the highest SYN value of 0.41 ± 0.17
(Figure 3c). Shorter stratification durations (0–4 weeks) exhibited lower synchronization,
suggesting that extended stratification may promote more uniform germination over time.
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Figure 3. Boxplots showing the effects of stratification duration and scarification time on germination
metrics of Canadian buffaloberry. (a) Stratification duration’s and (b) scarification time’s effect on
mean germination time (MGT), and (c) the main effect of stratification duration on the synchronization
index (SYN). Results were averaged over scarification time for (a,c) and over stratification duration for
(b) due to the lack of a significant two-way interaction. The letters above boxplots indicate statistically
significant differences (p < 0.05).
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3.4. Water Acquisition Tests

Water acquisition tests revealed that a 1 h scarification facilitated the highest water
uptake, with a mean acquisition of 20.97 ± 3.61% at 96 h (Figure 4). Seeds subjected to a 4 h
scarification showed slightly lower acquisition (19.63 ± 2.5%), while non-scarified seeds
exhibited significantly reduced water uptake. These results confirm the effectiveness of a
1 h scarification in overcoming physical dormancy.
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4. Discussion
Our findings align with previous research, confirming that a longer cold stratification

period is the most effective method for enhancing buffaloberry seed germination [14,31]. As
expected, the germination rate increased in correlation with the duration of cold stratifica-
tion. However, the increase in germination rate diminished after 12 weeks of stratification.
For instance, seeds stratified for 12 and 16 weeks germinated almost a day earlier than
those stratified for 8 weeks, with a MGT of 6.92 days (8 weeks), 6.12 days (12 weeks),
and 6.07 days (16 weeks). Although not statistically significant, the marginal increase
in synchronization observed in seeds stratified for longer durations suggests a potential
trend that warrants further investigation. This underscores the complexity of germination
dynamics and highlights the need for more detailed studies to explore the relationship
between cold stratification and synchronization of this species.

Many boreal shrub species exhibit deep dormancy to ensure seed germination occurs
under favorable environmental conditions [11,32,33]. Buffaloberry, like other species in
its range, relies on chilling temperatures to break the physiological dormancy of its seeds,
aligning germination with the appropriate seasonal conditions [11]. Interestingly, although
Baskin and Baskin (2014) suggested that cold stratification is not very effective in breaking
the dormancy of this species unless exposing its seeds to warm stratification prior to
cold stratification, the present study showed seed germination improvements up to 71%,
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followed by 16 weeks of stratification without warm stratification. When inducing the
germination of native plant seeds, it is essential to consider the phenology of the seed phase
of the life cycle in the natural habitat, such as the temperature between seed maturation
and germination [11,34]. The requirement of warm stratification for this species could
depend on the timing of seed collection. For instance, fruiting buffaloberry occurs in late
June and ripens in mid–late July, depending on summer temperatures [35–37]. In our case,
we collected only ripened seeds; therefore, we assume that the seeds met the requirement
of warm temperature and completed seed maturation before the seed collection.

In addition to cold stratification, water availability is another crucial factor influencing
seed germination [11,12,38]. Buffaloberry seeds exhibit physical dormancy due to an
impermeable seed coat, which prevents water uptake (Phase I: imbibition) and delays
germination. Acid scarification has been widely used to overcome this barrier by making
the seed coat more permeable [15]. Sulfuric acid (H2SO4) has been recommended for
scarifying seeds to make the seed coat more permeable and to enhance water uptake
during imbibition. This process possibly facilitates the progression to Phase II, where
metabolic activation occurs, and eventually to Phase III, characterized by radicle elongation
and germination [17,18]. Previous work by Rosner and Harrington (2003) examined the
interactive effect of scarification time of concentrated sulfuric acid and cold stratification
lengths on the seed germination of buffaloberry. The authors found the optimal treatment
combination was a 5 min acid soak and 14 weeks of stratification resulting in a germination
improvement from 27% to 38%.

In our study, we used a lower concentration of sulfuric acid (5%) to avoid embryo
damage while still enhancing seed germination. The effectiveness of acid scarification
depends on the acid concentration, species, and exposure duration [11,39]. Generally, high
sulfuric acid concentrations are used in species that possess impermeable seed coats [40–42].
Our water acquisition test showed that water uptake in non-scarified seeds was gradual and
significantly slower than in scarified seeds. Low-concentration sulfuric acid (5%) effectively
improved water acquisition, confirming that it successfully breaks physical dormancy in
buffaloberry seeds. Scarification for 1 h was particularly effective, reducing the optimal
stratification duration from 16 to 12 weeks while achieving the highest germination rate
(82%). Seeds scarified for 4 h, however, exhibited a lower germination rate (66%) after
12 weeks of stratification, though this increased to 80% after 16 weeks. These results suggest
that a 1 h scarification with 5% sulfuric acid is an optimal treatment for improving seed
germination while minimizing stratification time.

5. Conclusions
Cold stratification duration plays a critical role in enhancing buffaloberry seed germi-

nation. Both with and without acid scarification, extending the stratification period leads
to higher germination rates. However, seeds scarified with a low concentration of sulfuric
acid (5%) for 1 h not only exhibited improved germination results but also reduced strati-
fication length requirements from 16 to 12 weeks, achieving an optimal germination rate
of 82%. This novel approach of using low-concentration acid for seed scarification offers
a practical solution for commercial greenhouses and forest nurseries seeking to improve
germination rates of buffaloberry, thereby supporting land reclamation and reforestation
efforts. Additionally, future studies could explore how genetic diversity is affected by these
treatments and assess the environmental dependencies of stratification and scarification
outcomes, such as temperature fluctuations or other treatments.

Author Contributions: S.I. designed and conducted the experiments, performed the statistical
analysis, and prepared this manuscript. J.-M.S. contributed to the writing of this manuscript and the
discussion of ideas. All authors have read and agreed to the published version of this manuscript.



Seeds 2025, 4, 2 10 of 11

Funding: This work was supported by the Natural Sciences and Engineering Research Council of
Canada Innovation Enhancement Grant: NSERC CCIPX 517845-17.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in FigShare at
https://doi.org/10.6084/m9.figshare.27330309.

Acknowledgments: We acknowledge Joanna MacDonald from Natural Resources Canada for provid-
ing valuable advice and editing sections of the early draft. We also extend our thanks to Ryan O’Neill
and Bryce Hickey, technicians at the Centre for Boreal Research, as well as summer students, for their
technical support during the experiments.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References
1. Rhoades, C.; Binkley, D.; Oskarsson, H.; Stottlemyer, R. Soil Nitrogen Accretion along a Floodplain Terrace Chronosequence in

Northwest Alaska: Influence of the Nitrogen-Fixing Shrub Shepherdia canadensis. Écoscience 2008, 15, 223–230. [CrossRef]
2. Beddes, T.; Kratsch, H.A. Seed Germination of Roundleaf Buffaloberry (Shepherdia rotundifolia) and Silver Buffaloberry (Shepherdia

argentea) in Three Substrates. J. Environ. Hortic. 2009, 27, 129–133. [CrossRef]
3. Walkup, Crystal J. 1991. Shepherdia canadensis. In: Fire Effects Information System, [Online]. U.S. Department of Agriculture,

Forest Service, Rocky Mountain Research Station, Fire Sciences Laboratory (Producer). Available online: https://www.fs.usda.
gov/database/feis/plants/shrub/shecan/all.html (accessed on 26 December 2024).

4. Smreciu, A.; Gould, K.; Wood, S. Boreal Plant Species for Reclamation of Athabasca Oil Sands Disturbances—Updated December
2014; Oil Sands Research and Information Network, University of Alberta, School of Energy and the Environment: Edmonton,
Alberta, 2013.

5. Turner, N.J. New Plants, New Resources, New Knowledge: Early Introductions of Exotic Plants to Indigenous Territories in
Northwestern North America. Plants 2023, 12, 3087. [CrossRef] [PubMed]

6. Favorite, J. Plant Guide: Buffaloberry Shepherdia canadensis (L.) Nutt.; USDA NRCS National Plant Data Center: Baton Rouge, LA,
USA, 2002.

7. Braid, A.C.R.; Manzer, D.; Nielsen, S.E. Wildlife Habitat Enhancements for Grizzly Bears: Survival Rates of Planted Fruiting
Shrubs in Forest Harvests. Forest Ecol. Manag. 2016, 369, 144–154. [CrossRef]

8. Denny, C.K.; Stenhouse, G.B.; Nielsen, S.E. Scales of Selection and Perception: Landscape Heterogeneity of an Important Food
Resource Influences Habitat Use by a Large Omnivore. Wildlife Biol. 2018, 2018, 1–10. [CrossRef]

9. Oil Sands Research and Information Network. Future of Shrubs in Oil Sands Reclamation Workshop. Available online:
https://era.library.ualberta.ca/items/8c841fd1-50ba-4579-a173-6e55f2b14ab6 (accessed on 12 December 2024).

10. Balshor, B.J.; Garrambone, M.S.; Austin, P.; Balazs, K.R.; Weihe, C.; Martiny, J.B.H.; Huxman, T.E.; McCollum, J.R.; Kimball, S. The
Effect of Soil Inoculants on Seed Germination of Native and Invasive Species. Botany 2016, 95, 469–480. [CrossRef]

11. Baskin, C.C.; Baskin, J.M. Seeds: Ecology, Biogeography, and Evolution of Dormancy and Germination, 2nd ed.; Academic Press: Oxford,
UK, 2014.

12. Bewley, J.D.; Bradford, K.J.; Hilhorst, H.W.M.; Nonogaki, H. Environmental Regulation of Dormancy and Germination. In Seeds:
Physiology of Development, Germination and Dormancy, 3rd ed.; Bewley, J.D., Bradford, K.J., Hilhorst, H.W.M., Nonogaki, H., Eds.;
Springer: New York, NY, USA, 2013; pp. 299–339, ISBN 978-1-4614-4693-4.

13. Wada, S.; Reed, B.M. Standardizing Germination Protocols for Diverse Raspberry and Blackberry Species. Scientia Hortic. 2011,
132, 42–49. [CrossRef]

14. Rosner, L.S.; Harrington, J.T. Optimizing Acid Scarification and Stratification Combinations for Russet Buffaloberry Seeds. NPJ
2003, 4, 81–86. [CrossRef]

15. Heit, C.E. Propagation from Seed. Part 22: Testing and Growing Western Desert and Mountain Shrub Species. Am. Nurserym.
1971, 133, 1010–127689.

16. Yang, P.; Li, X.; Wang, X.; Chen, H.; Chen, F.; Shen, S. Proteomic Analysis of Rice (Oryza sativa) Seeds during Germination.
Proteomics 2007, 7, 3358–3368. [CrossRef]

17. Bewley, J.D.; Black, M. Storage, Imbibition, and Germination. In Seeds: Physiology of Development and Germination; Bewley, J.D.,
Black, M., Eds.; Springer: Boston, MA, USA, 1985; pp. 89–134, ISBN 978-1-4615-1747-4.

18. Bewley, J.D.; Bradford, K.; Hilhorst, H.; Nonogaki, H. Seeds: Physiology of Development, Germination and Dormancy, 3rd ed.; Springer:
New York, NY, USA, 2013; ISBN 978-1-4614-4692-7.

https://doi.org/10.6084/m9.figshare.27330309
https://doi.org/10.2980/15-2-3027
https://doi.org/10.24266/0738-2898-27.3.129
https://www.fs.usda.gov/database/feis/plants/shrub/shecan/all.html
https://www.fs.usda.gov/database/feis/plants/shrub/shecan/all.html
https://doi.org/10.3390/plants12173087
https://www.ncbi.nlm.nih.gov/pubmed/37687334
https://doi.org/10.1016/j.foreco.2016.03.032
https://doi.org/10.2981/wlb.00409
https://era.library.ualberta.ca/items/8c841fd1-50ba-4579-a173-6e55f2b14ab6
https://doi.org/10.1139/cjb-2016-0248
https://doi.org/10.1016/j.scienta.2011.10.002
https://doi.org/10.3368/npj.4.2.81
https://doi.org/10.1002/pmic.200700207


Seeds 2025, 4, 2 11 of 11

19. Pereira, M.D.; dos Santos Dias, D.C.F.; dos Santos Dias, L.A.; Araújo, E.F. Hydration of Carrot Seeds in Relation to Osmotic
Potential of Solution and Conditioning Method. Rev. Bras. Sementes 2007, 29, 144–150. [CrossRef]

20. Kumar, M.; Sarvade, S.; Kumar, R.; Kumar, A. Pre-Sowing Treatments on Seeds of Forest Tree Species to Overcome the Germination
Problems. Asian J. Environ. Ecol. 2024, 23, 1–18. [CrossRef]

21. Pipinis, E.; Milios, E.; Aslanidou, M.; Mavrokordopoulou, O.; Efthymiou, E.; Smiris, P. Effects of Sulphuric Acid Scarification,
Cold Stratification, and Plant Growth Regulators on the Germination of Rhus coriaria L. Seeds. J. Environ. Prot. Ecol. 2017, 18,
544–552.

22. Zemetra, R.S.; Havstad, C.; Cuany, R.L. Reducing Seed Dormancy in Indian Ricegrass (Oryzopsis hymenoides) Revegetation,
Western United States and Canada, Forage Crop. Rangeland Ecol. Manag. 1983, 36, 239–241. [CrossRef]

23. Long, S.; Xie, W.; Zhao, W.; Liu, D.; Wang, P.; Zhao, L. Effects of Acid and Aluminum Stress on Seed Germination and Physiological
Characteristics of Seedling Growth in Sophora davidii. Plant Signal. Behav. 2024, 19, 2328891. [CrossRef]

24. Bahrani, M.J.; Niknejad-Kazempour, H. Effect of Dormancy Breaking Treatments and Salinity on Seed Germination of Two Desert
Shrubs. Arid Land Res. Manag. 2007, 21, 107–118. [CrossRef]

25. Zhou, Z.-Q.; Bao, W.-K.; Wu, N. Dormancy and Germination in Rosa multibracteata Hemsl. & E. H. Wilson. Scientia Hortic. 2009,
119, 434–441. [CrossRef]

26. Dashti, F.; Ghahremani-Majd, H.; Esna-Ashari, M. Overcoming Seed Dormancy of Mooseer (Allium hirtifolium) through Cold
Stratification, Gibberellic Acid, and Acid Scarification. J. Forestry Res. 2012, 23, 707–710. [CrossRef]

27. Nemoto, K.; Watanabe, A.; Yoshida, C.; Nishihara, M. Methods to Promote Seed Germination in the Lacquer Tree, Toxicodendron
vernicifluum (Stokes) F.A. Barkley. PLoS ONE 2022, 17, e0272665. [CrossRef]

28. O’Neill, R.; Massey-Leclerc, R.; Sobze, J.-M.; Bartman, K.; Brown, C. Shepherdia Canadensis; Technical Note #36; NAIT Centre for
Boreal Research: Peace River, AB, Canada, 2020; pp. 1–5.

29. Bewley, J. Seed Germination and Dormancy. Plant Cell 1997, 9, 1055–1066. [CrossRef]
30. Lozano-Isla, F.; Benites-Alfaro, O.E.; Pompelli, M.F. GerminaR: An R Package for Germination Analysis with the Interactive Web

Application “GerminaQuant for R”. Ecol. Res. 2019, 34, 339–346. [CrossRef]
31. McLean, A. Germination of Forest Range Species from Southern British Columbia. Rangel. Ecol. Manag. J. Range Manag. Arch.

1967, 20, 321–322. [CrossRef]
32. Herranz, J.M.; Ferrandis, P.; Martínez-Duro, E. Seed Germination Ecology of the Threatened Endemic Iberian Delphinium fissum

subsp. sordidum (Ranunculaceae). Plant Ecol. 2010, 211, 89–106. [CrossRef]
33. Hu, D.; Baskin, J.M.; Baskin, C.C.; Yang, X.; Huang, Z. Ecological Role of Physical Dormancy in Seeds of Oxytropis racemosa in a

Semiarid Sandland with Unpredictable Rainfall. J. Plant Ecol. 2018, 11, 542–552. [CrossRef]
34. Kildisheva, O.A.; Dixon, K.W.; Silveira, F.A.O.; Chapman, T.; Di Sacco, A.; Mondoni, A.; Turner, S.R.; Cross, A.T. Dormancy and

Germination: Making Every Seed Count in Restoration. Restor. Ecol. 2020, 28, S256–S265. [CrossRef]
35. Hayes, P.A.; Steeves, T.A.; Neal, B.R. An Architectural Analysis of Shepherdia canadensis and Shepherdia argentea: Patterns of Shoot

Development. Can. J. Bot. 1989, 67, 1870–1877. [CrossRef]
36. Laskin, D.N.; McDermid, G.J.; Nielsen, S.E.; Marshall, S.J.; Roberts, D.R.; Montaghi, A. Advances in Phenology Are Conserved

across Scale in Present and Future Climates. Nat. Clim. Chang. 2019, 9, 419–425. [CrossRef]
37. Bateman, T.J.; Nielsen, S.E. Direct and Indirect Effects of Overstory Canopy and Sex-Biased Density Dependence on Reproduction

in the Dioecious Shrub Shepherdia canadensis (Elaeagnaceae). Diversity 2020, 12, 37. [CrossRef]
38. Pipinis, E.; Stampoulidis, A.; Milios, E.; Kitikidou, K.; Akritidou, S.; Theodoridou, S.; Radoglou, K. Effects of Seed Moisture

Content, Stratification and Sowing Date on the Germination of Corylus avellana Seeds. J. For. Res. 2020, 31, 743–749. [CrossRef]
39. Sacheti, U.; Al-Rawahy, S.H. The Effects of Various Pretreatments on the Germination of Important Leguminous Shrub-Tree

Species of the Sultanate of Oman. Seed Sci. Technol. 1998, 26, 691–699.
40. Yousif, M.A.I.; Wang, Y.R.; Dali, C. Seed Dormancy Overcoming and Seed Coat Structure Change in Leucaena leucocephala and

Acacia nilotica. For. Sci. Technol. 2020, 16, 18–25. [CrossRef]
41. Cartes-Rodríguez, E.; Álvarez-Maldini, C.; Acevedo, M.; González-Ortega, M.; Urbina-Parra, A.; León-Lobos, P. Pre-Germination

Treatments at Operational Scale for Six Tree Species from the Sclerophyll Forest of Central Chile. Plants 2022, 11, 608. [CrossRef]
[PubMed]

42. Wu, Y.; Huang, W.H.; Peng, C.Y.; Shen, Y.B.; Visscher, A.M.; Pritchard, H.W.; Gao, Q.; Sun, X.R.; Wang, M.Z.; Deng, Z. Effects of
H2SO4, GA3, and Cold Stratification on the Water Content, Coat Composition, and Dormancy Release of Tilia miqueliana Seeds.
Front. Plant Sci. 2023, 14, 1240028. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1590/S0101-31222007000300017
https://doi.org/10.9734/ajee/2024/v23i5543
https://doi.org/10.2307/3898173
https://doi.org/10.1080/15592324.2024.2328891
https://doi.org/10.1080/15324980701236242
https://doi.org/10.1016/j.scienta.2008.08.017
https://doi.org/10.1007/s11676-012-0314-9
https://doi.org/10.1371/journal.pone.0272665
https://doi.org/10.1105/tpc.9.7.1055
https://doi.org/10.1111/1440-1703.1275
https://doi.org/10.2307/3895983
https://doi.org/10.1007/s11258-010-9775-0
https://doi.org/10.1093/jpe/rtx063
https://doi.org/10.1111/rec.13140
https://doi.org/10.1139/b89-237
https://doi.org/10.1038/s41558-019-0454-4
https://doi.org/10.3390/d12010037
https://doi.org/10.1007/s11676-018-0852-x
https://doi.org/10.1080/21580103.2019.1700832
https://doi.org/10.3390/plants11050608
https://www.ncbi.nlm.nih.gov/pubmed/35270078
https://doi.org/10.3389/fpls.2023.1240028
https://www.ncbi.nlm.nih.gov/pubmed/38078087

	Introduction 
	Materials and Methods 
	Fruit Collection and Seed Extraction 
	Experiment Design 
	Seed Treatments 
	Visible Germination Test 
	Water Acquisition Tests 
	Data Analysis 

	Results 
	Visible Germination Test 
	Mean Germination Time (MGT) 
	Synchronization Index (SYN) 
	Water Acquisition Tests 

	Discussion 
	Conclusions 
	References

