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Abstract 

Seed wings are well-documented as morphological adaptations for seed dispersal and environmental 
persistence in angiosperms, but their functional significance in gymnosperms, which dominate 
temperate and subalpine forest ecosystems, remains poorly understood. This study examines the 
germination ecology of Smith fir (Abies georgei var. smithii), a species whose seeds possess 
membranous, translucent wings. We tested the germination responses of three seed treatments—
intact, mixed (de-winged seeds mixed with the detached wings), and de-winged seeds under two 
light conditions (12 hours light/12 hours dark and continuous darkness) and three temperature 
regimes (5/1°C, 15/2°C, and 25/5°C) to assess the interactive effects of light, temperature, and seed-
wing conditions on germination. Smith fir seeds showed optimal germination between 15 and 25°C, 
with light exposure significantly enhancing germination under cooler conditions (< 5 ℃). De-winged 
seeds germinated significantly better than intact seeds (P < 0.001), confirming that seed wings inhibit 
germination. The germination percentages of intact and mixed seed were comparably low and 
significantly lower than those of de-winged seeds, suggesting that the inhibitory effect is more likely 
attributable to chemical inhibitors associated with the wings rather than to mechanical restriction. 
Smith fir seeds, dispersed in October, exhibit conditional physiological dormancy, with wing-derived 
inhibitors delaying germination until favorable spring conditions. These findings provide insights 
into the adaptive strategies of gymnosperms in regulating germination timing in responses to 
seasonal environmental cues in temperate mountain ecosystems. 

Keywords: Abies georgei var. smithii; environmental adaptation; gymnosperm; germination strategy; 
light sensitivity; seed wing 
 

1. Introduction 

Seed dispersal and germination are fundamental processes in plant life cycles shaping species 
distributions, community structures, and ecosystem functions [1,2]. Dispersal reduces competition 
by enabling seeds to escape parental influence and colonize new habitats, enhancing seedling 
establishment. Germination, the transition from dormancy to active growth, is crucial for optimizing 
seedling survival [3]. These interconnected processes govern the plant establishment, linking 
reproductive success to offspring survival [4]. Understanding their roles and interactions across 
ecological contexts is vital for evaluating plant adaptation and population persistence in changing 
environments.  
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Seed dormancy is a key adaptive strategy that regulates germination timing in response to 
environmental cues and seasonal variation. Among its various forms, physiological dormancy is the 
most common, including conditional dormancy, where seeds cyclically transition between dormant 
and non-dormant states depending on external conditions [5]. This flexibility allows seeds to delay 
germination under unfavorable conditions and synchronize emergence with periods that maximize 
seedling establishment, particularly in ecosystems characterized by strong seasonality, such as 
temperate and alpine regions [6,7]. Beyond physiological mechanisms, physical structures like the 
seed coat, wings, and other appendages also play a role in germination regulation. Although 
dormancy and dispersal have traditionally been examined as distinct processes, growing evidence 
suggests that dispersal-related structures can directly influence germination timing and success [8,9]. 

A large group of plants possess seeds with additional appendages, such as winged perianth or 
bracteole, which play critical roles in both seed dispersal [10,11]. The presence of those appendages 
also affects seed germination in many angiosperms. Wing-like structures, including the perianth in 
Acer saccharinum and Ulmus americana [12] , and the pappus in Taraxacum officinale [13], enhance wind 
dispersal and may promote germination by facilitating water uptake and enabling rapid radicle 
emergence under favorable conditions. In contrast, appendages such as bracteoles in Atriplex species, 
pappi in Taraxacum, and seed wings in Ulmus, Acer, and Salsola species can inhibit germination by 
creating mechanical barriers [14], inducing light requirements [15], releasing chemical inhibitors like 
abscisic acid [16,17], or restricting water absorption and light availability [3,18]. 

Many gymnosperm, particularly in the Pinaceae and Cupressaceae—also commonly possess seed 
wings, as observed in Picea purpurea, Abies forrestii，Pinus bungeana，Pinus massoniana，and Larix 
lyallii. These gymnosperm-dominated forests, which are vital components of boreal taiga, 
temperature and subtropical subalpine ecosystems, cover over 40% of the global forested area and 
are crucial for carbon sequestration and ecological stability [19–21]. Despite their ecological 
importance, the role of seed wings in regulating germination in gymnosperms is poorly understood, 
potentially hindering our comprehension of their ecological adaptations and responses to global 
change. 

This study focuses on the seeds of the Smith fir, a dominant tree species at the alpine treeline 
across the eastern Tibetan Plateau, where it faces harsh low temperatures and a short growing season. 
Previous studies show that Smith fir seeds germinate optimally between 15 and 20 °C, suggesting 
that germination may occur in spring, summer, or autumn under suitable climatic conditions. The 
seeds possess membranous wings and are typically dispersed in October, but no substantial 
germination has been observed during the autumn or winter in natural seĴings [22]. This raises the 
key ecological question: how do Smith fir seeds avoid germinating in autumn and instead delay 
germination until the following spring? 

The cause of delayed germination in Smith fir seeds, whether due to dormancy or inhibition by 
seed wings, remains unclear. We hypothesize that Smith fir seeds delay germination through 
dormancy or wing-mediated regulation, aligning germination with seasonal conditions after spring 
snowmelt in subalpine regions. To address these gaps, we propose the following research questions: 
(1) Do Smith fir seeds exhibit dormancy, and how do they respond to seasonal environmental 
conditions in the field? (2) In addition to dispersal, do seed wings influence germination timing or 
success, and if so, by what mechanisms? 

2. Results 

2.1. Seed Morphological Characteristics  

Smith fir seeds are elongated ovoids with translucent membranous wings, the base not fully 
covered by the wings (Figure 1). Intact seeds averaged 11.52 ± 0.01 mm in length and 7.23 ± 0.034 mm 
in width, while de-winged seeds had a mean length of 3.01 ± 0.025 mm. The thousand-seed weight 
was 8.59 ± 0.03 g , which is relatively small among Abies species(Figure 2). 
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Figure 1. Morphology of intact seed (a) and de-winged seed (b) of Smith fir. 

 

Figure 2. Variation in seed weight among Abies species. Seed weight refers to the thousand-seed weight. 
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Figure 3. Relationship between seed weight and elevation in Abies species. Seed weight refers to the thousand-
seed weight. 

2.2. Effect of Temperature and Light on Seed Germination 

Generalized linear models (GLMs) showed that both temperature and light significantly affected 
seed germination (P < 0.001; Figure 4). Temperature also significantly influenced mean germination 
time (MGT) (P < 0.001; Figure 5). Germination increased with temperature, reaching a maximum of 
48% at 15/2 ℃ (Figure 4). MGT decreased with temperature consistently under both light and dark 
conditions, indicating that higher temperatures accelerated germination (Figure 5). Light further 
significantly enhanced germination at lower temperatures (Figure 4), with a 32% germination 
percentage under the 5/1 °C regime in light, compared to only 16% under darkness, suggesting that 
light positively regulated germination under cold conditions. 

 

Figure 4. Seed germination of intact seeds of Smith fir at various temperature regimes in light (12h photoperiod) 
and in continuous darkness. Data in figures are mean ± s.e. (n = 4). 
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Figure 5. Mean germination time of Smith fir at various temperature regimes. 

2.3. Effect of Seed Wings on Seed Germination 

GLM results showed that seed wings significantly affected seed germination in Smith fir (P < 
0.001, Table 1). De-winged seeds had the highest germination percentage (50%), significantly higher 
than that of intact seeds (P < 0.001; Figure 6, Figure 7), suggesting that seed wings inhibit germination. 
No significant difference was found between mixed and intact seeds, but de-winged seeds 
germinated significantly higher than mixed seeds (P < 0.001; Figure 7). 

 
Figure 6. Germination percentages of intact seeds, mixed and de-winged seeds for Smith fir. Intact, mixed and 
de-winged seeds denote untreated seeds, de-winged seeds mixed with their detached wings, and seeds with 
wings removed, respectively. Data in figures are mean ± s.e. (n = 4). 
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Figure 7. Results of Paired t-tests to test for differences in germination percentages of Smith fir seeds under 
different seed wing treatments. Intact seeds refer to seeds in their original state. Mixed seeds refer to de-winged 
seeds mixed with their detached wings. De-winged seeds refer to seeds with. 

3. Discussion 

This study addresses the key questions regarding the dormancy and seed wing-mediated 
regulation of Smith fir (Abies georgei var. smithii) germination. We found that Smith fir seeds exhibit 
conditional dormancy, with germination delayed under cold temperatures and synchronized with 
spring snowmelt, as hypothesized. Temperature and light were identified as critical environmental 
cues: higher temperatures accelerated germination, while light promoted germination under cooler 
conditions, aligning seedling emergence with favorable spring conditions[3]. In addition to these 
environmental factors, seed wings play a significant role in inhibiting germination, likely through 
release of chemical inhibitors. This dual mechanism of environmental regulation and wing-mediated 
inhibition works together to synchronize seedling emergence with the optimal spring growing 
season, ensuring successful establishment in harsh subalpine habitats. 

3.1. Seed Morphological Characteristics and Their Ecological Implications 

Smith fir seeds are elongated ovoids with translucent membranous wings, a typical feature 
among conifers that aids in wind dispersal. The seeds measure 11.52 ± 0.01 mm in length and 7.23 ± 
0.034 mm in width, with a thousand-seed weight of 8.59 ± 0.03 g, which is within the typical range 
for Abies species (6–149g) [23,24]. Typically, higher elevations tend to produce smaller seeds[25], a 
paĴern also observed in Abies species(Figure 3). Although Smith fir seeds are not exceptionally large, 
reduced seed mass at higher elevations likely enhances wind dispersal. This paĴern reflects a trade-
off between dispersal efficiency and offspring provisioning, with lighter seeds favoring dispersal at 
the alpine treeline[26]. 

Smith fir’s small seed size and large wings strike a balance between stress resistance and 
dispersal efficiency. Larger seeds generally provide better seedling establishment in harsh conditions, 
but Smith fir’s smaller seeds with large wings are more effectively dispersed by wind, facilitating 
colonization in high-altitude habitats. This trade-off in seed characteristics supports its survival and 
establishment at altitudes above 4400 m[27], making Smith fir one of the highest-elevation forest 
species globally[28,29]. 

3.2. Response of Seed Germination to Temperature and Light 

Temperature is a critical environmental factor regulating seed germination [30]. In this study, 
Smith fir seeds exhibited optimal germination (48%)at 15/2-25/5 °C, with increasing temperatures 
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significantly enhancing germination percentages and reducing mean germination time (MGT) 
(Figure 4, Figure 5), indicating strong thermal adaptability. The initial germination temperature 
requirement being relatively high in some alpine plants is explained in terms of adaptation to 
environmental cues that ensure seeds germinate only when conditions are favorable for seedling 
survival[3]. 

A significant interaction between temperature and light (P < 0.001) was detected. Light promoted 
germination under low temperatures (5/1 °C), whereas its effect diminished at higher temperatures, 
where germination remained high regardless of light (Figure 4). This paĴern suggests a seasonal shift 
in germination cues, from light-mediated initiation in early spring to temperature-driven 
germination later in the season. This indicates that light acts as an important cue under suboptimal 
temperature conditions, signaling the onset of favorable conditions after snowmelt. Similar light–
temperature interactions have been observed in other temperate and alpine species, such as Corylus 
avellana, where light promotes germination during early spring when soils are cold but snow-
free[31,32]. Such a light-mediated response likely enables Smith fir seeds to germinate soon after 
snowmelt, maximizing the limited window for seedling establishment within the short subalpine 
growing season. 

3.3. Seed Dormancy Type 

According to the dormancy classification by Baskin & Baskin[3], Smith fir appears to exhibit 
conditional dormancy (CD), with delayed germination under suboptimal conditions. Seeds 
germinated readily at 15/2  and 25/5 °C, but were substantially delayed under 5/1 °C. However, after 
four weeks at 5/1°C, germination percentages significantly increased, particularly under light, 
suggesting that Smith fir seeds may exhibit conditional dormancy, and cold exposure acts as a 
stratification cue for dormancy release. Cold-induced dormancy release has been reported in many 
of other alpine species, including Primula [33] and Jeffersonia dubia [34]. These findings highlight an 
adaptive germination strategy of Smith fir that enables seedling establishment under the harsh 
conditions of high-altitude subalpine environments. 

3.4. Ecological Role of Seed Wings in Germination 

Although the role of seed appendages in regulating germination has been extensively studied 
in angiosperms [13,16,35,36], investigations into the functional role of seed wings in gymnosperms 
remain limited. Seed wings, a characteristic of many gymnosperms, have been shown to influence 
germination dynamics, yet their exact role remains poorly understood. Our findings demonstrates 
that seed wings significantly inhibit germination, as both intact and mixed seed treatments exhibited 
lower germination rates compared to de-winged seeds (P < 0.001; Figure 6). No significant difference 
was observed between intact and mixed seeds, both of which showed significantly lower germination 
percentages than de-winged seeds (P < 0.001; Figure 7). This suggests that the inhibitory effect of seed 
wings may be due to the presence of germination inhibitors within the wings, which may reduce seed 
germinability. 

This mechanism aligns with in other species where seed apendages play a similar inhibitory role 
through mechanical barriers or inhibitory compounds[37,38]. For example, in Welwitschia mirabilis, 
persistent desiccated bracts surrounding the seeds have been found to suppress germination, and 
their removal accelerates seed germination[39]. Similarly, in our study, intact seeds displayed 
relatively low germination percentages in controlled conditions (Figure 4), suggesting that in 
addition to dormancy-related constraints, seed wings may play a direct role in regulating 
germination timing. 

The role of seed appendages varies according to plant biology and the ecological environment. 
In arid environments, structures such as pappi or pubescence promote rapid water uptake, 
facilitating germination under moisture-limited conditions [40,41]. In contrast, thick seed wings or 
impermeable seed coats act as physical or chemical barriers that delay germination by restricting 
water imbibition or releasing inhibitory compounds, particularly under ecologically unfavorable 
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conditions[42,43]. These contrasting mechanisms reflect diverse adaptive strategies plants use to 
optimize germination timing across variable environments. 

In the case of Smith fir, seed wings effectively prevent germination during the warm autumn, 
while conditional dormancy ensures that germination dos not occur prematurely during the cold 
winter. As temperatures rise and snow melts, seed wings soften and decompose, reducing their 
inhibitory effects., This, in turn, allows germination to occur as soil moisture and nutrient availability 
increase, creating favorable conditions for seedling establishment[44].This integrated germination 
strategy ensures that germination is synchronized with optimal spring conditions, enhancing 
seedling survival. 

3.5. Integration of Temperature, Light, and Seed Wings in Regulating Germination Timing 

The interaction between temperature and light is pivotal in regulating seed germination, with 
light acting as a key environmental cue under low-temperature conditions. The inhibitory effects of 
seed wings prevent germination in autumn, while Smith fir seeds likely require winter chilling to 
break dormancy. Together, these factors—temperature, light, and seed wings—precisely regulate 
germination timing, ensuring that seedling emergence occurs under optimal spring conditions. 

Despite the insights gained from this study, several limitations must be acknowledged. 
Laboratory-based germination experiments may not fully capture the complexity and variability of 
natural alpine environments. Furthermore, the physiological and biochemical mechanisms 
underlying seed wing-mediated inhibition remain largely unexplored. Future research should 
combine field-based investigations with detailed physiological and biochemical analyses to more 
thoroughly elucidate the role of seed appendages in regulating germination and facilitating 
ecological adaptation in high-altitude ecosystems. 

4. Materials and Methods 

4.1. Study Area 

Seed collection was conducted in the Sygera Mountains, Nyingchi Prefecture, Tibet 
Autonomous Region (29°10′ N – 30°15′ N, 93°12′ E – 95°35′ E), at elevations ranging from 3200 to 4728 
m. The region is features by a subalpine, cold-temperate, semi-humid climate, represents the typical 
habitat of Smith fir. 

4.2. Seed Collection 

Seeds were collected in late October 2023 from 30 reproductively mature, healthy Smith fir trees, 
randomly selected within a natural forest stand. To minimize the genetic similarity, trees were spaced 
at least 50 m apart. Mature cones were harvested using a pole pruner from sun-exposed branches to 
ensure the collection of physiologically mature seeds. 

4.3. Seed Extraction 

Cones were air-dried at room temperature (ca. 15°C) for 10 days to promote natural seed 
dehiscence. Once opening, seeds were manually extracted by gently shaking and tapping the cones. 
Debris, cone scales, and damaged seeds were removed by hand. Approximately 2000 seeds were 
collected and stored under cool, dry conditions until germination experiments in November 2023. 

4.4. Seed Morphological Characteristics 

The length and width of intact and de-winged seeds were measured using a vernier caliper (0.01 
mm precision). Fifty seeds per treatment were measured for three replicates, and the results were 
averaged. Seed weight was determined as the mass of 1000 seeds using an analytical balance (0.0001 
g precision). One thousand seeds per replicate were randomly selected, and the measurement was 
repeated three times to obtain the average weight. 
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4.5. Effect of Temperature and Light on Seed Germination 

To assess the impact of temperature and light on seed germination, seeds were incubated under 
three alternating temperature regimes: 5/1 °C (representing October and May), 15/2 °C (June and 
September), and 25/5 °C (July to August), reflecting the daily mean maximum and minimum 
temperatures during the growing season at the study site [45]. For each temperature regime, two light 
conditions were tested: a 12h light/12h darkphotoperiod (simulating spring to autumn conditions), 
and continuous darkness (simulating low-light environments such as snow or forest liĴer). Petri 
dishes forthe dark treatment were wrapped in aluminum foil to block light. Seeds were placed in 60 
mm Petri dishes lined with two layers of moistened filter paper. Each treatment had four replicates 
of 25 seeds. Germination, defined as radicle emergence, was monitored weekly for a period of eight 
weeks. 

4.6. Effect of Seed Wings on Germination 

To evaluate the effect of the seed wing, three different treatments were applied: intact seeds, 
mixed seeds (wings removed and mixed with the seeds ), and de-winged seeds. Seeds were placed 
in 60 mm Petri dishes with two layers of moistened filter paper, and incubated under an alternating 
temperature regime of 25/5 °C (12 h light/12 h dark). Each treatment included four replicates of 25 
seeds, and germination was monitored weekly as described above. 

Mean germination time (MGT) was calculated using the formula from Ellis & Roberts [46]: 
                          MGT =  ∑஽௡

∑௡
                               (1) 

where n is the number of seeds that germinate on the D-th day, and D is the number of days counted 
from the beginning of germination. 

5. Conclusions 

This study elucidates the mechanisms by which Smith fir seeds regulate germination timing 
through interactions between environmental cues and intrinsic traits. Germination is governed by 
conditional physiological dormancy that is released by exposure to low temperatures and influenced 
by light availability, while wing-associated chemical inhibitors impose additional constraints. The 
integration of these physiological and morphological mechanisms ensures that germination occurs 
under favorable spring conditions, thereby enhancing seedling establishment in high-altitude 
subalpine forests. Collectively, these findings highlight how dormancy regulation and seed 
morphology interact to shape regeneration strategies of conifers in cold mountain environments. 
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