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Abstract 

 

The reproductive characteristics of Tetracentron sinense Oliv. an endangered plant, were studied at different altitudes. 

The effects of climate warming on the future natural regeneration of T. sinense were investigated indirectly by simulating 

climate change with altitude gradient. The results showed that the flowering of T. sinense at low altitude started earlier than 

that at high-altitude. With the increase in altitude, the length of inflorescence and infructescence was decreased, while the 

single flower area, the length of long stamens, short stamens, and pistil were increased. Analysis of the proportion of 

components in the infructescence of T. sinense showed that the proportion of pericarp biomass was decreased, but the 

proportion of seed biomass was increased with increasing altitude. The pollen count and P/O value of T. sinense were 

significantly higher at mid-altitude compared to other altitudes. Furthermore, the length, width, and thickness of T. sinense 

seeds were indirectly proportional with the increase in altitude. T. sinense at low altitude had lower seed germination and 

germination potential. These changes will ultimately hinder the reproduction process of T. sinense and are not conducive to 

the regeneration and reproduction of the existing T. sinense population. 
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Introduction 

 

In recent years, climate warming has become the main 

trend of global climate change (Parmesan & Yohe, 2003; Hu 

et al., 2019; Kondrashin et al., 2022). According to the 

assessment of the Six Assessment Report submitted by the 

Intergovernmental Panel on Climate Change, global 

warming would reach 1.5℃ in the 2030s, and then exceed 

the temperature control target by 1.6℃ (Wei et al., 2020). 

To adapt to ever-increasing temperatures, plants have 

undergone great changes in many aspects, such as 

geographical distribution, population pattern, morphological 

structure, physiological process, and reproductive 

characteristics (Kolanowska et al., 2017; Chen et al., 2019; 

Zamin et al., 2019; Freimuth et al., 2022). Among these 

changes, reproduction, as an important part of plant life 

history, determines whether is there any regeneration of the 

plant population. Therefore, the impact of climate warming 

on reproductive characteristics in plants has attracted much 

attention (Gao et al., 2015). 

Numerous studies have shown that environmental 

factors, especially temperature, will change with the 

elevation gradients, which provides an ideal condition for 

studying the ecological adaptability of plants during the 

warming period (Kim et al., 2013; Julie et al., 2016). For 

example, Daco et al., (2021) studied populations of 

Anthyllis vulneraria at an altitudinal gradient from 500 m 

to 2500 m above sea level in the Alps and found that future 

climate warming may have an impact on the growth and 

development of mountain plants. Similarly, by comparing 

the floral phenology of Primula palinuri at different 

altitudes, Aronne et al., (2015) found that P. palinuri 

bloomed earlier and had a longer flowering period in low-

altitude areas of the Mediterranean, which is a strategy for 

plants to cope with global warming. Therefore, a simple 

and feasible method is proposed to indirectly predict the 

effect of climate warming on the plant growth process by 

using space (altitude) instead of time. 
Tetracentron sinense Oliv, a tall deciduous tree of the 

family Trochodendraceae, is mainly distributed in central 
and southwest China (Li et al., 2021a) and usually grows at 
an elevation of 1100-3500 m. Due to its ornamental and 
medicinal values, T. sinense has been over-harvested, 
resulting in poor regeneration of its natural population 
(Martyn et al., 2007). Therefore, it has been listed in 
Appendix Ⅲ of the Convention on International Trade in 
Endangered Species of Wild Fauna and Flora (Wang et al., 
2006). Presently, researches on population regeneration 
showed that there is a dating phenomenon in T. sinense age 
structure, which is mainly manifested in the few saplings and 
seedlings in T. sinense populations. It is suggested that the 
reason for this phenomenon might be due to the obstacles in 
its reproductive process caused by climate warming (Gan et 
al., 2013; Li et al., 2018; Tian et al., 2018; Li et al., 2020; 
Lu et al., 2020; Fan et al., 2021). Does climate warming 
affect the reproduction process of T. sinense and lead to 
changes in its distribution pattern? How would T. sinense 
populations behave in the future during the warming period? 
Understanding these issues will give us better understanding 
to evaluate the survival and adaptability of T. sinense in the 
future. In this study, we used altitude gradients to simulate 
climate changes and analyzed the differences in flowering 
phenology, floral biology, and fruit and seed characteristics 
of T. sinense at different altitudes. The aims of this study are 
(1) to reveal the effects of altitude on the reproductive 
strategies of T. sinense, (2) to predict the effects of future 
climate warming on the population reproduction and natural 
regeneration of T. sinense, and (3) to provide a basis for the 
protection and rational utilization of T. sinense. 
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Material and Method 

 
Study area: The study was conducted in Dafengding Nature 
Reserve (103°8′51.3″~103°9′1″E, 28°47′8.3″~28°46′16.6″N) 
in Meigu County, Liangshan Prefecture, Sichuan Province, 
China. The study area is located on the southeastern margin of 
the Qinghai-Tibet Plateau and characterized by a humid 
climate of the central subtropical monsoon, with the annual 
average temperature of 9.6-11.4℃, the total annual rainfall is 
1100 mm and the average annual relative humidity is 80% (Li 
et al., 2021b) (Fig. 1).  

 
Selection of samples: T. sinense in Dafengding Nature 
Reserve is mainly distributed at an altitude range of 2000-
2500 m. According to the method of Li et al., (2015), three 
altitude gradients were selected (low-altitude: 2012-2039 
m; mid-altitude: 2140-2182 m; high-altitude: 2294-2342 m) 
and temperature, humidity, light intensity, and canopy 
density were surveyed at each altitude using Agricultural 
Environment Monitor (TNHY-5, Zhejiang Top Yunnong 
Technology Co., Ltd., China) (Table 1). According to the 
result of Li et al., (2015), the reproductive processes of T. 
sinense were divided into four stages, among which the 
individuals with a diameter at breast height (DBH) of 35-
45 cm are in the reproductive peak stage. Therefore, 6 

individuals with a DBH of 35-45 cm at each altitude were 
selected, and a total of 18 individuals were selected as 
samples (Table 1). 

 

Floral phenology: Floral phenology of T. sinense at three 

altitudes was continuously observed from April to August 

2019. Specifically, the time of buddings flowering 

initiation (25% flowers open), peak flowering (50% 

flowers open), final flowering (less than 25% flowers 

open), and the termination for 18 individuals were 

observed according to the method of Dafni (1992). 

 

Floral morphology: Thirty inflorescences were randomly 

selected from the middle layer of the sunny canopy in each 

individual during the flowering peak stage, and the length 

of the inflorescences was measured with a ruler. Similarly, 

thirty flowers were also randomly selected from each 

individual, and the length of long stamens, short stamens 

and pistil, as well as the distance from long or short stamen 

anthers to pistil stigmas, were measured with electronic 

digital vernier caliper, with an accuracy of 0.01 mm (Guilin 

Guanglu Digital Measurement and Control Co., LTD. 

Model: 0-150). The above measurement operations were 

repeated three times. 

 

 
 

Fig. 1. Schematic diagram of study area. 

 

Table 1. Habitat factors in three altitude areas. 

Altitude Ⅰ Ⅱ Ⅲ 

Temperature (℃) 21.055 ± 0.406 20.341 ± 0.434 19.492 ± 0.463 

Humidity (%) 67.454 ± 0.978 70.254 ± 1.248 73.917 ± 1.339 

Light intensity (lx) 58619.833 ± 5310.204 45501.292 ± 3479.641 28574.292 ± 2731.399 

Canopy density (%) >70 >70 >70 
Note: I: Low altitude (2012~2039 m), II: Medium altitude (2140~2182 m), III: High altitude (2294~2342 m) 
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Pollen-ovule ratio: Thirty flowers were randomly selected 

from each individual. Then, two long anthers of a single 

flower were mashed with tweezers, and a 10 ml suspension 

of pollen grain was made with 95% ethanol solution on a 

blood count plate, and the pollen grains were counted under 

a microscope (Motic BA410, China). The ovules were 

counted after ovaries were dissected under Leica 

stereoscopic microscope (SAPO Stereozoom 1.0x-8.0x, 

Switzerland). Pollen-ovule ratio (P/O) was calculated 

according to the criteria of Cruden (1977). 

 

Infructescence characteristics: As previously described, 

thirty infructescences were randomly selected from each 

individual before the seeds dispersed, and the length of 

infructescences was measured with a ruler. The 

infructescences were placed in the oven (DHG-9140A, 

China) at 80℃ to dry to constant weight, and the biomass 

proportion of infructescence axis, pericarp, and seeds in 

infructescences were calculated using the following 

formulae. Lastly, the number of seeds in each infructescence 

was calculated with a counter (F60158, China). 

Biomass propotion of infructescence axis = 
Biomass of infructescence axis 

x 100 % ……..….. (1) 
Biomass of infructescence 

 

Biomass propotion of pericarp = 
Biomass of pericarp 

x 100 % ……..….. (2) 
Biomass of infructescence 

 

Biomass propotion of seeds = 
Biomass of seeds 

x 100 % ……..….. (3) 
Biomass of infructescence 

 

Seed characteristics: One thousand seeds were randomly 

selected from each individual and then weighed using an 

electronic scale (BSA224S-CW, China). Afterwards, the 

seeds were placed in the oven at 105℃ to dry to constant 

weight. The dry weight and water content were calculated 

according to the description of Luo et al., (2010). Seed 

plumpness was evaluated using a stereoscopic microscope 

(Motic SMZ-168, China) as described by Chen (2018). 

In addition, also randomly selected one thousand seeds 

from each individual and measured the length, width, and 

thickness of the seeds were measured using the Motic 

stereo microscopy system (Motic SMZ-168, China). The 

seeds were then sterilized by soaking in 0.1% NaClO 

solution and washed with distilled water. The seed 

germination rate and germination potential were 

investigated under the conditions of a constant temperature 

of 25℃, humidity of 80%, the light intensity of 18.5 

μmol/m2·s, and light for 8 h/d (Chen, 2018). 

 

Statistical analysis 

 

Statistics and plotting were performed using Excel 2019 

and Origin 2018 respectively. One-way ANOVA analysis of 

variance and Duncan’s multiple range test was also used for 

comparison between different treatments. If the data met the 

homogeneity of variance, the Duncan test was used for 

comparative analysis; if the data did not conform the 

homogeneity of variance, multiple comparative analyses 

were performed using Dunnett's T3 test. 

 

Results 

 

Flowering phenology of T. sinense at different altitudes: 

Flower buds of T. sinense at low-altitude (2012-2039 m) 

appeared in early April. Flowering began in early June, 

reached its peak in early July, and ended in mid-July. At 

mid-altitude (2140-2182 m), T. sinense flower buds 

appeared in mid-April, began to bloom in mid-June, peak 

was reached in mid-July, and ended at the end of July. At 

high-altitude (2294-2342 m), the buds appeared at the end 

of April, began to bloom at the end of June, peak reached 

at the end of July, and ended in early August (Fig. 2A-D). 

Overall, the T. sinense at low-altitude had an earlier 

flowering time of flower bud stage, and initiation, peak, 

and termination compared with those at higher altitudes. 

 

Floral morphology of T. sinense at different altitudes: 

The inflorescence length of T. sinense was decreased with 

increasing altitude, and the difference was significant 

among the three altitudes (p<0.05). In addition, there was 

no significant difference in single flower areas of T. 

sinense between low-altitude and mid-altitude (p>0.05), 

but the index was increased significantly at high-altitude 

(p<0.05) (Table 2). 

There were no significant differences in the length of 

long stamens, short stamens, and pistil at low and mid 

altitudes, however, there was a significant increase at high-

altitude (p<0.05). In addition, an interesting result 

presented that the distance between the anthers of long 

stamen and stigma was negatively correlated with altitude, 

while an opposite trend occurred in the distance between 

the anthers of short stamen and stigma (p<0.05) (Table 2). 

Furthermore, pearson correlation and linear model 

regression analysis showed that inflorescence length was 

significantly negatively correlated with altitude (R2=0.4045, 

p<0.01) (Fig. 3A), while the single flower area, the length of 

long or short stamens, and pistil were significantly positively 

correlated with altitude (R2=0.0491, p<0.01; R2=0.1217, 

p<0.01; R2=0.4806, p<0.01; R2=0.3297, p<0.01; respectively) 

(Fig. 3B-E). 
 

The pollen-ovule ratio of T. sinense at different 

altitudes: The number of pollen grains presented a 

maximum value at mid-altitude, which significantly 

differed from other altitudes (p<0.05). Moreover, there was 

no significant difference in the number of ovules among 

different altitudes (p>0.05). Therefore, T. sinense at mid-

altitude had a higher ratio of pollen-ovule compared with 

those at low and high altitudes (p<0.05) (Table 3). 
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Fig. 2. Flowering phenology of T. sinense at different altitudes. 

(A) The time of buddings. (B) The time of flowering initiation. (C) The time of flowering peak. (D) The time of flowering termination. 

The red circle represents six trees at altitude Ⅰ (2012-2039 m). The green triangle represents six trees at altitude Ⅱ (2140-2182 m). The 

blue diamond represents six trees at altitude Ⅲ (2294-2342 m). 

 

 
 

Fig. 3. Trends of floral characteristics at different altitudinal gradients. 

(A) The infloresence length of T. sinense at different altitudes (p<0.01). (B) The single flower area of T. sinense at different altitudes 

(p<0.01). (C) The long stamen length of T. sinense at different altitudes (p<0.01). (D) The short stamen length of T. sinense at different 

altitudes (p<0.01). (E)The pistil length of T. sinense at different altitudes (p<0.01). 
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Table 2. Characteristics of floral morphology of T. sinense at different altitudes. 

Characters Ⅰ Ⅱ Ⅲ 

Inflorescence length (mm) 151.538 ± 1.821a 143.623 ± 1.626b 126.436 ± 1.266c 
Single flower area (mm2) 4.438 ± 0.114b 4.219 ± 0.085b 4.837 ± 0.090a 
Long stamen length (mm) 3.125 ± 0.055b 2.722 ± 0.038b 3.566 ± 0.045a 
Short stamen length (mm) 2.006 ± 0.045b 2.070 ± 0.034b 2.727 ± 0.034a 
Pistil length (mm) 1.179 ± 0.023b 1.200 ± 0.015b 1.410 ± 0.014a 
Inflorescence length (mm) 151.538 ± 1.821a 143.623 ± 1.626b 126.436 ± 1.266c 
Distance between long stamen anther and stigma (mm) 1.978 ± 0.032a 1.769 ± 0.026b 1.571 ± 0.020c 
Distance between long stamen anther and stigma (mm) 0.862 ± 0.012c 0.975 ± 0.010b 1.064 ± 0.018a 

Note: The data in the table are average values ± standard errors; different lowercase letter indicates significant differences between the 

measured data at different altitudes (p<0.05)  

 
Table 3. Characteristics of pollen-ovule of T. sinense at different altitudes. 

Characters Ⅰ Ⅱ Ⅲ 

Number of pollen grains (P) 20909.091 ± 1760.447b 29318.182 ± 2262.423a 19375.000 ± 1601.418b 
Number of ovules (O) 25.136 ± 0.100a 25.227 ± 0.113a 25.227 ± 0.113a 
Ratio of pollen grains to ovules (P/O) 831.148 ± 70.350b 1162.471 ± 90.525a 771.074 ± 64.249b 

 
Table 4. Characteristics of reproductive organ of T. sinense at different altitudes. 

Characters Ⅰ Ⅱ Ⅲ 

Infructescence length (mm) 149.883 ± 2.098a 126.210 ± 1.634b 106.539 ± 1.216c 
Infructescence weight (g) 0.193 ± 0.004b 0.234 ± 0.008a 0.205 ± 0.006b 
Ratio of infructescence axis distribution (%) 19.434 ± 0.760a 19.946 ± 0.583a 18.238 ± 0.482a 
Ratio of pericarp distribution (%) 69.180 ± 0.690a 62.044 ± 0.713b 63.323 ± 0.765b 
Ratio of seeds distribution (%) 11.386 ± 0.650b 18.010 ± 0.349a 18.439 ± 0.960a 
Seed number per fruit 425.600 ± 20.536c 666.211 ± 38.455a 537.539 ± 32.465b 

 
Table 5. Characteristics of seeds of T. sinense at different altitudes. 

Characters Ⅰ Ⅱ Ⅲ 

Weight of 1000 seeds (g) 0.0688 ± 0.0005b 0.0729 ± 0.0004a 0.0681 ± 0.0005b 
dry weight (g) 0.0635 ± 0.0004b 0.0683 ± 0.0005a 0.0639 ± 0.0004b 
water content (%) 7.6427 ± 0.2161a 6.2759 ± 0.1296b 6.1279 ± 0.2185b 
Plumpness (%) 51.9307 ± 0.2955b 60.6522 ± 0.6426a 47.7262 ± 0.3186c 
Seed length (mm) 2.978 ± 0.027a 2.779 ± 0.024b 2.240 ± 0.021c 
Seed width (mm) 0.561 ± 0.010a 0.488 ± 0.009b 0.496 ± 0.009b 
Seed thickness (mm) 0.334 ± 0.004a 0.323 ± 0.004a 0.283 ± 0.005b 
germination rate (%) 64.523 ± 0.880b 70.908 ± 0.604a 49.323 ± 1.114c 
germination potential (%) 26.750 ± 3.646b 38.083 ± 3.519a 12.917 ± 2.069c 

 
The infructescence characteristics of T. sinense at 
different altitudes: The length of inflorescence was 
decreased with increasing altitude, and there was a 
significant difference in the inflorescence among the three 
altitudes (Table 4). In addition, the infructescence weight 
of T. sinense at mid-altitude had a maximum value, which 
significantly differed from other altitudes (p<0.05). 

There was no significant difference in the biomass 
proportion of the infructescence axis in T. sinense at different 
altitudes (p>0.05). However, the biomass proportion of 
pericarp in infructescence was decreased with increasing 
altitudes, and the biomass proportion of seeds in 
infructescence was increased with increasing altitude (p<0.05). 
Moreover, the infructescence at mid-altitude had more seeds 
compared with other altitudes (p<0.05) (Table 4). 

Furthermore, Pearson correlation and linear model 
regression analysis showed that infructescence length and 
the biomass proportion of pericarp in infructescence were 
both significantly negatively correlated with altitude 
(R2=0.5059, p<0.01; R2=0.4524, p<0.01; respectively) (Fig. 
4A-B). Whereas, the biomass proportion of seeds in 
infructescence and seed number per fruit were increased 
with increasing altitude (R2=0.0239, p<0.01; R2=0.0468, 
p<0.01; respectively) (Fig. 4C-D). 

The seed characteristics of T. sinense at different 
altitudes: The 1000-grain weight and dry weight of T. 
sinense seeds at mid-altitude were significantly higher than 
those at low and high altitudes (p<0.05). In addition, the 
seeds at low-altitude had the highest water content, which 
significantly differed from other altitudes (p<0.05). As the 
altitude increased, the plumpness of T. sinense increased 
first and then decreased (Table 5). 

There was a significant decrease in seed length with the 
increase in altitude (p<0.05). Meanwhile, the seed width and 
seed thickness of T. sinense tend to decrease with increasing 
altitude (p<0.05) (Table 5). Pearson correlation and linear 
model regression analysis also showed that there was a 
negative correlation between seed characteristics and altitude 
(R2=0.5881, p<0.01; R2=0.0754, p<0.01; R2=0.1966, p<0.01; 
respectively) (Fig. 5A-C). 

The germination rate and germination potential of seeds 
were significantly different among different altitudes, with the 
maximum at mid-altitude (p<0.05). Instead, the two indices 
both reached the minimum at high-altitude, indicating the low 
fitness of seeds at high-altitude. Pearson correlation and linear 
model regression analysis also exhibited that the germination 
rate and germination potential were both negatively correlated 
with altitude (R2=0.2900, p<0.01; R2=0.1800, p<0.01; 
respectively) (Fig. 5D-E). 
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Fig. 4. Trends in reproductive characteristics of fruiting stages at different altitudinal gradients. 

(A) The infructescence length of T. sinense at different altitudes (p<0.01). (B) The ratio of pericarp distribution of T. sinense at different 

altitudes ((p<0.01)). (C) The ratio of seeds distribution of T. sinense at different altitudes ((p<0.01)). (D) The seed number per fruit of 

T. sinense at different altitudes ((p<0.01)). 

 

 
 

Fig. 5. Trends in seed characteristics at different altitudinal gradients. 

(A) The seed length of T. sinense at different altitudes (p<0.01). (B) The seed width of T. sinense at different altitudes (p<0.01). (C) The 

seed thickness of T. sinense at different altitudes (p<0.01). (D) The germination rate of T. sinense at different altitudes (p<0.01). (E) The 

germination potential of T. sinense at different altitudes (p<0.01). 
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Discussion 

 

Effects of altitude on flowering phenology of T. sinense: 

Generally, altitude has an important effect on flowering 

phenology (Wang et al., 2022). For example, based on 

phenological observations of park rangers for 21 plant 

species at 24 sites from 680 to 1425 m above sea level, 

Cornelius et al., (2013) showed that phenological periods 

and species were highly dependent on inter-annual 

temperature changes and altitude. Similarly, Wang et al., 

(2022) found that in the flowering phenology of 

herbaceous in the Qilian Mountains, the flowering time 

of low-altitude communities were generally earlier than 

that of high-altitude communities. Likewise, our study 

showed that the flowering time of the flower bud stage, 

and initiation, peak, and ending of T. sinense at low-

altitude were earlier than those of the high-altitude 

population, which was somewhat consistent with the 

previous work obtained by Gan et al., (2013). Studies 

have shown that the temperature at low altitudes is higher 

than that at high-altitude, and the suitable temperature can 

accelerate the opening of flower buds and advance the 

flowering and fruiting stage (Wang et al., 2014; Gugger 

et al., 2015). Our monitoring of temperature changes also 

showed as the altitude increased, the temperature 

gradually decreased (Fig. 6). Therefore, we proposed that 

the temperature difference caused by the altitude 

gradients was the main reason for this phenomenon. 

Through long-term monitoring, we also found that the 

flowering time of T. sinense at the same altitude in 2021 

was 15-20 days earlier than that in 2013, which was 

presumed to be related to global warming. 

 

 
 

Fig. 6. The annual change trend of the average temperature in 

April and June in the study area Effects of altitude on floral 

characteristics of T. sinense. 

 

In different environments, plants are differently 

affected by environmental factors, resulting in specific 

geographical variations in floral characteristics (Paiaro et 

al., 2012). In this study, the inflorescence length of T. 

sinense decreased, while the single flower area, the length 

of long stamens, short stamens, and pistil increased with 

increasing altitude, suggesting a significant impact of 

altitude on the floral characteristics of T. sinense. The 

result was consistent with the results of Malo et al., (2010), 

in which the flower size of Cytisus scoparius in the 

Guadarrama Mountains was increased with altitude. 

Likewise, Madd et al., (2013) found that the flower size of 

Campanula rotundifolia also increased with increasing 

altitude. We proposed that a larger single-flower area of T. 

sinense at higher altitudes could enhance the attraction to 

pollinators, longer stamens facilitate pollen dispersal, and 

longer pistils are more conducive to pollen reception, 

reducing the barrier of perianth segments from pollen 

dispersal. These plastic adjustments in floral characteristics 

enable T. sinense to efficiently complete pollination in 

high-altitude harsh environments, thereby compensating 

for the adverse effects on pollination (Wang et al., 2012), 

thus improving pollination efficiency and ensuring the 

successful reproduction of the species. 

The previous study has shown that T. sinense tends to 

live in an environment with high humidity and low 

temperature, and the flowering time of T. sinense coincides 

with the rainy season (Gan et al., 2013). To adapt to this 

unfavorable environment, T. sinense has evolved two types 

of stamens, long and short. Long stamens are the main 

pollination structure, while short stamens are 

complementary to pollination, which begins to shed pollen 

after long stamens have finished shed pollen after long 

stamens have completed their dispersion. In this study, an 

interesting phenomenon was found that the distance 

between the anthers of long or stamen and stigma was 

greatly affected by the altitude. At the higher altitude the 

long stamens were close to the stigma, and the short 

stamens were away from the stigma. The distance of long 

or short stamens to stigma showed opposite trends along 

the elevation gradient, which may be related to the 

efficiency of pollination. As the altitude decreases, the 

ambient temperature increases and the wind speed slows 

down, and the species and numbers of pollinators are larger, 

the flowering phenology of T. sinense is earlier. As a result, 

its pollination mode preferred cross-pollination. Therefore, 

compared with high altitude, the long stamen anthers were 

farther from the stigma in low altitude, showing the 

adaptive characteristics of cross-pollination, while the 

short stamen anther closer to the stigma was a reproductive 

guarantee for T. sinense when cross-pollination was 

unsuccessful (ensuring reproductive success by self-

pollination). The trade-off between long and short stamens 

anthers and stigma spacing with elevation is designed to 

ensure the efficiency and quality of pollination. 

The pollen-ovule ratio of T. sinense in the three 

altitudes all ranged from 771.07 to 1162.47, indicating a 

breeding system with facultative hybridization, which is 

consistent with our previous result (Gan et al., 2013). The 

pollen quantity and pollen-ovule ratio in a flower of T. 

sinense were significantly higher at mid-altitude than those 

at low and high altitudes. Combined with the actual field 

survey, the result may be due to the more open terrain 

environment at mid-altitude, where increasing the pollen 

quantity is conducive to the success of wind pollination. 

 

Effects of altitude on infructescence characteristics 

of T. sinense: Plants in different periods of life history 
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maintain the physiological function of different organs 

according to the needs of life activities, and then 

reasonably allocate resources, leading to the different 

allocation strategies of plant resources in different 

phenological periods (Liang, 2008). In this study, the 

length of T. sinense infructescence was decreased with 

the increase of altitude, our findings are consistent with 

the results from Betula in Qingling Mountains, Oryza 

sativa subsp. japonica and Zea mays (Ren, 2014; Zheng 

et al., 2020; Yang, 2020). The dry weight and seed yield 

of infructescence were significantly greater than those 

at the other two altitudes, which may be related to the 

higher pollen yield during the flowering period. Some 

studies have also found that there is a significant 

correlation between seed number and pollen number of 

plants at different elevations (Qi et al., 2019). Besides, 

the proportion of pericarp biomass and seed biomass in 

an infructescence showed an opposite trend with 

changing altitude. With increasing altitude, the 

proportion of pericarp biomass decreased, and the 

proportion of seed biomass increased, indicating a trade-

off relationship. In general, seed biomass represents the 

energy of seed storage, which is the embodiment of seed 

fitness, and can reflect the colonization ability of seeds 

to some extent (Lokesha, 1992; Boulli et al., 2001; 

Alexander et al., 2009). The higher the altitude, the 

harsher the environmental conditions are, and the seed 

investment of T. sinense reproductive components 

(infructescence) increase with increasing elevation, 

which helps to ensure the high fitness of seeds for 

successful colonization at high altitude. 

 

Effects of altitude on seed characteristics of T. sinense: 

To adapt to different selection pressures for the 

reproduction of the species, plants exhibit certain 

altitudinal patterns in their strategies for seed adjustment 

(Chen et al., 2020). The present study showed that the 

length, width, and thickness of T. sinense seeds 

continuously decreased with the increase in altitude, 

which was consistent with the findings of Holtmeier 

(1994). Higher altitudes tend to have a higher velocity of 

wind, so the small-size seeds of the T. sinense can drop 

and grow faster, which is a cost-effective method of 

survival adaptation. 

Our results showed that with the increase of altitude, 

the thousand-grain weight, dry weight, and plumpness of T. 

sinense seeds first increased and then decreased, and the 

seed biomass of mid-altitude was the largest, which was 

consistent with the results of Li et al., (2015). The greatest 

seed biomass of T. sinense appeared at mid-altitude, 

indicating that the seeds at mid-altitude were more suitable 

for colonization and had stronger survival ability. 

Additionally, the seeds at mid-altitude had the highest 

germination rate and germination potential, which might be 

related to the seed biomass. The seed biomass of T. sinense 

at the mid-altitude region was significantly higher than that 

in other altitudes, resulting in a higher seed germination 

rate and germination potential at mid-altitude, which was 

consistent with the results of Yao et al., (2017). 

Conclusion 

 

In conclusion, there was a significant impact of 

altitude on reproductive characteristics in T. sinense. Along 

the elevation gradient, there are obvious differences in the 

reproductive characteristics of T. sinense due to the 

temperature variation, and its reproductive strategies 

change with the elevation variation by using space (altitude) 

instead of time. We predict that climate change will affect 

the reproduction of T. sinense in the protected area. 

Increasing temperature will lead to early flowering, longer 

flowering period, longer maturity time for seeds, smaller  

flower-size, shorter stamen and pistil, reducing the flower 

fitness, and then affect the pollination process; however, 

the input ratio of infructescence to seed biomass will 

decrease, T. sinense will produce seeds with large size and 

light biomass, resulting in lower germination rate and 

germination potential, and then decreased seed fitness, 

which will affect the growth of seedlings. Therefore, we 

propose that under the background of global warming, the 

reproduction process of T. sinense will be hindered and its 

reproductive fitness will be reduced, which is not 

conducive to the regeneration and reproduction of the 

existing T. sinense populations. 

In view of the living conditions of T. sinense 

populations in the experimental area, the following 

suggestions are proposed based on the experimental 

analysis and results: (1) strengthen the protection of T. 

sinense in situ, especially for the distribution of T. sinense 

in the middle altitude area; (2) to increase ex-situ 

protection of T. sinense appropriately, and choose suitable 

habitats to help the sustainable survival and propagation of 

T. sinense population by artificial sowing or cutting. 
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