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Abstract  11 

Seed production, dispersal, germination, and seedling establishment are critical life phases in 12 

the trees. Understanding these processes is crucial to recognizing species composition and 13 

directional change in ecosystem restoration. This study aims to estimate seed production, 14 

dispersal, and fate of the seed population of A. procera (Roxb.) as well as to evaluate its 15 

seedling growth performance in relation to microclimates in the natural conditions. Seed 16 

production was estimated from 15 sampled trees for three years, and seed dispersal using 17 

circular sample plots. Additionally, seeds fall under the mother tree were estimated using 18 

seed traps. The mean seed production of A. procera was 145,352 seeds in 2022, 43,607 seeds 19 

in 2023, and 41,490 seeds in 2024 seed/plant and it significantly differed between years 20 

(P<0.001) and among individual trees. Strong positive correlations were found between total 21 

seed production and tree characteristics such as number of branches, mean number of sub-22 

sub-branches, inflorescences, crown height, and crown diameter. In contrast, a strong 23 

negative correlation was observed between seed dispersal and dispersal distance from the 24 

mother tree (r = - 0.908 in 2022, r = - 0.927 in 2023, and r = - 0.855 in 2024). A majority of 25 

the seeds produced (55.02% in 2022, 54.25% in 2023 and 52.92 in 2024) fell under the 26 

mother tree while seeds disappearance decreased with increasing distance from the mother 27 

tree. Further, relative seedling growth rate was strongly influenced by soil temperature, 28 

moisture and relative humidity indicating their important role in the successful establishment 29 

of A. procera in natural conditions. The findings of this study may help in growth monitoring 30 

of A. procera and restoration of degraded land. 31 

Keywords: Albzia procera, Seed Production and Dispersal, Dispersal Distance, Germination 32 
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1. Introduction  35 

Albizia procera (Roxb.) (Family Fabaceae) is a fast growing, medium sized tree with an open 36 

canopy that can reach up to a height of 30 m1,2.  It is native to India, America, Pakistan and 37 

Australia3 and found in tropical countries such as Myanmar, Thailand, Bangladesh, Malaysia, 38 

Laos, Cambodia, Vietnam4, Nepal, Indonesia, China, Burma, Andaman, Kenya, South Africa 39 

and Uganda5,1. Due to its varied adaptability and economic importance, A. procera is being 40 

planted in agroforestry systems including tea gardens reforestation, afforestation and social 41 

forestry programmes for restoration of degraded lands6,7. Besides, the species is reported to 42 

have high medicinal properties8,9. Additionally, it is extensively used for other purposes, such 43 

as its leaves are consumed as a vegetable2 and its bark used as a fish poison5,10. These 44 

extensive uses can impact the species status and reduce its distribution in its native area.  45 

Seed production, dispersal, germination and seedling establishment are critical phases in the 46 

life of a tree11,12. Understanding these processes is crucial to recognize species recruitment 47 

and directional change in ecosystem restoration11. Seed production is considered a critical 48 

bottleneck of tree life cycle13 and its variation may affect regeneration and numerous 49 

biological phenomena including interaction between plant and animal, vegetation dynamics 50 

and nutrient cycle14. The seed production may be limited by various external factors such as 51 

adverse climate, pollination failure, predation of flowers, fruits and leaves, wind speed etc.15 52 

and internal factors such as genetic condition, age and size of the tree16,17. These factors could 53 

lead to seed production reduction and significantly impact seed dynamic, seedling 54 

recruitment, and population dynamics of given species. Seed dispersal is another important 55 

link in the reproductive cycle of a tree from the end of the adult plant to the beginning of the 56 

new plant. The distance to which the seeds get dispersed has important ecological 57 

significance. For example, seed dispersal can avoid high density-depended mortality in close 58 

proximity to the parent plants18, while it can facilitate maintaining species diversity and may 59 

induce spatial accumulation of seeds and seedlings in pioneer trees19. Soil seed banks, on the 60 

other hand are influenced by seed production and dispersal and various governing factors that 61 

affect seed germination12,20. The fate of the seeds after dispersal from parent plants can be 62 

influenced by several microclimatic and biotic factors21 and in turn primarily determine the 63 

future population structure. It is therefore of paramount importance to have a complete 64 

understanding of the population dynamics of a species right from seed production to the fate 65 

of its seed population. However, there are very limited studies in trees that deal with 66 

population dynamics of seed and seedlings.  67 
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A review of literature reveals that studies on seed production, dispersal, fate of seed and 68 

seedling population dynamics of A. procera is lacking or very limited. A. procera is a pioneer 69 

fast growing legume tree having hard seed coat and this property of seeds results in reduced 70 

germination in wild22,23 which may cause seedling population mosaic or heterogeneity in 71 

natural conditions24,25. The results have shown that seed pre-treatments in A. procera6,23,26, 72 

can bring seedling population homogeneity in nursery and plantations7. We hypothesized that 73 

seed production in A. procera is influenced by age and size of the tree and interannual 74 

variation in resource availability and therefore, it will vary between years and among 75 

individual tree species. The seedling growth would be influenced by seed dispersal distance 76 

and microclimatic variables governing on the sites. The aims of this study were to examine 77 

the life cycle strategies of A. procera in terms of seed production, implication of seed 78 

dispersal distance on the fate of seed and seedling population dynamics, and in relation to 79 

microclimatic variables. To achieve these aims, we conducted field experiments in A. procera 80 

to address the following questions: a) is there variations in seed production between years and 81 

among individual trees?, b) how do the tree traits affect its seed production?, (c) does the seed 82 

dispersal distance influence seed viability/germination and survival rate?, and (d) which 83 

microclimatic variables affect the seedling growth the most?. The findings of this study are 84 

expected to contribute to seed dynamics, dispersal and restoration of A. procera in the forests. 85 

2. Material and Methods 86 

2.1 Study Area  87 

The study was carried out at Mizoram University (MZU) campus, located 15 km away from 88 

Aizawl city that encompasses roughly 980 acres of land and geographically located between 89 

23°39'52"-23°48'43"N and 92°39'49"-. 92°46'39"E (Fig. 1) and elevations ranging from 300 90 

meters to 880 meters above sea level. However, the campus harbors represent tropical wet 91 

evergreen and semi-evergreen forests, e.g. small biodiversity park and protected forested 92 

water catchment reserve in the north. Several streams flow through the campus27-29. The 93 

forest included diversified plants species, where Wapongnungsang et al.29 reported 384 plants 94 

belonging to 290 genera and 107 families and many grass species27. The region receives an 95 

average annual rainfall of approximately 1,850 mm, influenced heavily by the southwest 96 

monsoon, with most precipitation occurring between May and September. The mean annual 97 

temperature is about 21.6 °C, with summer highs reaching 30 °C and winter lows ranging 98 

between 10 - 12 °C (Meteorological data of Mizoram, Aizawl, 2023). 99 

 100 

 101 
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2.2 Data collection  102 

2.2.1 Seeds production 103 

The seeds production of A. procera was estimated from randomly selected 15 individual trees 104 

for three years (2022 to 2024). However, the seed production of each year was estimated by 105 

counting, number of branches, the average number of sub-branches, the average number of 106 

sub-sub-branches, the average number of inflorescences in sub-sub-branches and the average 107 

number of fruits per inflorescences before seed maturation and fall16. Additionally, in each 108 

tree, the mean number of inflorescences per sub-sub-branch was determined from 5-sub-sub-109 

branches randomly (Formula 1). While the average number of fruits per inflorescence was 110 

calculated from a random selection of 10 random inflorescences. Conversely, the mean 111 

number of seeds per fruit were estimated from fifteen fruits (Fig. 2A). Furthermore, the 112 

number of seeds per kilogram was estimated using the average weight of 25 seeds (Fig. 2B) 113 

following the formula (2). 114 

2.2.2 Seeds dispersal  115 

To study the seed dispersal of A. procera, five individual fruiting trees were marked in the 116 

forest stand following the method suggested by Khan et al.30. Additionally, the distance 117 

between marked trees was 100 meters and there is no adult trees from same species that were 118 

present between them. Each selected individual tree base was considered as a center, of 119 

which concentric circles of 2.5 meters circular increments were marked on the ground around 120 

the mother tree of A. procera, extending outside the crown radius as deliberated by Sahoo 121 

and Lalfakawma17. The first circle had a radius of a minimum of five meters and maximum 122 

was 25 meters. In the meantime, the seeds that fell under the tree crown were not considered 123 

as dispersed seeds. However, each selected individual tree was visited at three-days interval 124 

over 8-weeks during seed-fall season (Fig. 2C). All seeds collected within each marked circle 125 

were counted separately. Meanwhile, the number of seeds dispersed with distance from the 126 

mother tree was converted to square meter (m2) following formula (3) and the proportion of 127 

dispersed seeds relative to total seed production was calculated. Conversely, the number of 128 

seeds that fell under the tree crown and those dispersed at varying distance from the mother 129 

tree were recorded as percentages. The seeds damaged during dispersal were excluded from 130 

the analysis. 131 
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 132 

Fig. 1. Study area: a) India, b) Mizoram state, c) Aizawl district and Mizoram University location, and d) sampled trees. 133 
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2.2.3 Fate of seed populations in the soil  134 

The fate of seed population in the soil was assessed, where the number of seeds disappearing 135 

(fraction) during the seed fall period was studied. Five seed traps sizing (1 m x 1 m with 30 136 

cm depth) were placed randomly on the ground under the mother tree crown at the beginning 137 

of seeds fall (Fig. 3A). The seed traps were visited every five-days until completed seed 138 

shedding following the method described by Sahoo and Lalfakawma17 and de Sá Dechoum, 139 

et al.31. Simultaneously, during each visit, all seeds in the traps were counted, and seeds 140 

damaged (due to insects and rodents) were separated from undamaged ones. However, the 141 

difference between total produced seed and undamaged seeds that fell under the individual 142 

mother tree was estimated as the fraction of seeds loss during the seed fall period17.  143 

To estimate the germination of healthy seed after fall and/or dispersal, the fate of undamaged 144 

seeds after dispersal was studied by sowing 20 seeds in plot sizing (1m x 1m) under the five 145 

sampled individual trees (Fig. 3B). Additionally, seed fate was assessed in relation to distance 146 

from the mother tree. Three 1 m2 sample plots were randomly established within concentric 147 

circles at distances of 5, 15, 25, and 35 meters from the base of individual fruiting tree. In 148 

each sample plot, 20 seeds were marked with waterproof paint and placed to simulate the 149 

natural dispersal conditions, including seed handling by dispersal agents such as rodents, 150 

birds and others. Conversely, seeds fates were monitored at 7-days intervals over three 151 

months and the number of seeds that germinated, disappeared or rotted were recorded. 152 

Therefore, the number of seeds that disappeared (e.g. translocated or consumed by dispersal 153 

agents) or germinated was recorded.  154 

2.2.4 Soil Seed Bank 155 

The study on soil seed soil bank was conducted at the end of rainy season following the 156 

method described by Souza et al.32. Four sites were selected using stratified sampling20, and 157 

from each site, five soil samples from area of (5 x 5 cm and 5 cm depth) were collected and 158 

bulked to estimate buried seed density. From each of the bulked sample 100 g of soil was 159 

weighed and washed gently using a jet of water (Fig. 2D) following the procedure and 160 

method described by Padonou et al.20 to recover the seeds. The number of seeds found in the 161 

sample was then extrapolated to per square meter (m2). 162 

2.2.5 Seedling growth performance in natural conditions and its relation to 163 

microclimate variables 164 

To evaluate seedling growth performance and its relation to microclimatic variables, 10 165 

quadrats (1m ×1m) were laid randomly in the forest near A. procera tree stand. All seedlings 166 

recruited from the dispersed seeds within quadrates were monitored for 14 months. The 167 
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seedlings height and stem collar diameter (SCD) were measured at two-weeks interval; 168 

seedlings height was measured using 30 cm ruler, while SCD measured using digital Vernier 169 

caliper (150 mm). Monthly increments in height and SCD were calculated along with relative 170 

growth. Microclimatic variables such as soil temperature, soil moisture, and humidity were 171 

recorded monthly throughout the study period. Soil temperature was measured using a 172 

stainless-steel dial thermometer, while soil moisture and relative humidity were measured 173 

using a digital soil moisture meter and hygrometer, respectively. 174 

2.2.6 Population flux of A. procera  175 

The life cycle of A. procera tree species is computed from the average of seed production, 176 

seeds dispersal and fate of seeds during seed-fall and post-seed fall, and soil seed bank over 177 

three years, as well seedling growth and mortality of 14 months. The mean seed production 178 

from 15 tree was estimated, along with seed dispersal and seed damage. Consequently, the 179 

seed disappeared percentage was calculated from the fate of undamaged seed at varying 180 

distances from the mother trees, which also included seed germinated and contribution to the 181 

soil seed bank. Moreover, seedling survival and mortality were monitored over 14 months to 182 

determine overall seedling survival rates. 183 

 184 

Fig. 2. A. procera seed at different stages from seed development to soil bank formation: A) 185 

Fruits pod, B) Mature seeds, C) Seed in the fruit pod after fall from mother tree, and D) 186 

excavation of buried seeds using wet sieving technique. 187 
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 188 

Fig. 3. A) Laying seed trap to collect the dispersed seed, B) Monitoring the fate of 189 

undamaged seed population (towards germination, disappearance and rotted seeds) from plots 190 

under the mother tree and at varying distance from the mother tree, 191 

2.3 Data analysis 192 

All field data on seed production, dispersal, fate of seed population, and seedling growth 193 

were compiled and organized into meaningful table for analysis. Data were summarized and 194 

expressed as mean and standard deviation (SD). The mean seed production for each year was 195 

computed, and seed germinated and disappeared was calculated using formula (4, 5 196 

respectively) (17), as well as the percentage of seed that fell under the mother tree (UMT) 197 

versus those dispersed at varying distances from the mother tree were calculated following 198 

formula (6, 7)33. The relationship between seed production and tree characteristics such as 199 

DBH, number of branches, number of inflorescences, crown height, crown diameter was 200 

examined. Additionally, the correlation between seed dispersal and dispersal distance were 201 

analyzed. Conversely, seedlings’ height and SCD were processed and calculated their 202 

monthly means increment, and relative monthly growth rates as well as correlation between 203 

seedling parameters and microclimatic variables were also assessed. The seed population flux 204 

was computed from the mean seed production, mean seed damaged, mean seed dispersal, 205 

mean seed soil bank, and mean seed germinated percentage at varying distance from the 206 

mother tree. Moreover, statistical analysis including linear regression model, one-way 207 

ANOVA, and post-hoc Tukey and Fisher LSD test (P < 0.05) were examined to evaluate seed 208 

production variations among individual trees and between years as well as seeds dispersal. 209 

All data analysis were performed SPSS, Version 22.0, Jamovi (Version 2.5.6)34, OriginPro 210 

2025 and Microsoft Excel (Version 365).  211 

 212 
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2.4 Formula and equations 213 

A. Total seed production = total number of branches × mean number of sub-branches in the 214 

main branch × mean number of sub-sub-branches per sub-branch × mean number of 215 

inflorescences per sub-sub-branches × mean number of fruits per inflorescence × mean 216 

number of seeds per fruit. ………………………………………………………………….(1). 217 

B. Number of seeds in kg = 
1000 ெ௘௔௡ ௦௘௘ௗ௦ ௪௘௜௚ℎ௧     ………………..………………….….…. (2). 218 

C. Seeds density (seeds/m2) = 
ே௨௠௕௘௥ ௢௙ ௦௘௘ௗ ௣௘௥ ௦௔௠௣௟௘ ௣௟௢௧ (௥௔ௗ௨௜௦ 2.5௠)஺௥௘௔ ௢௙ ௦௔௠௣௟௘ ௣௟௢௧    ………………...(3) 219 

D. Germination (%) =  
ே௨௠௕௘௥ ௢௙ ௦௘௘ௗ௦ ௚௘௥௠௜௡௔௧௘ௗ ௧௢௧௔௟ ௡௨௠௕௘௥ ௢௙ ௦௘௘ௗ௦ ௦௢௪௡ ௢௥ ௣௟௔௖௘ௗ × 100  …………….…………. (4). 220 

E. Disappeared or rotted seeds (%) =  
ே௨௠௕௘௥ ௢௙ ௦௘௘ௗ௦ ௗ௜௦௔௣௣௘௔௥௘ௗ ௧௢௧௔௟ ௡௨௠௕௘௥ ௢௙ ௦௘௘ௗ௦ ௦௢௪௡ ௢௥ ௣௟௔௖௘ௗ × 100  ….…..... (5). 221 

F. Percentage of seeds fall under the mother tree or within distance from the mother tree = 222 ே௨௠௕௘௥ ௢௙ ௦௘௘ௗ௦ ௜௡ ௢௡௘ ௦௤௨௔௥௘ ௠௘௧௘௥ ௨௡ௗ௘௥ ௧ℎ௘ ௠௢௧ℎ௘௥ ௧௥௘௘ ௢௥ ௗ௜௦௣௘௥௦௘ௗ ௪௜௧ℎ ௗ௜௦௧௔௡௖௘்௢௧௔௟ ௡௨௠௕௘௥ ௢௙ ௦௘௘ௗ௦ ௙௔௟௟ ௨௡ௗ௘௥ ௧ℎ௘ ௠௢௧ℎ௘௥ ௧௥௘௘ ௔௡ௗ ௗ௜௦௣௘௥௦௘ௗ ௪௜௧ℎ ௗ௜௦௧௔௡௖௘ ௜௡ ௢௡௘ ௦௤௨௔௥௘ ௠௘௧௘௥ × 100 223 

………………………………………………………………………………………….....(6). 224 

G. Total seeds fall under the mother tree and disperse with distance from mother tree = 225 ௉௘௥௖௘௡௧௔௚௘ ௢௙ ௦௘௘ௗ௦ ௙௔௟௟ ௨௡ௗ௘௥ ௧ℎ௘ ௧௥௘௘ ௢௥ ௗ௜௦௣௘௥௦௘ௗ ௪௜௧ℎ ௗ௜௦௧௔௡௖௘ 100 × .݋ܰ ݊ܽ݁ܯ  226 ݀݁ܿݑ݀݋ݎ݌ ݏ݀݁݁ݏ ݂݋

………………………………………………………………………………………………(7). 227 

3. Results  228 

3.1 Seeds production, seed dispersal and soil seed bank  229 

The mean seed production of A. procera significantly differed among individual trees (P < 230 

0.05) (Fig. 4) and between years (P < 0.001) (Fig. 5). The mean seed production per 231 

individual tree was 145,352 in 2022, 43,607 in 2023, and 41,490 in 2024 (Table 1). The mean 232 

seed weight was 0.039 g with 25,654 seed per kilogram and significant difference between 233 

years (Table 1). A strong correlation was observed between seed production and tree traits 234 

such as DBH, number of branches, number of inflorescences, number of fruits, crown height, 235 

and crown diameter (Table 2). The seed soil bank is relatively low across the years, 236 

indicating low variability among sample plots and number of seed remaining in the soil 237 

(Table 1).  238 

The results of seed dispersal revealed that the number of seeds per unit area decreased as the 239 

distance from the mother tree increased (Fig. 6), with significant difference between years 240 

and among individual trees (P < 0.05). Correlation analysis showed a strong negative relation 241 

between seed dispersed and distance from the mother tree (Pearson r = – 0.91 in 2022, r = – 242 

0.93 in 2023, and r = – 0.86 in 2024) (Fig. 6). Simultaneously, the density of seed per square 243 
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(m2) decreased with increasing the distance from the mother tree, with most seeds 244 

accumulated under or near the mother tree (Table 3). Further, 55.38% of total seed produced 245 

in 2022, 54.25% in 2023 and 52.92 in 2024 fell directly under the mother tree (Fig. 7). 246 

Conversely, the remaining seeds dispersed up to maximum distance of 22.50 meters in all 247 

years (Fig. 7). 248 

Table 1. Inter-annual variations in seed production and soil seed bank formation by A. 249 

procera in Mizoram, northeast India 250 

Variables 2022 

(Mean±SD) 

2023 

(Mean±SD) 

2024 

(Mean±SD) 

Sig. 

Mean No. of infl./sub-branch 7.49 ± 1.74 4.43 ± 2.26 4.35 ± 1.93 0.00 

Mean No. of fruit/infl. 13.21 ± 5.78 7.81 ± 2.71 7.40 ± 3.49 0.00 

Mean No. of seeds/fruits 11.40 ± 1.45 9.40 ± 1.59 9.00 ± 1.44 0.00 

Total seed production/tree 145,352 43,607 41,490 0.00 

Soil seed bank (number m2) 100 ± 0.44 120 ± 0.54 107 ± 0.45 0.92 

Mean seed weight 0.04 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 0.00 

SD = standard deviation, infl. = inflorescences. 251 

 252 

Fig. 4. Mean seed production of A. procera among individual trees over three years (2022 to 253 

2024). The error bar shows the variation of seed production between years within population. 254 

The different alphabetic letters show significant variation of mean seed production between 255 

individual trees (where T1 to T15 are sampled trees). 256 
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 257 

Fig. 5. A. procera mean seed production variation between study years. 258 

Table 2. Correlation between mean seed production and tree characteristics 259 

 Variable  DBH NB  MSB MSSB MI/SSB MF/I CH CD MSP 

DBH 1               

NB .22 1             

MSB .32 -.43 1           

MSSB .32 -.27 .46 1         

MI/SSB .11 .26 .19 .03 1       

MF/I .19 .06 .09 -.11 .58* 1     

CH .51 .47 .11 .04 .60* .56* 1   

CD .50 .52* .15 .05 .66** .60* .92** 1  

TSP .40 .50 .26 .13 .80** .66** .87** .89** 1 

* and **. Correlation is significant at the 0.05 and 0.01 level respectively. DBH: diameter at 260 

breast height, NB: number of branches, MSB: mean no. of sub-branches, MSSB: mean no. of 261 

sub-sub-branches, MI/SSB: mean no of inflorescences per sub-sub-branches, MF/I: mean no 262 

of fruits per inflorescences, CH: crown height, CD: crown diameter, and MSP: mean seed 263 

produced 264 
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Table 3. Density of seeds (number/m2) under the mother tree (UMT) and with distance from 265 

mother tree 266 

Distance from the 

mother tree (m) 

No. of seed in 2022 

(Mean ± SD) 

No. of seed in 2023 

(Mean ± SD) 

No. of seed in 2024 

(Mean ± SD) 

UMT 126.4 ± 93.41 58.2 ± 39.98 55.00 ± 38.43 

5.00 39.43 ± 17.23 17.70 ± 7.89 21.27 ± 14.49 

7.50 23.41 ± 8.63 9.87 ± 2.86 7.62 ± 4.94 

10.00 16.61± 6.41 8.27 ± 3.02 8.07 ± 2.61 

12.50 9.63 ± 5.88 5.93 ± 2.91 5.66 ± 2.70 

15.00 6.59 ± 5.13 3.42 ± 1.62 3.13 ± 1.44 

17.50 3.41 ± 1.05 2.49 ± 1.31 2.11 ± 1.25 

20.00 2.10 ± 0.75 0.91 ± 0.62 0.75 ± 0.54 

22.50 0.65 ± 0.56 0.50 ± 0.69 0.33 ± 0.48 

SD = standard deviation. 267 

 268 
Fig. 6. Seed dispersal from the mother tree and linear model during study period 269 

 270 
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Equation y = a + b*x
Plot First year
Intercept 21069.5392 ± 2718.712
Slope -2772.7763 ± 483.1279
Residual Sum of Squar 9.80333E7
Pearson's r -0.90815
R-Square (COD) 0.82473
Adj. R-Square 0.79969

Equation y = a + b*x
Plot Second year
Intercept 6182.76495 ± 679.67
Slope -793.21181 ± 120.78
Residual Sum of Squa 6126989.31762
Pearson's r -0.92756
R-Square (COD) 0.86036
Adj. R-Square 0.84042

Equation y = a + b*x
Plot Third year
Intercept 6333.54142 ± 1070.667
Slope -832.59811 ± 190.2626
Residual Sum of Squar 1.5204E7
Pearson's r -0.85575
R-Square (COD) 0.73231
Adj. R-Square 0.69407
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 271 

Fig. 7. The percentage of seeds fall under the mother tree (UMT) and dispersed with distance 272 

in square meter (m2) 273 

3.2 Fate of seed populations in the soil  274 

During the seed-fall period, 97.40% of the seed that fell under the mother tree in 2022, 275 

97.63% in 2023, and 97.15% in 2024 of A. procera were undamaged and viable. In mean 276 

time, 2.60% (2022), 2.37% (2023), and 2.85% (2024) of seeds were damaged during seed-fall 277 

season (Table 4). During the post-seed-fall, the fraction of seed disappeared was 56.6% in 278 

2022 while decreased to 48% in 2023, and 49.80% in 2024. In contrast, the seed germination 279 

rates observed in natural forest conditions were moderate, ranging from 39.00%, 47.90% and 280 

45.40% in 2022, 2023, and 2024 respectively, (Table 4). 281 

3.3 Seed disappearance and germination in relation to distance from mother tree 282 

The seed disappearance due to predation was higher near to the mother trees and decreased 283 

with increasing distance. Approximately 82.33% of the sown seeds had disappeared within a 284 

5 meters circle while 67.33% disappeared at a distance of 35 meters from the mother tree 285 

(Fig. 8). Meanwhile, 17% and 32.67 % of sown seeds were germinated in the distance of 5 286 

meters and 35 meters, respectively from the mother tree (Fig. 8).  287 

3.4 Seedlings dynamics in the forest and its relation to microclimatic variables  288 

A. procera seedling growth in the natural forest conditions during study period resulted in an 289 

average height and SCD of 22.50 cm and 3.25 mm respectively (Fig. 9). A significant 290 
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difference (P < 0.05) in seedling growth increments was observed between months in height 291 

and stem diameter (Fig. 10). The highest soil temperature was recorded in June (26.86 °C), 292 

while soil moisture in July (70.30%) (Fig. 11). A strong correlation was observed between 293 

relative seedling height and microclimatic variables such as soil temperature (r = 0.60), soil 294 

moisture (r = 0.95), and humidity (r = 0.78) (Table 5), and similarly these variables were 295 

positively correlated with seedling stem collar diameter but negatively correlated with soil pH 296 

(Table 5). 297 

3.5 Population flux of A. procera 298 

The population flux of A. procera integrates seed production, seed dispersal, seed soil bank, 299 

and seedlings recruitment over three years. Based on 15-sampled trees, the mean seed 300 

production over three years was 76,816 seeds/tree. Of these seeds 97.63% was fell beneath 301 

the mother tree and dispersed at varying distances. However, during post-seed-fall, we found 302 

that 73.44%, 25.50% and 1.06% of the seeds got disappeared, germinated and stored in soil 303 

bank respectively. Among the germinated seeds, only 46.07% developed into seedlings that 304 

survived for 14 months (Fig. 12). In contrast, the seedling continues with vigorous growth 305 

(height and diameter) during the rainy season while drop the leaves and stop shoot growth 306 

during dry season (Fig. 13). 307 

Table 4. Fate of seed population during seed-fall period and post seed-fall period, expressed 308 

as fractions (%) of the total seed trapped (Mean ± SD).  309 

Seeds conditions First year (%) Second year (%) Third year (%) 

Seed fall period 
Undamaged  97.40 ± 1.76 97.63 ± 0.69 97.15 ± 0.50 

Insect-damaged  2.60 ± 1.76 2.37 ± 0.69 2.85 ± 0.50 

Post-seed fall 

period 

Disappeared 56.60 ± 2.39 48.00 ± 2.30 49.80 ± 1.90 

Rotten 4.40 ± 2.39 4.10 ± 2.30 4.80 ± 1.90 

Germinated  39.00 ± 2.39 47.90 ± 2.30 45.40 ± 1.90 
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 310 
Fig. 8. Germination and disappearance of seeds of A. procera as influenced by distance from 311 

the mother tree 312 

 313 
Fig. 9. Mean seedling growth performance in the natural forest conditions over study period. 314 
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 315 
Fig. 10. Post-hoc Tukey test (P < 0.05) test for mean seedling height and stem diameter 316 

increments over study period. The different alphabetic letters show significant variation in 317 

seedling growth increments of height and stem diameter between months during study period. 318 

 319 
Fig. 11. Soil temperature and soil moisture in forest conditions during the study period 320 
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 321 
Fig. 12. A. procera population flux: average of 3 years seed production to seedling survival  322 

Table 5. Correlation between seedlings parameters and microclimate variables  323 

Variables  ST SM pH H RHG RDG 

Soil temperature (ST) 1.00      

Soil moisture (SM) 0.70** 1.00     

pH - 0.22 - 0.44 1.00    

Humidity (H) 0.37 0.69** - 0.26 1.00   

Relative height growth (RHG)  0.60* 0.95*** - 0.39 0.78** 1.00  

Relative diameter growth (RDG) 0.76** 0.87*** - 0.28 0.63* 0.85*** 1.00 

Note. * p < .05, ** p < .01, *** p < .001 324 

 325 

 326 
Fig. 13. A. procera seedling growth performance in natural forest conditions: A) seedling 327 

during rainy season of the first year, B) Response of the seedling to dry winter season, and D) 328 

Seedling growth at the onset of rainy season. 329 
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4. Discussion  330 

4.1 Seed population dynamics 331 

A great year-wise variation was observed on the number of seeds produced by A. procera 332 

between years and among individual trees and similar variations was reported in other trees 333 

species11,14,16,17,35-37. This variation was obviously related to the fruit loading of the species 334 

and the number of fruits bearing species in a given year. During 2022, seed production was 335 

significantly higher than 2023 and 2024, and this was obviously due to higher number of 336 

fruited branches and the number of fruits per sub-branch and the number of seeds per fruit 337 

(Table 1 and Fig. 5). On the other hand, the variation in seed production between years could 338 

be influenced by climatic factors and other genetic characteristics of tree. Many authors have 339 

suggested that seed production in a species will be influenced by several intrinsic and 340 

extrinsic factors during the flowering and seed setting period. For example, Iralu et al.12 341 

reported that the annual rainfall acts as a limited factor for seed production and seedling 342 

survival while17,38,16 explained that seed production of tree species can be influenced by a 343 

variety of factors such as availability of resources, pollination failure, predation on flower, 344 

fruits, climatic condition, plant age and size. We observed a strong correlation between mean 345 

seed production and tree characteristics such as DBH, number of branches, number of 346 

inflorescences, and crown cover. However, a strong positive correlation between mean seed 347 

production and tree morphological traits may partially reflect the estimation method used for 348 

seed production, which was based on multiplying these components. These findings also 349 

indicated that trees with large crown or more inflorescences are expected to produce more 350 

seeds. Similarly, these findings are in agreement with Khan et al.30 who observed that 351 

dominant trees species with large crowns, which receive a lot of light, tend to produce an 352 

optimum number of seeds. Conversely, the higher seed production occurring in warmer year, 353 

meanwhile increased temperature negatively affects seedling establishment39. 354 

Seed dispersal is the movement of seed from the mother tree by help of different dispersal 355 

agents. For successful tree regeneration, it is important that the seeds should disperse to a safe 356 

location where they can germinate, survive and translate into mature plants. Thus, it 357 

determines the seeds distribution and trees during natural regeneration process which can be 358 

influenced by several factors (e.g. biological and environmental). Though seeds dispersal in 359 

A. procera reached up to maximum of 22.50 meters from the mother tree and there were 360 

variations in seed dispersal distance between years and among individual trees, most of the 361 

seeds fell near the mother tree via explosion, while a small fraction of seeds was transported 362 

through to distance places by wind. These findings suggest that the seeds with capsules tend 363 
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to be exposed to secondary dispersal where wind moves it to another location. Seed dispersal, 364 

however, was highly restricted in this species, and for successful regeneration, the seeds need 365 

to be transported to far off places. Several studies observed that seeds from same mother tree 366 

with varying seed mass are influenced by dispersal distance and differ significantly among 367 

tree species sharing the same dispersal mode40-43. A strong negative correlation between 368 

number of seeds dispersed per unit area and dispersal distance suggests higher density-369 

dependent mortality near the mother tree in this species. Similar findings have been observed 370 

by several authors for other trees species17,44. Nathan et al.45 argued that long-dispersal 371 

distance is more common in open terrestrial landscapes and driven by migratory animals and 372 

wind. While Chen et al.35 and Kasi and Ramasubbu46 indicated that tree species that dispersed 373 

their seed by gravity are aggregated around the parent tree.  374 

The soil seed bank of A. procera was found to be transient type. Though the seeds of this 375 

species possess hard seed coats, they can germination in soil by weathering effects. Thus, A. 376 

procera does not form a persistent soil seed bank. Besides, the seed bank size was also low; 377 

on an average buried seed population was 100 seeds per square meter (m2) in species stand. 378 

However, soil seed bank nevertheless plays an important role in regeneration of tree species, 379 

and its size is determined by seed dispersal and seed characteristics, and its ability to remain 380 

viable during the unfavourable conditions. The prevailing microclimate such as low 381 

temperature and moisture can have a bearing on soil seed bank by limiting germination47. 382 

Similarly, predation can reduce the seed soil bank in forest floor and may affect survival and 383 

mortality12,48. 384 

A majority of seeds were undamaged during seed fall were found disappeared during the post 385 

fall period, maybe due to predation, or dispersed by other secondary agents. However, the 386 

seed germination of trapped seeds during post-fall showed moderate germination of 39.0%, 387 

47.9%, and 45.4% in 2022, 2023, and 2024 respectively (Table 4). While these rates indicate 388 

successful germination for a proportion of seeds in natural set up, the results were relatively 389 

lower compared to A. procera germination rate observed in nursery conditions which exceed 390 

80 – 90%6,26. These findings suggest that natural environmental constraints may significantly 391 

limit seed germination compared to controlled conditions. Similar findings have been 392 

reported by Sahoo and Lalfakawma17 for Castanopsis tribuloides in northeast India. Our 393 

results are also in agreement with Kasi and Ramasubbu46 who observed that higher density of 394 

seeds near to adult tree act to intensify predation and competition. 395 

 396 

 397 
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4.2 Seed disappearance and germination in relation to distance from the mother tree 398 

Seed disappearance in the present study was closely related to distance from the mother tree. 399 

The seeds that escape or disperse far off from the mother trees were found to be less predated 400 

than those which fell near the mother trees. Higher rate of predation and low survival near the 401 

mother tree were obviously due to density-dependent competition and predator preference, as 402 

also has been reported by several other workers16,17,33. Additionally, our results revealed that 403 

with increased distance from the mother tree the seed germination percent increased while 404 

seed disappearance decreased, as also found by  Souza et al.49. We observed that the mean 405 

seed germination was poor (25.5%) (Fig. 8 and 12) compared to seed disappearance in their 406 

natural condition at varying distances from the mother tree and majority of seeds that still 407 

remained in capsule could not transform into successful seedlings due to unfavourable 408 

environmental conditions (Fig. 14). The results clearly demonstrate that the seeds will have a 409 

better chance of survival if they are dispersed far away from the parent plants and get 410 

favorable germination conditions. 411 

 412 

Fig. 14. Seeds started germinating in it capsules but will die due to unfavorable 413 

environmental conditions 414 

4.3 Seedling dynamics and its relation to microclimate variables 415 

Seedling growth and survival are often influenced by a combination of environmental factors 416 

such as soil temperature, moisture, light availability, and relative humidity. In the present 417 

study, A. procera seedlings reached an average height of 22.5 cm and SCD of 3.25 mm over 418 

study period. A strong positive correlation was found between relative seedling height growth 419 

and other environmental factors such as soil moisture (r = 0.95), relative humidity (r = 0.78), 420 

and soil temperature (r = 0.60) as well as these factors positively correlated with relative 421 

diameter, indicating that these microclimatic variables play an important role in early-stage 422 
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seedling development under natural forest conditions. However, these findings are consistent 423 

with Musa and Sahoo26, who reported that moisture availability and temperature significantly 424 

affect seedling performance of tropical species. While Bebre et al.50 stated that multiple 425 

environmental factors in forests influence the seedling growth such as light, temperature, soil 426 

moisture, litter depth, intra and interspecific competition for various resources50. 427 

Consequently, Greenwood et al.51 and Wieser et al.52 observed that higher soil temperature 428 

and moderate temperatures can improve physiological processes such as photosynthesis and 429 

nutrient uptake, leading to improved seedling establishment and growth. Johnson et al.53 430 

emphasized that mortality is often highest during early seedling stages, which further 431 

underscores the importance of the favorable microclimates during this critical stage. In our 432 

study, seedling mortality was relatively high compared to survival, with only 46.07 % of 433 

germinated seedlings surviving through the 14-month period. This aligns with findings from 434 

Brown54 and Bebre et al.50, who observed that forest microhabitats with variable light and 435 

moisture conditions often lead to differential survival outcomes among species. In the 436 

meantime, the presence of canopy gaps, for instance, has been shown to provide improved 437 

conditions for seedling recruitment and survival due to increased light availability and 438 

moderated competition. Additionally, the observed relationship between soil temperature and 439 

seedling growth supports earlier findings by Charru et al.55 and Moore et al.56, who 440 

demonstrated that warmer soil temperature, within a suitable range, can enhance seedling root 441 

activity and metabolic function. Awal57 and Kharuk et al.58 reported that soil temperature not 442 

only affects plant growth directly but also regulates microbial activity and nutrient cycling, 443 

which indirectly supports seedling vigor. 444 

Finally, this study results confirm that microclimatic conditions at the forest floor particular 445 

soil temperature and moisture have a significant influence on the seedling dynamics of A. 446 

procera which highlights the need to consider fine-scale environmental variability in 447 

regeneration and restoration planning for this species. 448 

Conclusion  449 

Regeneration of A. procera was found affected by seed production, dispersal distance and the 450 

microclimates surrounding the forest floor. Seed production varied significantly between 451 

individual trees, and it was closely related to resource allocation in a given seed year. Seed 452 

dispersal in A. procera was by explosion resulting into majority of seeds falling under/near 453 

the mother trees. The species exhibited a density-dependent mortality as can be observed 454 

from higher seed disappearance/mortality near the mother plants than the fare-off distance. 455 

The size and persistence of soil seed bank was low while microclimates in soil seed 456 
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environment influenced the seedling growth performance. A. procera produced seeds in 457 

every year, however, the variability in seed production between years and among the 458 

individual trees was highly notable. The restricted seed dispersal was a hindrance to higher 459 

seedling survival. Therefore, reliance on natural regeneration may not be a suitable 460 

restoration strategy of this species. For continuity of life span, sufficient number of seed-461 

bearing trees of this species in the natural conditions needs to be maintained. 462 
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