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Abstract
Effective conservation of Rare, Endangered, and Threatened (RET) tree species 
requires a robust, species-specific understanding of seed biology. Cochlospermum 
religiosum, an ecologically and economically important dry-forest tree currently 
experiencing population decline, lacks comprehensive information on reproductive 
maturity, germination physiology, and storage behaviour. This study integrated 
carpological analysis, germination bioassays, and controlled storage experiments 
to generate evidence-based conservation guidelines. Sequential sampling (30–
80 days after anthesis; DAA) revealed coordinated fruit–seed enlargement, biomass 
accumulation, dehydration, and physiological enhancement during maturation. The 
physiological maturity window occurred at 60–80 DAA, with 80 DAA representing 
the optimal harvest stage, characterized by maximum dry mass, minimum 
moisture content, and highest germination (40.00 ± 2.88%; Tukey HSD, P ≤ 0.05). 
Seeds exhibited a rapid triphasic imbibition pattern (~ 80% weight gain within 
10 h; ~ 97% hydration by 30 h), indicating substantial water permeability under 
freshly harvested conditions, although the possibility of partial physical dormancy 
developing during drying and storage cannot be completely excluded. Pre-sowing 
treatment with gibberellic acid (GA3) at 500 ppm significantly enhanced germination 
(26.8%) and seed vigour (VI = 285.05; ANOVA, P < 0.001), whereas higher GA3 
concentrations and other chemical treatments were ineffective. Storage experiments 
suggested intermediate to near-orthodox but chilling-sensitive seed behaviour, with 
germination performance strongly governed by moisture–temperature interactions. 
Seeds equilibrated to ~ 11% moisture content and stored at 15 °C retained 
comparatively higher germination performance for six months, whereas excessive 
drying (4.9% MC) and room-temperature storage resulted in substantial reduction in 
germination. These findings provide practical guidance for seed harvesting, nursery 
propagation, and ex situ conservation of C. religiosum and comparable tropical dry-
forest tree species.
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1  Introduction
Global assessments of plant biodiversity increasingly highlight the vulnerability of tree 
species to accelerating environmental change. Recent analyses estimate that nearly one-
third of the world's tree flora faces extinction risk due to habitat fragmentation, climate 
change, overexploitation, and declining natural regeneration [7]. These pressures are 
particularly pronounced in tropical and subtropical forest ecosystems, where anthro-
pogenic disturbances disrupt reproductive cycles and regeneration dynamics of many 
woody species. In such contexts, a detailed understanding of seed biology, including 
carpology, fruit phenology, maturation dynamics, dormancy mechanisms, germina-
tion ecology, and storage behaviour, is widely regarded as fundamental for developing 
effective propagation strategies, restoration programmes, and ex situ conservation ini-
tiatives [11, 24]. Integrating optimized germination protocols with nursery propagation 
and seed banking has been shown to substantially improve reintroduction success and 
enhance long-term population resilience of threatened species [8, 25, 74].

Cochlospermum religiosum (L.) Alston (Bixaceae), commonly known as yellow silk 
cotton, is a deciduous tree species native to tropical Southeast Asia and the Indian 
subcontinent. The species typically occurs in tropical dry deciduous forests, rocky hill 
slopes, and open scrub forests across eastern, central, and southern India [54]. Although 
geographically widespread, natural populations are often sparse and highly fragmented. 
Regional conservation assessments have categorized the species as Vulnerable in Mad-
hya Pradesh and Chhattisgarh and Critically Endangered in Rajasthan under regional 
IUCN criteria [60]. Beyond its ecological significance, C. religiosum possesses consid-
erable socioeconomic importance. The species produces "Gum Katira," a natural bark 
exudate widely utilized in pharmaceutical formulations, confectionery products, and 
industrial applications, while the silky floss released from mature capsules has tradition-
ally been used as a lightweight filling material for bedding and flotation devices [2, 31].

The decline of C. religiosum populations has been attributed to multiple interacting 
pressures, including unsustainable harvesting of plant parts, habitat degradation, over-
exploitation, and poor natural regeneration. These factors have resulted in reduced pop-
ulation size and severe habitat fragmentation, corresponding to threat categories defined 
under IUCN Criteria A2 (population reduction due to exploitation) and B2 (restricted 
area of occupancy with fragmentation) [32]. Despite increasing conservation concern, 
comprehensive information on seed maturation, dormancy behaviour, germination 
physiology, and storage ecology remains limited, thereby constraining the development 
of evidence-based propagation and conservation strategies.

Members of the family Bixaceae have frequently been associated with physical dor-
mancy caused by water-impermeable seed coats and specialized water-gap structures 
regulating seed hydration [20, 35]. However, comprehensive information regarding 
maturation-linked changes in seed permeability, germination physiology, and storage 
ecology in C. religiosum remains limited. Furthermore, key processes underlying seed 
ecology, including seed production, dispersal mechanisms, viability dynamics, germi-
nation behaviour, and storage physiology, have received comparatively little scientific 
attention [4, 11, 24].

From a seed science perspective, identifying the physiological determinants of seed 
quality is central to improving regeneration and conservation outcomes. Studies have 
consistently demonstrated that fruit maturation stage strongly influences seed viability, 
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germination capacity, and storability. Similarly, imbibition kinetics, dormancy classifica-
tion, and storage responses provide critical insights into seed physiological behaviour 
and determine the suitability of seeds for short- or long-term conservation [4, 24, 29]. 
For threatened woody species, integrating knowledge of maturation physiology with ger-
mination ecology and storage biology is therefore essential for designing reliable seed 
handling and conservation protocols. In particular, the development of optimized dor-
mancy-breaking treatments, improved nursery practices, and appropriate seed banking 
strategies has proven instrumental in strengthening restoration and ex situ conservation 
programmes [8, 72].

Previous observations and preliminary germination trials indicated rapid seed hydra-
tion and comparatively fast imbibition behaviour in freshly harvested seeds of C. reli-
giosum. Based on these observations and available literature, freshly harvested seeds 
were expected to exhibit limited evidence of strong physical dormancy. Nevertheless, 
the relatively low germination percentages reported in preliminary studies and related 
Cochlospermum Kunth species suggest that additional physiological or structural factors 
may regulate germination behaviour. Furthermore, drying and storage may alter seed 
permeability and dormancy expression, thereby influencing subsequent germination 
performance.

The present study therefore aimed to provide a comprehensive evaluation of seed biol-
ogy in C. religiosum by integrating developmental, physiological, and storage-related 
perspectives. Specifically, the objectives were to (i) characterize fruit and seed matura-
tion dynamics, (ii) quantify seed morphological attributes using image-based analytical 
techniques, (iii) evaluate germination responses under different pre-sowing treatments, 
and (iv) assess seed storage performance under controlled moisture and temperature 
regimes.

We hypothesized that (i) physiological seed maturity coincides with maximum dry 
matter accumulation and declining moisture content, (ii) seeds exhibit substantial water 
permeability and limited evidence of strong physical dormancy under freshly harvested 
conditions, and (iii) seed longevity is primarily governed by moisture-temperature inter-
actions indicative of characteristic storage behaviour. By integrating these components, 
the study aims to generate robust, evidence-based guidelines to support the conserva-
tion, restoration, and large-scale propagation of C. religiosum.

2  Materials and methods
2.1  Study site and plant material

The study was conducted at the Tropical Forest Research Institute (TFRI), Jabalpur, 
Madhya Pradesh, India (21.959220° N, 79.944020° E) between January 2022 and Novem-
ber 2024. The geographic location of the study site in central India is illustrated in 
Fig. 1. Mature trees of Cochlospermum religiosum located in the Balaghat Forest Circle 
(South Balaghat Division, Lalbarra Range) were selected for monitoring reproductive 
phenology.

The study area lies within the tropical dry deciduous forest zone of central India and 
is characterized by seasonal temperature and rainfall fluctuations typical of dry tropical 
ecosystems. Associated vegetation in the study region includes Tectona grandis, Termi-
nalia tomentosa, Butea monosperma, and Lagerstroemia parviflora. Flowering individu-
als were tagged at anthesis to accurately determine days after anthesis (DAA) for fruit 
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and seed sampling. Tagged fruits were monitored periodically to track developmental 
progression and identify appropriate harvest stages for subsequent analyses.

2.2  Fruit and seed maturity assessment

Fruit samples were collected at five developmental stages: 30, 40, 50, 60, and 80  days 
after anthesis (DAA). The 70 DAA stage was not evaluated due to limited fruit avail-
ability and asynchronous fruit retention among tagged trees during late maturation. Due 
to naturally low fruit set, six fruits were harvested from each of five randomly selected 
trees, resulting in a total of 30 fruits per developmental stage (five biological replicates, 
each consisting of six fruits collected from one tree). Harvested fruits were transported 
to the laboratory and air-dried under ambient conditions to facilitate capsule dehis-
cence. Mature capsules generally opened between 80 and 90 DAA. Seeds were manually 
separated from the floss, and only uniformly coloured, morphologically healthy seeds 
were selected for subsequent physiological and storage experiments.

2.3  Fruit and seed carpological analysis

Morphometric traits of fruits and seeds were measured following International Seed 
Testing Association [27] guidelines. Fruit length, width, and thickness were measured 
using a digital Vernier caliper (± 0.01 mm). Fresh and dry weights of fruits were recorded 
using a precision balance. Seed morphometric parameters were determined using a 
Biovis PSM-3000 seed scanner, which generated image-based measurements including 
seed area, perimeter, roundness, aspect ratio, and equivalent diameter. Mature capsules 
contained approximately 60–80 seeds per fruit. Seed moisture content was determined 
using the low-temperature oven-drying method (103 ± 2  °C for 17 ± 1  h) as recom-
mended by ISTA. Fruit morphometric measurements were performed using five bio-
logical replicates (six fruits per replicate; n = 30 fruits per developmental stage). Seed 

Fig. 1  Geographic location of the study site for Cochlospermum religiosum seed collection in central India. The 
map shows the sampling location in the Balaghat Forest Circle, Lalbarra Range, Madhya Pradesh, India (21.95922° 
N, 79.94402° E)
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morphometric measurements were conducted using three biological replicates, with 
each replicate consisting of 100 randomly selected seeds drawn from the pooled seed 
lot of the corresponding developmental stage. All samples within each replicate were 
selected randomly to minimize measurement bias.

2.4  Seed Imbibition Assay

Seed water uptake was assessed using an imbibition experiment conducted under con-
trolled laboratory conditions. For each replicate, 5 g of dry seeds (approximately 60–70 
seeds) were immersed in 50 mL of distilled water at 25 ± 2 °C. Seeds were removed at 
predetermined time intervals (0–49 h), gently blotted to remove surface moisture, and 
weighed using an analytical balance. The percentage increase in seed mass was calcu-
lated relative to the initial dry weight following the method of Bewley and Black [5]:

	
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆 𝑆 Wi −Wd

Wd
× 100

where Wi and Wd represent the mass of imbibed and dry seeds, respectively.
The experiment followed a completely randomized design (CRD) with three biologi-

cal replicates, and measurements were performed on randomly selected seed samples 
within each replicate.

2.5  Germination assays

Germination experiments were conducted using four replicates of 25 seeds (n = 100) per 
treatment. Seeds were placed on sterilized sand in germination trays and incubated at 25 
± 2 °C under a 16 h light / 8 h dark photoperiod. The experiment followed a completely 
randomized design (CRD). Radicle protrusion ≥ 1 cm was considered successful germi-
nation. Germination parameters calculated included:

 	• Final Germination Percentage (FGP) [53]
 	• Mean Germination Time (MGT) [39]
 	• Germination Value (GV) [14]
 	• Seed Vigour Index (SVI) [1]

To assess desiccation tolerance, subsets of seeds were gradually dried under ambient 
laboratory conditions with periodic moisture monitoring until approximately 5% mois-
ture content was attained, after which seeds were subjected to the same germination 
protocol. Non-germinated seeds were recorded at the end of the germination test.

2.6  Seed pre-treatment experiments

Six pre-sowing treatments were evaluated to assess germination enhancement based on 
commonly used forestry seed treatment protocols and previous germination studies on 
tropical tree species [4, 6]:

 	• Untreated control
 	• Water soaking (48 h)
 	• Gibberellic acid (GA3) 500 ppm for 48 h
 	• Gibberellic acid (GA3) 1000 ppm for 48 h
 	• Thiourea [CH₄N₂S] (0.5%) for 48 h
 	• Potassium nitrate (KNO3; 0.5%) for 48 h
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Each treatment consisted of four replicates of 25 seeds (n = 100) arranged in a com-
pletely randomized design. After treatment, seeds were surface dried and subjected to 
germination tests as described above. Root and shoot lengths were measured from ten 
randomly selected normal seedlings per replicate to calculate seedling vigour indices.

2.7  Seed storage experiments

To evaluate storage behaviour, seeds were equilibrated to three moisture levels:

 	• 11.00%
 	• 6.23%
 	• 4.91%

Moisture equilibration was achieved through gradual ambient drying with periodic 
monitoring of seed moisture content. Seeds were stored at three temperature regimes:

 	• Room temperature (25–30 °C)
 	• 15 °C
 	• 5 °C

The storage experiment followed a factorial completely randomized design (3 moisture 
levels × 3 temperatures) with three biological replicates. Seed viability and vigour were 
evaluated after 0, 3, 6, 12, 15, and 18 months of storage. For each evaluation, four repli-
cates of 25 seeds (n = 100) were tested for germination following ISTA protocols. Initial 
seed moisture content prior to storage was approximately 11–12% in freshly harvested 
control seeds.

2.8  Statistical analysis

All experiments followed a completely randomized design (CRD).. Statistical analyses 
were performed using R statistical software (version 4.3.2). Data normality and homo-
geneity of variance were evaluated using Shapiro–Wilk and Levene’s tests, respec-
tively. Percentage data were arcsine square-root transformed prior to analysis to satisfy 
assumptions of normality; however, untransformed means are presented for clarity. Dif-
ferences among treatments were assessed using analysis of variance (ANOVA). When 
significant differences were detected (P ≤ 0.05), means were separated using Tukey’s 
Honest Significant Difference (HSD) test. For seed storage experiments, factorial 
ANOVA was used to examine the main effects and interactions among seed moisture 
content, storage temperature, and storage duration on germination percentage, seedling 
length, and seed vigour index.

3  Results and discussion
3.1  Fruit and seed maturity

Fruit and seed maturation in C. religiosum followed a coordinated progression involv-
ing structural enlargement, biomass accumulation, progressive dehydration, and 
improvement in physiological seed quality (Tables 1, 2, 3). Fruit dimensions and bio-
mass increased rapidly from 30 to 60 days after anthesis (DAA), followed by stabiliza-
tion toward 80 DAA (Table  1). This developmental transition was accompanied by a 
pronounced reduction in fruit moisture content and a distinct colour shift from yel-
low–green to deep brown, indicating the onset of physiological maturity and readiness 
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for capsule dehiscence. Mature capsules generally contained approximately 60–80 seeds 
per fruit, and natural capsule opening was commonly observed around 80–90 DAA. 
Such dehydration-driven maturation patterns are characteristic of dry, dehiscent fruits 
of tropical deciduous species, where late-stage drying facilitates synchronized capsule 
opening and efficient seed release [3, 38].

Table 1  Morphological and physiological changes in fruits of C. religiosum during maturation at 
different days after anthesis (DAA)
Days 
after 
anthesis 
(DAA)

Fruit length 
(mm) (Mean 
± SE)

Fruit width 
(mm) 
(Mean ± 
SE)

Fresh weight 
of 10 fruits (g) 
(Mean ± SE)

Dry weight 
of 10 fruits 
(g) (Mean 
± SE)

Initial mois-
ture content 
(%) (Mean 
± SE)

Fruit colour (RHS 
chart)

30 DAA 7.40 ± 0.40 c 4.18 ± 0.23 b 138.53 ± 7.62 d 38.50 ± 
2.12 c

71.97 ± 3.96 a Yellow Green 
Group 144 (Strong 
Yellow Green A)

40 DAA 10.24 ± 0.56 b 4.37 ± 0.24 b 356.80 ± 
19.64 c

91.02 ± 
5.01 c

74.24 ± 4.08 a Greyed Orange 
Group 177 (Mod-
erate Reddish 
Brown A)

50 DAA 11.56 ± 0.63 b 4.90 ± 0.27 b 492.85 ± 
27.13 b

269.39 ± 
14.83 b

45.19 ± 2.48 b Greyed Purple 
Group 187 (Dark 
Red A)

60 DAA 13.05 ± 0.71 a 5.66 ± 0.31 a 699.16 ± 
38.49 a

497.94 ± 
27.41 a

28.68 ± 1.58 c Brown Group 200 
(Greyish Reddish-
Brown B)

80 DAA 14.83 ± 0.81 a 6.75 ± 0.37 a 622.12 ± 
34.25 a

532.85 ± 
29.33 a

14.30 ± 0.78 d Brown Group 200 
(Greyish Reddish-
Brown B)

*Values represent mean ± SE (n = 3). Means within a column followed by different letters differ significantly according to 
Tukey’s HSD test (P ≤ 0.05). ANOVA indicated significant treatment effects for all parameters (P < 0.001)

Table 2  Changes in seed morphological and physiological characteristics of Cochlospermum 
religiosum during maturation at different days after anthesis (DAA). Progressive increases in seed size 
and dry mass, together with declining moisture content, indicate the acquisition of physiological 
maturity
Days 
after 
anthesis 
(DAA)

Seed length 
(mm) (Mean 
± SE)

Seed width 
(mm) 
(Mean ± SE)

Fresh weight 
of 100 seeds 
(g) (Mean ± 
SE)

Dry weight of 
100 seeds (g) 
(Mean ± SE)

Moisture 
content 
(%) (Mean 
± SE)

Seed colour 
(RHS chart)

30 DAA 5.39 ± 0.29 c 4.38 ± 0.24 b 11.16 ± 0.62 d 2.60 ± 0.14 d 76.49 ± 
4.21 a

Orange White 
Group 159 (Light 
Yellowish Pink A)

40 DAA 7.50 ± 0.41 b 4.98 ± 0.27 b 14.21 ± 0.78 c 4.74 ± 0.26 c 66.38 ± 
3.65 a

Greyed Orange 
Group 164 (Mod-
erate Orange 
Yellow C)

50 DAA 8.53 ± 0.47 b 4.18 ± 0.23 b 18.19 ± 1.00 b 7.33 ± 0.40 b 59.52 ± 
3.27 b

Brown Group 
200 (Dark Greyish 
Reddish-Brown A)

60 DAA 10.96 ± 0.60 a 5.38 ± 0.29 a 23.53 ± 1.29 a 15.37 ± 0.84 a 34.59 ± 
1.90 c

Brown Group 
200 (Dark Greyish 
Reddish-Brown A)

80 DAA 10.36 ± 0.57 a 4.56 ± 0.25 b 22.22 ± 1.22 a 19.62 ± 1.08 a 11.65 ± 
0.64 d

Brown Group 
200 (Dark Greyish 
Reddish-Brown A)

*Values represent mean ± SE (n = 3). Means within a column followed by different letters differ significantly according to 
Tukey’s HSD test (P ≤ 0.05)
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Fruit length and width increased significantly during early developmental stages, 
reaching maximum values at 60–80 DAA. Fresh fruit weight exhibited a similar increas-
ing trend up to 60 DAA, reflecting rapid tissue expansion and accumulation of struc-
tural biomass. Although fresh weight slightly declined at 80 DAA, dry weight continued 
to increase, suggesting continued reserve accumulation accompanied by moisture loss 
during late maturation. This pattern indicates the transition from active growth to des-
iccation-mediated maturation, a process commonly associated with physiological seed 
maturity in many tropical tree species.

The progressive accumulation of seed dry matter observed between 50 and 80 DAA 
likely reflects increased deposition of storage reserves and structural tissues; processes 
closely associated with acquisition of germination competence and desiccation toler-
ance (Table  2). Similar maturation-linked improvements in seed quality have been 
documented in several forestry species. For example, accurate identification of seed 
maturity stages significantly enhanced germination performance and responsiveness to 
pre-treatments in Flacourtia indica [64], while variations in seed size have been shown 
to influence germination behaviour and seedling vigour [67]. Likewise, maturity-related 
improvements in seed viability and germination have been reported in Commiphora 
wightii [66], Cordia myxa [68], Gymnema sylvestre [69], and Butea monosperma [70]. In 
these species, coordinated carpological development, reserve accumulation, and physio-
logical maturation collectively enhanced germination capacity and storage performance.

Physiological parameters further corroborated the maturation trends observed in 
morphological traits. Fresh and desiccated seed germination remained negligible during 
early developmental stages (≤ 40 DAA), indicating that seeds harvested at these stages 
were physiologically immature and lacked germination competence (Table 3). Germina-
tion capacity increased markedly between 50 and 60 DAA and reached maximum values 
at 80 DAA, accompanied by significant improvements in seed vigour index. Although 
germination increased substantially during later maturation stages, approximately 60% 
of freshly harvested seeds and 55% of desiccated seeds remained ungerminated at the 
optimum maturity stage (80 DAA; Table 3). This may indicate variability in physiological 
maturity, partial dormancy induction during drying, or other physiological limitations 
affecting germination performance. These findings suggest that seeds attain maximum 
germinability and physiological stability during the later stages of maturation, when 
reserve accumulation and dehydration processes are largely complete. The 70 DAA 

Table 3  Seed physiological parameters of C. religiosum at different developmental stages expressed 
as days after anthesis (DAA). Germination behaviour and seed vigour increased progressively with 
maturation, indicating acquisition of germinability and desiccation tolerance at later developmental 
stages
Days after anthesis (DAA) Fresh seed germination 

(FSG) (%) (Mean ± SE)
Desiccated seed germination 
(DSG) (%) (Mean ± SE)

Seed vigour 
index–I (Mean 
± SE)

30 DAA 0.00 ± 0.00 c 0.00 ± 0.00 c 0.00 d

40 DAA 0.00 ± 0.00 c 0.00 ± 0.00 c 0.00 d

50 DAA 21.66 ± 1.66 b 26.66 ± 1.66 b 175.41 ± 
29.37 c

60 DAA 25.00 ± 2.88 b 31.66 ± 1.66 b 254.50 ± 9.29 b

80 DAA 40.00 ± 2.88 a 45.00 ± 2.88 a 395.16 ± 6.84 a
*Values represent mean ± SE (n = 3). Percentage data were arcsine square-root transformed prior to analysis; untransformed 
means are presented. Means within a column followed by different letters differ significantly according to Tukey’s HSD test 
(P ≤ 0.05)
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stage was not evaluated due to limited fruit availability and asynchronous fruit retention 
among tagged trees.

The compact morphology of mature seeds may contribute to efficient packing within 
the capsule and facilitate dispersal following capsule dehiscence, consistent with car-
pological adaptations reported in several wind-dispersed taxa [52]. Furthermore, rapid 
water uptake during imbibition indicated substantial seed permeability under freshly 
harvested conditions. However, considering reports of physical dormancy in members 
of Bixaceae, the possibility that some seeds may develop reduced permeability during 
maturation, drying, or storage cannot be completely excluded [20, 35].

Taken together, the convergence of morphological, physiological, and moisture-related 
indicators strongly suggests 60–80 DAA as the physiological maturity window for C. 
religiosum, with 80 DAA representing the optimal stage for harvesting seeds with maxi-
mum germination performance, seed vigour, and improved storage suitability.

3.2  Mature fruit and seed carpology

Fruits of C. religiosum are large, brown, oval capsules (approximately 7–10 × ~6  cm) 
that dehisce into five segments at maturity, releasing numerous seeds embedded within 
abundant yellow silky floss (Fig. 2). The floss imparts a cotton-like appearance and likely 
facilitates wind-mediated seed dispersal. Such fibrous appendages substantially increase 
aerodynamic drag and enhance buoyancy, representing a characteristic adaptation asso-
ciated with anemochory in many wind-dispersed plant species [18, 21, 76].

Fig. 2  Carpological characteristics of C. religiosum: a flowering tree, b fruiting branch, c mature fruit capsule, d 
seeds with silky floss, and e microscopic image of seed morphology (scale bar = 2200 µm). High-resolution imaging 
illustrates the characteristic reniform seed shape and floss-associated dispersal structures facilitating anemochory
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Seeds are small (~ 6  mm), black, curved, and reniform to cochleate in shape [78], 
with each seed surrounded by fine silky hairs that may further support aerial trans-
port. Mature capsules contained approximately 60–80 seeds per fruit, while overall seed 
density ranged between 10,000–15,000 seeds kg⁻1, indicating high reproductive output 
and substantial propagule production potential. Image-based morphometric analysis 
revealed the following seed characteristics: area 0.36 ± 0.01 cm2, length 0.691–0.744 cm, 
width 0.294–0.617 cm, aspect ratio 1.18 ± 0.01, mean diameter 0.65 ± 0.01 cm, perim-
eter 2.24 ± 0.05 cm, convex perimeter 2.14 ± 0.05 cm, and roundness 0.90 ± 0.01. These 
morphological attributes indicate a relatively compact and aerodynamically efficient 
seed geometry that may facilitate dispersal efficiency and airborne transport stability. 
Similar relationships between seed morphology and dispersal trajectories have been 
widely documented in wind-dispersed species [47, 76].

The combined occurrence of a dehiscent capsule and numerous floss-covered seeds 
suggests a dispersal strategy adapted for effective aerial dissemination. Similar disper-
sal systems have been reported in other anemochorous taxa, where appendages such 
as hairs, plumes, or wings reduce terminal velocity and prolong airborne suspension, 
thereby enhancing dispersal range [9, 18, 46]. In C. religiosum, these structural adapta-
tions may facilitate colonization of open and seasonally dry habitats and contribute to 
the species’ broad distribution across tropical and subtropical regions [30].

In addition to ecological significance, characterization of fruit and seed carpological 
traits provides important baseline information for species identification, seed handling, 
nursery operations, and conservation-oriented propagation programmes. The morpho-
logical features supporting these dispersal adaptations are illustrated in Fig. 2.

3.3  Seed imbibition assay

The imbibition behaviour of C. religiosum seeds exhibited a characteristic triphasic 
water uptake pattern commonly observed in water-permeable seeds [22, 55]. This hydra-
tion behaviour reflects sequential physiological processes associated with germination, 
including rapid initial water uptake, metabolic activation, reserve mobilization, and sub-
sequent embryo growth [42, 59].

During the initial imbibition phase (Phase I), seeds exhibited rapid water absorp-
tion, resulting in approximately 65–80% increase in fresh weight within the first 6–10 h 
(Fig. 3). Such rapid hydration indicates substantial seed coat permeability and efficient 
water uptake, facilitating activation of early metabolic processes required for germina-
tion [22, 29, 51, 77] . The absence of prolonged delay during initial hydration further 
suggests lack of strong water-impermeable seed coat barriers under freshly harvested 
conditions.

This was followed by Phase II, characterized by slower water uptake and stabilization 
of seed mass. Near-maximum hydration (~ 90–97% weight gain) was achieved between 
24 and 30 h, after which seed weight remained relatively stable until 49 h. This plateau 
phase is generally associated with metabolic reorganization, activation of hydrolytic 
enzymes, repair of cellular structures, and mobilization of stored reserves prior to radi-
cle emergence [19, 44, 62].

Importantly, C. religiosum seeds did not exhibit delayed hydration patterns typically 
associated with strongly water-impermeable seeds or pronounced physical dormancy. 
Instead, the smooth and continuous imbibition curve indicates unrestricted water entry 
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and relatively intact membrane organization. Similar triphasic hydration behaviour has 
been widely reported in permeable seeds lacking strong physical dormancy [12, 45]. In 
contrast, aged or physiologically deteriorated seeds often exhibit irregular hydration pat-
terns resulting from membrane disorganization and impaired cellular integrity [58, 63].

Nevertheless, although freshly harvested seeds exhibited substantial water permeabil-
ity, the possibility of variability in permeability among individual seeds or induction of 
partial dormancy during drying and storage cannot be completely excluded. Further-
more, because scarified and non-scarified seeds were not directly compared in the pres-
ent study, additional investigations are required to conclusively evaluate the contribution 
of seed coat permeability and potential physical dormancy mechanisms in C. religiosum.

Overall, the rapid hydration, well-defined triphasic imbibition pattern, and stable 
hydration plateau indicate substantial seed permeability under freshly harvested condi-
tions and favourable hydration dynamics that support germination and early seedling 
establishment in freshly harvested C. religiosum seeds.

3.4  Seed pre-treatment

Although the imbibition analysis demonstrated rapid water uptake and substantial seed 
permeability under freshly harvested conditions, the possibility of weak physiological 
dormancy or other physiological constraints regulating germination could not be com-
pletely excluded. Therefore, several hormonal and chemical pre-treatments were evalu-
ated to assess their potential to improve germination performance of C. religiosum seeds 
(Table 4). Despite rapid imbibition, relatively low germination percentages observed in 
untreated seeds suggest that factors other than water uptake alone may regulate germi-
nation behaviour in this species, including physiological inhibition, incomplete embryo 
development, maturation heterogeneity, or variability in seed coat permeability.

Fig. 3  Imbibition curve of C. religiosum seeds showing percentage increase in seed weight during water uptake 
over time. Rapid hydration during Phase I was followed by a stabilization phase (Phase II), indicating attainment of 
hydration equilibrium prior to germination. Data represent mean ± SE of three biological replicates
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Among the treatments evaluated, gibberellic acid (GA3) at 500  ppm produced the 
most pronounced improvement in germination behaviour. This treatment significantly 
increased final germination percentage (26.80%), enhanced root and shoot growth, and 
resulted in the highest seed vigour index compared with the untreated control. The stim-
ulatory effect of gibberellic acid is commonly associated with enhanced embryo elonga-
tion, activation of hydrolytic enzymes, mobilization of stored reserves, and promotion 
of metabolic activity during early germination [13, 34, 50]. These findings suggest that 
hormonal stimulation can partially overcome physiological constraints limiting germi-
nation in C. religiosum.

In contrast, GA3 at 1000  ppm reduced germination percentage and seedling vigour, 
indicating that supra-optimal concentrations of gibberellin may exert inhibitory effects 
on seed metabolism and seedling development. Similar inhibitory responses at elevated 
GA3 concentrations have been reported in Rhapis excelsa [56] and Withania somnifera 
[61], suggesting that excessive hormonal stimulation may disrupt normal physiological 
regulation during germination.

Water soaking produced moderate improvement in germination compared with the 
untreated control, likely due to hydration-induced metabolic activation and enhanced 
enzymatic activity during early germination. Comparable effects of water soaking have 
been reported in Rauvolfia serpentina, where hydration facilitated metabolic reactiva-
tion of seeds and improved germination performance [26]. However, although water 
soaking improved germination percentage, it also resulted in relatively longer mean ger-
mination time (MGT) and reduced shoot growth compared with GA3 500 ppm treat-
ment, indicating that hydration alone may be insufficient to fully optimize germination 
physiology in C. religiosum.

In contrast, thiourea and potassium nitrate (KNO3) treatments showed little or no 
improvement in germination performance and significantly reduced seedling vigour. 
The inhibitory effects observed following thiourea and KNO3 treatments suggest that 
these chemicals may adversely affect embryo metabolism and early seedling develop-
ment in C. religiosum. Such limited responsiveness to chemical dormancy-breaking 
agents indicates limited evidence of strong physiological dormancy in freshly harvested 
seeds. Similar contrasting responses have been reported in highly dormant species such 
as Aconitum spp., where these treatments substantially enhance germination [41].

Table 4  Effect of different seed pre-treatments on germination performance and seedling growth 
parameters of C. religiosum. Treatments were evaluated based on final germination percentage 
(FGP), mean germination time (MGT), seedling root length, shoot length, and seed vigour index 
(SVI–I)
Treatment Final germina-

tion percentage 
(FGP) (%) (Mean 
± SE)

Mean germi-
nation time 
(MGT) (days) 
(Mean ± SE)

Root length 
(cm) (Mean 
± SE)

Shoot length 
(cm) (Mean 
± SE)

Vigour Index–I 
(Mean ± SE)

Control 11.06 ± 0.91 c 15.83 ± 0.04 a 2.71 ± 0.17 b 7.24 ± 0.15 a 110.11 ± 9.60 c

Water soaking (48 h) 17.03 ± 0.87 b 18.00 ± 0.00 b 2.38 ± 0.25 b 5.16 ± 0.23 b 127.70 ± 4.77 c

GA3 500 ppm (48 h) 26.80 ± 0.78 a 18.79 ± 0.51 b 3.42 ± 0.45 a 7.25 ± 0.29 a 285.05 ± 10.34 a

GA3 1000 ppm (48 h) 13.28 ± 0.39 c 21.15 ± 0.25 c 2.06 ± 0.22 c 4.47 ± 0.39 b 87.02 ± 8.15 d

Thiourea 0.5% (48 h) 8.22 ± 0.47 d 22.88 ± 0.53 d 1.46 ± 0.11 d 2.32 ± 0.26 c 30.63 ± 1.11 e

KNO3 0.5% (48 h) 7.04 ± 0.14 d 21.51 ± 0.13 c 1.15 ± 0.20 d 3.35 ± 0.68 c 31.63 ± 5.18 e
Values represent mean ± SE (n = 3). Percentage germination data were arcsine square-root transformed prior to ANOVA; 
untransformed means are presented for clarity. Means within a column followed by different letters differ significantly 
according to Tukey’s HSD test (P ≤ 0.05)
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Overall, the results indicate limited evidence of strong physiological dormancy under 
freshly harvested conditions in C. religiosum seeds, consistent with the rapid imbibition 
behaviour observed earlier. Nevertheless, because viability testing and post-treatment 
permeability assessments were not conducted, the possibility of partial dormancy or 
variability in seed permeability among individual seeds cannot be completely excluded. 
Among the treatments evaluated, GA3 at 500 ppm emerged as the most effective pre-
sowing treatment, significantly improving germination and seedling vigour. These find-
ings demonstrate that hormonal stimulation can substantially enhance germination 
performance and may facilitate nursery propagation and conservation programmes for 
C. religiosum.

3.5  Seed storage

Seed storage performance of C. religiosum was significantly influenced by seed mois-
ture content, storage temperature, and storage duration (P ≤ 0.05). Seeds equilibrated 
to 11% moisture content (MC) recorded the highest germination (37.05%), seedling 
length (8.67  cm), and seed vigour index (SVI–I = 342.48), followed by seeds at 6.23% 
MC, whereas seeds dried to 4.91% MC exhibited the lowest values for all parameters 
(Table 5). These results indicate that C. religiosum seeds are sensitive to excessive desic-
cation and exhibit tolerance to moderate drying only. However, since post-storage via-
bility testing using tetrazolium staining was not conducted, the observed reduction in 
germination cannot be interpreted solely as complete viability loss, and the possibility of 
dormancy induction or reduced seed permeability during drying and storage cannot be 
completely excluded.

Unlike orthodox seeds, which can generally be dried to moisture levels below 5% with-
out substantial reduction in germination performance [65, 71, 73], seeds of C. religio-
sum exhibited marked declines in germination and seedling vigour at lower moisture 
contents. Similar storage responses have been reported in species such as Zelkova ser-
rata [75], Psidium guineense [37], and Ulmus wallichiana [43]. The pronounced reduc-
tion in germination observed at very low moisture levels may reflect oxidative stress and 

Table 5  Effect of seed moisture content, storage temperature, and storage duration on germination 
percentage, seedling length, and seed vigour index (SVI–I)
Factor Level Germination (%) * 

mean
Seedling length 
(cm)* Mean

SVI–I * 
mean

Moisture (%) 11% 37.05 a 8.67 a 342.48 a

6.23% 24.77 b 7.39 b 180.39 b

4.91% 17.36 c 5.94 c 127.14 c

Storage temperature 15 °C 28.85 a 7.70 a 246.92 a

Room temperature 
(RT)

26.34 b 7.09 b 214.03 b

5 °C 23.99 c 7.21 b 189.06 c

Storage duration (MAS) 0 MAS 43.89 a 9.10 a 410.80 a

3 MAS 42.78 b 7.28 b 307.22 b

6 MAS 33.15 c 8.21 b 282.62 b

12 MAS 23.15 d 7.57 c 185.50 c

15 MAS 10.00 e 6.82 d 73.35 d

18 MAS 5.40 f 5.02 e 40.52 e
*Values represent mean ± SE (n = 3) averaged across factorial levels. Data were analysed using factorial ANOVA (moisture × 
temperature × storage duration), and means were separated using Tukey’s HSD test (P ≤ 0.05). Means within each column 
followed by different letters differ significantly. Germination percentages were arcsine-transformed prior to analysis; 
untransformed means are presented for clarity
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cellular damage associated with storage deterioration, including reactive oxygen species 
(ROS) accumulation, mitochondrial dysfunction, lipid peroxidation, and degradation 
of cellular macromolecules [33]. In addition, reduced seed permeability or induction of 
partial dormancy during drying and storage may also have contributed to the lower ger-
mination percentages observed after prolonged storage.

Storage temperature further influenced seed longevity and vigour. Seeds stored at 
15  °C maintained significantly higher germination (28.85%), seedling length (7.70 cm), 
and vigour index (246.92) compared with seeds stored at room temperature. In contrast, 
storage at 5 °C resulted in substantial reduction in germination performance, indicating 
sensitivity to chilling temperatures. Comparable chilling-sensitive responses have been 
reported in several species exhibiting intermediate-like storage behaviour, including 
Elaeis guineensis [17], Genipa americana [36], and Calophyllum inophyllum [23]. These 
observations differ from orthodox seeds, where reduced storage temperature generally 
prolongs seed longevity under low moisture conditions [16, 40]. In chilling-sensitive 
seeds, excessively low temperatures may disrupt membrane integrity and cellular metab-
olism, thereby accelerating physiological deterioration [10, 15].

The progressive decline in germination with increasing storage duration further dem-
onstrated the sensitivity of C. religiosum seeds to prolonged storage. Maximum germi-
nation and vigour were maintained during the initial 0–3 months after storage (MAS), 
followed by gradual reductions between 6 and 12 MAS and more pronounced declines 
thereafter. By 15 MAS, germination decreased to approximately 10%, accompanied by 
substantial reductions in seed vigour, while at 18 MAS germination declined to 5.40%. 
Nevertheless, because viability testing was not performed, these low germination val-
ues should be interpreted cautiously, as some non-germinated seeds may have remained 
viable but dormant. Similar deterioration patterns have been reported in other species 
exhibiting intermediate storage characteristics when optimal moisture–temperature 
combinations are not maintained [28, 49, 57].

Collectively, these results demonstrate that seed moisture content and storage tem-
perature interact strongly to determine the storage performance of C. religiosum seeds. 
Seeds maintained at approximately 11% moisture content and stored at 15 °C exhibited 
comparatively better preservation of germination and vigour, whereas excessive dry-
ing (≤ 5% MC), room-temperature storage, and chilling conditions accelerated decline 
in germination performance (Fig. 4). The results therefore suggest intermediate to near-
orthodox but chilling-sensitive storage behaviour in C. religiosum seeds. However, fur-
ther investigations involving tetrazolium viability assays, permeability assessments, and 
dormancy evaluation following storage are required before definitive classification of 
storage behaviour can be confirmed.

Considering the ecological importance and medicinal value of C. religiosum [31, 48], 
the development of species-specific seed storage protocols is essential for effective ex 
situ conservation, nursery propagation, and long-term genetic resource preservation.

4  Conclusion
This study provides one of the first comprehensive evaluations of fruit maturation, 
seed physiology, germination behaviour, and storage ecology of C. religiosum, gener-
ating important insights for its propagation, conservation, and sustainable utilization. 
Sequential developmental analysis strongly suggested 60–80 days after anthesis (DAA) 
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as the physiological maturity window, with 80 DAA representing the optimal harvest 
stage characterized by maximum seed dry mass, reduced moisture content, and highest 
germination and seed vigour. Carpological observations and imbibition analysis dem-
onstrated rapid triphasic water uptake and substantial seed permeability under freshly 
harvested conditions, indicating limited evidence of strong physical dormancy. Among 
the pre-sowing treatments evaluated, GA3 (500  ppm) significantly improved germina-
tion performance and seedling vigour.

Storage experiments further indicated intermediate to near-orthodox but chilling-sen-
sitive storage behaviour, with seed longevity strongly influenced by moisture–tempera-
ture interactions. Seeds equilibrated to approximately 11% moisture content and stored 
at 15  °C maintained comparatively higher germination and vigour, whereas excessive 
desiccation (≤ 5% moisture content) and chilling conditions accelerated deterioration, 
particularly after 12–18 months of storage. However, because post-storage viability and 
permeability assessments were not conducted, the possibility of dormancy induction or 
persistence of viable but non-germinating seeds cannot be completely excluded.

These findings provide practical guidance for conservation and propagation pro-
grammes by emphasizing appropriate harvest timing, selective hormonal enhancement, 
and carefully regulated cool (but non-chilling) storage conditions. Such strategies can 
improve nursery propagation, seed-bank management, restoration programmes, and ex 
situ conservation initiatives for C. religiosum and similar tropical dry-forest tree species.

Fig. 4  Effect of seed moisture content, storage temperature, and storage duration on A germination percentage, 
B seedling length, and C seed vigour index–I of C. religiosum. Seeds stored at approximately 11% moisture content 
and 15 °C maintained comparatively higher germination and vigour during storage, whereas seeds dried to 4.91% 
moisture content exhibited substantial reduction in germination performance during prolonged storage. Data 
represent mean ± SE of three biological replicates
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Nevertheless, certain limitations remain. Storage experiments were limited to 
18 months, and long-term viability trends beyond this period remain unknown. In addi-
tion, the experiments were conducted under controlled storage conditions, whereas 
field-level storage environments may exhibit greater environmental variability. Although 
the findings strongly suggest intermediate storage behaviour, the physiological and bio-
chemical mechanisms underlying desiccation tolerance and chilling sensitivity require 
further investigation. Population-level variation was also not examined and therefore 
the present findings represent species-level trends rather than geographic variation. In 
future studies, seed permeability to water should be tested after various periods of time 
for all treatments and storage conditions.

Future research should extend long-term storage studies and integrate physiological 
and molecular approaches, including reactive oxygen species (ROS) dynamics, mem-
brane stability analysis, and moisture sorption studies to better understand seed dete-
rioration processes. Integration of seed physiological studies with field emergence and 
restoration performance assessments will also be important for translating laboratory 
findings into practical conservation outcomes.

Overall, this work establishes a robust scientific foundation for improving seed man-
agement, conservation planning, and restoration strategies aimed at safeguarding the 
genetic resources and ecological resilience of C. religiosum.
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