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				Abstract. Seedling survival is strongly dependent on forest environmental conditions, which in Madagascar have been heavily degraded. Rising temperatures and declining rainfall further exacerbate the vulnerability of these ecosystems. We investigated seedling recruitment across ecologically diverse sites to identify the key factors influencing germination and seedling survival in aphyllous Vanilla species. In situ seedling monitoring and in vitro seed germination trials were conducted to assess tolerance to water stress at various developmen-tal stages. Among the 13 study sites, only three showed positive recruitment rates, with two sites exhibiting rates exceeding 50%. Recruitment was influenced by factors such as fruiting success, soil acidity, high silt content, and clay-rich soil composition. After 12 months of monitoring, approximately 85% of seedlings were lost following severe drought conditions. In vitro asymbiotic germination assays revealed two distinct peaks: rapid germination of immature white seeds after four months, followed by delayed germination of mature black seeds eight months later. The assessment of drought tolerance across protocorm developmental stages exposed to a high-concentration gelling agent revealed that advanced-stage protocorms had increased resistance to water stress. However, no developmental stage was capable of surviving a prolonged six-month drought. Due to the absence of seedling recruitment in several locations, aphyllous vanilla recruitment may benefit from assisted propagation through seed cultures and the subsequent reintroduction of young plantlets into natural habitats. Moreover, conservation and restoration programs should incorporate research on devel-oping soil conditions that facilitate vanilla seedling recruitment. 
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				Introduction. Understanding species recruitment mechanisms and limitations is crucial for the conser-vation and restoration of orchid populations (Phillips et al., 2020), particularly regarding the factors that control seed germination and seedling establishment (McCormick & Jacquemyn, 2014; McCormick et al., 2012; Rasmussen et al., 2015). Seed and micro-site limitations are the two primary mechanisms that restrict species recruitment (Dalling et al., 2002; Er-iksson & Ehrlén, 1992; McCormick & Jacquemyn, 2014). Microsite limitations occur when recruitment is hindered by the quantity and quality of suitable sites for establishing new plants. Conversely, seed limita-tion arises when seeds fail to reach appropriate sites 

				or when seed production is insufficient to occupy po-tential recruitment sites, even if dispersal is possible (Nathan et al., 2000). The recruitment rate of orchids in their natural habitats generally remains low (Bell, 2021; Hens et al., 2017; McCormick et al., 2012; Ras-mussen et al., 2015). This is primarily due to the dif-ficulty of seed germination, which is often constrained by various types of dormancy. Three main types of dormancy have been identified: (1) morphological dor-mancy, caused by underdeveloped embryos (Arditti & Ghani, 2000; Bewley & Black, 2013; Prutsch et al., 2000; Yeung, 2017); (2) physical dormancy, due to a thick and impermeable seed coat (Cameron & Chase, 1998; Nishimura & Tamura, 1993; Yeh et al., 2021); 
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				and (3) physiological dormancy, resulting from the ac-cumulation of inhibitors in mature seeds (Lee et al., 2015; Xu et al., 2020).

				Given that orchid seeds typically lack an endo-sperm (Arditti & Ghani, 2000; Yeung, 2017), their re-liance on fungal partners during germination is widely recognized (Gao et al., 2019; Li et al., 2021; Rasmus-sen, 1992; Sousa et al., 2019; Yoder et al., 2000). Sym-biotic fungi provide most of the minerals, nutrients, vi-tamins, and water necessary for seed germination and seedling development (Herrera et al., 2019; Li et al., 2021; McCormick et al., 2018). Increased mycorrhizal inoculum significantly enhances the germination and recruitment of young seedlings (McCormick et al., 2016; Těšitelová et al., 2022). 

				The availability of symbiotic fungi alone does not guarantee successful orchid seed germination; other environmental factors are often overlooked (Fay et al., 2015; Izuddin et al., 2019; McCormick & Jacquemyn, 2014; Rasmussen & Whigham, 1998; Stuckey, 1967; Yang et al., 2017). Abiotic factors, such as temperature and humidity, also play important roles in germination (Izuddin et al., 2019, Rasmussen et al., 2015). Also, light is crucial for orchid recruitment and influences various stages of the life cycle. It affects reproductive success (Horth, 2019; Kirillova & Kirillov, 2020) and influences seed germination (Kartzinel et al., 2013; Kirillova & Kirillov, 2019; Mahdavi et al., 2023; Sor-gato et al., 2020) and the survival of adult plants and seedlings (Fritsche et al., 2022; Scade et al., 2006). Soil structure, which determines the ability of seeds to reach an optimal depth, may affect germination (Kin-deren, 1995; McCormick et al., 2013; Wright et al., 2007). Several studies have also indicated that germi-nation success can be associated with the presence of litter (Higaki et al., 2017; Li et al., 2022), lower pH (Batty et al., 2001; Higaki et al., 2017), and increased soil moisture and organic matter content (Batty et al., 2001; Diez, 2007; Rasmussen et al., 2015). 

				Host trees may influence seedling establishment due to the roughness of certain bark structures that can provide better support and moisture retention, thereby enhancing germination rates (González-Orellana et al., 2024; Timsina et al., 2016; Zarate-García et al., 2020). It is estimated that 69% of orchid species are epiphytes (Zotz, 2013; Zotz et al., 2021a), and their life cycle is intricately connected to that of phorophytes. In ad-

				dition to survival, the distribution of orchids and the organisms that interact with them is also influenced by climatic factors such as temperature, precipitation, and humidity (Swarts & Dixon, 2009). These factors can affect orchid distribution, particularly regarding climate change (Fay, 2015) or specific changes follow-ing forest degradation, such as alterations in light lev-els and quality (Abeli et al., 2013; Falara et al., 2013; Kindlmann et al., 2014) and soil characteristics (Hem-pel et al., 2013).

				The aphyllous vanillas of Madagascar are orchids derived from an African ancestor that have diversi-fied on the island, with seven known morpho-species. They are sold as medicinal plants (Rakotoarivelo et al., 2019; Randriamiharisoa et al., 2015). Like many climbers, they may also serve as connections between trees for primates and arboreal animals (Dunn et al., 2012; Montgomery & Sunquist, 1978; Rendigs et al., 2003; Yanoviak, 2015). As crop wild relatives, they may provide a potential gene pool for breeding new varieties to tackle climate uncertainties (Flanagan et al., 2018; Maxted & Kell, 2009; Pimentel et al., 1997). Understanding their recruitment dynamics under in-creasing drought conditions is critical for develop-ing effective conservation and restoration strategies. Aphyllous vanillas are located in the humid forests of the north and east, as well as the dry forests of the west and south of the island (Andriamihaja et al., 2022). They are nomadic vines because their seeds germinate in the soil before the plant climbs and develops on a host tree (Zotz et al., 2021b). Their reproduction is both sexual and vegetative (Botomanga et al., 2024a; Gigant et al., 2014, Petersson, 2015).

				Spontaneous seedling establishment has rarely been reported in aphyllous vanillas, and the conditions favorable for in situ germination and seedling develop-ment remain unknown. However, habitat degradation and severe drought episodes have been noted to cause recruitment bottlenecks in several species (Gale et al., 2018; Garnier et al., 2021; Muñoz-Rojas et al., 2016; Phillips et al., 2020). Drought is expected to further challenge the survival and recruitment of new orchid seedlings (Ackerman, 2021; Evans et al., 2020; Janis-sen et al., 2022). Rampant deforestation (Rafanoha-rana et al., 2024; Suzzi-Simmons, 2023), coupled with increasing climate risks in Madagascar (Hending et al., 2022; Tadross et al., 2008; Weiskopf et al., 2021), 
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				suggests that aphyllous Vanilla Mill. species may have low in situ recruitment rates. 

				The primary objective of this study was to quan-tify natural recruitment in aphyllous Vanilla species by recording seedling abundance in situ across multiple forest sites. We examined how indicators of forest deg-radation such as forest structure, soil physicochemical properties, and litter quantity, influence seed germina-tion, and we identified microsite characteristics associ-ated with successful recruitment. Seedling survival was monitored throughout the dry season to evaluate sen-sitivity to drought prior to the onset of rains. Because protocorms are extremely small and difficult to assess under natural conditions, we complemented field obser-vations with in vitro assays, exposing different proto-corm developmental stages to media with reduced water availability to evaluate their drought responses under controlled conditions.

				Materials and methods. Study sites.— In Novem-ber 2019, fieldwork was conducted at 13 sites across different regions of Madagascar (Fig. 1, Table 1). The country’s landform features an elevated cen-tral plateau that gently slopes toward coastal plains in the west, south, and north, separated from the eastern littoral region by steep escarpments. This topographical diversity, combined with winds and maritime currents, has created different regional cli-mates (Table 1), as shown by Donque (1972) and Cornet (1974). The eastern regions experience a rainy climate, without a marked dry season due to the “Alizé” winds that bring high humidity from the Indian Ocean (Cornet, 1974). Manompana (MAN), a study site in the east, has an average annual pre-cipitation of 3042 mm (Table 1). In contrast, the western regions experience moderate precipitation, with about eight dry months annually (Cornet, 1974) and a mean temperature of 26 °C (Table 1). The cen-tral plateau generally has cooler temperatures. The Andringitra (AND) mountains in the highlands have an annual mean temperature of 20 °C (Table 1). Rainfall is irregular, with the dry season mitigated by frequent fog and light rain (Cornet, 1974). In the south and southwest, the climate is semi-arid to arid, characterized by low precipitation and a long dry pe-riod. The mean annual temperature is 25 °C (Table 1). This considerable climatic variation has resulted 

				in diverse vegetation types, ranging from evergreen rainforests with closed canopies in the east, to de-ciduous forests in the west, and spiny thickets with gallery forests in the south (Moat & Smith, 2007).

				Study species.— Seven aphyllous Vanilla species have been documented in Madagascar: V. bosseri L.Allorge and V. decaryana H.Perrier, V. humblotii Rchb.f., V. madagascariensis Rolfe, V. perrieri Schltr, V. al-lorgeae C.F.Andriam. & Pailler, and V. atsinananensis C.F.Andriam. & Pailler (Allorge-Boiteau, 2005, 2013; Andriamihaja et al., 2022; Cribb & Hermans, 2009; Portères, 1954). The aphyllous habit (Fig. 2A), has a polyphyletic origin and is thought to have evolved in-dependently at least three times across Africa, Asia, and the Americas as a convergent adaptation to drought conditions following coastal establishment and island colonization (Bouetard et al., 2010). Flowers are pro-duced once a year (Fig. 2B), with colors ranging from 
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				Figure 1. Map showing the five bioclimatic zones of Madagascar after Cornet (Madagascar Catalogue, 2023). Circles indicate the geographic positions of the 13 study sites.
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				white to yellow, and their sizes vary depending on the species (Andriamihaja et al., 2022). Flowering times differ accross species and regions (Andriamihaja et al., 2020). Based on taxonomic studies by Andriamihaja et al. (2021, 2022) and considering the geographical origin of the plant materials used in this study, the Vanilla spe-cies found at the 13 study sites are as follows: V. mada-gascariensis at both Ambanja (AMB) and Maromandia (MMD), V. humblotii at Montagne des Français (MDF), V. allorgeae at Andringitra (AND) and Anja (ANJ), V. atsinananensis at MAN, V. decaryana at Mahaleotse (MLT), V. perrieri at Befandrama (BFD) and Betarama-hamay (BTM), V. bosseri at Antsianitia (ATS) and Ma-rosely (MSL), and hybrids of V. bosseri and V. perrieri at Ankarafantsika (AKF) and Ankililoaka (AKL).

				Characterization of vanilla plants and seedlings.— A 50 × 20 m plot was established in an area with homo-geneous vegetation where vanilla vines were present according to the Braun-Blanquet method (Braun-Blan-quet, 1932). Three plots were created at each site. The number of vanilla plants in each plot was recorded, 

				along with the number of flowers and fruits for each individual. The seeds of aphyllous vanilla plants are so small that observing the protocorms is extremely chal-lenging. Therefore, we counted seedlings at advanced developmental stages by carefully inspecting surfaces conducive to seed germination, including the soil, tree trunks, and rocks. The physical characteristics of the seedlings, such as size (length and diameter) and color, were also recorded. Additionally, the distances be-tween the nearest neighboring seedlings and between each seedling and the nearest adult individual were measured to understand the mode of dispersal. The fruiting rate of vanilla plants was calculated as the per-centage of fruit-bearing individuals relative to the total number of individuals per plot. Similarly, the recruit-ment rate of aphyllous vanilla plants was calculated as the percentage of young vanilla seedlings relative to the total number of individuals per plot.

				Forest vertical structure.— Gautier’s method (Gauti-er et al., 1994) was used to investigate the vertical structure of the vegetation. Briefly, a transect line was 
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				Table 1. Soil parameters and climatic information of 13 study sites in Madagascar. Climatic data were obtained from https://www.worldclim.org (data for 1970 – 2000) and soil data were obtained from SoilGrids™ (https://soilgrids.org)

			

		

		
			
				Study sites: AMB: Ambanja, AND: Andringitra, ANJ: Anja, AKF: Ankarafantsika, AKL: Ankililoaka, ATS: Antsianitia, BFD: Befandrama, BTM: Betaramahamay, MLT: Mahaleotse, MAN: Manompana, MMD: Maromandia, MSL: Marosely, MDF: Montagne des Français

				Environmental variables: Litter: Litter thickness, pH: Soil pH in H20 at 5 cm depth, Sand: Quantity of sand at 5 cm depth, Clay: Quantity of clay at 5 cm depth, Silt: Quantity of silt at 5 cm depth, OC: Quantity of organic carbon at 5 cm depth, BIO1: Annual precipitation, BIO2: Annual Mean Temperature, BIO3: Annual Mean Min Temperature, BIO4: Annual Mean Max Temperature, BIO5: Annual mean Water vapor pressure, BIO6: Canopy closure.
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				drawn through the center of the plot along its length. We divided the transect line into 50 sampling points spaced at regular intervals of 1 m and erected a vertical graduated pole at each point. Thereafter, we measured the height of all plants that came into contact with the pole, as well as those present within a one-meter width on both sides of the transect line. The data collected from the height contact points of each vegetation fa-cies enabled us to characterize the vertical structure of each plot and analyze the cover by stratum, which cor-responded to the average percentage of height classes (Fig. S1). The scale for forest cover, which corre-sponds to the stratum openness established by Godron et al. (1983), was used to interpret the results (Fig. S1).

				In situ germination.— To identify microsites favorable for the germination and establishment of aphyllous va-nilla seedlings, seed baits were prepared using 6 cm diameter cotton cleansing disks. Seeds were extracted from fully mature V. madagascariensis pods (Fig. 2C), collected in December 2019 at AMB and MMD sites. One hundred seeds were placed between two thin lay-ers of cotton disks and wrapped in mesh fabric with a pore size of 100 μm to protect the seeds while allowing air and moisture exchange (Fig. 2E). Five seed baits 

				were placed in each of the tested microsites, includ-ing tree trunks, rocks, dead wood debris, under leaf litter, and 5 cm deep topsoil. Each bait location was tagged to facilitate monitoring. Baits were inspected with a magnifying glass every two months over a one-year period to observe germination. The germination rate was calculated by dividing the number of newly formed protocorms by the total number of seeds per disk and multiplying by 100.

				Seedling development monitoring.— We monitored the development of V. madagascariensis seedlings at the AMB and MMD sites. Sixty seedlings, with an initial average size of approximately 5 cm (Fig. 2F), were observed. Every two months, over the course of 18 months, we collected data on stem diameter, length, color, and mortality rate of the seedlings to assess their growth and survival dynamics. Mortality rate was cal-culated as the percentage of dead seedlings relative to the total number of seedlings.

				Soil analysis.— Soil profiles up to a depth of 50 cm were established to evaluate the characteristics of each horizon and the thickness of the leaf litter, which is important for understanding the environmental condi-
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				Figure 2. Recruitment of aphyllous Vanilla: (A). Aphyllous vanilla individual; (B). Flower visited by an insect; (C). Mature fruit blackening at the capsule tip; (D). Spontaneous seedlings under litter; (E). Seed baits placed in the soil; (F). Seedling characterized by the presence of tubers (arrow) in the underground part. Scale bar = 5 cm. Photographs by Botomanga A.
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				tions that support vanilla plant development. Five top-soil variables, namely pH, sand content, clay content, silt, and organic carbon (Table 1), were extracted from raster data at a 250-meter resolution provided by Soil-Grids 2.0 (Poggio et al., 2021).

				Seedling in vitro germination.— Five green pods of V. madagascariensis, likely resulting from flowers that were naturally pollinated earlier in the year, measured approximately 15 cm in length and 4 cm in diameter. They were harvested along with their flower stalks in December 2019 in the MMD forest. After harvesting, the pods were transported and stored at room tempera-ture for four days. First, the pods were cleaned with a detergent and then thoroughly rinsed with tap water. Next, they were immersed for one hour in a fungicide solution (Mancolaxyl 720 WP containing 6% man-colaxyl (64% mancozeb + 8% metalaxyl)) combined with detergent, and then rinsed five times with distilled water. Surface sterilization continued with a 2.6% so-dium hypochlorite solution for 30 minutes, followed by five washes with distilled water. The pods were then immersed in 70° ethanol for ten seconds and briefly flamed with a Bunsen burner. Afterward, the pods were opened under sterile conditions, and the seeds were carefully extracted and placed on sterile filter paper.

				The germination medium, hereafter referred to as MS medium, consisted of half-strength Murashige and Skoog (1962) medium, supplemented with 30 g/L sucrose. The pH was adjusted to 5.7 before adding 8 g/L agar (Type E bacteriological agar, Biokar Diag-nostics, France). Culture media were sterilized by au-toclaving at 120°C and 1.5 bar for 20 minutes, then dispensed into 9 cm diameter Petri dishes. The green pods varied in maturation age, resulting in the extrac-tion of both immature white and mature black seeds (Fig. S2A). During the culture period, immature seeds were separated from mature seeds (Fig. S2B, C). For each pod, approximately 100 seeds were placed on the medium in five replicates, resulting in a total of 25 Pe-tri dishes containing around 2500 seeds. The cultures were incubated for 18 months without any subcultur-ing in a controlled growth room maintained at 25°C, under direct exposure to a light intensity of 3000 lx and a photoperiod of 16 hours of light and 8 hours of darkness. Culture monitoring was conducted every two weeks using a binocular microscope with digital 

				image capture. MESURIM software (Madre, 2011) was utilized to count the germinated seeds, while the dimensions (length and width) of seeds and the vari-ous developmental stages of seedlings were measured and analyzed using ImageJ software (Schneider et al., 2012). The germination percentage was determined by calculating the ratio of seeds with a ruptured seed coat to the total number of cultured seeds, which was then multiplied by 100.

				Effects of low water availability medium on seed ger-mination and protocorm survival.— To mimic drought conditions in the natural environment of V. madagas-cariensis, we observed protocorm responses to lim-ited water availability by transferring protocorms at different developmental stages onto a medium with a high concentration of a gelling agent. The excess agar does not draw water quickly from plant tissue but increases the matric potential of the medium to re-duce free water availability (Klimaszewska & Smith, 1997; Owens & Wozniak, 1991), and thus mimicking the desiccating conditions encountered by seeds and protocorms during drought periods. We extended the water restriction experiment to 24 weeks to simulate the dry season in northwestern Madagascar (April – October) while monitoring the responses and survival of the protocorms. The drying medium (M4) is similar to the MS medium but is supplemented with 16 g/L agar. Protocorms derived from previous germination experiments were used in this study. The staging of protocorm development was adapted from Fang et al. (2021) with slight modifications (Fig. S3). These include Stage 1 (P1: white protocorm), Stage 2 (P2: chlorophyllous protocorm), Stage 3 (P3: protocorm with a single leaf primordium), and Stage 4 (P4: pro-tocorm with two leaf primordia). Thirty mature seeds or 20 protocorms were placed in each Petri dish. The experiment was conducted using 10 Petri dishes, re-peated five times for mature seeds and for each pro-tocorm developmental stage, resulting in a total of 50 Petri dishes per developmental stage. Subsequently, five seeds or protocorms from different boxes were transferred to the MS medium every two weeks for six months, totaling 50 seeds or protocorms per treatment. Seed and protocorm development were monitored on both culture media for an additional six months fol-lowing transfer. Monitoring included counting germi-nated seeds and assessing protocorm size and color. 
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				The size of the protocorms was evaluated by calcu-lating the sum of their lengths and widths, dividing by two. A protocorm was considered dead when it ex-hibited complete necrosis and was unable to resume development after being transferred to MS medium. The survival rate of the protocorms was determined by calculating the ratio of protocorms that continued their growth to the total number of transferred proto-corms and then multiplying by 100.

				Analysis of climate data in Maromandia and Am-banja.— Using historical monthly weather data from the WorldClim 2 database (Fick & Hijmans, 2017), we analyzed variations in average monthly precipitation (Fig. S4) and maximum temperatures (Fig. S5) by comparing two distinct periods: before 2000 (1960–1999) and after 2000 (2000–2019). This analysis was conducted at two study sites, where we monitored the development of young vanilla seed-lings to better understand potential changes in rain-fall and temperature patterns and their impact on the growth and recruitment of these species.

				Statistical analysis.— The data were analyzed after confirming normal distribution using the Shapiro-Wilk test. All analyses were performed with R ver-sion 4.3.1 (R Core Team, 2023). The germination percentages of immature and mature seeds were analyzed separately. For each two-week period, the average germination rate was determined using a one-way ANOVA. Multiple comparisons of means were conducted using Tukey’s post hoc test with the “glht” function from the R package “multcomp” (Hothorn et al., 2015) at a significance level of p < 0.05. A similar analysis assessed the variation in protocorm size across MC and M4 culture media. The half-life (T50) required for protocorm necrosis was evaluated separately for each developmental stage. Similarly, the survival rate was assessed in-dependently for each developmental stage. To as-sess the distance between the seedlings and aphyl-lous adult vanilla plants, we combined data from the two sites. Principal component analysis (PCA) was performed using the FactoMineR package (Lê et al., 2008) to explore the relationship between aphyllous vanilla recruitment and the environmental factors at the study sites. The factoextra package (Kassambara 

				& Mundt, 2017) was used to enhance the visualiza-tion of the PCA results. A Pearson correlation test was conducted to evaluate the relationship between environmental factors and the recruitment of aphyl-lous vanilla plants.

				Results. Description of recruitment capacities in dif-ferent ecoregions.— Across the 13 study sites, the den-sity of adult aphyllous vanilla plants varied significant-ly (p < 0.001), ranging from 33 individuals per hectare in MAN to 2036 individuals per hectare in BTM. Al-most all sites exhibited fruiting vanilla plants, except for MAN and AKF (Table 2). Fruiting rates ranged from 1.3% to 35.6% for MDF and MMD, respectively (Table 2). Vanilla seedlings were recorded at only three sites in northwestern Madagascar, with moderate rain-fall. MMD and AMB, featuring V. madagascariensis populations, exhibited the highest recruitment rates of 53.5% and 51.7%, followed by ATS, where V. bos-seri is present, at 13.2% (Table 2). Interestingly, AMB was the only site in the study where V. planifolia was grown, and positive recruitment of aphyllous vanilla was also observed. The seedlings displayed a green hue and were found growing within the soil, with heights ranging from 0.5 to 6.7 cm (Fig. 2D, F). The underground portions of the seedlings consisted of white tubers (Fig. 2F). The average distance between an adult individual and a young vanilla seedling was 0.95 ± 0.5 m, with a maximum distance of 2.42 m. Seedlings were distributed at an average distance of 0.18 ± 0.12 m apart, with maximum spacing of 0.52 m.

				Assessment of environmental factors contributing to aphyllous vanilla recruitment.— Principal Compo-nent Analysis (PCA) of the environmental variables classified the 13 sites into four distinct groups (Fig. 3). Group 1 (G1) comprised the single-site AND, characterized by low monthly temperatures (20.1 ± 0.7 °C), soil with low organic carbon content (24.6 g/kg), and a thick litter layer (6.5 cm) (Table 3). Group 2 (G2) included AKF and MAN, exhibiting a semi-open canopy, zero fruiting rate, very high monthly precipitation (186.8 ± 30 mm), thick lit-ter layer (7.1 ± 0.6 cm), and soils rich in organic carbon (51.5 ± 12 g/kg) (Table 3). Group 3 (G3) consisted of AKL, ANJ, BFD, BTM, MLT, MDF and MSL, characterized by low fruiting rates, low 
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				monthly precipitation (89.5 ± 13.2 mm), and sandy soils (545.2 ± 9.6 g/kg) (Table 3). Group 4 (G4) in-cluded the AMB, ATS, and MMD sites, featuring a very open canopy, high fruiting rates (24.4 ± 8.6%), a thin litter layer (1.1 ± 0.8 cm), average monthly 

				precipitation (154.6 ± 25.7 mm), and clayey-silty soils (Table 3). Recruitment showed strong positive correlations with fruiting rate (r = 0.9, p < 0.001), soil silt content (r = 0.59, p < 0.05), and soil clay content (r = 0.64, p < 0.05) (Fig. S6). In contrast, it 

			

		

		
			
				
					Sites

				

				
					Code

				

				
					Species

				

				
					Vanilla number

				

				
					Fruiting (%)

				

				
					Recruitment (%)

				

				
					Ambanja

				

				
					AMB

				

				
					V. madagascariensis

				

				
					137

				

				
					30.2

				

				
					51.7

				

				
					Andringitra

				

				
					AND

				

				
					V. allorgeae

				

				
					127

				

				
					4.5

				

				
					0

				

				
					Anja

				

				
					ANJ

				

				
					V. decaryana

				

				
					513

				

				
					3.7

				

				
					0

				

				
					Ankarafantsika

				

				
					AKF

				

				
					V. bosseri-perrieri

				

				
					42

				

				
					0

				

				
					0

				

				
					Ankililoaka

				

				
					AKL

				

				
					V. bosseri-perrieri

				

				
					423

				

				
					5.4

				

				
					0

				

				
					Antsianitia

				

				
					ATS

				

				
					V. bosseri

				

				
					241

				

				
					7.4

				

				
					13.2

				

				
					Befandrama

				

				
					BFD

				

				
					V. perrieri

				

				
					529

				

				
					3.7

				

				
					0

				

				
					Betaramahamay

				

				
					BTM

				

				
					V. perrieri

				

				
					611

				

				
					2.1

				

				
					0

				

				
					Maleotsy

				

				
					MLT

				

				
					V. decaryana

				

				
					89

				

				
					1.6

				

				
					0

				

				
					Manompana

				

				
					MAN

				

				
					V. atsinananensis

				

				
					10

				

				
					0

				

				
					0

				

				
					Maromandia

				

				
					MMD

				

				
					V. madagascariensis

				

				
					173

				

				
					35.6

				

				
					53.5

				

				
					Marosely

				

				
					MSL

				

				
					V. bosseri

				

				
					236

				

				
					2.2

				

				
					0

				

				
					Montagne des Français

				

				
					MDF

				

				
					V. humblotii

				

				
					159

				

				
					1.3

				

				
					0

				

			

		

		
			
				Table 2. Population size, fruiting rate, and recruitment rate of aphyllous Vanilla species across 13 study sites in Madagascar.
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				Figure 3. Factorial plans of Principal Component Analysis. (A) Variables consisting of abiotic and vegetation characteristics of the study sites. pH – Soil pH in H20 at 5 cm depth, Sand – Quantity of sand in g/kg, at 5 cm depth, Clay – Quantity of clay in g/kg at 5 cm depth, Silt – Quantity of silt in g/kg at 5 cm depth, OC – Quantity of organic carbon in g/kg at 5 cm depth, BIO1 – Annual precipitation, BIO2 – Average annual temperature, BIO3 – Minimum annual temperature, BIO4 – Maximum annual temperature, BIO5 – Water vapor pressure, BIO6 – Canopy cover rate. (B) Factor map show-ing the distribution of localities. Ambanja – AMB, Anja – ANJ, Andringitra – AND, Ankarafantsika – AKF, Ankililoaka – AKL, Antsianitia – ATS, Befandrama – BFD, Betaramamay – BTM, Maleotsy – MLT, Manompana – MAN, Ma-romandia – MMD, Marosely – MSL, Montagne des Français – MDF. The variables are colored according to their Cos2, and color gradients are used to highlight their degree of correlation: variables with low, mid, and high Cos2 values are colored in blue, nanking yellow, and red, respectively.
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				Botomanga et al. — Recruitment challenges in aphyllous vanilla seedlings 

			

		

		
			
				
					Group

				

				
					Canopy closure (%)

				

				
					Fruiting (%)

				

				
					Litter 

					(cm)

				

				
					Precipitation (mm)

				

				
					Temperature (C°)

				

				
					pH

				

				
					OC 

					(g/kg)

				

				
					Clay 

					(g/kg)

				

				
					Silt 

					(g/kg)

				

				
					Sand

					 (g/kg)

				

				
					1

				

				
					42.1ab 

				

				
					4.5b

				

				
					6.5a

				

				
					80.2 ± 25.6ab

				

				
					20.1 ± 0.7c

				

				
					6.0ab

				

				
					24.6a

				

				
					277ab

				

				
					181b

				

				
					542ab

				

				
					2

				

				
					56.5 ± 5.2a

				

				
					0 ± 0b

				

				
					7.1 ± 0.6a

				

				
					186.8 ± 30.0a

				

				
					25.0 ± 0.4ab

				

				
					6.1 ± 0.1ab

				

				
					51.5 ± 12a

				

				
					261.5 ± 8.5ab

				

				
					213 ± 3ab

				

				
					521 ± 10ab

				

				
					3

				

				
					24.8 ± 3.1b

				

				
					2.8 ± 0.5b

				

				
					2.1 ± 0.3b

				

				
					89.5 ± 13.2b

				

				
					25.1 ± 0.2b

				

				
					6.3 ± 0.1a

				

				
					31.7 ± 1a

				

				
					254.2 ± 8.2b

				

				
					200.1 ± 6b

				

				
					545.2 ± 9.6a

				

				
					4

				

				
					16.5 ± 0.6b

				

				
					24.4 ± 8a

				

				
					1.1 ± 0.8b

				

				
					154.6 ± 25.7ab

				

				
					26.2 ± 0.2a

				

				
					5.7 ± 0.3b

				

				
					52.8 ± 11a

				

				
					300.3 ± 13.7a

				

				
					261.6 ± 20a

				

				
					437.7 ± 31b

				

			

		

		
			
				Table 3. Comparison of ten environmental parameters (mean ± SE) among the four PCA groups. Means followed by the same superscript within a column are not significantly different (p > 0.05), according to Tukey’s post-hoc test.

			

		

		
			
				Group 1: AND; Group 2: AKF and MAN; Group 3: AKL, ANJ, BFD, BTM, MDF, MLT and MSL; Group 4: AMB, ATS, and MMD.

				Environmental variables: pH: Soil pH in H20 at 5 cm depth, OC: Quantity of organic carbon in g/kg at 5 cm depth, Clay: Quantity of clay in g/kg at 5 cm depth, Silt: Quantity of silt in g/kg at 5 cm depth.
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				was negatively correlated with soil pH (r = −0.75, p < 0.01) and sand content (r = −0.68, p < 0.05) (Fig S6). When the MAN and AKF sites, where no fruit-ing was recorded, were excluded from the analysis, precipitation showed a significant positive correla-tion with recruitment (r = 0.69, p < 0.05) (Fig. S7). Notably, no recruitment was observed at the south-ern Madagascar sites, which are characterized by low annual precipitation, despite significant fruit production (Table 2).

				Responses of seed baiting.— After 12 months of monitoring, the seed baits placed on different sub-strates, including those buried in soil, showed no signs of germination. 

				Seasonal growth and mortality of young seedlings.— Throughout one year, the increments in length and di-ameter of young vanilla seedlings exhibited significant variations correlated with precipitation (Fig. 4A–C). From January to June, seedling length increased by 3.6 ± 0.9 cm at AMB and by 2.4 ± 0.3 cm at MMD, while diameter increased by 0.67 ± 0.14 mm at AMB and 0.57 ± 0.16 mm at MMD (Fig. 4A–C). During the dry season (June – October), the length increment was lim-ited to 1.2 ± 0.3 cm at AMB and 0.9 ± 0.1 cm at MMD, while seedling diameter decreased to 0.63 ± 0.25 mm at AMB and 0.57 ± 0.22 mm at MMD (Fig. 4A–C). During this period, the seedlings turned yellow (Fig. 5C, D, E). From November through February, during 

				the heavy rainy season, the surviving seedlings showed a marked increase in length (5.8 ± 1.8 cm at AMB and 5.4 ± 2.8 cm at MMD) and diameter (1.1 ± 0.4 mm at AMB and 0.7 ± 0.4 mm at MMD) (Fig. 4A, C). Over the year, young aphyllous vanilla plants demonstrated a total length growth of 10.5 ± 2.7 cm (Fig. 5A, B). However, a high mortality rate was observed, with 24/30 (80%) of the seedlings at AMB and 27/30 (90%) at MMD not surviving through December; the major-ity of losses occurred between October and December (Fig. S8). Between 2000 and 2019, there was a signifi-cant decrease in annual precipitation (p < 0.05), with a reduction of 151 mm at AMB and 109 mm at MMD compared to the 1970–1999 period. Simultaneously, maximum temperatures increased by 0.5 °C at AMB and 0.6 °C at MMD.

				In vitro asymbiotic germination.— The highest cumu-lative germination percentage occurred in immature seeds, reaching 98% after 210 days of cultivation (Fig. 6A), while mature seeds displayed a cumulative germi-nation rate of 25% after 390 days (Fig. 6B). Germina-tion peaked at 105 days after cultivation (DAC) for im-mature seeds (Fig. 6A) and at 270 DAC for mature seeds (Fig. 6B). Asymbiotic germination of aphyllous vanilla is initiated by seed imbibition and subsequent rupture of the seed coat (Fig. 7A, B), followed by the release of a whitish embryo (Fig. 7C). Non-chlorophyllous proto-corms emerged from immature seeds at 75 DAC on MS medium (Fig. 6A), whereas germination was noted only 
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				Figure 4. Annual variations in precipitation, seedling height, and seedling diameter at the Maromandia and Ambanja sites. (A) Variation in seedling height (cm); (B) average monthly precipitation (https://www.worldclim.org); (C) variation in seedling di-ameter (mm). (n = Sample sizes); bars with dif-ferent letters are significantly different after Tukey post hoc test with P < 0.05.

			

		

		
			
				at 195 DAC in mature seeds (Fig. 6B). Initially, white protocorms enlarged and gradually developed green pigmentation (Fig. 7D) after an average period of 3 ± 1.2 weeks post seed coat rupture (WPSCR). However, a few protocorms (1.2%) exhibited atypical development, remaining white before turning brown, and subsequent-ly dark brown at 21 ± 2.2 WPSCR. Chlorophyllous pro-tocorms continued to grow, forming a cotyledon (Fig. 7E) at 8 ± 1.6 WPSCR, and developing the first leaf (Fig. 7F) at 15 ± 2.3 WPSCR. The protocorm developed into a young seedling with roots (Fig. 7G) at 34 ± 3.2 WPSCR. At 390 DAC, the germination of some mature seeds was still observed (Fig. 6B).

				Effect of the M4 drying medium on seed germination and protocorm development.— After 24 weeks of cul-ture in M4 medium, there was no germination observed in the mature seeds. In contrast, seeds transferred to the MS medium had a cumulative germination rate of 6% over the same period. Regarding growth, the size of the protocorms in the M4 medium remained unchanged after 24 weeks of cultivation (Table 4). Conversely, all protocorms cultured in MS medium showed a signifi-cant increase in size compared to the beginning of the cultivation period (Table 5). Over several weeks in M4 medium, the protocorms gradually turned brown (Fig. S2D), although the time required for this color change varied depending on the stage of the protocorms. P1, initially white, turned brown after 6 ± 1.5 weeks in the M4 medium, and then dark brown after 10 ± 1.7 weeks (Fig. S9). P2, P3, and P4, which were initially green, turned dark brown after 14 ± 1.5, 17 ± 2, and 21 ± 2 weeks, respectively, in the M4 medium (Fig. S9). The transfer of protocorms from M4 to MC revealed differing capacities to resume development after wa-ter stress, which is influenced by both the duration of exposure to the M4 medium and the developmental stage of the protocorms. For the P1, P2, P3, and P4 protocorms, the times required to reach 50% mortality (T50) in M4 medium were 10, 12, 14, and 16 weeks, respectively (Fig 8). Complete mortality, with no pro-tocorms surviving after transfer to the MS medium, was observed after 14, 16, 18, and 22 weeks (Fig 8).

				Discussion. Fruiting rate and soil properties are impor-tant factors controlling seedlings recruitment.— Across 13 sites, aphyllous vanilla seedlings were observed at 
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				Botomanga et al. — Recruitment challenges in aphyllous vanilla seedlings 
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				Figure 5. Seedling evolution. (A–B) Healthy seedlings observed at the beginning of the year (A) and after one year of monitoring (B). (C–D) Dehydrated seedlings observed in August (C) and an advanced stage of dehydration leading to necrosis of the upper parts (D). (E) Close-up of a necrotic seedling stem caused by severe dehydra-tion. Scale bar: (A, C) = 1 cm; (B, D) = 2 cm. Photographs by Botomanga A.
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				Figure 6. Percentage of seed germination of aphyllous vanilla in MC culture medium over 390 days. (A) Germina-tion of immature seeds; (B) Germination of mature seeds. Bars correspond to the standard error (SE) of means. Sample sizes were as follows: immature seeds (n = 1000), mature seeds (n = 1500). Bars with different letters are significantly different after Tukey post hoc test with P < 0.05.
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				only three northwestern sites (AMB, ATS, and MMD), highlighting the stringent recruitment requirements for orchid species under natural conditions (Batty et al., 2001; Gill, 1996; Hens et al., 2017). These three sites likely provide environmental conditions conducive to both germination and seedling growth, including a high fruiting rate, high silt content, high clay content, and acidic soil. In contrast, at the other 10 sites, par-ticularly those in southern Madagascar, we assume that recruitment in the aphyllous vanilla occurs exclusively through vegetative reproduction via stem branching.

				Fruit production, which is essential for seed avail-ability, is crucial for orchid recruitment (Ackerman et al., 1996; Hens et al., 2017; Nathan & Muller-Landau, 2000). Our results suggest that higher fruiting rates correlate with a greater likelihood of encountering wild seedlings. In populations influenced by density-dependent factors such as suitable microsite availabil-ity, individuals producing more seeds have a better chance of locating an appropriate microsite than those producing fewer seeds (Hens et al., 2017; Shefferson et al., 2020).

				Seedling occurrence was also associated with low-er pH. Soil acidity can directly or indirectly influence 

				orchid seed germination (Diez, 2007). Due to their reli-ance on mycorrhizae for germination, factors affecting fungal distribution indirectly influence germination success, and soil pH significantly affects the distribu-tion of mycorrhizal fungi (Janowski & Leski, 2022). Soil fungi tend to be more diverse in low-pH environ-ments (Blagodatskaya & Anderson, 1998; Rousk et al., 2010). Furthermore, HCl solutions are commonly used to mimic animal digestive acids and to break down the impermeable seed coats of endozoochorous plants (Jaganathan et al., 2019; Kleyheeg et al., 2018; Šoch et al., 2023), suggesting that soil acidity may directly impact seed germination by acting similarly to that of orchid seeds.

				The silt and clay contents of soils play a critical role in geological and environmental processes be-cause of the fine particle size and porous structure of these components (Huntley, 2023; Li et al., 2018). Soil pore space governs the movement of air and water through its porosity and permeability, which in turn determine the availability of these resources to plant roots (Matus, 2021). These physical proper-ties endow soils with high water retention capacity and substantial potential for carbon and nitrogen stor-
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				Figure 7. Development of protocorms and growth of aphyllous vanilla seedlings: (A). Imbibed seed; (B). Protocorm emerging from the seed coat; (C). White protocorm after seed coat rupture; (D). Green protocorm (4 weeks after seed coat rupture); (E). Protocorm with cotyledon (8 weeks after seed coat rupture); (F). Protocorm with the first leaf (14 weeks after seed coat rupture); (G). Seedlings with healthy roots (34 weeks after seed coat rupture). Scale bars: (A, B, D) = 0.1 mm; (C) = 0.2 mm; (E) = 0.25 mm; (F) = 1 mm; (G) = 1 cm. Photographs by Botomanga A.
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					P3 (mm)
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					T0

				

				
					0.35 ± 0.02j

				

				
					0.83 ± 0.07i

				

				
					1.15 ± 0.30h

				

				
					2.94 ± 0.37e

				

				
					T1

				

				
					0.77 ± 0.02i

				

				
					1.52 ± 0.09g

				

				
					2.39 ± 0.21f

				

				
					4.7 ± 0.38c

				

				
					T2

				

				
					1.36 ± 0.04g

				

				
					2.47 ± 0.11f

				

				
					3.11 ± 0.41d

				

				
					7.2 ± 

					1.3b

				

				
					T3

				

				
					2.85 ± 0.04ef

				

				
					3.2 ± 0.14de

				

				
					4.2 ± 0.35c

				

				
					13.7 ± 2.4a

				

			

		

		
			
				age (Li et al., 2018; Matus, 2021; Moreno-Maroto & Alonso-Azcárate, 2018; Rabot et al., 2018). Although we did not observe a direct correlation between pre-cipitation and aphyllous vanilla plant recruitment, G4 sites received an average of 154 mm of rainfall per month, ensuring consistent moisture. The clayey soils at these sites may be instrumental in maintain-ing moisture, facilitating germination by preventing seed desiccation, and promoting water imbibition. The negative charge of clay particles enables them to attract and retain essential cations such as calcium, potassium, and magnesium (Kumari & Mohan, 2021; Schoonheydt et al., 2018). These nutrients, which are vital for plant growth, are gradually released by clay and serve as reservoirs for seedling root development. Loamy soils, characterized by intermediate particle size and low compaction, provide favorable condi-tions for the development of fungal networks (Pau-wels et al., 2023). The genus Vanilla is frequently associated with various fungal partners, such as Rhi-zoctonia solani J.G.Kühn, Tulasnella bifrons Bourdot & Galzin, Tulasnella deliquescens Juel (Juel), and Ceratobasidium cornigerum (Bourdot) D.P.Rogers (Porras-Alfaro & Bayman, 2007; Sathiyadash et al., 2020). These fungi display a variety of ecological strategies ranging from saprotrophic growth to sym-biotic associations with plant roots. They colonize root tissues and extend their hyphae beyond the rhi-zosphere, facilitating the uptake and transfer of wa-ter and nutrients to host plants (Bahadur et al., 2019; Cheng et al., 2021). 

				An additional biotic factor in orchid recruitment is the positive influence of seedling recruitment near adult individuals. We found an average distance of less than 1 m between seedlings and adults, corrobo-rating results that indicate germination and successful recruitment often occur preferentially near parental or conspecific plants (Diez, 2007; González-Orellana et al., 2024; McCormick et al., 2018). This spatial prox-imity may be attributed to the enhanced availability of mycorrhizal fungi and optimal microsite conditions in the vicinity of adult specimens (Diez, 2007; Fernández et al., 2023; Petrolli et al., 2022). Read et al. (2024) confirmed that adult plants transfer carbon to seedlings via mycorrhizal fungal networks that connect the roots. They suggested that this mechanism may play a crucial role in orchid establishment and development in natu-ral habitats.

				Delayed germination of mature seeds to align with favorable environmental conditions.– The immature seeds of the aphyllous Vanilla species exhibited nearly complete germination, while only 25% of the mature seeds germinated in the culture medium. This indicates that seed coat impermeability and the deposition of in-hibitory substances occur late in seed development, as observed in many orchid seeds (Šoch et al., 2023; Yamazaki & Miyoshi, 2006; Yeung et al., 2018; Zhang et al., 2013). The results indicated that the germination of mature seeds peaked at approximately nine months and persisted for just over one year. In their natural habitat, the pods of V. madagascariensis reach ma-

			

		

		
			
				
					Temps (T)

				

				
					P1 (mm)

				

				
					P2 (mm)

				

				
					P3 (mm)

				

				
					P4 (mm)

				

				
					T0

				

				
					0.37 ± 0.03e

				

				
					0.81 ± 0.02d

				

				
					1.14 ± 0.08c

				

				
					2.98 ± 0.26b

				

				
					T1

				

				
					0.41 ± 0.01e

				

				
					0.80 ± 0.08d

				

				
					1.12 ± 0.11c

				

				
					3.04 ± 0.13b

				

				
					T2

				

				
					0.32 ± 0.03e

				

				
					0.71 ± 0.06d

				

				
					1.10 ± 0.12c

				

				
					3.12 ± 0.71ab

				

				
					T3

				

				
					0.30 ± 0.05e

				

				
					0.63 ± 0.04d

				

				
					1.08 ± 0.11c

				

				
					3.08 ± 1.1b

				

			

		

		
			
				Table 4. Variation in protocorm size (mean ± SE) on drying M4 medium after 24 weeks of culture. Means followed by the same superscript in a column were not significant-ly different (p > 0.05) according to Tukey post-hoc test.

			

		

		
			
				Table 5. Variation in protocorm size (mean ± SE) on germi-nation media after 24 weeks of culture. Means followed by the same superscript in a column were not significant-ly different (p > 0.05) according to Tukey post-hoc test.

			

		

		
			
				P1: stage 1 protocorm, P2: stage 2 protocorm, P3: stage 3 protocorm, P4: stage 4 protocorm, T0: culture initiation, T1: 8 weeks after initiation, T2: 16 weeks after initiation and T3: 24 weeks after initiation. 
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				turity between June and August. They likely dehisce between September and November in response to the high temperatures and dryness typical of that period, thereby releasing seeds at the onset of the rainy season, between November and January. In line with the ob-served results, germination began around mid-August with a peak recorded in early October, which histori-cally marked the beginning of the rainy season (Fig. S4). Due to a prolonged interval between the onset of germination and seed coat rupture, germination likely occurs during dry periods, and protocorm development coincides with the following rainy season, which is fa-vorable for their growth. However, under current cli-mate change conditions in Madagascar, the first rains tend to occur later, often in December. This could af-fect the survival rate of developing protocorms. The peak germination rate of the mature seeds was 5%, which is low. However, considering the number of seeds in an aphyllous vanilla pod, this still represents a significant number of seedlings. Consequently, it is not surprising that our seed-baiting experiment failed to yield positive results, as the experiment was terminat-ed prematurely. In certain orchid species, as reported by Rasmussen & Whigham (1998), seed germination was not observed within 20 months following bait in-stallation but only in the subsequent year.

				High seedling mortality occurs as the dry season in-tensifies.– Our findings revealed that 85% of the young seedlings perished during the 18-month monitoring 

				period in their natural habitats. This high mortality rate was primarily attributed to excessive dehydration, characterized by a progressive reduction in seedling di-ameter, yellowing of the stem, and ultimately, collapse of the inner tissues. The elevated mortality observed at the onset of the rainy season suggests that the adverse conditions during the dry season inflicted irreversible damage on the seedlings. An analysis of climate data over the past six decades has indicated a decline in annual rainfall and a rise in temperature in AMB and MMD. These results corroborate a recent analysis that incorporated controlled and homogenized data from 28 meteorological stations in Madagascar between 1950 and 2018 (Randriamarolaza et al., 2022). The rising temperatures likely led to increased evaporation and surface drying, thereby intensifying drought con-ditions caused by the lack of rainfall (Gebrechorkos et al., 2025). Such dual effects of water limitation and extreme heat were found to cause seedling mortality among different pine species, with rising temperatures exacerbating moisture stress (Hankin et al., 2025). Furthermore, recruitment is strongly affected by cli-mate change even among species that have adaptive traits to withstand drought (Félix-Burruel et al., 2025; Milton et al., 2024).

				Responses of protocorms to low water availability are dependent on their developmental stages.– In the dry-ing medium, all stages of protocorms ceased develop-ment, as indicated by the lack of significant size varia-tion over the 24-week culture period. Water restriction limits the growth and development of germinating em-bryos (Bazalar, 2020; Klimaszewska et al., 2000). Pro-longed water restriction results in plant death (Huang & Song, 2013; Ntuli, 2012; Wojtyla et al., 2020), as shown in this study. However, we observed that drought tolerance varied depending on the developmental stage of protocorms. P1-stage protocorms are more sensitive to drought than P4-stage protocorms, supporting the hypothesis that body size is a key life-history trait in-fluencing drought survival in plants (Midgley & Van Der Heyden, 1999; Milton et al., 2024). The P4 proto-corms, which were significantly larger than P3, P2, and P1, exhibited greater drought resilience, with a notable delay in mortality. This increased resistance is likely due to the higher water storage capacity of the well-developed tissues. This mechanism enhances survival 
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				Figure 8. Survival rates of various protocorm stages after several weeks of culture on M4 medium. For each pro-tocorm developmental stage, n = 600.
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				probability in water-limited environments (Midgley & Van Der Heyden, 1999; Ripley et al., 2013). In the present study, no new seedling recruitment was ob-served at any of the sites located within ecoregions characterized by low precipitation. This absence of re-cruitment is concerning as it highlights the vulnerabili-ty of Vanilla species in increasingly arid environments. These findings underscore the urgency of prioritizing conservation actions for vanilla populations inhabiting drought-prone regions, where natural recruitment ap-pears to be critically limited.	

				Conclusion and implications to conservation. The recruitment of young plants and successful sexual reproduction play crucial roles in maintain-ing high genetic diversity and promoting effective gene flow within populations (Berry et al., 2019; Paulo et al., 2019; Salgotra & Chauhan, 2023). The absence or low recruitment rate observed in this study, combined with the high clonality found in certain aphyllous vanilla populations (Botomanga et al., 2024a), may further constrain seedling re-cruitment. Indeed, reduced genetic diversity and increased inbreeding are associated with lower germination rates and decreased seedling fitness at early developmental stages (Booy et al., 2000; Capblancq et al., 2021). This highlights the need for corrective action, such as translocation strate-gies, including reintroduction and assisted coloni-zation, to support species recovery (Phillips et al., 2020; Shao et al., 2017; Zhao et al., 2021). The results presented here lay the groundwork for de-veloping habitats conducive to the recruitment of aphyllous Vanilla within a restoration program. Such approaches have proven successful for some orchid species (Wright et al., 2007). To preserve and enhance the genetic diversity of aphyllous Va-nilla orchids, seed germination success may be en-hanced using tissue culture techniques (Jolman et al., 2022). The resulting seedlings can then be rein-

				troduced into their natural habitat once they attain sufficient robustness to withstand drought.

				The aphyllous vanilla species found in Madagascar have demonstrated a remarkable capacity to adapt to heterogeneous environments, including humid and dry forests. Interspecific comparisons of root anatomical traits revealed an increased number of aerenchyma and vascular bundles in low-rainfall regions (Botomanga et al., 2024b). Such attributes could be used to select drought-tolerant V. planifolia genotypes to help farm-ers facing climate change. Interestingly, two aphyllous species, V. perrieri and V. bosseri, displayed a wide distribution, spanning different bioclimatic regions. In contrast, they are candidates for genome–environment associations (GEA) studies at the intraspecific level to identify genomic signatures of drought adaptation that are potentially useful in future breeding programs (Ravelonanosy et al., 2025).
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				Supporting Information: Additional material related to this article is available in the online Supporting Information section.

				Figure S1. Stratum closure rates for the thirteen study sites.

				Figure S2. Aseptic culture of aphyllous vanilla seeds. (A). Immature (white) and mature (black) seeds of aphyllous vanilla. (B) Germination of immature seeds after 38 weeks of culture. (C) Germination of mature seeds after 38 weeks of cul-ture. (D) Necrotic protocorms after 18 weeks of culture on M4 medium. Bar (A) = 1 mm; Bar (B, D) = 5 mm; Bar (C) = 2 mm. Photographs by Botomanga A.

				Figure S3. Description of the developmental stages of V. madagascariensis protocorms cultivated in vitro. (A). Stage 1 : protocorm barely emerged from the seed coat, white in color, with an average size of 0.35 ± 0.02 mm. (B). Stage 2 : protocorm having acquired a green coloration, with an average size of 0.83 ± 0.07 mm. (C). Stage 3 : protocorm with a cotyledon (arrow) and an average size of 1.15 ± 0.30 mm. (D) Stage 4 : protocorm with a cotyledon and one leaf primordial (arrows) and an average size of 2.94 ± 0.37 mm. Bar (A) = 0.2 mm; Bar (B) = 0.5 mm; Bar (C) = 1 mm; Bar (D) = 1 cm. Photographs by Botomanga A.

				Figure S4. Variations in precipitation between the 1960–1999 period (40-year average) and the 2000–2019 period (20-year average) at Maromandia and Ambanja.

				Figure S5. Differences in maximum temperatures between the 1960–1999 period (40-year average) and the 2000–2019 period (20-year average) at Maromandia and Ambanja.

				Figure S6. Pearson correlation among the environmental factors studied. Environmental variables: Litter: Litter thickness, pH: Soil pH in H20 at 5 cm depth, Sand: Quantity of sand at 5 cm depth, Clay: Quantity of clay at 5 cm depth, Silt: Quantity of silt at 5 cm depth, OC: Quantity of organic carbon at 5 cm depth, BIO1: Annual precipitation, BIO2: Annual Mean Temperature, BIO3: Annual Mean Min Temperature, BIO4: Annual Mean Max Temperature, BIO5: Annual mean Water vapor pressure, BIO6: Canopy closure.

				Figure S7. Pearson correlation Analysis of environmental variables excluding MAN and AKF. Environmental variables: Litter: Litter thickness, pH: Soil pH in H20 at 5 cm depth, Sand: Quantity of sand at 5 cm depth, Clay: Quantity of clay at 5 cm depth, Silt: Quantity of silt at 5 cm depth, OC: Quantity of organic carbon at 5 cm depth, BIO1: Annual precipitation, BIO2: Annual Mean Temperature, BIO3: Annual Mean Min Temperature, BIO4: Annual Mean Max Temperature, BIO5: Annual mean Water vapor pressure, BIO6: Canopy closure.

				Figure S8. Seedling mortality rate after 12 months of development monitoring at the Maromandia and Ambanja sites. Sample sizes were as follows: Ambanja (n = 30), Maromandia (n = 30).

				Figure S9. Change in coloration of protocorms to black (necrosis) over time on the M4 culture medium. Histogram colors accurately represent the browning of protocorms. For each developmental stage, n = 200.
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