



Variation in the demographic structure of the viviparous toad Nimbaphrynoides occidentalis (Anura: Bufonidae) before and after a fire in the altimontane grasslands of the Mount Nimba Integral Nature Reserve, Westen Côte d’Ivoire
Abstract
The viviparous toad Nimbaphrynoides occidentalis is an endemic and critically endangered amphibian restricted to the altimontane grasslands of the Mount Nimba Strict Nature Reserve in western Côte d’Ivoire. These high-elevation habitats are vulnerable to environmental disturbances, including wildfire, which may affect population abundance and demographic structure. This study assessed variation in the abundance, sex distribution, developmental stages, and habitat use of N. occidentalis before and after a fire event in grassy and rocky habitats. Standardized visual encounter surveys with manual capture were conducted along rectangular transects during the rainy season, with a total sampling effort of 640 person-hours. Before the fire, 9,600 individuals were recorded, whereas 2,501 individuals were recorded after the fire, representing an overall reduction of approximately 74% in observed abundance. Prior to the fire, most individuals occurred in grassy habitats, although rocky habitats supported a substantial proportion of adults. After the fire, the population was more strongly concentrated in grassy habitats, while rocky habitats were less occupied. The post-fire population was dominated by juveniles, whereas adults and subadults showed lower relative abundance. These results indicate marked changes in population structure and habitat distribution following the fire event. Grassy altimontane habitats may play an important role in post-disturbance persistence, while rocky habitats may provide refuge for some older individuals. The findings highlight the need for fire prevention, habitat protection, and long-term demographic monitoring to support conservation of N. occidentalis in the Mount Nimba Strict Nature Reserve.
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1. Introduction 
Mount Nimba Strict Nature Reserve is recognized as one of the major biodiversity hotspots in West Africa (Rödel and Bangoura, 2004). This reserve harbors a particularly rich and diverse amphibian fauna, characterized by high species richness and elevated levels of endemism (Lauginie, 2007; Kanga et al., 2021). This remarkable diversity is largely driven by habitat heterogeneity, altitudinal gradients, and the biogeographical isolation of the massif, which promote ecological differentiation and specialization among numerous species (Rödel and Bangoura, 2004; Wells, 2007; Wake and Vredenburg, 2008).

The Mount Nimba Strict Nature Reserve therefore represents the only known distribution range of the viviparous toad Nimbaphrynoides occidentalis (Angel, 1943), a species currently classified as Critically Endangered (IUCN SSC Amphibian Specialist Group, 2014). Endemic to the Nimba Mountains of West Africa, this species is the only known anuran to exhibit matrotrophic viviparity, with females giving birth to fully developed toadlets (Angel and Lamotte, 1944, 1948; Sandberger-Loua et al., 2017). This viviparous toad is considered one of the most threatened anuran species worldwide, mainly due to habitat degradation, its extremely restricted distribution, and its high sensitivity to climate change (IUCN SSC Amphibian Specialist Group, 2014).

Furthermore, its internal reproductive mode and entirely terrestrial life cycle considerably limit its dispersal ability and adaptive capacity in response to environmental disturbances (Sandberger-Loua et al., 2016). Although the biology and ecology of this species have been extensively documented (Lamotte, 1959; Lamotte and Sanchez-Lamotte, 1999; Sandberger-Loua et al., 2017, 2018), Nimbaphrynoides occidentalis remains highly vulnerable to rapid disturbances affecting the Nimba montane grasslands, particularly wildfires.

Although fire may influence anuran populations either positively or negatively (dos Anjos et al., 2021), its direct effects are generally considered detrimental and are sometimes associated with local extinctions (Wells, 2007; Engstrom, 2010). Nevertheless, several vertebrate taxa inhabiting fire-prone ecosystems exhibit specific behavioral adaptations in response to fire disturbances (Pausas and Parr, 2018). Among anurans, the West African reed frog Hyperolius nitidulus provides a notable example, as it responds to the sound of approaching fire by seeking refuge in protected microhabitats that are less exposed to burning (Grafe et al., 2002).

However, the effects of such disturbances on the demographic structure of Nimbaphrynoides occidentalis remain poorly documented. Population abundance, sex ratio, and developmental stages are key indicators of population viability and resilience capacity. Therefore, the present study aimed to assess, during the rainy season, variations in abundance, sex distribution, and developmental stages of Nimbaphrynoides occidentalis before and after a fire event. This work seeks to improve understanding of fire impacts on montane amphibians and to provide scientific insights for conservation strategies within the Mount Nimba Strict Nature Reserve.

2. Methods
2.1. Study Area
The study was conducted in the altimontane grasslands of the Mount Nimba Strict Nature Reserve (Fig. 1). This reserve is located at the border between Côte d’Ivoire, Guinea, and Liberia (Bakarr et al., 2001; Ricketts et al., 2005).

The reserve extends between 7°25′ and 7°45′ N and 8°20′ and 8°35′ W, covering an area of approximately 5,092 ha in Côte d’Ivoire (Lamotte and Roy, 2003). The massif is mainly composed of metamorphic rocks. The lowlands consist predominantly of calc-alkaline granites, whereas the higher elevations are formed by quartzites rich in iron ore deposits, attracting considerable interest from mining companies. The climate is subequatorial, characterized by a mean annual rainfall exceeding 1,700 mm and an average annual temperature of approximately 25 °C.

2.2. Study Site Description
The selection of the study site was based on the extremely restricted distribution of Nimbaphrynoides occidentalis and its high vulnerability to climate change, particularly to wildfire disturbances. The species is confined to altimontane grasslands, which represent its only known natural habitat. These grasslands provide specific microclimatic conditions, including high humidity, frequent fog occurrence, ferruginous and quartzitic substrates, and herbaceous vegetation adapted to high-altitude environments. However, during the last two years, these altimontane grasslands have been affected by wildfire events that caused extensive destruction of the vegetation cover.

According to the literature (author), the distribution range of the viviparous toad is estimated at approximately 4 km². Within this area, two study sites separated by a ravine containing a remnant patch of primary forest and located about 50 m apart were identified (Fig. 1). Site A, covering approximately 3 km² at elevations ranging from 1,230 to 1,400 m a.s.l., consisted mainly of grassy habitat. In contrast, Site B, covering approximately 1 km² between 1,450 and 1,600 m a.s.l., was characterized by rocky habitat. Specifically, Site A exhibited dense herbaceous vegetation with scattered shrubs, whereas Site B was dominated by ferruginous crust formations with sparse herbaceous cover.

Each habitat contained one rectangular transect measuring 100 m in length and 25 m in width, corresponding to a perimeter of 250 m, which differed from the method recommended by Rödel and Ernst (2004). The establishment of a 600-m perimeter transect was not feasible due to the presence of ravines, persistent fog, and steep slopes within the altimontane grasslands.
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Fig. 1 : Map of the Home Range of Nimbaphrynoides occidentalis in the Strict Nature Reserve of Mount Nimba

2.3. Data Collection
To assess the population abundance of Nimbaphrynoides occidentalis before and after the wildfire event, field surveys were conducted in two phases: a pre-fire survey (Site A; May 2022) and a post-fire survey (Site B; August 2024). Only captured individuals were included in the analyses. Surveys were carried out during the rainy seasons, corresponding to the period of highest biological activity of N. occidentalis.

Data were collected using active visual encounter surveys combined with manual capture along rectangular transects measuring 100 × 25 m, subdivided into 4 m² quadrats. Individuals were identified in situ and immediately released at their capture location.

To evaluate variations in population abundance according to sex before and after the fire, several demographic parameters were recorded. For each individual, sex (male, female, or unidentified) and developmental stage (juvenile, subadult, or adult) were determined based on sexual dimorphism and body size. Individuals measuring between 5 and 10 mm were classified as juveniles, those between 11 and 18 mm as subadults, and those larger than 18 mm as adults. Individuals whose sex could not be determined were considered juveniles in the demographic analyses.

All capture and handling procedures were conducted in accordance with current ethical guidelines and under authorization from the management authorities of the Mount Nimba Strict Nature Reserve.

2.4. Data Analysis 
·  Sampling Effort (E)
The total sampling effort was calculated in person-hours using the following formula:

E=N×D×O

where E represents the total sampling effort, N the total number of visits, D the average duration of each visit (in hours), and O the number of observers. Sampling effort was determined for each habitat and transect.

·  Relative Abundance (RA)
The relative abundance (RA) was calculated as follows:
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where RA is the relative abundance of the species (%), nᵢ is the number of individuals in category i, and N is the total number of individuals recorded.

2.5. Statistical Analysis
For data analysis, the chi-square (χ²) test was used to compare proportions among habitats, sex, and developmental stages. The Kruskal–Wallis test was applied to compare the relative abundances of demographic structure (sex and developmental stages) between the two habitat types before and after the fire event. All analyses were performed using Statistica software, version 7.1.
3. Results

3.1. Sampling Effort
Regarding sampling effort per habitat, each habitat was surveyed 20 times per period by a team of three observers, resulting in a total of 80 visits (40 before and 40 after the fire event). The mean survey duration was 2.67 hours per visit, corresponding to a total sampling effort of 640 person-hours.

Regarding sampling effort per transect, each transect was surveyed 20 times per period, i.e., 40 visits per transect over the entire study. In total, 80 sampling visits were conducted by a team of three observers, with a mean duration of 2.67 hours per session, corresponding to a total sampling effort of 640 person-hours.

3.2. Variation in the Population Abundance of Nimbaphrynoides occidentalis Before the Fire Event 
A total of 9600 individuals of Nimbaphrynoides occidentalis were recorded during the study period. The analysis of variations in sexual structure (Fig. 2) revealed an overall significant difference (Kruskal–Wallis test; p < 0.001). The altimontane grassland population consisted of 4600 adults (3900 females and 700 males), 1572 subadults, and 3428 juveniles. Relative abundance was higher in grassy habitats (75.03%; N = 7203) than in rocky habitats (24.97%; N = 2397).

In grassy habitats, individuals of unidentified sex were the most abundant (59.03%; N = 4252), followed by females (33.67%; N = 2425) and males (7.30%; N = 526). In contrast, females predominated in rocky habitats (61.54%; N = 1475), followed by individuals of unidentified sex (31.20%; N = 748) and males (7.26%; N = 174).
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Fig. 2 : Relative abundance of sexes in the viviparous toad population across different habitat types before the fire event; Site A: grassy habitat, Site B: rocky habitat (Kruskal–Wallis test, p < 0.001).
Regarding developmental stages (Fig. 3), juveniles exhibit the highest relative abundance in grassy habitats (45.9%; N = 3306), followed by adults (40.97%; N = 2951) and subadults (13.13%; N = 946). In contrast, in rocky habitats, adults dominate (68.8%; N = 1649), followed by subadults (26.12%; N = 626) and juveniles (5.08%; N = 122).
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Fig. 3 : Abundance of developmental stages of the viviparous toad population according to different habitats before fire; Site A: Grassy habitat, Site B: Rocky habitat.

However, males, females, and individuals of undetermined sex exhibited higher relative abundances in grassy habitats (75.14%, 62.18%, and 85.04%, respectively) than in rocky habitats (24.86%, 37.82% and 14.96%, respectively). Similarly, adults, subadults, and juveniles were more abundant in grassy habitats (64.15%, 60.18%, and 96.44%, respectively) than in rocky habitats (35.85%, 39.82%, and 3.56%, respectively).
3.3. Variation in the abundance of the Nimbaphrynoides occidentalis population after the fire
A total of 2501 individuals of Nimbaphrynoides occidentalis were sampled during the study period. Statistical analysis revealed a significant difference among habitats (Kruskal–Wallis test; p < 0.001) (Fig. 4). The population consisted of 395 adults (302 females and 93 males), 174 subadults, and 1,932 juveniles. Relative abundance was markedly higher in grassy habitats (91.08%; N = 2278) than in rocky habitats (8.92%; N = 223).

In grassy habitats, individuals of undetermined sex were the most abundant (87.84%; N = 2001), followed by females (9.00%; N = 205) and males (3.16%; N = 72). In rocky habitats, individuals of undetermined sex also predominated (47.08%; N = 105), followed by females (43.50%; N = 97) and males (9.42%; N = 21).
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Fig. 4 : Relative abundance of sexes in the viviparous toad population according to habitat type after the fire; Site A: grassy habitat, Site B: rocky habitat (Kruskal–Wallis test; p < 0.001).

Regarding developmental stages (Fig. 5), juveniles predominated in grassy habitats (84.5%; N = 1925), followed by adults (12.16%; N = 277) and subadults (3.34%; N = 76). In contrast, in rocky habitats, adults (68.8%; N = 164) and subadults (43.94%; N = 98) were more abundant than juveniles (3.4%; N = 7).
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Fig. 5 : Relative abundance of developmental stages in the viviparous toad population according to habitat type after the fire; Site A: grassy habitat, Site B: rocky habitat.

Males, females, and individuals of undetermined sex exhibited higher relative abundances in grassy habitats (77.42%, 67.88%, and 95.01%, respectively) than in rocky habitats (22.58%, 32.12%, and 4.99%, respectively). Similarly, adults and juveniles were predominantly recorded in grassy habitats (70.13% and 99.63%, respectively) compared with rocky habitats (29.87% and 0.37%, respectively). In contrast, subadults were more abundant in rocky habitats (56.32%) than in grassy habitats (43.68%).

3.4. Comparison of the Nimbaphrynoides occidentalis population before and after the fire.

The comparison of Nimbaphrynoides occidentalis population size between the pre- and post-fire periods revealed a substantial decline in total abundance, accompanied by marked changes in demographic structure and habitat-related spatial distribution.

Before the fire, 9600 individuals were recorded, compared with only 2501 individuals after the fire, corresponding to an overall reduction of approximately 74% in total population size.

3.5. Variation in abundance according to habitat type.
The χ² test revealed a highly significant difference in the distribution of individuals between grassy and rocky habitats before and after the fire (χ² = 300.89; df = 1; p < 0.001). Before the fire, the population was predominantly concentrated in grassy habitats, which harbored 75.03% of the individuals, compared with 24.97% in rocky habitats. After the fire, this pattern became markedly more pronounced, with 91.08% of individuals recorded in grassy habitats and only 8.92% in rocky habitats.

3.6. Variation in sexual structure.
Before the fire, sex distribution varied according to habitat type (Fig. 6). In grassy habitats, individuals of undetermined sex were dominant, whereas females constituted the majority of individuals in rocky habitats. After the fire, individuals of undetermined sex became overwhelmingly dominant in both habitats, particularly in grassy habitats where they accounted for nearly 88% of the total population.

Moreover, males and females remained proportionally more abundant in grassy habitats than in rocky habitats, both before and after the fire.
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Fig. 6 : Sexual structure of viviparous toad individuals; A: Male, B: Female; C1 and C2: Undetermined sex.

3.7. Variation in developmental stages

The χ² test revealed a significant difference in developmental stages between the pre- and post-fire periods (χ² = 18.09; df = 2; p < 0.001). This result indicates a marked shift in the proportion of age classes within the population (Fig. 7). Before the fire, grassy habitats were characterized by a high proportion of juveniles (45.9%), whereas rocky habitats were dominated by adults (68.8%). After the fire, this pattern became even more pronounced in grassy habitats, where juveniles accounted for 84.5% of individuals, reflecting a very young population likely resulting from recent recruitment or improved juvenile survival following the fire.

In contrast, juveniles became extremely rare in rocky habitats after the fire, whereas adults and subadults remained dominant. Notably, subadults were the only developmental stage exhibiting a higher relative abundance in rocky habitats than in grassy habitats after the fire, which may reflect a refuge strategy or a particular resilience of this stage to disturbance.
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Fig. 7 : Developmental stages of viviparous toad individuals; A: Juvenile, B: Subadult, and C: Adult.

4.Discussion
Overall, the results revealed a substantial decline in the population of Nimbaphrynoides occidentalis following the fire event. This decline likely reflects the major negative impact of fire on the viviparous toad population. These findings are consistent with those reported by Mark-Oliver Rödel and colleagues (2008). The persistence of the species may be attributed to its long-term adaptive strategy. Indeed, populations mainly occupy humid microhabitats associated with fissures in ferruginous rock formations and water seepage zones. During the dry season, individuals probably exploit underground microrefuges where humidity and temperature remain relatively stable, thereby reducing water loss and maintaining physiological activity (Hillers et al., 2008; dos Anjos et al., 2021).

However, the increased concentration of individuals in grassy habitats after the fire suggests that these environments may provide more favorable conditions for survival and population persistence, particularly in terms of vegetation cover, soil moisture, and refuge availability, compared with rocky habitats that are highly exposed to the direct effects of fire. These observations are in agreement with the findings of Miroslav Hromada et al. (2018), who demonstrated that the reintroduction of fire into certain forest ecosystems can lead to significant changes in the composition and abundance of amphibian and reptile communities. The authors emphasized that fire alters vegetation structure and microclimatic conditions, thereby affecting the availability of refuges and breeding sites. Consequently, some disturbance-tolerant species may persist in or recolonize burned habitats, whereas others that are more dependent on humid conditions and dense vegetation cover undergo population decline.

Similar patterns have been documented in other amphibian species, for which open habitats or rapidly regenerating post-fire environments promote recolonization, whereas more mineralized or heavily degraded habitats remain unfavorable in the short term (Friend, 1993; Hossack et al., 2013; Lowe et al., 2013).

Regarding changes in sexual structure, the pronounced dominance of individuals of undetermined sex after the fire, together with the decline in males and females, suggests an increased vulnerability of sexually mature adults. Adult individuals, particularly gravid females in viviparous species, exhibit higher energetic and ecological requirements, which may increase their sensitivity to environmental disturbances (Duellman and Trueb, 1994). This species exhibits an exceptional reproductive strategy among amphibians, characterized by viviparity associated with intrauterine maternal nutrition (matrotrophy) (Sandberger-Loua et al., 2017). Therefore, the reduction in adult abundance could compromise the future reproductive potential of the population.

Concerning developmental stages, David S. Pilliod et al. (2003) reported abundance declines ranging from 30% to 80% after fire in several North American amphibian species, which is comparable to the 74% reduction observed in the present study.

The relative persistence of adults and subadults in rocky habitats may be related to the use of refuges within deep rock fissures or protected microhabitats, enabling some individuals to survive fire events (Grafe et al., 2002; Pilliod et al., 2003; Muñoz et al., 2019). During the dry season, individuals retreat deep into rock fissures and cavities within the ferruginous substrate, where they aestivate in relatively humid microhabitats until the onset of the first rains (Lamotte, 1959; Lamotte and Xavier, 1981).
Conclusion
This study shows that the observed population of Nimbaphrynoides occidentalis differed markedly before and after the fire event in the altimontane grasslands of the Mount Nimba Strict Nature Reserve. Total abundance declined from 9,600 individuals before the fire to 2,501 individuals after the fire, corresponding to an approximate reduction of 74%. The post-fire population was characterized by a greater concentration of individuals in grassy habitats and by a demographic structure dominated by juveniles. In contrast, adults and subadults were less abundant after the fire, suggesting a potential reduction in the reproductive component of the population. Rocky habitats supported fewer individuals after the disturbance, although they may still provide refuge for some adults and subadults. These findings suggest that fire may strongly influence the abundance, spatial distribution, and demographic balance of this restricted-range species. The results emphasize the importance of protecting grassy altimontane habitats, limiting uncontrolled fires, and maintaining long-term population monitoring. Such measures are essential for improving conservation planning and supporting the persistence of this unique viviparous amphibian within its limited natural range.

Limitations
This study provides useful information on changes in the demographic structure of Nimbaphrynoides occidentalis before and after a fire event, but several limitations should be considered. The surveys were conducted in different years and months, which may have introduced variation related to seasonal conditions, rainfall, detectability, or annual population fluctuations. Therefore, the observed decline should be interpreted cautiously and not attributed exclusively to fire without considering other environmental factors. The study was also restricted to two habitat types within a limited distribution area, which may reduce the generality of the findings across the entire range of the species. In addition, sex determination was not possible for many individuals, especially juveniles, which limits interpretation of changes in sexual structure. Long-term monitoring using repeated surveys across multiple seasons and years would strengthen future assessments of fire effects, population recovery, and habitat-specific survival patterns in this critically endangered species.
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