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Abstract

:

Tropical ferns are underrepresented in demographic studies, despite their ecological importance in forest ecosystems. This study investigates the mortality rates of terrestrial ferns along an elevational gradient (500–4000 m a.s.l.) in Ecuador, focusing on relationships with environmental variables, community characteristics, and plant size. Over two years (2009–2011), 3213 individuals representing 88 species were monitored in 22 permanent plots across eight elevations. Mortality rates, calculated as the percentage of individuals lost annually, averaged 0.87%, with a hump-shaped trend along the gradient and a significant negative relationship with temperature. Mortality rates were positively correlated with species richness and fern density, suggesting competition may influence community structure. Larger individuals exhibited higher mortality rates, likely due to greater resource demands and exposure to environmental stressors. These findings emphasize the interplay of abiotic factors, such as elevation and temperature, and biotic interactions, including competition and herbivory, in shaping fern population dynamics. The low mortality rates observed reflect population stability, potentially linked to unique life history traits, such as extended generation times. This study provides critical insights into the demographic strategies of tropical ferns and underscores the need for long-term research to better understand their responses to environmental and biotic pressures.
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1. Introduction


Understanding plant population dynamics is fundamental to evolutionary and ecological botany, as well as conservation biology. Recruitment, mortality, and the resulting turnover rates and generation times are influenced by various factors, including molecular evolution, species diversification, habitat disturbance, and adaptability to environmental change [1,2,3,4]. Among these, plant mortality provides critical insights into the processes shaping community structure and ecosystem functioning.



While plant population dynamics have been extensively studied in temperate eco-systems, particularly for threatened species, and in tropical systems for trees and lianas [5,6], research on tropical herbs, especially ferns, remains limited. Mortality rates for tropical trees typically range from 1 to 3% annually [7], consistent with their long life spans and large sizes. Globally, a meta-analysis [8] shows that trees exhibit an average mortality rate of 2.9 × 10−4 d−1 (~1 in 3500 individuals per day) and life spans approaching ~300 years. In contrast, herbaceous plants experience much higher mortality rates, averaging 5.8 × 10−3 d−1 (~1 in 170 per day), corresponding to their shorter life cycles of approximately 4 years. Ferns, with a mortality rate of 3.4 × 10−3 d−1 (~1 in 300 per day), occupy an intermediate position, with an average life span of ~55 years [8]. These differences highlight the influence of plant size and life history traits on mortality patterns. Intrinsic factors, such as age-related senescence [9], and extrinsic factors, including habitat disturbances, pathogen outbreaks, and climatic extremes like droughts or frost [10,11], further shape plant mortality patterns. Comprehensive studies addressing these factors in tropical herbs remain scarce, limiting our understanding of their population dynamics.



Ferns are important components of forest ecosystems, particularly in tropical and subtropical regions, contributing 6–25% of local species richness and playing significant roles in processes such as nutrient cycling and tree regeneration [12,13]. Despite their ecological importance, demographic studies of ferns are rare and predominantly focus on tree ferns or a few temperate species [14,15]. The underrepresentation of herbaceous ferns in demographic studies is partly due to methodological challenges, such as difficulties in estimating the age of non-woody plants, which lack long-lasting structures like tree rings. Additionally, rhizome decay and apical meristem renewal complicate accurate assessments of longevity and mortality rates [16]. This methodological gap has hindered the generalization of fern population dynamics across species and regions.



Studies examining fern mortality have highlighted substantial variability driven by species biology and environmental factors. For example, in New Zealand, mortality rates of five Cyathea species ranged from 0.7% to 3.7%, with faster-growing species exhibiting higher mortality rates [17]. Conversely, smaller herbaceous ferns, such as saxicolous species of Asplenium, showed much lower mortality rates, often below 1%, even in disturbed habitats [15]. These findings suggest that growth strategies and ecological conditions shape mortality patterns.



To address the critical gaps in understanding fern population dynamics, this study investigates the mortality rates of terrestrial ferns along an elevational gradient (500–4000 m a.s.l.) in Ecuador. Specifically, we aim to determine whether mortality rates exhibit a distinct elevational trend and their potential relationship with temperature, how mortality rates vary with species richness and individual density within habitats, and whether mortality rates differ across species size. By focusing on these aspects, our goal is to enhance our understanding of the demographic strategies of tropical ferns and their responses to environmental gradients. While this work does not directly address the ecological roles of ferns in shaping forest ecosystems, it provides a foundation for future studies exploring the interplay between fern population dynamics and broader ecosystem processes.




2. Materials and Methods


This study is based on data collected between 2009 and 2011 as part of a broader investigation of the relationship between fern diversity and community productivity [18]. During this period, 22 permanent plots, each measuring 20 × 20 m, were established along an elevational gradient on the eastern slope of the Andes in Napo Province, Ecuador. The gradient spanned from 500 to 4000 m a.s.l., encompassing eight elevational steps. At each elevation, three plots were established, except at 3000 m a.s.l., where only one plot was included due to the limited availability of suitable forest. The sites included lowland forests near the Napo River, montane cloud forests, and páramo vegetation interspersed with patches of Polylepis forest at the highest elevations. Plots within the same elevation were separated by at least 100 m to minimize spatial autocorrelation, following ecological recommendations for reducing sampling bias [19].



The selection of sites was based on the presence of well-preserved habitats along the gradient, ensuring minimal anthropogenic disturbance. As elevation and temperature (closely related) were the primary variables used for site selection, other environmental factors such as slope orientation, soil type, and microclimatic conditions were not explicitly analyzed in this study. However, these factors could be discussed in subsequent studies.



Within each plot, all terrestrial fern individuals were permanently marked using plastic tags and non-corrosive wire. Resurveys were conducted during April–July of 2010 and 2011 to track individual survival. In addition, temperature data were recorded using HOBO data loggers placed in the plots at each elevational step [20]. The mean annual temperature for each elevation was calculated based on these records and used as a predictor variable in later analyses.



Mortality was defined as the condition in which a previously marked individual was either not relocated or was found without living leaves during subsequent surveys. Mortality rates were calculated separately for each period (2009–2010 and 2010–2011) as the percentage of dead individuals relative to the total population size in each plot. Specifically, the mortality rate was calculated as the number of individuals classified as dead during the period divided by the total number of individuals recorded at the beginning of that period, multiplied by 100. Recruitment was not included in this study due to the absence of a standardized lower-size threshold for individuals. This limitation was primarily driven by the challenge of reliably identifying juvenile plants to the species level in the field.



To determine whether mortality rates exhibited a distinct elevational trend, polynomial regression analyses were performed between mortality rates and elevation. Similarly, polynomial regression was applied to assess the relationship between mortality rates and mean annual temperature.



The relationship between mortality rates and fern community characteristics was examined using simple linear regressions. Species richness was defined as the total number of terrestrial fern species recorded per plot, while density was calculated as the total number of terrestrial fern individuals per plot. Additionally, a linear regression was performed to assess the relationship between species richness and abundance.



To assess differences in mortality rates across size classes, fern individuals were first grouped into five categories based on maximum frond length: <30 cm, 30–50 cm, 50–70 cm, 70–100 cm, and >100 cm. Mortality rates were then calculated separately for each size class and study period. Finally, bar plots were created to provide side-by-side comparisons of mortality rates between the 2009–2010 and 2010–2011 periods.



Differences in mortality rates between the two study periods (2009–2010 and 2010–2011) were tested using a Chi-square test. All statistical analyses and visualizations were performed using R 4.2.2 [21]. Regression models were implemented using the stats package, and visualizations were created with the ggplot2 3.5.1 package [22]. A significance threshold of p < 0.05 was applied to all statistical tests.




3. Results


In total, we marked and monitored 3213 fern individuals belonging to 88 species. Of these, only 43 individuals were considered to have died within the two-year study period. During the first period (2009–2010), a total of 2392 individuals were recorded, with 26 individuals classified as deceased, resulting in a mortality rate of 1.087%. In the second period (2010–2011), 2600 individuals were observed, with 17 deaths documented, leading to a mortality rate of 0.654%. The mean annual mortality rate, calculated as the average of the mortality rates from the two periods, was 0.87%. Mortality rates in consecutive years did not differ significantly (Chi-squared = 2.21, p = 0.137), and given the low absolute number of deaths, the mortality data for the two years were analyzed as a whole.



Along the elevational gradient, mortality rates exhibited a hump-shaped pattern, with the highest values recorded at intermediate elevations (2500 m) and zero mortality observed at 3500 m (Figure 1a). Mortality rates also showed a significant relationship with temperature (R2 = 0.79, p = 0.018), reflecting the variation along the gradient, and there was zero mortality at 5.5 °C (Figure 1b).



In addition, mortality rates were significantly positively correlated to both number of individuals (R2 = 0.70, p = 0.000, Figure 2a) and fern species richness (R2 = 0.63, p = 0.017 Figure 2b), with these two factors being highly correlated among themselves (R2 = 0.79, p = 0.003, Figure 2c).



Another finding of this study is that mortality rates varied significantly across size classes, with larger plants having relatively higher mortality rates and smaller plants having comparatively lower mortality rates (Figure 3). This trend was consistent over both study periods (2009–2010 and 2010–2011). The largest size class (>100 cm) had the highest mortality rates, while the smallest size class (<30 cm) consistently had the lowest mortality rates.




4. Discussion


To our knowledge, this is the first study to estimate the mortality rates of tropical ferns at the community level, filling a significant gap in our understanding of their population dynamics [14,17]. Previous research on ferns has mainly focused on selected temperate species, such as Polystichum acrostichoides and Phyllitis scolopendrium, or on a few tropical species, mostly tree ferns, leaving herbaceous ferns largely understudied [15,23,24]. The low mortality rates observed in this study may explain the lack of previous reports, as obtaining meaningful estimates requires monitoring large numbers of individuals over long periods of time. Although our study successfully followed over 3000 individuals, the two-year duration limits our ability to capture the effects of rare but significant mortality events, such as extreme climatic conditions, landslides, or other biotic factors.



The impact of temperature may be intensified by extreme climatic events, such as those associated with El Niño-Southern Oscillation (ENSO) cycles. Despite the rarity of such events in this region, they have been documented to influence mortality rates in other tropical systems by modifying water availability and increasing stress on plant communities [25,26,27,28]. However, these abiotic factors do not act in isolation. Landslides, which often interact with elevation-dependent factors to exacerbate fern mortality and are particularly prevalent in the Andean region, can physically remove individuals, destabilize substrates, and create competitive dynamics by altering light and nutrient availability [29]. Similarly, tree falls, another common disturbance, often create canopy gaps that alter microhabitats, potentially favoring species better adapted to higher light conditions [30]. On a regional scale, both types of disturbance are likely to influence significant fern mortality and community restructuring over time, even if they did not directly affect our study plots during the monitoring period.



Combined with the abiotic and climatic stressors discussed previously, the potential for increased herbivory under changing climate regimes may further exacerbate fern mortality. It has been demonstrated that herbivory on ferns can be considerable, with leaf area losses ranging from 7% to 20% in certain species [31]. Such damage can result in a reduction in photosynthetic capacity, a decline in reproductive success, and an increased susceptibility to pathogens, thereby increasing the risk of mortality. In addition, herbivory on reproductive structures such as sporangia can lead to a severe reduction in spore production, ultimately compromising population sustainability [32]. This vulnerability is further exacerbated by climatic changes, as experimental warming studies, such as that by Buckley (2023) [33], have shown that increased temperatures heighten the susceptibility of high-elevation plant populations to specialist herbivores. This suggests that ferns, particularly those in high-altitude habitats, may face compounded risks under warming scenarios, where elevated temperatures not only stress physiological processes but also amplify herbivore activity. Consequently, increased herbivore pressure represents a significant threat to fern populations, potentially leading to a notable decline in their abundance and distribution.



This interplay of abiotic and biotic factors highlights the complexity of fern population dynamics and underscores the need for long-term monitoring to fully capture the effects of both gradual environmental changes and acute disturbances.



The most striking result of our study is the remarkably low estimated mean annual mortality rate of 0.87%. This highlights the overall stability of fern populations within the study area. While our short-term estimates may exclude occasional massive mortality events, the low mortality rates observed could be linked to the unique life history traits of ferns. Specifically, their independent gametophytic stage likely contributes to prolonged generation times and reduces the need for frequent recruitment events [34]. Nonetheless, climate change poses a significant threat to this stability by intensifying disturbances such as prolonged droughts, extreme temperatures, or altered precipitation patterns [35,36]. These changes could increase physiological stress on ferns and amplify the frequency or severity of mortality events, potentially undermining the persistence of populations in the long term.



The observed relationship between fern mortality rates, elevation, and temperature showed a non-linear pattern, with mortality rates being highest at intermediate elevations and temperatures and decreasing at both extremes of the gradient. For example, at higher elevations (e.g., 3500 m asl) and temperatures, mortality rates approach 0%, while at intermediate elevations and temperatures, mortality rates peak. This pattern of mortality suggests that abiotic stress and biotic interactions such as herbivory (which has previously been discussed) and competition may vary across the gradient.



Another key result of our study is the observed relationship between mortality rates, species richness, and the density of fern individuals. Due to the covariance between these two factors, it remains unclear which has a greater influence on mortality patterns. Nevertheless, these findings also suggest that competition plays a role in structuring tropical fern assemblages. This insight is particularly intriguing because terrestrial ferns often grow scattered within tropical forests [30], with limited direct physical contact between individuals, making competitive interactions less apparent. However, a previous analysis of plant communities in temperate rainforests revealed a relationship between species richness and the functional diversity of leaf traits, indicating that competition for resources such as light and nutrients influences community structure [37]. All these studies, including ours, point to an important and poorly understood role of interspecific competition in structuring tropical fern assemblages.



Furthermore, our study shows a non-random distribution of mortality rates across size classes, with larger plants showing higher mortality rates compared to smaller individuals. This finding highlights the influence of size on mortality patterns in herbaceous plants, particularly tropical ferns. Larger individuals may be at increased risk due to their greater resource requirements and increased competition, particularly in areas of high plant density, such as the mid-elevations in our study area. Higher densities of individuals may increase competition for limited resources such as light and nutrients, further influencing size-dependent mortality rates. Previous research shows that size- and density-dependent effects significantly influence survival, with larger plants being more affected in denser communities [38]. Another study exhibited that functional traits like maximum height are key factors in shaping competitive interactions, as taller individuals may benefit from light acquisition but experience trade-offs such as heightened mortality due to resource constraints [39]. These findings highlight the importance of plant density and trait-mediated interactions in shaping mortality patterns and community dynamics across elevational gradients.



These last results emphasize the importance of considering plant size as a factor in demographic studies of ferns. Size-dependent mortality likely interacts with other ecological factors, such as competition, resource availability, and environmental disturbances, to shape fern population dynamics. Future research should investigate whether similar patterns occur across different environmental gradients and disturbance regimes to deepen our understanding of the demographic strategies and adaptive responses of tropical fern assemblages.




5. Conclusions


This study provides the first community-level estimates of tropical fern mortality, emphasizing the role of plant size, density, and environmental gradients. The remarkably low annual mortality rates observed, coupled with their non-linear relationship to elevation and temperature, highlight the overall stability of these populations under current conditions. However, the increased mortality at mid-elevations suggests that competition for limited resources, such as light and nutrients, plays a significant role in structuring fern assemblages. This underscores the importance of considering size-dependent mortality and its interactions with density and functional traits, such as maximum height, in understanding population dynamics.



Despite the stability observed, the potential for increased abiotic and biotic stressors, such as climate change, herbivory, and extreme climatic events, poses significant threats to fern populations. These factors may amplify mortality rates and disrupt community dynamics, particularly in high-density regions or areas prone to environmental disturbances. Long-term monitoring and expanded studies across diverse environmental gradients are crucial to fully capture the interplay of these factors and to anticipate how tropical fern populations may respond to future environmental changes.
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Figure 1. Relationship between mortality rate (%) of ferns and (a) elevation (m a.s.l.) and (b) temperature (°C), both modeled using second-degree polynomial regression. In both panels, the dots represent the percentage of mortality observed at different elevations. The dashed line in panel (a) indicates a non-significant trend, while the black line in panel (b) shows a significant relationship, with the equation and R2 value displayed. The asterisks next to the R2 value denote the level of statistical significance: * moderately significant (p ≤ 0.05). 






Figure 1. Relationship between mortality rate (%) of ferns and (a) elevation (m a.s.l.) and (b) temperature (°C), both modeled using second-degree polynomial regression. In both panels, the dots represent the percentage of mortality observed at different elevations. The dashed line in panel (a) indicates a non-significant trend, while the black line in panel (b) shows a significant relationship, with the equation and R2 value displayed. The asterisks next to the R2 value denote the level of statistical significance: * moderately significant (p ≤ 0.05).



[image: Ijpb 15 00094 g001]







[image: Ijpb 15 00094 g002] 





Figure 2. Relationships between (a) mortality rate (%) and species richness of ferns, (b) mortality rate (%) and number of individuals of ferns, and (c) species richness and number of individuals of ferns. The respective equations and R2 values are displayed within each panel. In panels (a,b), the dots represent the percentage of mortality at specific numbers of species (a) or individuals (b). In panel (c), the dots represent the mean species richness and number of individuals per elevation. Only seven data points are visible in panel (b) due to overlapping values at different elevations. The asterisks next to the R2 value denote the level of statistical significance: ** significant (p ≤ 0.01), * moderately significant (p ≤ 0.05). 






Figure 2. Relationships between (a) mortality rate (%) and species richness of ferns, (b) mortality rate (%) and number of individuals of ferns, and (c) species richness and number of individuals of ferns. The respective equations and R2 values are displayed within each panel. In panels (a,b), the dots represent the percentage of mortality at specific numbers of species (a) or individuals (b). In panel (c), the dots represent the mean species richness and number of individuals per elevation. Only seven data points are visible in panel (b) due to overlapping values at different elevations. The asterisks next to the R2 value denote the level of statistical significance: ** significant (p ≤ 0.01), * moderately significant (p ≤ 0.05).
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Figure 3. Mortality rate (%) of ferns by size class (cm) for 2009–2010 (darker bars) and 2010–2011 (lighter bars), categorized by leaf length: 10–30 cm, 30–50 cm, 50–70 cm, 70–100 cm, and >100 cm. 
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