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Introduction

Tropical montane forests are diverse ecosystems increasingly threatened by land-use change and frequent uncontrolled fires caused by humans. After these fires, affected areas are often dominated by ferns of the genus Pteridium (bracken), delaying the rate of forest regeneration. This study examined the facilitative and competitive roles of bracken fronds and litter on seedling establishment, recruitment success, and growth after 36 months, and the extent to which these effects depend on seed size in early plant development processes.





Methods

At eight sites, we conducted seed addition and seedling-transplant experiments in plots established in bracken-dominated areas, using the following treatments: (a) fronds and litter intact (F+L+); (b) fronds intact and litter removed (F+L−); (c) fronds removed and litter intact (F−L+); and (d) fronds and litter removed (F−L−).





Results

A total of 46,640 seeds from 24 tree species were sown and 1,070 nursery-raised seedlings transplanted. In treatments with fronds and litter, seedling establishment and recruitment success increased with seed size. In contrast, in the treatment without fronds and litter all the species had low performance. Fronds proved to be highly beneficial for all seed sizes and for all early development processes. Litter, on the other hand, had negative effects on small-seeded species during establishment, but had neutral to positive effects on the recruitment and growth of all species.





Discussion

The disadvantage of small seeds under bracken litter may be related to the high light requirements of seedlings, as litter accumulation reduces light transmission. Species with large seeds and shade tolerance benefit from bracken frond cover, suggesting that restoration strategies in bracken-dominated areas should prioritize these species. Moreover, planting seeds or seedlings shortly after fire, in the presence of bracken fronds and before litter accumulation would be most beneficial for tree species. Additionally, seed dispersers play a crucial role in transporting large seeds into bracken-dominated areas, emphasizing the need for an integrated approach that considers biotic and abiotic factors for effective forest recovery.
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1 Introduction

Tropical forests harbor about 50% of the world’s species (Dirzo and Raven, 2003; Pillay et al., 2022). However, their high diversity is threatened by land-use change, which leads to increased deforestation (Achard et al., 2002; Phillips et al., 2017). Agricultural expansion through slash-and-burn techniques often results in uncontrolled fires and extensive fire-deforested areas (Gardner et al., 2009). After fire, some affected regions are dominated by ferns of the genus Pteridium (hereafter referred to as bracken) (Marrs et al., 2000). Historically, fire has been a component of the disturbance dynamics in tropical montane forests (Crausbay et al., 2014). However, the frequency and intensity of fires have increased due to human activity and climate change, leading to environments with fire-dependent vegetation (Asbjornsen and Wickel, 2009). In these environments, superdominant species may become established, with particular concern for bracken, which can sustain continuous fire and hinder forest regeneration (Stewart et al., 2008). Bracken is one of most widespread fern genera in the world, present in temperate an tropical regions (Tryon, 1941; Marrs et al., 2000). However, its occurrence and dominance in tropical montane humid forests are mainly associated with disturbances such as abandoned cultivation, and fires which promote its proliferation (Levy-Tacher et al., 2015; Ssali et al., 2017). In tropical bracken-dominated areas, forest regeneration is slow (Hartig and Beck, 2003; Palomeque et al., 2017), and is often disrupted (Christmann et al., 2023), making ecosystem recovery considerably more difficult. However, the role of bracken in forest succession is unclear, particularly whether it favors or competes with other species during the forest regeneration process.

In plant communities, positive (i.e facilitation) and negative (i.e competition) interactions occur simultaneously (Callaway, 1997; Holmgren et al., 1997). Facilitation occurs when the presence of one plant (the nurse) enhances the fitness of another plant (the beneficiary) by improving microclimatic conditions (Holmgren et al., 1997; Callaway, 2002). In contrast, competition occurs when neighboring plants share the same resources, such as light, soil nutrients, water, or space, often resulting in one plant limiting the growth and survival of the other (Grime, 1977). The balance between facilitation and competition can shift depending on the environmental severity and stress tolerance of the species (Bertness and Callaway, 1994; Wang et al., 2014). During the seedling stage, plant mortality is significantly influenced by biotic and abiotic stress (Alvarez-Clare and Kitajima, 2009). Non-living elements, like rocks or litter can create microsites that modify environmental conditions, sometimes facilitating seedling development or, in other cases, inhibiting it, and as a result influencing competitive dynamics (Loydi et al., 2015; Loayza et al., 2017; Sangsupan et al., 2018). The interaction between the nurse and the beneficiary species can shift between facilitation and competition through early ontogeny (Paterno et al., 2016). Some plants may initially improve seedling establishment (i.e., cotyledon or leaf emergence) (Paterno et al., 2016), and recruitment success (i.e., alive seedlings at the last evaluation) (Barczyk et al., 2024) of certain species but later may compete for resources such as light and soil nutrients (Calcagno-Pissarelli et al., 2023). This dual role highlights the importance of studying the specific effects of bracken fronds and litter to determine whether they act as facilitators or competitors during early recruitment processes.

Bracken can hinder the establishment of other plant species due to shading by its large fronds (Hartig and Beck, 2003; Silva Matos and Belinato, 2010), and also because it produces allelopathic compounds (De Jesus Jatoba et al., 2016). In addition, the deep litter layer of decomposing fronds acts as a barrier and can prevent seeds from reaching the soil, hindering the establishment of seedlings (De Silva and Matos, 2006; Xavier et al., 2016; Carvalho et al., 2022). These patterns suggest that bracken has competitive characteristics that decrease species richness of trees and shrubs as bracken coverage increases (Carvalho et al., 2022; Paz et al., 2022). Although, in tropical regions bracken-dominated areas often show a low diversity and abundance of tree species (Günter et al., 2007; López et al., 2024), it has been found that bracken can improve microclimatic conditions, in comparison to open areas, by reducing photosynthetically active radiation and soil temperature, which particularly benefits shade-tolerant, often non-pioneer and large-seeded species, thereby facilitating their recruitment (Gallegos et al., 2016; Ssali et al., 2019; López et al., 2024). A better understanding of the interactions between bracken and other plant species will help us to identify factors influencing the regeneration of these heavily deforested areas, and to develop effective strategies for promoting forest regeneration.

Functional traits such as seed size play a crucial role in plant regeneration and demography (Violle et al., 2007; Poorter et al., 2008). In particular, larger seeds are frequently associated with higher recruitment success, lower mortality and slower growth (Leishman and Westoby, 1994; Moles and Westoby, 2004; Poorter et al., 2008). Seedlings from large seeds tend to have a better performance under different establishment hazards, such as deep shade, competition, defoliation, drought, nutrient shortage, herbivory, and burial under litter or soil (Moles and Westoby, 2004). These traits make them particularly advantageous in environments with high competition or challenging abiotic conditions. Conversely, seedlings from small-seeded species tend to grow faster and are often favored in open environments such as forest gaps, where rapid growth is advantageous (Grubb et al., 2013). Seed size is also closely linked to dispersal strategies and their demographic consequences. Large seeds, are often dispersed by animals (e.g., birds or mammals), and may benefit from directed dispersal to favorable microsites, enhancing recruitment success. In contrast, small seeds, commonly dispersed by wind, tend to prioritize dispersal distance over establishment probability (Eriksson and Ehrlén, 1992). Understanding the effect of seed size on seedling performance is particularly relevant in disturbed environments such as bracken-dominated areas, where dense litter layers, intense light competition, and microclimatic conditions strongly influence seedling establishment. However, the role of seed size in shaping regeneration patterns in these ecosystems remains underexplored.

This study aims to evaluate the effect of bracken fronds and litter on the performance of tree species during early recruitment processes. Specifically, we aim to: 1) Compare the effects of bracken fronds and litter on different early phases of development of tree species, including seedling establishment, recruitment success and growth, according to seed size. We expect that early seedling performance, including establishment, recruitment and growth will have a positive relationship with seed size in the presence of bracken fronds and litter, because large-seeded species are often better adapted to shaded environments (Gallegos et al., 2015; Ssali et al., 2019; López et al., 2024). 2) Assess the intensity and direction of interactions between bracken fronds and litter on seedling establishment, recruitment and growth as a function of seed size. We hypothesize that the shaded environment created by bracken fronds facilitates the establishment, recruitment and growth of species with large and medium-sized seeds due to their greater shade-tolerance and higher reserves, while bracken fronds compete with small-seeded species for light, thereby affecting their development (Milberg et al., 2000; Baraloto et al., 2005). Regarding bracken litter, we expect that the establishment, recruitment and growth of seedlings of medium- and large-seeds will be facilitated due to the higher moisture content in soils with litter (López et al., 2024). However, as small-seeded species often require high light conditions for germination (Milberg et al., 2000; Pearson et al., 2002), the additional shade created by bracken’s litter could impede their establishment and recruitment. Additionally, we expect that litter accumulation creates a physical barrier that smaller seeded species cannot overcome, hindering their growth (Ghorbani et al., 2006; Ssali et al., 2019). 3) Identify potential bracken management strategies to optimize conditions for seedling establishment, recruitment and growth to promote forest succession. To our knowledge, this is the first study that experimentally evaluates the differential effects of fronds and litter on the early stages of tree seedling performance in bracken-dominated areas.




2 Materials and methods



2.1 Study area

The study was conducted between 2019 and 2023 in the tropical montane humid forests in the Bolivian Andes, in the vicinities of Chulumani and Irupana localities, Sud Yungas, La Paz, Bolivia (16°24’37” S, 67°31’37” W and 16°27’24” S, 67°25’50” W), between 1,850 and 2,450 m asl (Supplementary Figure S1). The mean annual temperature is 20.5°C and the mean annual precipitation is about 1,390 mm (Molina-Carpio et al., 2019). Due to frequent and uncontrolled anthropogenic fires and the expansion of Erythroxylum coca plantations, the montane forest have become highly fragmented (Killeen et al., 2005, 2008; Beck et al., 2024).

The only two large remaining patches of continuous primary montane humid forest in the area, located at the top of the mountains, cover approximately 1,200 and 4,000 ha, respectively (Lippok et al., 2014; Beck et al., 2024). These forests are dominated by tree species such as Alchornea brittonii, Beilschmiedia latifolia, Couepia sp. nov., Coussapoa david-smithii, Ficus crassiuscula, Hedyosmum cuatrecazanum, Ladenbergia oblongifolia, Miconia plumifera, Pectinopitys harmsiana, Piper bolivianum, Tetrorchidium andinum, Weinmannia rhoifolia and different tree ferns (Beck et al., 2024). Surrounding these forests are extensive areas dominated by the bracken fern Pteridium esculentum (Schwartsburd et al., 2018), wind-dispersed trees such as Clethra scabra and Weinmannia sorbifolia, shrubs like Baccharis spp., and some animal-dispersed tree species like Myrsine coriacea, Piper elongatum and Clusia trochiformis, and shrubs like Miconia spp., Gaultheria spp. and Rubus boliviensis (Lippok et al., 2013; Beck et al., 2024). Bracken covers more than 70% of the vegetation, reaching heights of 150–300 cm (Gallegos et al., 2015; Beck et al., 2024), whit its litter covering approximately 70% of the soil, with a depth between 10–50 cm (Lippok et al., 2013; López et al., 2024).




2.2 Experimental design

We selected eight bracken-dominated areas at 100 m from the forest edge (Figure 1A) that had last burned between five and 15 years prior to the experiment and were each at least 1 km apart. The selected sites had similar vegetation structure and slope aspect. At each site, 50 × 50 m plots were established and divided into four 25 × 25 m subplots using a randomized-block design with the following treatments: 1) fronds and litter intact (F+L+); 2) fronds intact and litter removed (F+L−); 3) fronds removed and litter intact (F−L+); and 4) both fronds and litter removed (F−L−) (Figure 1B). To maintain the treatments, fronds were carefully cut at ground level with a machete every four months, and litter was removed manually.


[image: Experimental design showing the arrangement of the direct seed addition and transplant field experiments. Panel A shows a photograph of a bracken-dominated area near the forest with a blue star representing where the plots were established. Panel B diagrams the experimental plot layout with four subplots where Fronds (F) and Litter (L) were present (+) or removed (-). A zoomed-in inset shows seed addition in quadrats (left) and seedling transplant (right) procedures. Panel C presents three seed-size classes: small (<2 mm), medium (2-7 mm), and large (>7 mm).]

Figure 1 | Detailed experimental design for the direct seed addition and transplant experiments with 24 species. (A) Photograph of a bracken-dominated area where the subplots were established, representing different sites (n= 8), (B) Schematic overview of plots and subplots for treatments: (F+) bracken fronds present, (F−) bracken fronds removed, (L+) bracken litter present, and (L−) bracken litter removed, and design of seed addition, and transplant experiments: blue crosses represent quadrats where three species were sown, and green circles represent seedlings from the same cohort transplanted one year after being nursery-raised, interspersed with the sown seeds (C) From top to bottom: examples of small-seeded species (<2 mm), medium-seeded species (2–7 mm), and large-seeded species (>7 mm).



The environmental conditions varied across bracken management treatments (López et al., 2024). For instance, soil temperature in treatments without fronds and litter is approximately 8°C higher than in treatments where fronds and litter are present. Similarly, soil moisture is about 15% lower after bracken removal, and photosynthetically active radiation (PAR) at 20 cm above the ground is nearly 80 μmol m−2 s−1 higher in treatments without fronds compared to those with bracken cover.




2.3 Seed addition and seedling transplant

Based on fruit availability in the study area, 24 common tree species at forest edges and in the forest interior were selected. To enhance response diversity in the experiment, we included species from different families and seed sizes (Palma and Laurance, 2015). (see Supplementary Table S1) for details of species, seed size and number of seeds sown). Seeds were collected from at least ten individuals per species and mixed. All seeds were manually cleaned and counted before sowing. Orthodox seeds were collected once for sowing at all sites, stored in paper bags, and sown within one month. Recalcitrant seeds were collected shortly before sowing at each of the eight sites, and stored in small flasks with damp paper to maintain moisture until sowing within the next two days. In each subplot, seven rows were cautiously delineated to avoid bracken disturbance (Figure 1B). Four rows were designated for the seed addition experiment. In each row, eight 1 × 1 m2 quadrats were established and further divided into four 50 × 50 cm2 sub-quadrats, leaving the lower right sub-quadrant free to facilitate the evaluation of the other three sub-quadrats. These quadrats were separated by 2 m vertically and 3 m horizontally, with a pathway between rows. Because seed germination and survival are positively related to seed size, and small-seeded species tend to produce more seeds (Westoby et al., 1996; Moles and Westoby, 2004), in each sub-quadrant, a different species was sown at different quantities, depending on their seed size and availability, approximately 50 seeds for small-, 15 for medium- and 3 for large-seeded species (Supplementary Table S1). Seeds were dropped to simulate natural dispersion. A total of 46,640 seeds were sown, of which 32,320 (69.3%) were small seeds, 13,376 (28.7%) were medium-sized seeds, and 944 (2%) were large seeds.

Simultaneously, seeds from the same cohort were sown at the greenhouse from the Santiago de Chirca Biological Station (16°23’50.23” S, 67°34’53.53” W, 2080 m asl), with a 50% shade mesh and regular watering, and grown in separated bags. One year later, nursery-raised seedlings were transplanted to the plots in three rows adjacent to the rows with the seeds added (Figure 1B). Both experiments were implemented in the rainy season (November 2019–February 2020) to promote germination and survival (Paterno et al., 2016). Due to the high asynchrony of fruit production in the tropics (Usinowicz et al., 2012) and the lower germination and survival rates of some species (Moles and Westoby, 2004), it was not possible to obtain seedlings from all 24 species to transplant. Therefore, only 14 species were used for the transplant experiment (Supplementary Table S1).

For the seed addition experiment, we assessed seedling establishment and recruitment success. Seedling establishment was calculated as the proportion of sown seeds that developed cotyledons or leaves. Recruitment success was calculated as the proportion of the established seedlings that survived to the final assessment (i.e., after 36 months) (Paterno et al., 2016; Barczyk et al., 2024). Measurements were taken at 6, 12, 24 and 36 months, with a focus on the cumulative outcome at 36 months. For transplanted seedlings, the first evaluation of height took place immediately after planting, with subsequent evaluations of seedling growth after 24 and 36 months. Growth was calculated as the difference between the final and initial height of the transplanted seedlings (Paterno et al., 2016).




2.4 Statistical analysis

To assess the changes in early ontogenetic stages of seedlings across the four bracken management treatments according to seed size, we first conducted separate generalized linear mixed-effects models (GLMMs) for each treatment, treating seed size as a continuous variable. Seedling establishment and seedling recruitment were analyzed using a beta-binomial error distribution to account for over-dispersion (Crawley, 2012), while growth was modeled with a Gaussian distribution. Secondly, we classified species by seed-size categories as follows: small-seeded species (n=8, seed size <2 mm), medium-seeded species (n=13, seed size 2–10 mm), and large-seeded species (n=3, seed size >10 mm). We then performed three separate GLMMs using the same response variables, with bracken treatments, seed-size category, and their interaction as fixed effects, and site as a random effect. Additionally, we conducted separate models for each of the 24 species, using only treatment as a fixed effect and site as a random effect.

To assess the intensity and direction of the interaction between bracken fronds and litter, we used the Relative Interaction Intensity Index (RII), which quantifies the relative effect of the species interactions, ranging from −1 (maximum competition) to +1 (maximum facilitation), while values near to 0 indicate neutral interactions (Armas et al., 2004). The RII was calculated based on the performance of the planted seedlings in the different bracken treatments, using the formula:

	

where BW represents the performance of each ontogenetic stage and seed size category in the presence of bracken fronds, and B0 represent their performance in the absence of bracken fronds. The same formula was used to assess the effect of litter. We pooled the data from treatments with fronds and litter, respectively. The differences in RII indices for seedling establishment, recruiting success and growth for each seed size category and treatment were tested using generalized linear mixed-effect models (GLMM). In all models we included treatment (fronds and litter), seed size category and their interaction as fixed effects, with sites and species as random effects, and a Gaussian error distribution.

All models were fitted using the ‘glmmTMB’ package (Brooks et al., 2017), and each model was validated analyzing residuals in ‘DHARMa’ package (Hartig, 2022). Post hoc Tukey comparisons among treatments were conducted with the ‘emmeans’ package and all figures were plotted using the ‘ggplot2’ package. Marginal R2 values, representing the proportion of variance explained by the fixed factors were calculated using the r.squaredGLMM function of the ‘MuMIn’ package (Barton, 2018). The significance of the fixed factors in each model was assessed using the ‘mixlm’ package (Liland, 2019). All statistical analyses were carried out using R, version 4.2.1 (R Core Team, 2022).





3 Results



3.1 Addition of seeds and planting of seedlings

We recorded a total of 1,995 established seedlings (4.3%). Seedling establishment and recruitment success significantly and positive increased with seed size in all treatments except in the treatment without fronds and without litter, were both demographic variables remained low (Supplementary Figure S2A, B; Supplementary Table S2). Seedling growth tended to reduce with seed size in all treatments, but the differences were not significant (Supplementary Figure S2A, B; Supplementary Table S2).

Seedling establishment was significantly influenced by treatment (X2 = 158.6, p<0.001), seed size category (X2 = 170.9, p<0.001) and their interaction (X2 = 21.4, p<0.01). Establishment was the lowest in the absence of fronds and litter (F−L−, p<0.001), without an effect of seed size. In contrast, the highest seedling establishment was found in the treatment with fronds and litter for large-seeded species (Figure 2A; Table 1). A similar trend was observed in the treatment with fronds and without litter (F+L−) and in the treatment without fronds with litter (F−L+, Figure 2A).


[image: Bar graphs presenting experimental results on seedling performance across four treatments (F+L+, F+L–, F–L+, F–L–) and three seed sizes (small, medium, large). Panel A shows seedling establishment, with highest values for large seeds in F+L+. Panel B displays recruitment success, with large seeds again performing best in F+L+, followed by F+L–. Panel C shows growth in centimeters, where medium seeds in F+L+ and F+L– had the greatest growth. Bars include error bars, and letters above each bar indicate statistically significant differences within and among groups.]

Figure 2 | Proportion of (A) seedling establishment, (B) recruitment success, and (C) growth (after 36 months) according to seed size category in experimental bracken treatments: (F+) bracken fronds present, (F−) bracken fronds removed, (L+) bracken litter present, and (L−) bracken litter removed. The bar plots represent predicted values (means ± SE) from the generalized linear mixed-effects models (GLMMs) followed by post-hoc Tukey’s multiple comparisons test, P< 0.05. Different capital letters represent significant differences among treatments for each seed size category, while different lowercase letters denote significant differences among seed size categories in each treatment.




Table 1 | Generalized linear mixed effects models (GLMM) for the effect of seed size on a) seedling establishment, b) recruitment success and c) growth, for each treatment analyzed separately.



Recruitment success was significantly influenced by treatment (X2 = 228.4, p<0.001), seed size category (X2 = 19.6, p<0.001) and their interaction (X2 = 15.1, p<0.05). Recruitment success in both treatments without fronds (F−L+ and F−L−) was significantly lower (p<0.001) than in treatments with fronds (F+L+ and F+L−) for all seed size categories (Figure 2B; Table 1).

From the 1,285 transplanted seedlings, 948 (73.7%) survived the first 36 months. Growth was higher in the treatments with fronds (F+L+ and F+L−) than in the treatments without fronds (F−L+ and F−L−, Figure 2C), and this pattern did not change according to seed size (Figure 2C; Table 1; Supplementary Figure S3). Species specific trends can be visualized in Supplementary Figures and Tables (Supplementary Tables S3–S5).




3.2 Intensity and direction of bracken fronds and litter interactions

For all three early recruitment processes and seed-size categories, the relative interaction intensity index (RII) indicated different patterns in both the intensity and direction of interactions. The intensity of facilitative effects was particularly strong for fronds, as the RII values were consistently positive for seedling establishment, recruitment success and growth, for all seed-size categories, indicating beneficial effects (Figure 3).


[image: Three bar graphs display relative interaction index (RII) values between fronds and litter and seedling establishment (A), recruitment success (B), and growth (C) by seed size (small, medium, large). Positive RII values indicate facilitation, and negative values indicate competition. In all panels, the presence of fronds generally shows facilitation, especially for medium and large seeds. Litter presence shows neutral to negative effects, particularly for small seeds in establishment. Different letters denote statistically significant differences between groups. Error bars represent standard error.]

Figure 3 | Relative interaction intensity index (RII) between Pteridium fronds and litter and (A) seedling establishment, (B) recruitment success, and (C) growth, according to seed size category. The bar plots represent predicted fit values from the generalized linear mixed-effects models (GLMMs) ± SE. Positive values indicate facilitation and negative values indicate competition. Different letters indicate significant differences at level 0.05 based on post hoc Tukey tests.



On the other hand, the intensity of negative interactions in response to bracken litter was only pronounced for the seedling establishment of small-seeded species, indicating competition, while recruitment and growth showed neutral effects for small-seeded species. In contrast, medium- and large-seeded species showed a strong positive interaction with bracken litter in seedling establishment, indicating facilitative effects. Large-seeded species maintained a positive interaction with litter during recruitment, whereas the interaction was neutral during growth (Figure 3B, C; Table 2).


Table 2 | Generalized linear mixed effects models (GLMM) for the relative intensity index (RII) of a) seedling establishment, b) recruitment success and c) growth.







4 Discussion

We compared the effects of bracken fronds and litter on the performance of tree species at early development phases as a function of seed size. Seed size positively affected seedling establishment and recruitment success, especially in the treatments with fronds and litter. In contrast, most seedlings had low seedling establishment and recruitment success in the treatment without fronds and without litter regardless their seed size. We found a positive effect of bracken fronds in seedling establishment, recruitment success and growth for all seed size categories. In contrast, litter negatively affected the seedling establishment of small-seeded species but had a neutral effect on their recruitment success and growth. These findings suggest that medium- and large-seeded species benefit from the microclimatic conditions created by bracken, specifically from the fronds. We found no significant differences in growth between small- and large-seeded species.

Our results highlight the dynamics between facilitation and competition in bracken-dominated areas, with seed size being a crucial factor for seedling success during establishment, recruitment and growth. Small-seeded species faced a competitive disadvantage to bracken through litter, hindering their establishment, by limiting light and creating a physical barrier. Our results suggest that bracken facilitates most species during their initial stages, but mainly to medium to large-seeded species. These results highlight the importance of understanding the interactions among different plant life stages when evaluating forest regeneration. Our approach emphasizes the need to prioritize medium- and large-seeded species in restoration strategies to promote forest succession in bracken-dominated areas.



4.1 The effect of bracken fronds and litter on early phases of tree development

As expected, bracken fronds and litter influenced the early development of tree species based on seed size. Seed size was positively related to seedling establishment in all treatments except without fronds and without litter. This pattern is consistent with findings where plants with small seeds have lower probabilities of seedling establishment compared to those with large seeds (Leishman et al., 2000; Wang et al., 2022) in shaded conditions, typical of bracken-dominated areas. This occurs because light requirements for germination and establishment decrease as seed size increases (Milberg et al., 2000). Furthermore, large seeds can produce robust seedlings with thicker stems and larger cotyledons, which not only provide nutrients until the first true leaves develop but also, in some species, contribute to photosynthesis, providing an additional energy source that is advantageous in shaded environments (Kitajima, 2003).

In our seed addition experiment we observed significantly higher recruitment of small-seeded species in treatments with fronds and litter compared to those where fronds and litter had been removed. This pattern might become even more evident with an increase in sample size. For instance, Soliz et al. (in preparation) found similar results using the same species, comparing seedling emergence under natural conditions and in a nursery setting. This result can be explained by the higher temperatures and lower humidity in the absence of fronds and litter (Gallegos et al., 2015; López et al., 2024), conditions that may be too harsh for seedling survival. This is consistent with previous findings showing that fronds ameliorate the harsh conditions of open areas by reducing soil temperature and photosynthetically active radiation, thus improving seedling establishment and recruitment (Gallegos et al., 2015; López et al., 2024).

Bracken-dominated areas are characterized by low species diversity (Günter et al., 2007; Ssali et al., 2017; López et al., 2024). However, in addition to Pteridium, there is a dominance of some pioneer and small-seeded shrub species, particularly from the Asteraceae, Ericaceae and Melastomataceae families (Lippok et al., 2013). Our results suggest that this lower diversity could be due to the fact that only a few small-seeded species can thrive in these ecosystems, and those that could succeed do not arrive, mainly due to the lack of seed dispersers (Saavedra et al., 2015). Among the small-seeded species in our study, Miconia hygrophila (Melastomataceae) exhibited high seedling establishment and recruitment. These results show the variability within small-seeded species, suggesting that other functional traits such as cotyledon type, bark thickness, leaf area, specific leaf area, and wood density, may also play an important role in determining a species ability to thrive in these challenging environments (Green and Juniper, 2004; Moles and Westoby, 2006; Baraloto and Forget, 2007; Poorter et al., 2008), and should be investigated in future studies.




4.2 Intensity and direction of bracken fronds and litter interactions

Our study showed that all seed-size categories benefited from the presence of bracken fronds in the early stages of tree development. All the species, showed improved seedling development under bracken fronds, which highlights the role of bracken as a facilitative species rather than a competitor for resources. These results aligns with recent research has found that ferns promote community assembly by increasing soil stability and other soil properties and reducing competitive pressures (Azevedo-Schmidt et al., 2024).

The competitive effects of bracken through litter on small-seeded species are consistent with previous findings suggesting that small-seeded species are particularly sensitive to litter barriers (Moles and Westoby, 2004; Jessen et al., 2023). This sensitivity may be related to their limited reserves, which make it difficult for them to penetrate or tolerate litter layers (Aud and Ferraz, 2012; Wang et al., 2022). During the establishment phase, bracken litter particularly disadvantages small-seeded species, which often grow rapidly and require a lot of light (Pereira De Souza and Válio, 2001). In addition to the shade provided by the bracken fronds, the litter creates an even shadier environment that is difficult for small-seeded species to overcome (Molofsky et al., 1992; Loydi et al., 2012). Moreover, seeds can become trapped in the litter layer, preventing them from coming into contact with the soil and reducing their probabilities of germination (Donath and Eckstein, 2012).

Although litter showed a facilitative effect for medium- and large-seeded species during seedling establishment, these effects tend to became neutral over time. This ontogenetic shift is consistent with previous research showing that the intensity and direction of interactions could change during ontogeny (Paterno et al., 2016). These findings emphasize the need for long-term studies to better understand the dynamics of facilitation and competition in ecological restoration efforts.





5 Conclusions and future directions

Our findings showed that the presence of bracken fronds and litter creates a complex environment where facilitation and competition coexist, influencing the regeneration dynamics of tropical forests. These results are consistent with previous research, highlighting that larger seeds are more capable of overcoming the physical barrier and low light conditions imposed by bracken (Gallegos et al., 2015; López et al., 2024; Mayta et al., 2024), as these have greater resources to support seedling growth, thereby enhancing their ability to thrive in these low-light conditions (Moles and Westoby, 2004; Baraloto et al., 2005). Given that many studies on plant interactions are limited to short-term observations (Siles et al., 2008), additional monitoring is needed to determine whether Pteridium facilitates long-term recovery and to understand the effect of bracken in subsequent stages of plant ontogeny. As plants mature, their growth rates and resource demands increase, suggesting that the dynamics between neighbors may shift over time (Gómez-Aparicio, 2009). For instance, we found that although litter had facilitative effects for medium- and large-seeded species during seedling establishment, these effects became neutral to negative along time. Since seedlings typically exhibit low growth rates and resource requirements during early stages, demands that intensify as they develop, these requirements could eventually change the intensity and direction of plant interactions (Berkowitz et al., 1995).

Restoration projects and management strategies in bracken-dominated areas should consider the advantages of fronds’ facilitative effects and the negative effects of litter accumulation, especially on establishment of small-seeded species, and probably also for medium-and large-seeded species in the longer term. Identifying tree species with traits that favor their successful establishment, recruitment and growth under bracken is essential to inform restoration strategies to accelerate tropical forest succession. Active restoration practices, such as direct seed addition and seedling transplant, could be implemented in recently burned areas, where bracken fronds enhance microclimatic conditions and the absence of litter help mitigate the initial negative effects of bracken litter accumulation. Transplanting seedlings, which have a survival success exceeding 80%, offers a more reliable approach than seed addition in bracken-dominated areas, especially for small-seeded species. However, to enhance seedling performance of nursery-raised seedlings from small-seeded species, probably seedling transplant should be accompanied by frequent bracken mowing, at least during the first year (Douterlungne et al., 2010), making this option difficult to be set in large areas. Selecting and planting large-seeded shade-tolerant species could be a viable approach to enhance forest recovery in areas dominated by bracken. The incorporation of large-seeded species into active restoration efforts enhanced survival rates and improved long-term recruitment success after land abandonment in areas dominated by grasses (Schubert et al., 2024). Long-term studies conducted on abandoned farmland and cattle-grazed areas, showed that active restoration approaches, such as applied nucleation and plantation, significantly enhance the recruitment of large-seeded late-successional species compared to natural regeneration (Schubert et al., 2024).

Since medium and large-seeded species are particularly favored by bracken, and most of them are mainly dispersed by animals, our results emphasize the importance of attracting seed-dispersing animals, as their activity could be crucial for the transportation of large seeds into bracken-dominated areas (Saavedra et al., 2015). Therefore, incorporating animal attractants such as bird perches or planting animal-dispersed plant species may enhance seed dispersal (Saavedra et al., 2015; López et al., 2024; Mayta et al., 2024). In doing so, including an integrated management approach that considers both biotic and abiotic interactions is crucial for restoration strategies.
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