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Abstract
Climate and land-use changes have driven the dominance of native herbaceous plants in degraded tropical forests leading to losses in biodiversity and ecosystem services. However, controlling these super-dominant species to promote forest regeneration is often ineffective and may favour undesirable species. Native clonal ferns from the Pteridium genus often dominate degraded tropical forests subjected to repeated fires. Although many ways of controlling these species have been proposed, the efficiency of different combinations of strategies and their effect on forest recovery remain unknown. Here, we assessed to what extent removing the above-ground biomass of the shade-intolerant Pteridium arachnoideum and planting trees contributed to the control of this fern and the recovery of montane Atlantic forests in south-east Brazil. In four sites dominated by P. arachnoideum we applied five treatments in adjacent plots: (1) control without interference, (2) cutting twice per year, (3) cutting twice per year plus tree planting, (4) cutting three times per year, and (5) cutting three times per year plus tree planting. Over two consecutive years we repeated the treatments and monitored P. arachnoideum height, rhizome and above-ground biomass, as well as the composition of the established vegetation and soil seed bank. We also assessed the survival and growth of the planted trees. Tree planting accounted for over half of the treatment costs, whereas increasing the cutting frequency only increased costs by 15%.  After two years, the three times per year cutting treatment caused the largest decrease in above-ground biomass (1 to 0.1 kg/m2) and abundance (80 to 15%) of P. arachnoideum. Planted trees exhibited low survival (47%) rates and growth (30 cm/year), and hence had no effect on the dominance of P. arachnoideum. Treatments did not affect rhizome biomass, suggesting that P. arachnoideum could regain its dominance if cutting treatments were discontinued. Although two annual cuts slightly favoured tree regeneration, trees were rare in both the established vegetation (<10%) and seed bank (<0.3 seeds/dm3). Conversely, under three annual cuts the African grass M. minutiflora became more abundant in both the established vegetation (5 to 25%) and seed bank (1 to 4 seeds/dm3). Our findings show that intensive mechanical removal decreases the dominance of P. arachnoideum in Atlantic forests. However, its benefits to forest recovery seem to be limited by lack of tree regeneration, impoverished seed banks and invasive grasses. Therefore, planting fast-growing and drought-tolerant tree species may be essential to the recovery of these degraded Neotropical forests.
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1. Introduction
Land-use and climate changes have promoted the dominance and spread of many native species, particularly in forest ecosystems (e.g. Ferreira et al., 2019; Figueiredo et al., 2022; Wijewickrama et al., 2022). Some of these species, hereafter referred to as super-dominant species (Marrs et al., 2011; Marrs et al. 2013; Pivello et al., 2018)  threaten the biodiversity and functioning of native communities (Gaira et al., 2022; Nackley et al., 2017; Zhao et al., 2021). A range of strategies have been proposed to manage these super-dominant species, which aim to restore the local diversity and ecosystem services (Britez et al., 2020; Tiberio et al., 2022; Xu et al., 2020). Nevertheless, controlling super-dominant species may have low cost-efficiency and lead to unexpected results (Kettenring and Adams, 2011; Rinella et al., 2009), such as favouring the establishment and spread of other undesirable native and non-native species that may hamper forest regeneration (Marrs et al., 1998a; Zavaleta et al., 2001; Zipkin et al., 2009). 
The genus Pteridium is native to all continents except Antarctica, and Pteridium species often form large mono-specific stands in temperate and tropical forests subjected to repeated human impacts (Amouzgar et al., 2020; Dumas et al., 2022; Hartig and Beck, 2003; Marrs and Watt, 2006). Pteridium arachnoideum (Kaulf.) Maxon is the most common species found in southern South America, where it often shows a high productivity and dominance (Portela et al., 2009; Silva Matos et al., 2014). As a result, this species often limits the abundance and richness of native trees (Hartig and Beck, 2003; Miatto et al., 2011; Schneider, 2006; Xavier et al., 2016). Although woody species may become established in some Pteridium-dominated sites (Marrs and Hicks, 1986; Guerin e Durigan 2015), conditions at most sites tend to be unfavorable for tree regeneration. Accordingly, these mononpecific patches may persist over long periods (Pivello et al., 2018) especially under repeated fires  (Alonso-Amelot and Rodulfo-Baechler, 1996; Carvalho et al., 2022; Portela et al., 2009; Silva and Silva Matos, 2006).  Currently, P. arachnoideum is often dominant in fragments of Atlantic Forest in south-east Brazil, a biodiversity hotspot that has been reduced to less than 30 % of its original area and is threatened by land-use change and fire (Rezende et al., 2018; Scarano and Ceotto, 2015). 
The dominance of Pteridium species in disturbed sites has been attributed to the large carbohydrate and nutrient reserves and abundant frond buds in their extensive rhizome system, which support rapid emergence and growth of new fronds (Marrs and Watt, 2006). As reducing this below-ground rhizome mass can only realistically be done in most situations through the manipulation of the above-ground fronds, controlling Pteridium is challenging (Stewart et al., 2008). In temperate climates, Pteridium aquilinum L. (Kuhn) has been controlled effectively by a combination of repeated annual cutting of the above-ground biomass - aiming to deplete rhizome reserves - and periodic herbicide application, targeting the rhizome buds (Marrs et al., 1998b; Marrs and Watt, 2006). Continuous mechanical removal of fronds has been proposed as a means of controlling Pteridium species in tropical forests, where climatic conditions tend to support frond regrowth throughout the year (Roos et al., 2011). Alternatively, given the high financial costs of repeated selective cutting, it has been suggested that introducing fast-growing native trees may accelerate the recovery of tropical forest cover and Pteridium growth would be reduced by shading/competition (Aguilar-Dorantes et al., 2014; Douterlungne et al., 2013; Toledo-Aceves et al., 2022a). Nevertheless, it is still unclear to what extent combining (1) repeated selective frond cutting and (2) tree planting would be an effective strategy to control Pteridium in tropical forests. 
In this paper, therefore, we tested the efficacy of mechanical control of P. arachnoideum during the most favourable part of its growing season in south-east Brazil (November to April) along with the planting of fast-growing trees as a combined strategy to promote the recovery of montane Atlantic Forest sites in south-east Brazil. We specifically aimed to answer the following questions: 
(i) Is increasing the frequency of frond cutting from twice to three times per year a cost-effective strategy to control P. arachnoideum? Cutting the fronds more intensively tends to improve control efficacy (Milligan et al., 2016). In our study, cutting will be concentrated into the wettest and warmest period of the year (December-April), when frond productivity is greatest, and hence most frond regrowth after cutting will occur in less-favourable growing conditions.
(ii) Does the planting of native trees in sites subjected to frond cutting lead to a further decrease in the dominance and productivity of P. arachnoideum? Pteridium arachnoideum is shade intolerant (Xavier et al., 2019), and fast-growing trees may cause a rapid decrease in the dominance of Pteridium species in tropical forests (Douterlungne et al., 2013). Therefore, tree planting may contribute to P. arachnoideum control, particularly under three annual cuts. 
(iii) Do P. arachnoideum control treatments lead to more tree regeneration and increased numbers of seeds in the soil? Considering the well-known negative effects of Pteridium species on tree establishment in tropical forests (Senyanzobe et al., 2020; Ssali et al., 2018; Ssali et al., 2019), intensive frond cutting may favour tree regeneration. Nevertheless, undesirable native and exotic species commonly present in degraded forest sites may also benefit from repeated mechanical removal. 

2. Material and methods
2.1. Study site
[bookmark: _Hlk107475307]We performed the study in the Parque Nacional da Serra dos Órgãos (PARNASO), a 20,024 ha protected area in the montane region of Rio de Janeiro state, south-east Brazil (Figure 1a). The Park includes some large, well-preserved areas of montane and sub-montane Atlantic Forest with many endemic and threatened species. For this study we selected a specific region (22º.41’20” S; 43º.03’94” W, Figure 1a). It has an average annual temperature of 17.3° C and an average annual precipitation is 1740 mm (WorldClim); however, less than 20% of the precipitation occurs during a winter dry-season (May-September) and most rainfall occurs in the summer wet-season (October-March) (INMET, 2022; Figure 1c). This region of the Park has a long history of human interference (de Oliveira et al., 2007) , including repeated fires over the last decade, mainly as a result of its proximity to a local highway. Consequently, it currently includes many sites covered by dense, mono-specific P. arachnoideum. We selected four accessible sites with at least 20m × 100 m of nearly-continuous cover of P. arachnoideum and a similar fire history, slope, and elevation (1200 to 1500 m) (Figure 1a). 
2.2.. Experimental treatments
In each P. arachnoideum-dominated site we installed five 15 m × 15 m adjacent plots, which were assigned randomly to one of the following treatments: (1) experimental control without interference, (2) frond cutting twice per year, (3) frond cutting twice per year plus planting of native pioneer trees, (4) frond cutting three times per year, and (5) frond cutting three times per year plus planting of native pioneer trees (Figure 1b). We did not include once per year cutting because of the well-known lack of efficiency of this treatment for controlling Pteridium (Marrs and Watt, 2006). Likewise, we did not include a treatment with tree planting but no frond cutting, as planting within control plots would cause extensive disturbance given the dense cover of P. arachnoideum present. Frond cutting occurred from late-spring (early December) to early-autumn (early April) with a 2.5 month interval between cuts; this timing was based on the frond growth period and average time required for full frond expansion shown by P. arachnoideum in a previous study in south-east Brazil (Xavier et al., 2019). The third annual cut in the second cutting cycle was scheduled for April but was only performed in September 2020 due to Covid-19 pandemic restrictions. Due to the very high density of both living and dead P arachnoideum fronds in all study sites, a metal strimmer was used for the first cutting in each plot at the beginning of the study (December 2018); all further cuttings were performed manually. In order to favour natural tree regeneration and the establishment of planted tree saplings, we removed all P. arachnoideum fronds from the plots after each cutting treatment, included all fragments of dead fronds that had not been incorporated into the litter layer at the time of the first cut. 
After the first annual cutting of P. arachnoideum (December 2018), we planted 49 saplings of six native evergreen tree species on 2 m centres. The tree species were Anadenanthera peregrina (L.) Speg., Inga marginata Willd., Inga affinis DC., Schinus terebinthifolia Raddi, Trema micrantha (L.) Blume and Moquiniastrum polymorphum (Less.) G. Sancho). These species were selected on the basis of their (a) success in Atlantic Forest restoration projects (Meli et al., 2018), (b) natural occurrence in the study region, and (c) sapling availability at the time of planting. Individual trees were assigned randomly to position and all species were present in a similar abundance (eight or nine individuals) in each plot. 
We also estimated the economic costs associated with both frond cutting and tree planting. These costs included equipment, transportation and personnel associated in each year . The costs are presented in $US and were adjusted for the average rate of inflation in Brazil accumulated  since the end of the study (December 2020 to September 2022, IBGE, 2022) and expressed on a 1 ha basis. 
2.2.2. Vegetation monitoring
Before each first annual cutting and at the end of the experiment (early December in 2019, 2020 and 2021) we assessed frond density and the cover (%) of P. arachnoideum within two 1m  × 1 m sub-plots placed randomly in each 15 m × 15 m plot. In each sub-plot we also removed at least 25% of the fronds to measure their length, and collected all rhizomes of P. arachnoideum from a pit of 25 cm × 25 cm area to a depth of 50 cm (Le Duc et al., 2003). Afterwards, rhizomes were classified as either short-shoots, which tend to occur close to soil surface and are mostly associated with frond emergence, or long-shoots, generally found in deeper soil layers and  associated with reserve storage and colonization from the patch margins (Marrs and Watt, 2006). Both rhizomes and frond samples were oven-dried at 50°C for 72 h and weighed to obtain dry biomass. 
The cover (%) of P. arachnoideum and all other species was estimated visually in four randomly assigned 1 m x 1 m subplots within each 15 m x 15 m plot. Due to the expected disturbance in our experimental plots after the first frond cutting, we did not survey the whole herbaceous community before treatment application; instead, these surveys were conducted before the third frond cutting of each cutting cycle (Figure 1c).
At the same time, and in the same subplots used for frond and rhizome sampling, we also collected two 20 cm × 20 cm soil samples to a depth of 4 cm (two soil samples per plot × 20 plots = 40 samples per sampling period). The abundance of viable seeds in each soil sample was estimated by the seedling emergence method (Roberts, 1981). Two days after sampling, these soil samples were sieved through a 3 mm mesh to remove debris and plant fragments and transferred to plastic trays over a 1 cm deep layer of washed sand. Trays were transferred to a greenhouse with natural light, where they remained covered with transparent plastic sheets to reduce evapotranspiration and were watered at least twice per week. All emergent individuals in each tray were counted and identified once every two weeks over four months. Morphotypes were classified to the lowest taxonomic level, and thereafter, divided into three groups (herb, shrub, tree) based on literature information. When morphotypes could not be identified to the species-level during the experiment, specimens of each of them were transferred to individual pots and allowed to grow on until identification was possible., 
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Figure 1 –Details of the four study sites and experimental design: (a) location in the Parque Nacional da Serra dos Órgãos in south-east Brazil, (b) the experimental design in each site, and (c) the monthly precipitation during the study period and the timing of  tree planting, frond cutting and sampling events.
2.3. Data analysis
	We assessed the effect of frond cutting treatments on the abundance, size and productivity of P. arachnoideum, as well as on the richness and abundance of other native species both in the vegetation and soil seed bank, using generalized linear mixed models (GLMMs, Zuur et al., 2009). To assess treatment effects on P. arachnoideum in each sampling (December 2018, 2019 and 2020), we considered as response variables the percent cover, frond density, average frond size, frond biomass (calculated as average frond biomass multiplied by frond density) and rhizome biomass of P. arachnoideum in each 1 × 1 m subplot. To assess treatment effects on the local plant community, we considered as response variables species richness and the cover of each species group (tree, shrub, herb or non-native) at each 1 × 1m subplot (vegetation) and in each soil sample (soil seed bank). We assumed a Poisson distribution for modelling frond density and species richness, a negative binomial distribution of the cover of each group of native and non-native species, and a Gaussian distribution for other variables (Bolker et al., 2009). In each analysis we considered the five applied treatments as fixed effects, and site and plot nested within site as random effects. Each model was validated through analyses of simulated residuals in the “DHARMa” package (Hartig 2022). Models with and without interactions were compared using likelihood-ratio tests, and the Minimum Adequate Model (MAM) selected (Crawley, 2012). The significance of the main effects and interactions was obtained from the MAMs in an analysis of variance based on the Kenward-Roger degrees of freedom approximation, which was performed in the “lmerTest” package (Kuznetsova et al., 2017). Where significant fixed effects and interactions, post-hoc comparisons between all factor levels were implemented in the "emmeans" R package (Lenth, 2020). We also used GLMMs to assess the effect of cutting frequency (either twice or three times per year) on the survival, and height and growth rate of the planted trees, two years after they were planted. In this case we considered species, plot and study sites as random effects, and assumed either a binomial (survival data) or gamma (growth rate) distribution. All models were implemented in the package "glmmTMB” (Brooks et al., 2017) in the R statistical environment (R Core Team, 2022). Data manipulation and visual presentation of results were performed in the “tidyverse” (Wickham et al., 2019) and “ggplot2” (Wickham, 2010, p. 2) packages respectively.
3. Results 
3.1. Economic cost of control treatments
	The overall cost of two years of P. arachnoideum control across all study sites and treatments (0.36 ha) was US$2,856 (i.e. US$7,933/ha, Table S1). Combined tree planting and frond cutting accounted for 58% of the overall cost (Table S1). Conversely, increasing frond cutting frequency from two to three cuts per year only led to a 16% increase in costs(Table S1).
3.2. Effects of frond cutting on the dominance, biomass, and morphology of P. arachnoideum
All the minimum adequate models for the effect of frond cutting treatments on the biomass, cover, density, and frond length of P. arachnoideum included an interaction between frond-cutting frequency and sampling period (Table S2, Figure 2). In plots where fronds were removed three times per year, there was a three-fold decrease in the above-ground biomass after the first cutting cycle, and a ten-fold decrease after the second cutting cycle (Figure 2a). Conversely, the above-ground biomass did not decrease after one cycle of twice-a-year frond cutting, although after the second cycle there was a two-fold decrease (Figure 2a). In both cutting treatments the average cover of P. arachnoideum decreased by 50% after the first cutting cycle (Figure 2b). However, after the second cutting cycle it was two and four times lower than initial values under two and three annual cuttings, respectively (Figure 2b).
	There were no significant changes in frond density among treatments after the first cutting cycle, but after the second cycle the average frond density under three annual cuts decreased from over five to less than two fronds per m2, whereas under two annual cuts it only decreased by 30% (Table S2; Figure 2c). Under three annual cuts there was an almost two-fold decrease in frond length after the first cutting cycle and a further 70% decrease after the second cycle (Figure 2c). Although there was an over 30% decrease in frond length under the first cycle of the twice-a-year cutting treatment, frond length did not decrease further in the second cycle (Figure 2d). After two cutting cycles we found no significant effect of frond cutting nor sampling period on the rhizome biomass of P. arachnoideum (Table S2, Figure S1).

3.3. Effects of tree planting on P. arachnoideum performance
	Only 47% of the planted trees survived after two years, although the survival rate in plots where P. arachnoideum was cut three times per year was almost 40% greater than under two annual cuttings (Figure 3a). The average growth rate among the surviving individuals was lower than 30 cm per year and did not differ between cutting treatments (Figure 3b). Therefore, after two years the average height of the planted individuals was less than 75 cm, so tree planting could have had no shading significant effect on the dominance, frond length, and biomass of P. arachnoideum (Table S2). 
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Figure 2–Above-ground biomass, abundance, morphology and biomass of Pteridium arachnoideum before and after one and two treatment cycles of cutting the of above-ground biomass twice-a-year and three-times-a-year, compared to the unmanipulated control treatment in montane Atlantic Forest sites in south-east Brazil. Different letters indicate significant differences between: (a) experimental treatments at each sampling period (lower-case), and (b) sampling periods for each experimental treatment (upper-case).   
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Figure 3 – Performance of tree saplings two years after planting in plots subjected to either two or three annual cuts of the super-dominant fern Pteridium arachnoideum in montane tropical forests in south-eastern Brazil. Values are (a) mean percentage survival rates per species per plot and (b) mean height growth rate of individual saplings. Asterisks indicate significant differences between cutting treatments (**p<0.01).







3.2. Effects on the established vegetation and soil seed bank
	We found a significant interaction between sampling period and frond cutting treatment on the cover of both trees and the invasive African grass Melinis minutiflora P. Beauv, which was the only non-native species detected (Table S3, Figure 4). The cover of tree species under two annual cuts increased from close to 0% in the middle of the first frond cutting cycle to 10% after the second frond cutting cycle (Figure 4a), whereas the cover of M. minutiflora under three annual cuts increased from less than 10% at the middle of the first cutting cycle to over 25% at the end of the second cycle (Figure 4b). Although the cover of native shrubs decreased after the first cutting cycle under all treatments, it returned to the initial levels after the second cutting cycle (Figure S2). Sampling period and frond cutting treatments had no significant effect on the cover of native herbs and native species richness (Table S3, Figure S2).
Tree species were generally very rare in the seed bank (Figure 5a), and neither their abundance (Figure 5b) nor the abundance of native herbs and shrubs in the seed bank (Figure S3) were affected by cutting treatments (Table S4). Conversely, there was an over 50% increase in the average abundance of the invasive grass M. minutiflora in the seed bank after the first cutting cycle, although differences were no longer significant after the second cutting cycle (Figure 5b).
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Figure 4 – Cover (%) of (a) native trees, (b) shrubs, and (c) the invasive African grass Melinis minutiflora in the middle and after the first and second cycles of above-ground biomass cutting either twice-a-year or three-times-a-year, compared to an unmanipulated control treatment in montane Atlantic Forest sites in south-east Brazil. Different letters indicate significant differences between: (a) experimental treatments at each sampling period (lower-case), and (b) sampling periods for each experimental treatment (upper-case).  
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Figure 5 – Abundance of (a) native trees, (b) shrubs, and (c) the invasive African grass Melinis minutiflora the soil seed bank before cutting treatments and after the first and second cycles of above-ground biomass cutting either twice-a-year or three-times-a-year, compared to an unmanipulated control treatment in montane Atlantic Forest sites in south-east Brazil. Different letters indicate significant differences between: (a) experimental treatments at each sampling period (lower-case), and (b) sampling periods for each experimental treatment (upper-case).  



4. Discussion 
	We investigated the effects of cutting the above-ground biomass of the super-dominant fern P. arachnoideum at different frequencies, with or without  tree planting, on the recovery of degraded montane Atlantic forests. Frond cutting three times a year during the wet season caused a large decline in the dominance, height and above-ground biomass of P. arachnoideum. By contrast, after two years tree planting had no effect on the fern dominance. Our study shows that repeated frond cutting may lead to a rapid decline of the dominance of Pteridium in tropical forests, although benefits of this mechanical control to forest recovery may be limited by slow natural tree regeneration and the presence of exotic invasive species.
4.1. Effects of frond cutting on Pteridium arachnoideum performance.
	We found that two years of the most intensive frond cutting treatment led to a rapid decrease in P. arachnoideum dominance . This result is consistent with those obtained from longer-term experiments testing the efficacy of repeated frond cutting during the warm season on the control of P. aquilinum in temperate ecosystems (Marrs & Watt, 2006; Milligan et al., 2016). Likewise, previous studies found that frond cutting throughout the year may control Pteridium in Neotropical forests (Aguilar-Dorantes et al., 2014; Roos et al., 2011). Our results show that a large negative effect on the dominance and frond biomass of P. arachnoideum may be achieved at relatively low cost by increasing frond cutting frequency from two to only three annual cuts (Figure 1). 
In both study years the amount of precipitation in the seven-month interval between the third annual cut of the first cycle (late April) and the first annual cut of the second cycle (early December) was only 30% of the average annual precipitation (Figure 1c), a pattern typically found in this region (INMET, 2022). In addition, minimum absolute monthly temperatures during the winter were below 8°C (Figure 1c). Accordingly, cutting the fronds of P. arachnoideum at the end of the wet season (April) limited frond regrowth to the dry winter, a period of lower water availability and lower temperatures, including some frosts. Pteridium species are usually sensitive to dry conditions (Gordon et al., 1999a, 1999b) and to frost, which can be lethal to fronds (Amouzgar et al., 2022; Marrs and Watt, 2006; Lowday, 1983).  Pteridium species may respond to variations in nutrient, water and light availability by changing resource use efficiency and leaf morphology (Amouzgar et al., 2020; Baer et al., 2020; Gray et al., 2022; Xavier et al., 2019). Therefore, we hypothesize that the timing of frond cutting played a major role in the treatment efficiency. We acknowledge that the delay in the third annual cut of the second treatment year may also have contributed to reduce P. arachnoideum size and biomass at the beginning of the following rainy season. Nevertheless, the advantages of three annual cuts were consistent even after a single year of treatment and their economic costs were less than 20% greater than those of two annual cuts per year. Therefore, it seems that three annual cuts are overall the most cost-effective strategy to a rapid control of Pteridium arachnoideum in the Atlantic forest, and this strategy should be tested for the control of super-dominant Pteridium species elsewhere in tropical forests.
	Despite its consistent effect on the above-ground biomass, two years of periodic frond cutting did not decrease the rhizome biomass of P. arachnoideum. In unmanaged P. arachnoideum, new fronds are produced using carbohydrates reserves stored in the rhizomes. As the fronds develop the rhizome reserves are replaced through translocation of frond photosynthates (Williams and Foley, 1976; Marrs & Watt, 2006). Cutting the fronds disrupts this process as the fronds are cut before the re-translocation can begin (Marrs and Watt, 2006). Indeed, in temperate ecosystems two annual cuts led to a decrease in the biomass of P. aquilinum rhizomes over an 18-year period (Marrs et al., 1998b), and in other Neotropical sites repeated frond cutting throughout the year has been shown to decrease the rhizome biomass of P. arachnoideum (Aguilar-Dorantes et al., 2014). 
The lack of effect on the rhizomes after cutting treatments may be related to the relatively short period covered by our study, as changes in the rhizome system often take place over longer time periods (Douterlungne et al., 2013). Therefore, discontinuity of the frond cutting treatment after only two years would lead to high production of new fronds, thus possibly reversing the control benefits obtained after two cycles of treatment. Considering the relatively low costs of cutting P. arachnoideum three times per year, we recommend that this treatment should be maintained for at least three consecutive years, as this could cause a further decline in the dominance of the species while decreasing the probability of a large post-control clonal regrowth supported by the rhizome system. 
4.2. Effect of tree planting on the control of P. arachnoideum
Pteridium arachnoideum is shade-intolerant (Xavier et al., 2019), and combinations of shading plus frond cutting have been shown to decrease both its  dominance and rhizome biomass (Aguilar-Dorantes et al., 2014). Here the introduction of  fast-growing native trees did not decrease either the productivity or dominance of P. arachnoideum, suggesting that this is not a cost-effective short-term strategy to control this species in Atlantic Forest sites. Although we introduced fast-growing tree species commonly used for restoring Atlantic Forest sites (Meli et al., 2018), drought conditions associated with a seasonal precipitation pattern and exposure to severe insolation and strong winds possibly contributed to the large mortality and the slow growth we detected for these species in our study (Mangueira et al., 2019). However, in another Neotropical forest site in Mexico, the introduction of a fast-growing, broad-leaved, native tree species led to a rapid and large decrease in the abundance and productivity of Pteridium caudatum (Douterlungne et al., 2013).
Contrasting with the possible negative effects of frond cutting on the survival of planted trees, we found higher tree mortality in plots subjected to two than three annual cuts. We believe that this pattern was associated with the fact that many of the planted species are light-demanding pioneer trees, whose growth and survival was possibly limited by the presence of fronds of P. arachnoideum that emerged late in the wet season, and hence could not be removed under the two annual cut treatments. This variety of possible tree species responses to the control is consistent with a previous study in African forests dominated by P. aquilinum, which found that frond-cutting had a positive effect on the survival of seedlings of pioneer trees, whereas secondary trees survived more without frond removal (Ssali et al., 2019). Therefore, combining frond cutting with the planting of fast-growing, native tree species that form a close canopy, and are moderately tolerant to both drought and shading, could accelerate tree growth and  provide a dense canopy cover that could limit the dominant P. arachnoideum (Douterlungne et al., 2013). This highlights that the restoration of tropical forests dominated either by super-dominant or other undesirable species may benefit from a more rigorous process of tree species selection. This process should consider interactions between species attributes and local biotic and abiotic factors (Zirbel & Brudvig, 2020), which have rarely been investigated in restoration studies in the Atlantic Forest and other tropical forests (Toledo-Aceves et al., 2022b; Zupo et al., 2022).
4.2. Effects of control treatments on forest regeneration
Cutting the P. arachnoideum fronds did not lead to a consistent increase in the abundance of native species. Indeed, the abundance of native shrubs and vines decreased during the first cutting cycle, although twice-a-year cutting treatments led to a small increase in species richness and tree cover in the middle of the second treatment cycle. This was unexpected considering that removing Pteridium tends to favour tree germination and establishment (Ssali et al., 2019), as Pteridium monospecific stands generally form a very close canopy that limits the regeneration of light-demanding species (Marrs and Watt, 2006). Nevertheless, the establishment of other species may also be limited by the deep litter layer and low pH and nutrient availability typically found in sites dominated by this fern (Marrs and Watt, 2006; Milligan et al., 2018). Therefore, rapid benefits of intensive mechanical control of P. arachnoideum for tree regeneration were probably also limited because in sites dominated by this fern the local conditions only become suitable for the establishment of woody species after many years (Guerin and Durigan, 2015; Miatto et al., 2011; Milligan et al., 2018). 
In addition to a legacy of unsuitable conditions associated with the long-term presence of Pteridium, in the short-term the  removal of P. arachnoideum fronds three times per year likely led to greater sunlight exposure and lower soil moisture conditions, which are unsuitable for the natural seed regeneration of many shade-tolerant and drought intolerant tree species (Kupers et al., 2019). Indeed, frond removal in Pteridium-dominated Neotropical sites may reduce the survival and recruitment of shade-tolerant tree species, and studies have suggested that the presence of Pteridium may facilitate their establishment (Gallegos et al., 2015; Palomeque et al., 2017; Ssali et al., 2019). This is consistent with the greater species richness and abundance of trees under two annual cuts in our study, as the intermediate density of fronds under this treatment possibly led to better water availability and hence favoured the early establishment of other species. On the other hand, maintaining a moderate density of P. arachnoideum facilitates the occurrence of fires, and the greater the biomass the greater the fuel load, and hence fire intensity (Keeley, 2009). Perhaps the addition of seeds of other native herbs  that are tolerant to the more extreme climatic conditions (drought, strong winds, high insolation), would be an appropriate strategy to contribute with further establishment of tree species. These species could be sown just after the first frond cutting treatment, thus allowing establishment before subsequent frond cutting periods.
Tree species were rarely detected in the seed bank either before, or after, control treatments. Soil seed banks play an important role in the establishment of pioneer tree species in tropical forests (Dalling and Brown, 2009), so that fast tree regeneration was possibly also limited in our study sites by the absence of seed in the soil seed bank (Figure 4). Likewise,  tree regeneration in the Atlantic Forest often relies on seed dispersal arrival, either from adjacent sites or long-distance animal vectors (Baider et al., 2001) and both of these may be limited in our experimental sites as a result of severe forest fragmentation and degradation. Therefore, a lack of propagule availability due to low abundance both in the seed bank and seed rain likely contributed to the low natural tree establishment following the removal of P. arachnoideum fronds. Accordingly, planting tree species that are able to tolerate the harsh abiotic conditions typical of degraded tropical forests dominated by P. arachnoideum could be crucial to a fast recovery of these sites. 
Contrasting with the lack of positive effects of cutting the fronds of P. arachnoideum on the regeneration and soil seed bank abundance of native herbs and shrubs, we found a rapid increase in the abundance of the African grass M. minutiflora both in the vegetation and in the seed bank in plots subjected to three annual cuts. We hypothesise that the removal of P. arachnoideum fronds provided more space and light at the ground level, thus favouring the spread, seed dispersal and seed bank formation of this light-demanding and prolific seed producer species (Xavier et al., 2017; Xavier et al., 2021), which is widespread in degraded Atlantic Forest sites (Sansevero et al., 2020). Such undesirable effect of controlling invasive and super-dominant species have been found in other ecosystems (Marrs et al., 1998a; Cox and Allen, 2008; Prior et al., 2018). Nevertheless, rather than suggesting the control of super-dominant species tends to be ineffective, our findings highlight the need to be aware of invasive exotic species in the management planning. Accordingly, cutting P. arachnoideum fronds twice a year seems to be the most appropriated treatment where there is consistent natural tree regeneration and occurrence of non-native invasive grasses. 
Conclusions
	Our study shows that cutting P. arachnoideum fronds three times yearly during the growing season leads to a large decrease in its cover, biomass, and frond size. Nevertheless, repeating this most intensive mechanical removal treatment for two consecutive years does not favour tree establishment, and may even facilitate the spread of exotic invasive grasses. The short timeframe of our study likely contributed to the treatments not being effective in controlling the rhizome system, as well as to the absence of a negative effect of tree planting on the dominance of P. arachnoideum. We believe the rapid decline of P. arachnoideum due to intensive frond cutting may favour both the natural forest regeneration and the success of tree planting, although the most appropriate cutting frequency may depend on the local seed rain and seed bank composition, as well as the tree species introduced. 
Tropical forests dominated by Pteridium species exhibit a high fire risk, thus generating a positive fire feedback for this species, which may be intensified in the following decades under climate change. Therefore, the benefits of using intensive mechanical control and tree planting to manage Pteridium in disturbed tropical forests tend to be much higher than the associated economic costs, thus highlighting the importance of evidence-based active restoration to the success of forest management. 
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