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Abstract

:

Few studies describe the factors that influence the natural regeneration in abandoned gold mining areas in the Amazon. Here we focus on the influence of the distance to the forest edge and abandonment time in a spontaneous succession of degraded areas by gold mining in the southeastern Peruvian Amazon. We assessed woody species composition (DBH ≥ 1 cm) and forest stand structure across a chronosequence (2–23 years). A total of 79 species belonging to 30 families were identified. The natural regeneration was dominated by Fabaceae, Malvaceae, and Urticaceae. Together, they represented 60% of the importance index. Cecropia membranacea and Ochroma pyramidale were the dominant pioneer species at the initial successional stage. The basal area and species diversity were directly related to time after abandonment and inversely related to the distance to forest edges. The distance-based redundancy analysis showed that more of the variation in species composition was explained by distance to the forest edge than the abandonment time. Our study revealed that regeneration was relatively slow and provided evidence that the distance to the forest edge is important for natural regeneration in areas degraded by gold mining.
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1. Introduction


Mining has been a crucial activity for the world economy and the development of human societies [1,2]. However, mining-related activities cause large-scale disturbance and fragmentation when original habitats are removed, excavated, or buried by the deposition of sterile material [3,4]. Even though mining-related activities take part only in less than 1% of the earth’s land surface [1], they are a major cause of environmental degradation [5,6], serious health issues in local communities [7], and a threat to tropical ecosystems [8].



Amazon rainforests harbor a big part of worldwide terrestrial biodiversity [8]. However, they are being heavily affected by anthropogenic activities and changing environmental conditions [9]. The National Peruvian Forestry and Wild Fauna Entity (also known as SERFOR) confirmed that between 2017 and 2018, deforestation in Peru (128,069 ha/year) increased [10]. Artisanal and small-scale gold mining (ASGM) in Madre de Dios is the main cause of vegetation and soil degradation [2,4]. A common method to restore post-mining areas, in general, is reforestation (restoration or rehabilitation), which includes complex landscape preparation, planting, and maintenance techniques [3]. However, spontaneous succession can, in many cases, lead to the establishment of a functional forest ecosystem in disturbed areas, including post-mining sites [11,12], but it can be limited by the level of degradation [6] in soil quality, both in terms of structure and chemical properties [13,14]. On the other hand, ASGM is still an important part of the local economy in many developing countries [1].



Previous studies have found that naturally recovered areas are commonly more diverse, provide more ecosystem services, and are more robust against disturbances. At the same time, restored forests often are more similar to plantations with few fast-growing species [3,11,12]. However, such cover will depend on the impact level of the perturbation, the type of mining carried out, the available seed sources, and the distance to seed sources. Natural regeneration (passive restoration) is the process in which trees establish from seeds that fall and germinate in situ without anthropic intervention [15,16]. This restoration method does not include any complementary activities to improve restoration [17]. Under these conditions, the establishment and development of natural regeneration are affected by several factors: poor seed dispersal, site morphology, poor soil nutrient availability, drought, and competition between herbaceous or invasive species [4,18].



Natural regeneration has been favored for lands degraded by mining due to its low cost and importance for successional trajectory management [19]. There are several studies that suggest that the distance to forest edges influences the natural regeneration of abandoned pastures. Alarcon-Aguirre et al. [4] reported that nearby forests and fragments that were not affected by gold mining in the Madre de Dios Amazon provided seeds that favored vegetation development (distances between 22 m to 152 m). However, distance to the forest showed an inverse relationship with species abundance, recovery time after abandonment was directly and significantly correlated with the basal area, species richness, and diversity. Günter et al. [20] found a significant influence of distance on the floristic composition of natural regeneration in an Ecuadorian forest, where unique species were replaced by more common ones, with higher prevalence in places that were further away from reference forests [20]. Cubiña and Aide [21] reported that distance from forest edges had an influence on seed rain and soil seed bank in a tropical pasture in Puerto Rico.



In addition, the natural regeneration of degraded areas by mining in tropical forests in Brazil revealed that the number of individuals, species, families, and diversity decreases with greater distance from the remaining forest fragment [3]. Studies have also reported a positive relationship between abandonment time and the increase in abundance and diversity of species [1,6,15,22].



The Amazon forest facilitates the study of plant community formation due to the rapid recovery of diversity and structure of successional communities, even in case of anthropogenic disruption [23]. While successions occur under similar climatic, environmental, and soil conditions, they might differ in abandonment time [24]. Chronosequence studies represent a useful approach to understanding successional dynamics in tropical forests [25] by sampling the natural regeneration of areas of different stages of succession [26]. Chronosequence studies are widely used because they provide results with minimal effort and extend over long periods of time [27,28]. There are several articles related to the secondary succession of tropical forests in areas abandoned by agriculture, livestock, pastures, etc. [18,28,29,30] and on the recovery of vegetation cover after mining in the Brazilian Amazon [6,30,31]. However, studies on natural colonization in areas abandoned by gold mining and the influence of distance from the forest edge on floristic diversity, structure, and composition are particularly rare in the Peruvian Amazon, especially in Madre de Dios, a department known as the “Capital of the Biodiversity of Peru”.



The present study analyzes the influence of the distance to the forest edge and abandonment time on spontaneous succession (natural regeneration) in abandoned gold-mining lands in the southeast of the Peruvian Amazon (Madre de Dios). In this study, we address the speed of regeneration in the early years after mining abandonment and how the rate of natural regeneration in abandoned mining is influenced by abandonment time and distance to the forest edge. This is one of the first studies in the Peruvian Amazon on the influence of the distance to the forest edge, abandonment time, and influence of ecological factors and their interactions on the establishment of species in the spontaneous succession of areas abandoned by the ASGM. The study highlights the importance of understanding the regular plant community in the early stage of secondary forest, and it could be used as a reference point for restoration practices in the Peruvian Amazon, Department of Madre de Dios.




2. Materials and Methods


2.1. Study Area


The study took place in abandoned gold mining areas (12°31′34.22″ S and 69°23′45.77″ W) in San Jacinto native community, Madre de Dios department, located 35 km northeast of Puerto Maldonado city, southeastern Peruvian Amazon. Average annual temperature and precipitation (between the years 1980–2022) were 25.4 °C and 2120 mm, respectively. The dry season lasts from June to September, in which precipitation is lower than 100 mm per month (Figure 1).



The study area is a patchwork of abandoned mining areas with different times of abandonment after ASGM (Figure 2). Twenty areas were selected with covered soil of natural regeneration [32] of different abandoned times to establish a 23-year chronosequence which includes initial (<5 years), intermediate (5 to <10 years), and advanced successional stage (≥10 years) [33]. Covered soil, as defined by Velásquez-Ramírez [34], is an impacted area by gold mining and covered ground by natural regeneration with predominant sand particles.
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Figure 1. The climatic conditions at the study area (1980–2022), San Jacinto Native Community in the Peruvian Amazon. (A) Vertical bars show the mean monthly sums of precipitation, and the red line shows the monthly average air temperature. (B,C) Box plots of monthly mean temperature and precipitation for the study area (1980–2022). 
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Time elapsed from the abandonment of gold extraction, distance to the forest edge, plot locations, and discard areas with re-entries of gold mining activity was determined by using multi-temporal Landsat (1975–2010), RapidEye, and Planet imagery (2010–2021).



The gold deposits in Madre de Dios are classified as secondary deposits or placer deposits because they were formed by the weathering and erosion of hard rock ores in the Andes, which produced fine grains of gold that were then carried down rivers to the lowlands of Madre de Dios. These fine gold particles settle in deposits along the inside of river meanders and have formed near-surface deposits in the floodplains of these rivers over time due to changes in river geomorphology and seasonal inundation [7].



In the study area, to obtain gold, the miners used an open-pit mining process. In such operations, all aboveground vegetation must be cut, and the soil must be completely removed. Then, during dredging operations, gold-containing soils are pumped from the deep pits (up to 10 m deep) to a sluice box, which collects gold particles. In the San Jacinto Native Community, the small area mines have an aggregated spatial pattern (15 to 20 ha of area). This high density of small mines causes a vast amount of deforestation and forest fragmentation [35]. Mining impacts the natural dynamics of vegetation and soil degradation, transforming the landscape into disturbed material without well-developed soil horizons and stony substrates that limit the rate and form of natural recolonization of abandoned sites by plants and soil biota [2,4]. The mines in the San Jacinto Native Community are generally abandoned after exploitation, and no restoration or rehabilitation actions are applied.



Prior to mining activities in the study area, the San Jacinto Native Community area consisted of low-terrace rainforest. The canopy reached a height of 30–35 m above the forest floor, with some emergent trees reaching up to 45 m. These forests represented common low-terrace forest types in the Amazonia of Madre de Dios, which are dominated by Bertholletia excelsa, Pseudolmedia laevis, Iriartea deltoidea, Poulsenia armata, Quararibea wittii, Astrocaryum murumuru and Euterpe precatoria.




2.2. Sampling and Vegetation Structure


Vegetation was sampled in 20 plots, each 10 m × 25 m. All individuals with a diameter at breast height (DBH) bigger than 1 cm were inventoried. Total height (TH) and DBH were measured for each individual. Botanical material was collected and stored for identification in the Alwyn Gentry herbarium (HAG) of Amazon National University of Madre de Dios.



Woody vegetation was classified according to the state of development of the individuals [36], considering the diameter, seedling (1 cm to <5 cm DBH), sapling (5 cm to <10 cm DBH), and trees (>10 cm DBH). Scientific names were revised and corrected using the TNRS application (https://tnrs.biendata.org).



The structural and vertical characteristics of vegetation were categorized according to diameter classes (5 cm range), and then average height was obtained for each diameter class. This characterization was carried out for each of the four categories of abandonment time.




2.3. Species Importance and Diversity Index


The Importance Index (IIE), a simplified version of the Importance Value Index, was calculated as the sum of relative dominance and relative abundance [37]. The importance value index is a measure of how dominant a species is at a growth level [38].


  Abun ( % ) =   Number   of   individuals   belong   to   one   species   Total   number   of   individuals     × 100  



(1)






  Dom  %  =   Basal   area   belong   to   one   species   Basal   area   of   all   species   × 100  



(2)






  IIE = Abun ( % ) + Dom ( % )  



(3)




where IIE is the Importance Index, Abun (%) is the relative abundance, and Dom (%) is the relative dominance.



Floristic attributes for each plot were analyzed considering the richness of species and richness of genera and families. In order to characterize and compare the biodiversity of our samples, Shannon-Weaver (Equation (4)), Margalef (Equation (5)), and α-Fisher (Equation (6)) diversity indices were calculated. Calculations were performed using the Paleontological Statistics v4.11 Statistical package.


   Shannon   index  = −   ∑ i      n i   n    ln    n i   n   



(4)






   Margalef ′ s   richness   index  =   S − 1   ln ( n )    



(5)






  S = α ln   1 +  n α     



(6)




where n is the total number of individuals, ni is the number of individuals of species i, S is the number of species, and α is Fisher’s alpha.



The species accumulation curve was generated considering the species richness values in the evaluated plots. Likewise, tree species richness established after natural regeneration was extrapolated for up to 100 plots using the program EstimateS 9.1 [39].




2.4. Response of the Species to the Time of Abandonment and Distance to the Forest Edge


Huisman-Olff-Fresco (HOF) models were used to analyze the influence of abandonment time and distance to the forest edge in species establishment [40]. These models provided a hierarchical set of five models based on the increasing complexity of biological information [41,42]. According to Huisman et al. [41], models are classified as: Model I, no significant trend in space or time; Model II, an increasing or decreasing trend where the maximum is equal to the upper bound M; Model III: an increasing or decreasing trend where the maximum is below the upper bound M; Model IV: increase and decrease by the same rate: symmetrical response curve; Model V: increase and decrease by different rates: skewed data. Only the HOF response curves of the species that were found in more than 50% of the evaluated plots were modeled.




2.5. Data Analysis


Average basal area, abundance, species richness, and vegetation diversity were evaluated according to abandonment time category with the Student–Newman–Keuls post-hoc test (SNK).



To analyze the relationship between abandonment time and distance to the forest edge on the floristic attributes of natural regeneration, correlation analysis, and multiple linear regression were performed. The Spearman’s rank correlation coefficient was used because the parametric assumptions were not met. Regarding the multiple linear regression analysis, the floristic diversity attributes were considered as response variables, and the distance to the forest edge and the abandonment time of the plots as predictor variables. Prior to the analysis, the square root transformation was performed for each of the variables to comply with the parametric assumptions. The hierarchical partition of the variance was performed using the hier.part package in R [43] to analyze the importance of each predictor in the response variable of the multiple regression analysis.



To evaluate and represent the floristic affinity between the evaluated plots, the non-metric multidimensional scaling (nMDS) analysis was used, and stress was used as a quantitative measure of the nMDS ordination fit [44]. To identify the grouping of plots based on their floristic composition, a Similarity Profile Analysis (SIMPROF) was carried out. These analyzes were performed in Primer v7 statistical package.



To analyze the influence of the distance to the forest edge and the abandonment time on the floristic composition, the Distance-based Redundancy Analysis (dbRDA), based on the Bray–Curtis distance, was performed. Species abundance transformed matrix was used considering the square root transformation and excluding the species that were only present in three plots. To determine the individual effect of the predictor variables (distance to the forest edge and abandonment time), the variance was partitioned using the “rdacca.hp” package [45].



Finally, the analyses mentioned before were all performed at a significance level of 5% for type 1 errors. The figures were generated using the R statistical packages in the R-Studio environment [43], SigmaPlot 15 (Inpixon Inc., Palo Alto, CA, USA), and Primer Permanova+ v7 (PRIMER-E Ltd., Auckland, New Zealand).





3. Results


3.1. Structure, Diversity, and Floristic Composition


The abandonment time of the evaluated plots varied between 2 and 23 years, and the distance to the forest edge ranged between 35 and 560 m (Table 1). In the 20 evaluated plots, 931 individuals were recorded, distributed in 79 species and 30 families. Species richness per plot ranged from 4 to 23, while abundance per plot ranged from 12 to 73. Species richness and diversity indices (Shannon, Margalef, and α-Fisher) were higher in plots with longer abandonment time and less distance to the forest edge.



Families with the highest species richness were Fabaceae (20), Malvaceae (8), and Moraceae (6). Fabaceae, Malvaceae, and Urticaceae presented the highest values of the importance index (>18%), and they represented 49% of the abundance and 70% of the total relative dominance of the individuals found. On the other hand, Asteraceae had the highest number of individuals (17.72% of the total) but represented a very low dominance (2.6%) (Table 2). Regarding the relation to the time of abandonment and distance to the forest edge, plots showed variable results. The majority (75%) of the plots belonged to 10 years of abandonment time (Table 1).



Figure 3 shows the comparison of the species accumulation curve produced by the analytical formula and extrapolation by randomizing the samples with estimates. At least 90% of naturally regenerating species had been sampled in the study area, as shown in the accumulation curve (Figure 3).



A higher density of individuals was found in the lower diameter category (DBH < 5 cm), independent of the abandonment time. Towards higher diameter categories, a decreasing trend appeared in relation to the density, showing an inverted-J distribution pattern in the chronosequence (Figure 4). On the other hand, the proportion of individuals in the <5 cm DBH category decreased throughout the chronosequence, from 79.6% in plots with 1–5 years of abandonment to 64.8% in those with more than 10 years of abandonment. This decrease is paired with an increase in the proportion of individuals (between 4.5% to 5%) in the diameter categories between 5–20 cm. Regarding the total height, a gradual increase was found according to diameter categories (Figure 4), and the tallest individuals were found in the plots with the longest abandonment time (Figure 4D).




3.2. Species according to Abandonment Time Categories


In areas with shorter abandonment time (1–5 years), a greater abundance and dominance of pioneer species were observed, such as Ochroma pyramidale and Cecropia membranacea. The longer the abandonment time, the greater presence of early succession species was observed. In the period of 5–10 years of abandonment, species of Ficus and Alchornea were found. In the plots with more than 10 years of abandonment, several species of the genera Inga, Croton, and Ficus were found (Figure 5).




3.3. Species Occurrence according to the Gradient of Distance to the Forest Edge and Abandonment Time


Figure 6 and Figure 7 show the HOF response curves of the 12 most frequent species found in the study area, where it is apparent that the other remaining species do not intensively colonize degraded areas. In most species modeled (Cecropia membranacea, Ochroma pyramidale, Piper aduncum, Lantana camara, Psidium guajava, Vernonanthura patens, Apeiba tibourbou y Vismia gracilis), HOF response curves were obtained. Different trends were found depending on the variable analyzed (abandonment time and distance to the forest edge) (Figure 6 and Figure 7). Thus, C. membranacea and O. pyramidale showed a biased response along the gradient of distance to the forest edge. Both species increased in abundance up to distances between 100–200 m and then decreased along the gradient. However, the response of these two species was different in relation to abandonment time. A decreasing trend in abundance was found for C. membranacea. Meanwhile, for O. pyramidale, it was relatively abundant in most of the plots in the abandonment time gradient. Moreover, P. aduncum, L. camara, and A. tibourbou abundance showed a tendency to decrease with greater distance from the forest edge but increased with the longer abandonment time gradient.




3.4. Time and Distance Relationship


Variability was found in the plots according to abandonment time and distance to the forest edge. According to categories of abandonment time, a significant increase (ANOVA, p-value < 0.05) was found in the species richness, diversity, and basal area of the vegetation in the degraded areas evaluated throughout the chronosequence; however, this pattern varied according to floristic attribute (Figure 8).



Abandonment time was found to be directly related to the basal area, richness, and species diversity (rho > 0.3; p-value < 0.05). On the other hand, distance to the forest edge was inversely related to the same vegetation attributes (rho < −0.4; p-value < 0.05). This suggests that plots with a longer period of abandonment have greater development of natural regeneration and that the plots closest to the reference forest have a greater recovery of the vegetation cover (Table 3A).



However, the observed pattern changes slightly when we analyze the relationships between the floristic attributes with the distance of the forest edge and abandonment time according to size categories (seedling, sapling, and tree) of the evaluated individuals. The diversity of seedling species was inversely and significantly related to the distance to the forest edge. At the same time, the lowest and non-significant correlation was found between the time of abandonment and the abundance of the same category (Table 3B). Regarding the tree category, a significant relationship between abandonment time and the number of individuals was found (rho = 0.55 p-value < 0.05) (Table 3D).



Significant multiple time-distance regressions were fitted for basal area, species richness, number of individuals, and diversity indices (Shannon, Margalef, and α-Fisher). Most of the floristic attributes showed a direct relationship (partial correlation) with the abandonment time and an inverse relationship with the distance to the forest edge (Table 4). Models for species richness and abundance were the ones with higher adjusted R-squared values (R2 > 0.6). That is, more than 60% of the variability in species richness and abundance could be explained by the abandonment time and the distance to the forest edge. In variance partitioning of the independent effects, we found that distance to the forest edge contributes more to the variance of species richness and abundance than the abandonment time. Nevertheless, the difference in the individual effect was the highest in abundance (Table 4).




3.5. Ordination Analysis of Floristic Composition


The non-metric multidimensional scaling (nMDS) analysis diagram showed reduced-dimensional representations of the plots evaluated according to their floristic composition (Figure 9). These representations vary according to the matrix of the abundance used, either considering all registered individuals (Figure 9A) or according to size categories: seedlings (Figure 9B), saplings (Figure 9C), and trees (Figure 9D). Stress found in all the representations was acceptable (<0.20) [44]. Regarding the nMDS of all the individuals and in the seedlings category, a distribution gradient of the plots was found according to the distance to the forest edge. Taking into consideration all the individuals (Figure 9A), low values in the nMDS2 axis are related to plots with a greater distance from the forest edge. On the other hand, in the seedlings category, high values of the nMDS2 axis were found for the plots with a greater distance from the forest edge (Figure 9B).




3.6. Abandonment Time and Distance to the Forest Edge in the Structuring of Plant Communities


The distance-based redundancy analysis (dbRDA) showed that the adjusted model, with abandonment time and distance to the forest edge, significantly explained variation in the floristic composition of the communities (adj-R2 = 0.15, p-value = 0.002). By partitioning the variance, it was found that distance to the forest edge (p-value = 0.001) and abandonment time (p-value = 0.013) significantly influence the floristic composition. However, distance to the forest edge had a greater individual effect than the abandonment time, 11.9% compared to 5.6% of the total variation of the communities (Figure 10).





4. Discussion


Recovery of tropical forests after the removal of vegetation cover varies between regions and depends on local conditions [30,48]. Variability can also be influenced by a series of possible environmental and ecological factors [2,49,50]. It is known that in areas severely degraded by mining, the heterogeneity of the habitats generated and a long distance from a propagule source are the main factors affecting the dispersal and establishment of vegetation [27,51]. In this study, we found differences in structure, abundance, species diversity, and floristic composition of spontaneous vegetation according to abandonment time and distance to the reference forest edge in areas abandoned by mining activity in the San Jacinto native community, Peruvian Amazonia. Our analysis showed that the influence of distance to the forest edge was significantly higher (p-value = 0.001) than abandonment time (p-value = 0.013) on the variation of floristic attributes and composition of the vegetation.



4.1. Species according to Abandonment Time Category


In terms of species richness, tropical forests are highly resilient to disturbances, p.e. Rozendaal et al. [52] found that tree species richness increased very rapidly during secondary succession, with 80% recovery of old-growth values after only 20 years. The values of richness and diversity of species found from natural regeneration in the study areas are much lower than the averages reported in neotropical secondary forests [52] and in the forests of Madre de Dios [46]. For example, on average, the richness and diversity of α-Fisher were found to represent only 15% and 12%, respectively, of the average values in the natural forests of Madre de Dios (Table 1). In comparison with early secondary forests in the Amazon (5 years after abandonment) [47], our study revealed that the natural regeneration following the abandonment of gold mining activities was rather slow. On average, the species richness found in the present study represents only 30% of the average values in early secondary forests in the Amazon [47] (Table 1). This low species richness in the early secondary succession is due to the fact that the first colonizers of abandoned areas are pioneer and herbaceous plants [18]. However, our values of richness and diversity are higher than those reported in a study of natural regeneration in reforested areas of 20 years of abandonment due to mining activity in Madre de Dios [53].



According to the results of the HOF response curves, C. membranacea and O. pyramidale clearly dominate these successional forests in plots severely degraded by mining activity. The greater abundance and dominance of pioneer tree species (for example, species of the genus Cecropia, Ochroma, and Vernonanthura) in plots with shorter abandonment times (1–5 years) would facilitate the recruitment of old-growth specialists that become dominant in late stages of succession [4,30]. Since they can accumulate organic matter in the soil and improve its structure, creating microsites, reducing runoff, attracting dispersers, and promoting the colonization of species, they can function as nurse plants [49,54].



The diameter distribution pattern showed changes throughout the different abandonment times. The highest density was found in the first diameter class (<5 cm), with a strong decrease in the following classes. This inverted J pattern suggests a good recruitment potential [55], and it is typical in primary forests [56], secondary succession forests [33], and reforested areas in the Amazon [53,57]. The average height values according to diameter class followed the pattern expected for a successional chronosequence, that is, an increase in the average height of the largest diameter classes in areas with a longer abandonment time [33].




4.2. Abandonment Time and Distance to the Forest Edge


The abundance, richness, and diversity of natural regeneration were inversely correlated with distance to the forest edge, as reported by previous studies [50,53,58]. This would suggest that closer proximity to the remaining reference forest could accelerate the recovery of the vegetation [15]. Because the recovery of biodiversity in tropical forests depends on the recruitment of native species and their accumulation over time [59], the fragmentation of Amazonian forests significantly changes the abundance and richness of species, mainly at distances of less than 500 m [60]. However, our results showed different responses between floristic attributes and distance to the forest edge in a recent study of lands degraded by gold mining in Madre de Dios. Alarcón-Aguirre et al. [4] found no significant inverse relationship between distance to the forest edge with abundance, species richness, and basal area. This difference in the results could be explained by the high degree of landscape fragmentation in our study, compared to Alarcón-Aguirre et al. [4].



The structure and diversity of secondary forests can be recovered over time [22,29]. In this study, we found that species richness increased throughout chronosequence, a typical pattern in successional forests [59,61]. The increase of diversity in natural regeneration would be associated with the probability of the coexistence of fast-growing pioneer species that would favor the establishment of shade-tolerant species throughout the succession [30]. Abundance, species richness, and diversity of tree vegetation are directly related to abandonment time and inversely related to distance to the forest edge. A slower recovery of natural regeneration was evidenced for plots distant from the forest edges. This can be explained by the remoteness of the remaining forest due to the high degree of fragmentation and landscape degradation, reduced seed input, and the potential for natural seed dispersal from nearby remaining habitats [20,21,27]. Mi et al. [23] and Mesquita et al. [9] found significant interactions between disturbance regimes and distance from habitat conditions on floristic composition for most of the sites studied. According to Mi et al. [23] and Mesquita et al. [9], the explanation is that stochastic processes dominate forest succession in post-disturbance restoration areas in tropical forests.



Regarding the natural regeneration of forests, although it increases biomass and biodiversity, it has an uncertain path for recovery because it depends on the specific impact generated in the past on these areas [62]. Therefore, the passive restoration of the evaluated areas would be ineffective due to the forest fragmentation [63] and the landscape and ecological conditions of the study area [15], as they could limit the supply of seeds. Slower natural regeneration hinders the process of ecological succession and the recovery of the forests [2]. However, when the distance to the remaining forest edges is not too great, natural regeneration, which is a passive restoration, could be considered a valuable option for biodiversity restoration [20]. Moreover, in late succession, seed sources and their dispersal are the most important biotic factors as they are more limited by distance [49]. In addition, passive restoration is considered a cost-effective restoration strategy in comparison with active restoration [22]. However, passive restoration is a slow process, and it may take decades or longer to achieve desired ecosystem functions or species compositions without active restoration [64]. Previous studies in areas degraded by mining in Madre de Dios have reported that the initial cost of reforestation ranged between 3464 and 9250 US$ ha−1 [53,65]. Because of the high degree of fragmentation and landscape degradation, active restoration should be considered for the recovery of degraded areas [63] by gold mining in the study area.



Even though various studies show, that abandonment time explains the greatest variability in the recovery of vegetation communities in a secondary succession [9,22,26,29,30]. Our study shows that the distance to the forest edge has more influence on the abundance, species diversity, and composition of tree communities after abandonment by mining activities. A low variance explanation of abandonment time in the recovery of the vegetation was demonstrated by previous studies [29,47]. An explanation would be that the recovery rate of the diversity and composition of secondary forest species are determined by a complex interaction of specific local and historical factors and landscape structure [22,29].




4.3. Abandonment Time and Distance to the Forest Edge in the Structuring of Forest Communities


In the nMDS, we found a gradient in the floristic similarity between the evaluated plots with respect to abandonment time, mainly in all the individuals (DBH > 1 cm). In the dbRDA, we found that the distance to the forest edge had a greater influence on floristic similarity than the time of abandonment. In addition, we found a greater Bray–Curtis similarity between plots near the edge of the forest (47% ± 0.1) than between the plots furthest away (13.3% ± 14.9). A heterogeneity was revealed in the floristic composition of the vegetation that was established in these areas abandoned by mining activity. The reason is that distance to the forest edge causes a significant effect on forest communities that are established under these conditions [3,22], and it could take centuries for their species composition to reach the levels of a reference forest [30]. Moreover, in most cases where the recovery of vegetation cover depends on the structure and spatial distribution of primary forests, it would directly affect the diversity of tree species [64]. On the other hand, Goosem et al. [48] found an influence of fragmentation on species richness and composition, where a low level of dispersion is related to limited reference forest seed dispersers [50], mainly birds in the case of large fruits [31]. This was demonstrated by an experimental study in Costa Rica, in which fragmentation strongly affected the presence of forest-dependent birds, the abundance of late-successional seedling recruitment, and species richness in forest restoration plantations [50].



Several studies found a strong impact of the distance to the forest edges on seed rain, which would justify the patterns of diversity and floristic composition found in our study [3,15]. In addition, Nolasco et al. [58] found that abandonment time in successional forests in the northern Brazilian Amazon is one of the variables that best explain the variation in floristic composition, contrary to what was reported in the present study. These differences might be explained due to higher fragmentation in our study area. In contrast, in the study of Nolasco et al. [58], dispersal by distance was less significant because successional forests are dispersed within a continuous forest matrix. Therefore, proximity to forest fragments is crucial for the success of restoration because it can increase the success of restoration and reduce costs [59].




4.4. Natural Regeneration Outlook for Forest Recovery


Our study provides evidence of natural regeneration in areas degraded by ASGM, as well as proof that passive restoration is not an adequate tool for the recovery of vegetation cover in highly fragmented landscapes. Thus, 79 species and 30 botanical families were identified with abandonment time after mining activity that varies between 2 and 23 years. Since the natural regeneration of woody vegetation is very slow, passive restoration should not be considered as an alternative to the recovery of degraded areas in Madre de Dios [2]. Among the main reasons for the slowness of natural recolonization would be the remoteness of existing forest fragments combined with reduced seed input caused by a high level of fragmentation. In general, 95% of some studies about biodiversity stated a direct relationship between diversity and ecosystem functioning, that only 20–50% of species are needed to maintain most biogeochemical ecosystem processes [66]. In this way, we found that a greater floristic composition (greater biodiversity) would allow directing the environmental recovery of natural regeneration towards the restoration of ecological processes. We also found that there are key species that would allow the maintenance of ecological processes, as would be the case of an assisted restoration with P. aduncum, L. camara, and A. tibourbou. This would improve the ecological integrity (complexity of biological assemblages, including species composition and representation of all functional groups) needed for restoration [67]. It is important to acknowledge the processes and factors that influence natural regeneration since an inadequate restoration plan can cause negative impacts on the process, such as the establishment of invasive species or alterations in successional trajectories [15,68].



Studies of recovery of areas degraded by gold mining, whether by anthropogenic action or spontaneously, have practical implications for subsequent management depending on the type of mining (small and semi-mechanized), the level of fragmentation of the landscape, soil quality, rivers, and residual water disposal from mining (seasonal flooding). These implications were confirmed in the study where unassisted succession processes can lead to the establishment of woody vegetation with greater or lesser demand of time. These results could be further supported by soil quality data through the physical-chemical analysis of the study. Finally, the results lay the groundwork for further studies that should consider the evaluation of natural vegetation dynamics in areas degraded by gold mining and be compared with processes assisted by the level of disturbance from gold mining.




4.5. Limitations and Future Research Directions


This study has certain limitations. First, the study focused solely on degraded areas in a native community of Madre de Dios, which affects the generalizability of the results. The sector or type of mining activity was not considered. Therefore, more studies are needed at a regional level to enhance the findings of the study. Second, the current study used a chronosequence approach (cross-sectional data), and future studies need to be longitudinal to confirm the recovery of the vegetation over time. In addition to these limitations, future studies can incorporate the other variables that may affect the establishment of natural regeneration in areas degraded by mining activity in Madre de Dios, i.e., functional traits, level of landscape fragmentation, soil invertebrates, soil quality, measuring wood density and rivers (seasonal flooding) should be considered. Despite these limitations, this study provides new insights for a deeper understanding of natural regeneration in areas degraded by ASGM in the Peruvian Amazon.





5. Conclusions


A strong dominance of pioneer species was found in plots with less abandonment time in the areas affected by the mining of the native community of San Jacinto in comparison to plots with longer abandonment times. Our study revealed that the natural regeneration following the abandonment of gold mining activities was rather slow. The recovery of natural regeneration is significantly correlated with the time of abandonment and the distance to the reference forest. Based on our results and due to the high degree of fragmentation of the study area by mining activity, we suggest that passive restoration is not an alternative for the recovery of these degraded areas. Tree species such as O. pyramidale and species of the genera Ficus, Cecropia, and Inga are key. All of them could allow an active process of integral ecological restoration in case an assisted restoration takes place in more than 90,000 ha degraded by ASMG in Madre de Dios [35].
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Figure 2. The geographic location of the study area at San Jacinto Native Community, Madre de Dios (B), Perú (A). (C) Landsat-8 image (June 2021) over San Jacinto Native Community (D) Spatial distribution of sampling plots. (E) Sampling plots in images from drone flight integrated into an orthomosaic photo (July 2021). 
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Figure 3. Species accumulation curve of natural regeneration in study areas. Reference samples are indicated by a solid white dot. Dashed lines: extrapolation curves. Shaded area for each solid line: 95% confidence interval for the expected richness of rarefied classes. Shaded area for each dashed line: 95% confidence interval for the expected extrapolated class richness up to a sample size of 80 based on a bootstrap method with 9999 replicates. 
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Figure 4. The density and average height of individuals according to diameter categories of the vegetation in study areas. DBH = diameter at breast height. 
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Figure 5. Relative abundance and relative dominance of the first ten species according to different abandonment time categories. 
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Figure 6. Response curves derived from HOF models of the most common species in relation to the gradient of distance to the forest edge of plots in the study area. 
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Figure 7. Response curves derived from HOF models of the most common species in relation to the abandonment time gradient in the study area. 
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Figure 8. Boxplots of the abundance, species richness, Shannon diversity, and basal area of woody vegetation according to categories of abandonment time. The gray line represents the mean. Different letters indicate that the difference between the groups is significant by Student–Newman–Keuls post hoc testing (p-value < 0.05). 
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Figure 9. Non-metric multidimensional scaling (nMDS) analysis diagram of floristic similarity between the 20 naturally regenerated plots evaluated. All individuals (A) and according to size categories: (B) seedlings, (C) saplings, and (D) trees. Groups (different colors) represent statistically significant clusters of plots (p-value < 0.05) according to the SIMPROF test, and the shape of the symbols represents the category of abandonment time. 
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Figure 10. Graphic representation of the dbRDA (A) floristic similarity between the plots evaluated in the study area. (B) Venn diagram of the variance partition according to distance to the forest edge and abandonment time and (C) individual effects of distance to the forest edge and abandonment time in the floristic composition. 
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Table 1. Characteristics of the plots and abundance, species richness, and diversity indices of natural regeneration found in the study area and reference values for primary forests of Madre de Dios.
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N

	
Abandonment Time

	
Distance to the Forest Edge

	
Species Richness

	
Abundance

	
Shannon-H

	
Margalef

	
α-Fisher






	
1

	
10

	
60

	
13

	
73

	
1.76

	
2.80

	
4.60




	
2

	
3

	
110

	
10

	
65

	
1.77

	
2.16

	
3.30




	
3

	
4

	
125

	
11

	
68

	
1.99

	
2.37

	
3.72




	
4

	
20

	
40

	
15

	
61

	
2.20

	
3.41

	
6.35




	
5

	
23

	
35

	
20

	
66

	
2.41

	
4.54

	
9.76




	
6

	
11

	
110

	
21

	
66

	
2.73

	
4.77

	
10.63




	
7

	
14

	
70

	
23

	
55

	
2.69

	
5.49

	
14.86




	
8

	
5

	
150

	
10

	
28

	
2.01

	
2.70

	
5.57




	
9

	
2

	
260

	
8

	
43

	
1.41

	
1.86

	
2.90




	
10

	
6

	
250

	
5

	
12

	
1.42

	
1.61

	
3.22




	
11

	
7

	
139

	
16

	
50

	
2.16

	
3.83

	
8.14




	
12

	
7

	
227

	
9

	
41

	
1.60

	
2.15

	
3.56




	
13

	
3

	
560

	
4

	
21

	
1.12

	
0.99

	
1.47




	
14

	
6

	
120

	
15

	
73

	
1.74

	
3.26

	
5.72




	
15

	
4

	
318

	
8

	
19

	
1.78

	
2.38

	
5.21




	
16

	
4

	
195

	
12

	
48

	
1.74

	
2.84

	
5.14




	
17

	
5

	
175

	
11

	
45

	
1.69

	
2.63

	
4.64




	
18

	
5

	
171

	
11

	
42

	
1.59

	
2.68

	
4.85




	
19

	
8

	
250

	
13

	
20

	
2.32

	
4.01

	
16.10




	
20

	
6

	
150

	
12

	
35

	
2.11

	
3.09

	
6.45




	
Reference values for the old-growth forest in Madre de Dios [46]

	
82.7 ± 13

(61–125)

	
215 ± 51

(129–323)

	
3.9 ± 0.4

(2.4–4.5)

	
-

	
53.3 ± 16

(24.5–90.8)




	
Reference values for early secondary forests (5 years after abandonment) in the Amazon [47]

	
41.7 ± 10.4 (26–70)

	
-

	
2.8 ± 0.4

(1.8–3.7

	
-

	
-
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Table 2. Abundance, species richness, and family importance index of tree vegetation for the study area.
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	Family
	Species Richness
	Abundance
	Relative Abundance (%)
	Basal Area (m2)
	Relative

Dominance (%)
	Importance Index (%)





	Fabaceae
	20
	141
	15.15
	0.7369
	28.76
	21.95



	Malvaceae
	8
	155
	16.65
	0.5498
	21.46
	19.05



	Urticaceae
	3
	161
	17.29
	0.5139
	20.05
	18.67



	Asteraceae
	4
	165
	17.72
	0.0658
	2.57
	10.15



	Piperaceae
	1
	78
	8.38
	0.0644
	2.51
	5.45



	Moraceae
	6
	15
	1.61
	0.2121
	8.28
	4.94



	Euphorbiaceae
	5
	22
	2.36
	0.1316
	5.14
	3.75



	Verbenaceae
	2
	60
	6.44
	0.0225
	0.88
	3.66



	Cannabaceae
	4
	17
	1.83
	0.0530
	2.07
	1.95



	Rubiaceae
	2
	16
	1.72
	0.0552
	2.16
	1.94



	Myrtaceae
	1
	13
	1.40
	0.0134
	0.52
	0.96



	Hypericaceae
	2
	14
	1.50
	0.0086
	0.33
	0.92



	Muntingiaceae
	1
	10
	1.07
	0.0119
	0.46
	0.77



	Bixaceae
	1
	8
	0.86
	0.0121
	0.47
	0.67



	Primulaceae
	1
	3
	0.32
	0.0240
	0.93
	0.63



	Salicaceae
	3
	8
	0.86
	0.0075
	0.29
	0.58



	Caryophyllaceae
	1
	4
	0.43
	0.0179
	0.70
	0.56



	Meliaceae
	1
	1
	0.11
	0.0219
	0.85
	0.48



	Poaceae
	1
	8
	0.86
	0.0025
	0.10
	0.48



	Solanaceae
	2
	6
	0.64
	0.0037
	0.14
	0.39



	Melastomataceae
	4
	6
	0.64
	0.0034
	0.13
	0.39



	Polygonaceae
	1
	4
	0.43
	0.0082
	0.32
	0.38



	Peraceae
	1
	4
	0.43
	0.0046
	0.18
	0.30



	Rutaceae
	1
	2
	0.21
	0.0099
	0.39
	0.30



	Malpighiaceae
	1
	4
	0.43
	0.0034
	0.13
	0.28



	Boraginaceae
	4
	2
	0.21
	0.0007
	0.03
	0.12



	Araliaceae
	1
	1
	0.11
	0.0021
	0.08
	0.10



	Phyllanthaceae
	1
	1
	0.11
	0.0007
	0.03
	0.07



	Simaroubaceae
	1
	1
	0.11
	0.0006
	0.02
	0.06



	Gentianaceae
	1
	1
	0.11
	0.0002
	0.01
	0.06
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Table 3. Correlation between abandonment time and distance to the forest edge with floristic attributes in the study area. Spearman’s correlation coefficient, * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; ns = not significant. The letter “a” after the correlation coefficient means that the Pearson correlation was used.
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Basal Area

	
Species Richness

	
Individuals

	
Diversity Index




	
Shannon

	
Margalef

	
α-Fisher






	
(A) All individuals

	

	

	

	

	

	




	
  Abandonment time

	
0.48 *

	
0.76 ***

	
0.31 ns

	
0.67 **

	
0.75 ***

	
0.71 ***




	
  Distance to the forest edge

	
−0.58 **

	
−0.77 ***

	
−0.81 ***

	
−0.63 **

	
−0.63 **

	
−0.45 *




	
(B) Seedling category

	

	

	

	

	

	




	
  Abandonment time

	
0.48 *

	
0.52 *

	
0.09 ns

	
0.42 ns

	
0.56 *

	
0.43 ns




	
  Distance to the forest edge

	
−0.58 **

	
−0.86 ***

	
−0.63 ***

	
−0.80 ***

	
−0.77 ***

	
−0.69 ***




	
(C) Sapling category

	

	

	

	

	

	




	
  Abandonment time

	
0.49 *

	
0.61 **

	
0.30 ns

	
0.58 *

	
0.61 **

	
0.41 ns




	
  Distance to the forest edge

	
−0.46 ns

	
−0.54 *

	
−0.51a *

	
−0.33a (ns)

	
−0.30a (ns)

	
−0.20 ns




	
(D) Tree category

	

	

	

	

	

	




	
  Abandonment time

	
0.45 ns

	
0.59 *

	
0.55 *

	
0.62 **

	
0.59 *

	
0.52 *




	
  Distance to the forest edge

	
−0.50 *

	
−0.36 ns

	
−0.48 *

	
−0.33a (ns)

	
−0.35 ns

	
−0.37 ns
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Table 4. Multiple regression between abandonment time and distance to the forest edge, with the basal area, abundance, species richness, and species diversity in study areas.
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Variable

	
Predictors

	
Partial

Correlation

	
Hierarchical Partitioning

	
p-Value

	
Model Adjusted R2




	
Independent

	
Joint

	
Independent Effect (%)






	
Basal Area

	
Abandonment time

	
0.175

	
0.134

	
0.113

	
40.81

	
0.034

	
0.25




	
Distance to the forest edge

	
−0.329

	
0.195

	
59.19




	
Species richness

	
Abandonment time

	
0.341

	
0.274

	
0.231

	
40.91

	
<0.001

	
0.631




	
Distance to the forest edge

	
−0.578

	
0.396

	
59.09




	
Abundance

	
Abandonment time

	
−0.378

	
0.099

	
0.039

	
15.47

	
<0.001

	
0.642




	
Distance to the forest edge

	
−0.764

	
0.543

	
84.53




	
Shannon diversity index

	
Abandonment time

	
0.38

	
0.27

	
0.193

	
49.89

	
0.001

	
0.488




	
Distance to the forest edge

	
−0.382

	
0.272

	
50.11




	
Margalef diversity index

	
Abandonment time

	
0.421

	
0.297

	
0.206

	
51.29

	
<0.001

	
0.53




	
Distance to the forest edge

	
−0.391

	
0.282

	
48.71




	
α-Fisher diversity index

	
Abandonment time

	
0.469

	
0.277

	
0.103

	
72.79

	
0.017

	
0.308




	
Distance to the forest edge

	
−0.027

	
0.104

	
27.21
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