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Secondary vegetation is increasingly recognized as a key element for biodiversity conservation and carbon stocks in human-modified landscapes. Contrasting deforestation patterns should lead to distinct patterns of forest regeneration, but this relationship is yet to be unveiled for long-term studies. Using Landsat data from 1985–2015, we analyzed the surface area, spatial distribution, and age of secondary vegetation in Fishbone and Geometric patterns of deforestation. Additionally, we investigated to which extent secondary vegetation reduces forest patch isolation at the landscape level across time. We found the Fishbone pattern to consistently have more secondary vegetation over time than the Geometric pattern, despite having the same size of the deforested area. However, the Fishbone pattern showed more secondary vegetation area with less than 5 years old, while the Geometric pattern showed more area with secondary vegetation with more than 30 years old. Regarding spatial distribution, we found secondary vegetation to be more spread across the entire landscape at the Fishbone pattern and to consistently reduce forest patch isolation across time. This is congruent with the land use typically found in Geometric (industrial cropping and ranching) and Fishbone (fallow agriculture with small-scale ranching) patterns. These findings indicate that the Fishbone pattern of deforestation produces a more biodiversity-friendly landscape structure than the Geometric pattern. On the other hand, older secondary vegetation found in the Geometric deforestation pattern could indicate more carbon stocked in those landscapes. Future public policies of land use and occupation should consider better landscape planning and management to overcome this duality and create synergies between biodiversity conservation and secondary vegetation carbon stock.
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1 INTRODUCTION
Secondary vegetation has an increasing role in landscape planning and management to face current climate and biodiversity crises, offsetting some of the most pervasive consequences of deforestation. Secondary vegetation is currently recognized as an important sink of carbon dioxide (Jones et al., 2019; Hall et al., 2022), a regulator of local climate (Lee et al., 2021; van Meerveld et al., 2021), and a water systems stabilizer (van Meerveld et al., 2021). It also has an important role in biodiversity conservation, since secondary vegetation recovers part of the taxonomic and functional diversity and habitat structure (Poorter et al., 2021). Secondary vegetation is considered an (increasingly) important component of tropical landscapes (Arroyo-Rodríguez et al., 2017). In the Amazon forest, for example, estimates of secondary vegetation area vary from 13.3 MHa (27% of total deforested area in 2018) (MapBiomas 2022) to 14.9 MHa (or 30% in 2018) (Silva Junior et al., 2020). However, this vegetation is under threat due to the recent increase in deforestation, fostering of non-sustainable activities in the Amazon rainforest, and changes in governmental strategies to combat deforestation (Atkins and Menga 2021). The effects of deforestation on the temporal and spatial dynamics of secondary vegetation are unclear, but it is crucial to understand this relationship to plan for its sustainable use.
The occupation process of the Amazon was heterogeneous and carried by different actors supported by distinct public policies at different time frames, generating a variety of deforestation patterns (Silva et al., 2008; Alves et al., 2021). Each leaves a specific footprint of deforestation, generating a variety of landscape configurations (i.e., different forest patch sizes, numbers, shapes, and locations) (Mertens and Lambin 1997; Saito et al., 2011). In the Amazon, several patterns of deforestation have already been identified (Mertens and Lambin 1997; Geist and Lambin 2002; Silva et al., 2008; Saito et al., 2011; Arima et al., 2015), however, there are two historically important and commonly found patterns in the region: the Geometric and the Fishbone pattern. The Geometric pattern is commonly associated with large-scale cattle ranching and industrialized commodity production. This pattern is characterized by deforestation in large areas with geometric shapes (often above 1,000 ha) and intensive land use, through mechanized and capitalized large-scale agribusiness (Saito et al., 2011; Arima et al., 2015). Whereas the Fishbone pattern is associated with conventional rural settlement as performed by the Brazilian National Institute of Colonization and Agrarian Reform (INCRA) during the 1970s and 1980s. This pattern is characterized by small irregular polygons of deforestation (INCRAS´s lot size varies from 25–100 ha) located near secondary roads, connected transversely to a main road, creating a deforestation pattern that resembles a fishbone. It is also associated with small-scale family farming usually with lower mechanized and capitalized agricultural practices (Saito et al., 2011; Alencar et al., 2016).
Deforestation changes the spatial arrangement of landscape elements (e.g., shifts patches of forest size and area) (Prist et al., 2012) which can result in fragmented landscapes that affect forest regeneration. Forest regeneration is the process in which a cleared area is able to restore to a new forest cover (i.e., secondary vegetation) without any human interference along the process (Chazdon 2012). In fragmented landscapes, the speed of forest regeneration and biodiversity recovery varies with landscape configuration. Small and isolated patches, for example, are typically absent of animals and tend to attract less seed dispersers that are fundamental for forest regeneration (San-José et al., 2020), decreasing plant functional connectivity (Auffret et al., 2017). Another fundamental aspect influencing natural regeneration of forests is land use history (Mesquita et al., 2015; Arroyo-Rodríguez et al., 2017; Poorter et al., 2021). Estimates from models of forest regeneration in tropical regions that were logged and burned point to a slow recovery rate of above ground biomass (De Faria et al., 2020). High intensity fires typically destroy the seed bank, and kill seedlings and saplings, changing the course of community assemblage and stalling the natural regeneration process (Mesquita et al., 2015). Therefore, the different actors and land management approaches in Geometric and Fishbone patterns may affect forest regrowth differently across time and space, since each pattern imprints a specific configuration to landscape elements.
If not persistently burned, a regenerating forest can recover part of the vegetation cover and the landscape structure lost to deforestation (Chazdon 2012; Laurance et al., 2018). Beyond gains in vegetation cover, naturally regenerating secondary vegetation may contribute to increase in landscape connectivity (Molin et al., 2018). Species movement tends to be high in more permissive matrices, such as secondary vegetation (Eycott et al., 2012). For this reason, even in fragmented landscapes meta-communities and meta-populations can still be connected (Watling et al., 2011), maintaining genetic flow (Ribeiro et al., 2021) and decreasing the risk of local species extinction (Chase et al., 2020). The positive effects are stronger when the secondary vegetation grows to late successional stages (Tabarelli et al., 2012; Carrara et al., 2015). Thus, evaluating the long-term impacts of contrasting deforestation patterns (Geometric and Fishbone) over forest regeneration is paramount to understand patterns of natural regeneration and how it may over time mitigate the negative impacts of deforestation on landscapes.
Therefore, we aim to answer the following questions: 1) How do Geometric and Fishbone deforestation patterns affect the extent and the spatial configuration of the secondary vegetation patches in the Amazonian landscape? 2) How does growing secondary vegetation reduce forest patch isolation over time? 3) How do contrasting deforestation processes affect the persistence of secondary vegetation in landscapes? Our hypotheses are: 1) Geometric deforestation patterns should be less favorable for secondary vegetation growth and lead to a patchy distribution of secondary vegetation, due to intensive use of land; 2) Secondary vegetation should strongly reduce the isolation of forest patches in landscapes with Fishbone deforestation patterns, since fallow agriculture (common practice in INCRA settlements and family farming) allows forest regeneration in several parts of the deforested land, spreading secondary vegetation across the landscape; and 3) Secondary vegetation in the Fishbone pattern of deforestation should be more persistent, as farmers in small rural settlements in general utilize less mechanized agricultural practices.
2 MATERIALS AND METHODS
2.1 Landscape selection
Among several existing deforestation patterns (see Saito et al., 2011), we choose to evaluate the forest regeneration process in the Geometric and Fishbone patterns, since they are the outcome of two distinct public policies and land occupation strategies in the Brazilian Amazon. The Geometric footprint happened after the establishment of a land occupation policy to attract large cattle ranchers to southern Amazon during the 1970s and 1980s (Hoelle 2014). This policy offered tax incentives and guaranteed land ownership conditioned to farmers maintaining land productivity (Fearnside 2005). Therefore, most of the landscapes in the Amazon with this type of footprint are located in the Southern part of Rondônia, Mato Grosso and Pará states (Figure 1). The Amazonian occupation strategy that created the Fishbone pattern had a similar philosophy of “bringing people to non-populated areas” offering incentives, such as rural credit and technical assistance, while imposing obligations, to prohibit the resale of land and ensure farm productivity (Alencar et al., 2016). However, this policy was focused on small-scale family farmers and happened in different places in the Amazon. Most of the landscapes with this footprint are found in northern Rondônia, Mato Grosso and Pará, and also in Acre and Roraima states (Figure 1). Those patterns are easily detected and identified by visual inspection of satellite images, such as the ones generated by the Landsat series (Mertens and Lambin 1999; Oliveira Filho and Metzger 2006). The identification of deforestation patterns was carried out visually considering criteria such as shape, size, edges, and the spatial arrangement of deforested patches observed in Landsat images over time. The two selected deforestation patterns (fishbone and geometric) are well known in the tropical forest literature and described by Mertens and Lambin (1997), Silva et al. (2008); Saito et al. (2011); Arima et al. (2015). The geometric deforestation pattern corresponds to large deforested patches, with geometric shape, compact and well-defined forest/non-forest edges. The fishbone pattern is defined mainly by the distinct spatial arrangement of the small regular deforestation patches, located specifically in INCRA’s planned Settlement Project. In these areas, the lots are organized alongside local roads arranged orthogonally to the axis of the main road. The typical occupation of the lots (and deforestation) starts from the road to the end generating the easily recognizable fishbone footprint in satellite images.
[image: Figure 1]FIGURE 1 | Location of fourteen 50 × 50 km landscapes with either Fishbone or Geometric pattern of deforestation. Light gray shade is the cumulative deforestation in Legal Amazon from 1985–2015. Numbers connected to boxes indicate the landscape identification. Brazilian geopolitical division (states) in the Legal Amazon: AC–Acre; AM–Amazonas; RO–Rondônia; RR–Roraima; MT–Mato Grosso; PA–Pará; AP–Amapá; TO–Tocantins; MA–part of Maranhão.
We built a multitemporal database with images from Landsat-5 and Landsat-8 (at 30 m spatial resolution) from 1985–2015, collected in intervals of 5 years. The Landsat scenes were obtained from USGS’s Earth Explorer system (United States Geological Survey (USGS) 2019). To delimit the landscapes, we choose 50 × 50 km areas in the Landsat scenes with Geometric or Fishbone patterns. The landscape size was chosen based on recommendations from Saito et al. (2011) who showed a better stability of landscape metrics in the Amazon region. We selected 12 landscapes for each deforestation pattern, with around 80% of forest cover at the beginning of the analysis period (1985) and at least 5% of deforested area. With this threshold, it is already possible to clearly identify the deforestation pattern through visual inspection of the Landsat images. In areas with a lower proportion of deforestation in 1985 (i.e., around 5%), we evaluated the evolution of the landscape using the multi-temporal image data from Landsat series until the year 2015 (the last year of our analysis) to confirm the pattern. We only chose the landscapes that maintained either the Geometric or the fishbone pattern of deforestation. Then, we removed landscapes with any levels of cloud cover, image noises and other elements that could mislead image classification, such as areas of non-forest physiognomy (e.g., enclaves of savanna, known as Cerrado or the open, shrub-dominated areas known as Campinas), large rivers, etc. As a result, seven sites remained in the analysis for each pattern in the selected years, resulting in 98 landscapes of 50 × 50 km (Figure 1).
2.2 Image classification
We only classify landscapes with forest formation, considered as all vegetation formation with forest phytophysiognomy observed in the Landsat images. Landscapes that presented natural vegetation with non-forest phytophysiognomy were removed from the analysis. Our definition of forest areas may include classes of open or dense ombrophilous forest, and seasonal decidual forest (e.g., in the southern region of Legal Amazon). To identify the areas of old growth forest and deforestation inside those landscapes, we built a Linear Spectral Mixing Model to split the images using their soil, shadow, and vegetation fractions. This technique is used to highlight certain types of targets and to reduce the dimensionality of the data (Shimabukuro and Smith 1991). We chose to use soil fraction as a feature to the image classification process based on the procedures established by Almeida et al. (2010) and the TerraClass project (Almeida et al., 2016). Then we performed a Segmentation by Region Growth algorithm using the SPRING software (Câmara et al., 1996). This segmentation groups the pixels of the imagens according to their gray levels (similarity threshold) and form clusters of a minimum size (area threshold). We empirically defined the similarity and area threshold in 8 and 16 pixels, respectively. Afterwards, we used an unsupervised classification algorithm, Isoseg (Bins et al., 1993) implemented in the software SPRING 5.5.1 (Câmara et al., 1996) by region. According to Bins et al. (1993) Isoseg is a clustering technique applied to a set of regions obtained from a segmented image, based on an acceptance threshold and on a number of classes defined by the user. We empirically choose an acceptance threshold of 95% and two classes. The segmentation step, splits the image into regions and extracts their statistical attributes (mean, covariance matrix and area). The regions are ordered by size and classified with the clustering algorithm considering the covariance matrix and the mean vector of the regions to estimate the centers of the classes. The regions whose means lie within the maximum Mahanalobis distance defined from the center of the class are considered as belonging to it. For the detection of the initial classes, the statistical parameters of the first region of the list are taken as initial parameters of a certain class. In an interactive process, all regions with a Mahalanobis distance of a certain class lower than the acceptance threshold are removed from the list. Statistical parameters are recalculated and this operation is repeated until no more regions are removed from the list. If the number of detected classes is greater than the number initially defined, the classes with the smallest number of regions are removed and the regions are classified for the remaining classes using the Mahalanobis distance criterion. One of the major advantages of using Isoseg, which is an approach based on regions and not on pixels, is the definition of the initial centroids based on existent statistical information (extracted from image during the segmentation process) and the use of the Mahalanobis distance for assigning labels. It increases the probability of having a lower intraclass variance and a higher interclass variance, providing a better distinction among the classes (Bins et al., 1993). In the end, the clusters can be regrouped manually considering the classes of interest. In this study the obtained clusters were grouped to forest and non-forest classes, according to the land cover they represent.
To identify secondary vegetation in deforested areas we used the soil fraction feature and defined thresholds empirically to slice the images and identify this land cover class. In this step we applied a deforestation mask (built on images from previously year) to restrict the classification area reducing confusion between secondary vegetation and old growth forest. We added areas classified as secondary vegetation to the maps of forest/non-forest, obtaining final maps with three land cover classes: old growth forest, secondary vegetation and deforestation. We visually inspected the maps and manually edited misclassified areas. We emphasize that this strictly remote sensing procedure hinders the inference about the structure and composition of the secondary vegetation mapped. Therefore, we generically denoted areas under recovery as secondary vegetation, which includes several stages of forest regeneration (Almeida et al., 2016).
2.3 Landscape metrics and data analysis
Landscape metrics are spatial measures of landscape structure and composition (Wang et al., 2014) used in the context of this study to analyze classes of land cover and their spatial arrangements and composition. These metrics allows to evaluate size, shape, dominance, diversity, connection, isolation, and abundance of land cover classes (McGarigal 2015). When measured over time, these metrics may reveal the landscape fragmentation process and the potential long-term consequences on biodiversity (Rosa et al., 2017). These metrics provide valuable information to biodiversity and conservation biology researchers. Therefore, we chose landscape metrics that can reveal configuration changes in the landscape over time and we discuss how these changes can directly and indirectly affect biodiversity conservation within these landscapes (Carrara et al., 2015; Rocha et al., 2016). We used the FRAGSTATS v4.2 (McGarigal 2015) software to calculate all landscape metrics.
First, we calculated the initial percentage of old growth forest cover in all selected landscapes, which allowed us to check whether the level of deforestation was similar for both studied patterns across time. This enabled the evaluation of trajectories for both landscape types (i.e., Geometric and Fishbone) from the same starting point. Furthermore, isolating the effect of the deforestation amount in each set of landscapes from the pattern in which the landscapes have been cleared. For each year, we performed the non-parametric test of Mann-Whitney (Hart 2001) to compare the total amount of forest cover in landscapes with a Geometric pattern of deforestation versus landscapes with the Fishbone. Additionally, we performed an Analysis of Covariance (ANCOVA), using the deforestation pattern as covariate and time as explanatory variable, to check if the rate of secondary vegetation growth (i.e., slope of the linear model) differ between Geometric and Fishbone patterns.
We used the Clumpiness Index (CLUMPY) to measure the distribution of the secondary vegetation on the landscape. This metric evaluates the spatial aggregation of a given type of land cover and follows the formula,
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where gii is the number of pixels with adjacent pixels belonging to the same cover class, gik is the number of pixels with adjacent pixels that belong to a different type of cover, i = 2 (relative to secondary vegetation cover class); k = 0 or 1 (relative to deforested areas of old-growth forests, respectively). The second formula shows that the CLUMPY metric depends on the relationship between Gi and Pi, where Pi is the proportion of the landscape occupied by the chosen analyzed class. The value of CLUMPY ranges from −1 to 1; the closer to -1, the more disaggregated are the patches of the type land cover evaluated; on the contrary, the closer to 1, the greater the spatial aggregation of the patches; and if closer to zero, the patches are randomly dispersed across the landscape (McGarigal 2015). We compared the landscapes within each year using the Mann-Whitney test (Hart 2001).
To measure the effect of secondary vegetation over the isolation between forest fragments, we first measured the mean isolation of the old growth forest fragments using the Euclidean nearest neighbor distance mean (ENN_MN) (McGarigal 2015). This landscape metric calculates the Euclidean distance between one patch and its closest neighbor and then average them out for the landscape. It ranges from greater than 0 up to the maximum distance inside the limits of the landscape. After measuring the distance using only the fragments of old growth forest, we then recalculated the metric considering the secondary vegetation. Then, we calculated the mean reduction of ENN_MN when including the secondary vegetation.
To evaluate the persistence of the secondary vegetation in both deforestation patterns, we used images from 2015 as the reference, because it represents the “end of the process” of deforestation and occupation over 30 years (1985–2015). Note that, due to our mapping analysis approach, i.e., data collected every 5 years, we could not precisely define the age of the secondary vegetation. However, we checked the occurrence of the secondary vegetation in previous years and classified them into six categories of age (up to 5 years old, 5–10, 10–15, 15–20, 20–25 and 25–30 years old). Then, we measured the secondary vegetation patch area of each age category. For example, for secondary vegetation in the 20–25 years old category, we considered every area that was present in 1990 and in all subsequent years up to 2015, but not in 1985. Note that, our definition of age is an estimate based on the persistency of that area of secondary vegetation observed in the classified landscapes during the study period. Thus, some areas of secondary vegetation may be more than 30 years old (25–30 years old category), since the oldest analyzed image is from 1985. Another limitation is due to the 5-years interval used, since some areas of secondary vegetation may have been cut and regenerated within this period.
3 RESULTS
3.1 Mapping forest cover
We classified a total of 98 landscapes from two contrasting deforestation patterns (seven from Geometric and seven from Fishbone) from 1985–2015. Our method rendered thematic maps for each landscape (in each time point) with three land cover classes: old growth forest, secondary forest and non-forest (Supplementary Figure S1; Figure 2). Table 1 presents a summary of the differences we found between Geometric and Fishbone pattern using our set of landscape metrics.
[image: Figure 2]FIGURE 2 | Changes in old growth forest cover in landscapes with two distinct deforestation patterns in the Brazilian Amazon. GEO–Geometric pattern of deforestation. FSH–Fishbone pattern of deforestation. The numbers above boxplots correspond to the p-value of Mann-Whitney test.
TABLE 1 | Summary of landscape characteristics regarding old growth forest and secondary vegetation classes in the two contrasting deforestation patterns in the Amazon: Geometric (n = 7) and Fishbone (n = 7) patterns. Old growth forest and secondary vegetation areas were analyzed every 5 years between 1985 and 2015.
[image: Table 1]We found a large variation in forest cover for each deforestation pattern across time, even in neighbor landscapes (Figure 2). At the beginning of the study (1985), all landscapes with Geometric and Fishbone patterns had forest cover greater than 80% and no statistical difference in area of mature forest (Mann-Whitney, w = 25, p = 1.00). From 1985, the deforestation process occurred at a different pace, generating landscapes patterns with distinct spatial structures and trajectories. The distinct deforestation and fragmentation trajectories led to landscapes with 17%–70% in Geometric and 18%–62% in Fishbone patterns of forest cover at the end of the period (2015). Although the median forest cover is lower in the Fishbone pattern, we did not find a statistically significant difference in forest cover proportion between patterns at any year during the analysis period (Supplementary Table S1).
3.2 Secondary vegetation trajectories
The area of secondary vegetation in both patterns increased over time (Figure 3 F = 21,835; p = 9,90e-06). The growth rate (i.e., the slope of the line) of secondary vegetation area was similar in both patterns (F = 1.883; p = 0.173), but the Fishbone landscapes had larger areas with secondary vegetation (i.e., the intercept of the line) from the beginning until the end of the time series (F = 18.715; p = 3.78e-05).
[image: Figure 3]FIGURE 3 | Changes in area covered by secondary vegetation over time in Geometric and Fishbone landscapes. The ANCOVA analysis showed no significant difference in the line’s slopes (F = 1.883; p = 0.173), but indicates a significant difference in the magnitude of the secondary vegetation area (F = 18.715; p = 3.78e-05). GEO–Geometric pattern; FSH–Fishbone pattern.
3.3 Spatial configuration of secondary vegetation within landscapes
The aggregation index (CLUMPY) revealed that the secondary vegetation at the Geometric pattern was more aggregated than at the Fishbone pattern. The Mann-Whitney test showed a significant difference between patterns regarding the CLUMPY metric in some years (1990, 2010, and 2015), but not in others (Figure 4). However, there is a clear trend of higher aggregation of secondary vegetation patches within the landscapes with Geometric pattern (see also Supplementary Figure S2). Furthermore, the variability in the Fishbone pattern was higher than in the Geometric pattern in all years of the longitudinal analysis from 1985–2015.
[image: Figure 4]FIGURE 4 | Spatial aggregation index of secondary vegetation considering distinct deforestation patterns. CLUMPY–Landscape spatial aggregation metrics. GEO–Geometric pattern of deforestation; FSH–Fishbone pattern of deforestation. The numbers above the graph correspond to the p-value of the Mann-Whitney test.
3.4 The effect of secondary vegetation in reducing old growth forest fragments isolation
The analysis of isolation based on Euclidean Nearest Neighborhood Mean showed that secondary vegetation can reduce forest isolation in both patterns of deforestation (Figure 5). The reduction of forest isolation by the secondary vegetation patches was expressive in both deforestation patterns across all years (Figure 5A; Supplementary Table S3). In landscapes with the Geometric pattern, we found a larger reduction in mean ENN_MN, spanning from 12%–52% while in landscapes with Fishbone pattern, the reduction was found to be between 13% and 27%.
[image: Figure 5]FIGURE 5 | Effect of including secondary vegetation on the forest fragments isolation. ENN_MN–Euclidean Nearest Neighborhood Mean. Old growth: Mean isolation of the landscape forest patches considering only the old growth forest fragments. Old growth + secondary: Mean isolation considering both old growth forest and secondary vegetation. (A) Reduction of forest fragment isolation in landscapes with Geometric pattern of deforestation. Great and significant reduction in mean isolation were observed in most of the evaluated years (1985–2005). (B) Reduction of forest fragments isolation in landscapes with Fishbone pattern of deforestation. A significant reduction were only observed in 1990, 1995, and 2015, despite a clear reduction were observed in all years. The numbers above the boxplots correspond to the p-values of Mann-Whitney test.
3.5 Persistence of secondary vegetation in the landscapes
Landscapes with the Fishbone pattern had more secondary vegetation area in initial stages (<5 years old) of regeneration than landscapes with the Geometric pattern (W = 8 and p-value = 0.0378) (Figure 6; Supplementary Table S4). We also found a large variability in Fishbone landscapes at this age category. The GEO pattern had more secondary vegetation of late stages (>25 years old), however this difference was marginally significant (W = 40 and p-value = 0.0530). We did not find statistically significant differences among the other categories of age.
[image: Figure 6]FIGURE 6 | Scondary vegetation area on distinct categories of age. GEO–Geometric pattern of deforestation; FSH–Fishbone pattern of deforestation. The numbers above the graph correspond to the p-value of the Mann-Whitney test.
4 DISCUSSION
Our landscape analysis revealed that the Fishbone deforestation pattern, produced by several small household lots, resulted in contexts that allowed a greater forest regeneration, likely due to pasture and agricultural management that frequently uses fallow as part of strategies to recover soil fertility. In this pattern, the secondary vegetation occupied more area and showed to be more spread through the landscape, although tended to be younger. These secondary vegetation characteristics and dynamics, along with the deforestation pattern, likely produce different effects concerning biodiversity and ecosystems conservation.
We found that most of the Fishbone landscapes presented less old growth forest cover, though not statistically different (p > 0.05) than the Geometric landscapes over time (Figure 2). However, we also found a greater variability within groups than between them, which led to non-significative differences when comparing them. This large variability within groups reflects the differences in the occupation process in each region of the Amazon Forest (Machado 1998). The lowest forest cover was found in landscapes located at the state of Rondônia (Southern part of the Amazon’s arc of deforestation) (Supplementary Figure S1). The high number of paved roads plus the proximity of the consuming market of the South and Southeast of Brazil, might explain the intense deforestation activities in this state (Aguiar et al., 2007; Barber et al., 2014). The northern regions, as the landscapes in the states of Roraima and Pará (Figure 1) have highest forest cover. Besides differences in the historical occupational process of the Amazon, there are other factors such as environmental (e.g. rainfall, temperature) (Aide et al., 2013), economic (e.g. financial crisis, tax incentives) (Fearnside 2005; Antonarakis et al., 2022), political and institutional (e.g. mayor or governor reelection, low capacity of enforcement by environmental institutions) (Pailler 2018) that also influence deforestation rates.
We found that both patterns typically gain secondary vegetation area at a similar pace throughout time, but the total amount of secondary vegetation area is greater in the Fishbone landscapes (Figure 3). Therefore, the different processes of land use intensity and landscape management that lead to each deforestation pattern also have long term consequences to natural forest regeneration and landscape structure. In the Geometric pattern, agricultural and livestock practices involve the use of heavy machinery, deforestation and management of the deforested areas, resulting in intense land use, that seeks to maximize production taking advantage of all available land, leaving few abandoned areas (Arima et al., 2015). Conversely, in the Fishbone pattern, it is common that farmers advance to old growth forest, through the slash-and-burn process, for agrarian production and further replacement to extensive cattle ranching (Alencar et al., 2016). Over time, it is common for older pastures in small farming settings to be abandoned and invaded by secondary vegetation due to lack of pasture management, low investment, no technical assistance or no access to machinery (Alves et al., 2003).
Furthermore, we found larger variability in secondary vegetation area in landscapes with Fishbone pattern than with Geometric pattern. This might happen due to Fishbone landscapes having several landowners than in landscapes with Geometric pattern (i.e., several small rural families vs. few large landowners), contributing to variation in land management per landscape (Metzger 2002; Mayer 2019). Farm-level biophysical conditions (e.g., soil type, slope), infrastructure and financial opportunities (e.g., agrarian credit) might be managed differently according to different family strategies (Browder et al., 2004), resulting in more or less intense land management. The secondary vegetation in landscapes with intensive management (i.e., <5 years fallow cycles), for example, might lose its capacity of recovery over time (Jakovac et al., 2015). In addition, proximity to roads and urban areas could also influence natural regeneration rates and total amount of land recovery over time (van Vliet et al., 2012). Alves et al. (2003), for example, showed that rural settlements closer to federal roads have less secondary vegetation than farther settlements. A combination of these effects may explain the variability in secondary vegetation area we found.
Regarding the spatial distribution of the secondary vegetation, some intrinsic characteristics of land use approaches in each deforestation pattern may have influenced their spatial aggregation within landscapes. In the Geometric pattern, it is expected that most areas of secondary vegetation be at the edge of old growth forest fragments and in areas where mechanized agriculture is restricted, such as in terrains with steep slopes (Laue and Arima 2016; Sloan et al., 2016). In the Fishbone landscapes, the growth of secondary vegetation is spread out, since there are more variation in land use between farms (Metzger 2002) and there are more rural properties within the same area (i.e., our 50 × 50 km landscapes), with smaller and more heterogeneous farms than in Geometric landscapes (Arima et al., 2015) (Figure 4). Also, agricultural systems in Fishbone landscapes might be more permissive for natural regeneration since farmers in these landscapes tend to grow crops without heavy machinery (Alves et al., 2003). Small-rural households, such as in INCRA colonization settlements, are more likely to take advantage of forest resources for self-sustaining (e.g., wood, food gathering) (Nunes et al., 2019; Rasmussen et al., 2020), which may encourage these families not to cut the secondary vegetation as soon as it starts to grow. Those characteristics affect in different manners the potential of secondary vegetation to prosper and mitigate the effects of deforestation in each pattern.
Our study also found that secondary vegetation reduces the mean isolation of forest fragments in both patterns of deforestation (Figures 5A, B), but each one has its own dynamics. In Geometric landscapes, the mean isolation of forest fragments decreases over time, even with increase in deforestation (Figure 5A). This effect is more evident in landscapes with few forest fragments, since the complete elimination of small forest fragments decreases the denominator used to calculate the mean isolation of the landscape (Supplementary Figure S1). So, while the landscape is deforested, and the smaller and more isolated forest fragments are eliminated, the mean isolation of the landscape is artificially reduced (Fahrig 2003). When we added the secondary vegetation to the calculation of the metric, we found that the median of the ENN distance distribution increased over time, likely for the same reasons explained above. In Fishbone landscapes, the secondary vegetation also reduced the mean isolation of the forest fragment remnants (Figure 5B). The ENN_MN metric followed the expected behavior: while the total deforestation and forest fragmentation increased, the mean isolation of the landscape also increased.
Another important feature analyzed in this study was the time of persistence of the secondary vegetation in each deforestation pattern. We found that the Fishbone landscapes hold more secondary vegetation up to 5 years old, while the Geometric landscapes had more secondary vegetation of the 25–30 years old category (Figure 6). This unexpected difference can also be related to land use approach present in each deforestation pattern. The most frequent agricultural technique employed in Fishbone areas is the slash-and-burn (Alencar et al., 2016), and it also reuses part of the land after a fallow cycle between periods of cultivation. In the fallow periods, some secondary vegetation grows, but are again slashed and burned after a few years (3–15 years depending on the intensity of land use (Jakovac et al., 2016)). The land use intensification process in riverine communities along Purus River in the state of Amazonas was detected by Jakovac et al. (2016), leading to shorter fallow periods. Perhaps, this intensification may be spreading across the Amazon upland areas (van Vliet et al., 2013; Villa et al., 2018). This detected intensification and the fallow agriculture typical of the Amazon region may explain why most of the secondary vegetation in the Fishbone landscapes seems to not last more than 10 years, and also the surprising amount of secondary vegetation that is less than 5 years old. In Geometric landscapes, as mostly of the land is incorporated into the production system, only the previously deforested, but not suited for large-scale agriculture or pasture plots of land are abandoned. In abandoned areas, secondary vegetation is able to grow and persist for long periods of time (Laue and Arima 2016).
4.1 Implication for biodiversity and ecosystems services
Many studies, also performed in the Amazon Forest, have already investigated the effects of forest loss and forest fragmentation in a variety of animals and plants, (Haddad et al., 2015; Laurance et al., 2018). These studies suggest that given the landscape structure, it is possible to infer several negative and positive impacts of forest loss and fragmentation on local biodiversity and ecosystems services (Fletcher et al., 2018; Fahrig et al., 2019), regarding the limitations that comes with this type of inference (Schindler et al., 2008). In brief, we found that in Geometric landscapes there were few spots of secondary vegetation concentrated in smaller portions of the landscape (Supplementary Figure S1) and they were at more advanced stages of the natural regeneration process (Figure 6). Conversely, in Fishbone landscapes, we found a large number of secondary vegetation patches spread across the landscape and most of them at initial stages of the regeneration (Supplementary Figure S2). These spatial distributions and longitudinal patterns of the secondary vegetation bring different implications to the biodiversity and environmental services provision in each model of land occupation in the Amazon.
The main positive effect of the secondary vegetation to the landscape was its role in the reduction of the mean isolation of forest fragments. This reduction allows landscapes to be more connected, likely improving seed dispersion and mobility of individuals and gene flow of populations throughout the landscape (Dick et al., 2003; Mestre and Gasnier 2008; Bobrowiec and Gribel 2010; Wolfe et al., 2015). Although Fishbone landscapes had less area of mature secondary vegetation, there were more in initial stages spread around the landscape. Small patches of secondary vegetation in initial stages may play an important role in biodiversity conservation for local communities (de Souza et al., 2016). Despite representing few gains in habitat, it increases the connectivity of the landscape and improve the quality of the matrix, which are essential features for a biodiversity-friendly landscape (Melo et al., 2013; Laurance et al., 2018; Arroyo-Rodríguez et al., 2020). For local communities, these secondary vegetation patches might be seen as potential economic resources providing fibers, wood and fruits, complementing their income and daily needs (de Souza et al., 2016; Rasmussen et al., 2020).
Fishbone landscapes had a large recover in habitat amount, however, the value of this vegetation might be limited (Peres et al., 2010), since understory plant and animal species may be unable to colonize these areas properly neither actively use them for food or shelter (Chazdon 2014; Carrara et al., 2015). As most of the secondary vegetation in this landscape is in initial stages of succession, the increase in habitat area might be restricted to a few taxonomic groups (Tabarelli et al., 2012). While in Geometric landscapes, the more persistent areas of secondary vegetation might represent a real gain in habitat, even for the most disturbance-sensitive species. However, the gain of forested land after deforestation is small, representing only 0.95% at the landscapes with higher cover of secondary forest. Generally, landscapes with Geometric pattern should offer less shelter and resources to species that use areas of secondary vegetation, leading to less recovery in landscape connectivity.
The pace of forest recovery in each pattern of deforestation, should also promote different gains in ecosystem services. Fishbone landscapes may be slower in carbon stock recovery over time, since most of the secondary vegetation persisted through less than 5 years (Chazdon 2008). However, these young stands of secondary vegetation can act as strong carbon sinks which brings value for landholders (Naime et al., 2020). Also, as there is more secondary vegetation spread across the landscape, they should promote protection to soil and hydrological resources (Duarte et al., 2016; Strassburg et al., 2016). On the long run, these characteristics might be fundamental to the livelihood maintenance of those rural communities. In the contrary, Geometric landscapes should have less recovery and protection of soil and hydrological resources.
In conclusion, jointly evaluating the studied landscape metrics, there seems to be a distinct pattern of forest natural regeneration for each pattern of deforestation: Geometric and Fishbone. In the landscapes with the Fishbone pattern there is secondary vegetation spread across the landscape. For this reason, we found a larger reduction in old growth forest isolation in Fishbone landscapes than in Geometric landscapes, which have less amount and more aggregated secondary vegetation. These differences are due to the distinct processes of occupation and landscape management over time, reflecting opposite strategies of colonization and occupation in the Amazon Forest. These processes also affected the time of persistence of the secondary vegetation, with the Fishbone pattern having early successional stages while the Geometric pattern showed later stages. The characteristics of secondary vegetation in each deforestation pattern contributes differently to the recovery of biodiversity and ecosystems services. To fully accomplish the recovery of biodiversity and ecosystems services, there must be public policies that stimulates the conservation and the sustainable use of secondary vegetation (e.g., the state of Pará has laws that protect secondary vegetation-(Vieira et al., 2014) without compromising smallholders’ traditional agricultural practices. Those policies should be very clear in the way they define secondary vegetation at the same time they should be flexible enough to accommodate the highly dynamic and uncertain characteristics of a regenerating forest. Despite the importance of national laws to protect secondary vegetation, more localized rules (i.e., state level laws) may have greater success in protecting and ensuring a more sustainable use secondary forest, considering the great variability in area and spatial arrangement of secondary vegetation we found in this study. In addition, further studies that focus on other deforestation patterns (e.g., diffuse, dendritic) should be performed to increase current knowledge about the relationship between deforestation and regeneration patterns in the Amazon. Also, we found large variability in the amount of secondary vegetation within deforestation patterns, thus future studies that seek to explain the regional differences in the patterns of natural regeneration are fundamental to understand the distinct trajectories of forest regeneration in the Amazon Forest.
Furthermore, our results revealed how the type of occupation influences the deforestation pattern, generating landscapes with remarked differences in area, isolation and spatial distribution of forest fragments. In general, the main policies that restrict deforestation inside private properties (e.g., Brazil’s Forest Code (Azevedo et al., 2017); the Cadastro Ambiental Rural—a self-reporting system of land use inside agricultural establishments (Jung et al., 2017)), only consider a area and/or proportion of forest remnants. No criteria is established in these legislation that considers the spatial arrangement of forest remnants, neither within a single property nor considering a group of properties and nearby protected areas.
Although we limited our study to two deforestation patterns in the Amazon, similar patterns were observed in other tropical regions (Mertens and Lambin 1997; Geist and Lambin 2001; Miettinen et al., 2011). According to the literature, these other regions had similar occupation processes, land use types, actors and incentive public policies that resulted in these deforestation patterns (Geist and Lambin 2002). Therefore, it is possible that secondary vegetation regrowth follows the same pattern in other countries as in the Amazon. However, more investigation is needed to verify whether spatial and longitudinal patterns of forest regrowth can be extrapolated to other regions given similar patterns of deforestation. In addition, expanding this analysis for the larger areas, such as the entire Amazon Biome or at national level, would require the use of other image classification techniques, like deep learning algorithms, more suitable for dealing with large volumes of data and temporal series data.
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