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Abstract

:

The Cerrado biome is being gradually reduced. Remote sensing has been widely used to investigate spatio-temporal changes in the landscape, which are frequently limited to mapping with orbital sensors, while the Remotely Piloted Aircraft System (RPAS) proved to be advantageous in terms of spatial resolution and the application of advanced digital processing techniques. In this study, we investigated a vereda (humid area) of a conservation unit in the state of Mato Grosso, Brazil. Object-Based Image Analysis (OBIA) was applied to images obtained by RPAS to distinguish the phytophysiognomies of plant strata from the vereda and to diagnose the recovery of native and invasive vegetation after prescribed burning. The study was carried out in the following five stages: biomass collection; quality analysis of the land cover; phytosociological survey; collection of control points using a GNSS receiver (type L1/L2); and the capture of aerial images with an RGB camera coupled to a DJI Phantom 4 Pro, which was performed through overflights in three different periods. Object–Based Image Analysis was subsequently performed using the Nearest Neighbor classifier combined with Feature Space Optimization, obtaining classifications with accuracy and Kappa indexes greater than 80% and 0.80, respectively. The results of image processing allowed us to infer that fire acted as a renewing agent for native vegetation and as an inhibiting agent for invasive vegetation. The classification analyses combined with the phytosociological analysis allowed us to infer that the vereda is in the process of maturation. Therefore, the study demonstrated the potential of data obtained by RPAS for the diagnosis and analysis of vegetation dynamics in small wetlands submitted to Integrated Fire Management (IFM).
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1. Introduction


Invasion by exotic species in conservation units (CUs) is an old problem, being highlighted as a causal agent of the decline in diversity [1]. The term ‘encroachment’ applies when a given exotic species begins to stimulate notable ecological or economic consequences [2], with its distribution occurring in an introduced or accidental manner; in other cases, it applies to a native species with increased density and geographic distribution, being recurrent among trees and shrubs on pastures [3].



Fully protected CUs should be treated with greater caution, given the functionality of ensuring the perpetuity of natural refuges. Thus, in cases of biological invasion, permanent eradication/control within and around protected areas is mandatory, as the anthropization of surrounding areas favors the installation of invasive exotic species [1].



The occurrence of invasion in environments of fully protected CUs has been increasingly common, such as by the fern Dicranopteris flexuosa, which was already observed in the Desterro Environmental Conservation Unit, Florianópolis—SC [4]; in the Panga Ecological Station, Uberlândia—MG [5]; and in the Rio Doce State Park and Caratinga Biological Station, Belo Horizonte—MG [6].



Although pteridophytes (e.g., fern) are not endemic to Brazil [7], D. flexuosa is widely distributed throughout Tropical America, covering almost all Brazilian states [8]. In general, they occupy open areas and interior forests, particularly occupying wetter soils and altered areas [4,5,8].



Environmental conditions that are favorable for the propagation of the fern, such as a moist soil and edges of gallery forests, coincide with some ecological characteristics of the vereda environments, making these places susceptible to its occupation.



These habitats are conditioned to water table outcropping and are of great importance for the maintenance of the Cerrado fauna, as the alternation between wet and dry seasons promotes the adaptation of individuals and endemism [9], thus being implemented as a Permanent Preservation Area—PPA [10].



Currently, the veredas of the Chapada dos Guimarães National Park (PARNA, acronym in Portuguese for National Park) undergo prescribed burning as a technique for maintaining the vegetation and controlling the presence of the pteridophyte Dicranopteris flexuosa (fern).



In view of the maintenance, control, and renewal of plant species in Cerrado environments, Integrated Fire Management (IFM) acts as an inference strategy for ecological attributes and social aspects in the modification of the landscape for territorial management.



Through research, it was found that there were no studies with experimental burning in the environments of veredas to quantify its actual impact, nor a subsidy for the application of fire management techniques, since the research was carried out after accidental fires [11].



On the other hand, the use of remote sensing (RS) for the analysis of vegetation cover has become a strategic approach to quantify forest production by predicting the volume of wood and biomass in native forests [12] and forest plantations [13], as well as by obtaining the dendrometric characteristics of these areas [14].



In terms of conservation, the application of RS stands out for the discrimination of phytophysiognomies in flooded areas [15], monitoring and protection of habitats [16], and mapping of forest fire scars [12,17], among other applications.



Regarding mapping using Digital Image Processing techniques, classifiers that analyze images ‘pixel–by–pixel’ or by ‘regions’ are used, and in both cases; they can be processed using supervision or not. While ‘pixel-by-pixel’ classifiers use statistical and probabilistic models, the ‘region’ classifiers, which are used in the method of Object-Based Image Analysis (OBIA), depend on the creation of objects, as well as being based on the Nearest Neighbor rule, fuzzy logic [18], descriptors [16], machine learning algorithms [19], and decision trees [15], among other methodological frameworks.



In this context, when observing the Cerrado as a whole, the distinction of the vereda environment is more complex, since studies of high spatial resolution remote sensing imagery (orbital images) reached an impasse in the distinction between veredas and other riverside formations, mainly due to the similarity of the spectral signature of the objects of analysis [20].



Thus, Remotely Piloted Aircrafts (RPA) are a valuable tool, being considered more advantageous when compared to traditional and manned airborne platforms for presenting a lower cost for the acquisition of data with high spatial and temporal resolution without offering risks to the pilot if in adverse conditions [21,22].



Therefore, the aim of this paper is to use Remotely Piloted Aircraft System (RPAS) technologies (ground control station, payloads, communication systems between the ground station and the aircraft, and photogrammetry software) to distinguish plant strata belonging to phytophysiognomies of the Cerrado and the vereda and to diagnose the recovery of native shrubby/herbaceous vegetation and invasive fern after the influence of fire under conditions of prescribed burning.



RPAS technologies are tools with adequate temporal coverage and spatial resolution to monitor dynamic processes and vegetation anomalies at a local scale due to their flexibility for acquiring data repeatedly, thus filling gaps in field research and orbital platform systems. The use of images with very high spatial resolution and low temporal resolution would enable us to evaluate the effectiveness of the actions of IFM during all stages of vegetation regeneration in the area of the vereda, as well as to investigate the spatial variation of the plant community composition.




2. Materials and Methods


2.1. Study Area


The study was carried out in a wetland area of 20 ha with savanna formations of vereda in the conservation unit (UC) of the Chapada dos Guimarães National Park (PNCG, acronym in Portuguese), which is partially located between the municipalities of Cuiabá and Chapada dos Guimarães in the state of Mato Grosso [23] (Figure 1).



The sampled area was subjected to prescribed burning on 23 May 2018 (at 14:30 hours), after 15 years without the influence of fire, under the meteorological conditions of 60% relative humidity (RH), temperature of 31 °C, and winds in the NE direction with a speed of less than 5 km/h, according to the Integrated Fire Management (IFM) contained in the park’s management plan [24].



The neighboring municipalities of Chapada dos Guimarães and Cuiabá, respectively, comprise the rock formations of the plateau of Chapada dos Guimarães and the Cuiabana Depression, with the latter being defined by the Cuiabá River floodplain, which plays an important role in the formation of Quartzarenic Neosols. The veredas are generally associated with the formation of these soils [25,26,27].



The climate of the region, according to the Köppen classification, is defined as AW (tropical savanna), with rainy summers and dry winters [28]. The average annual temperature ranges between 22 °C and 26 °C [29].



The PNCG occupies an area of 32,630.70 ha, featuring the three physiognomies of the Cerrado biome (forest, savanna, and campestre) [30]. According to [31], the forest formations are divided into the riparian forest, gallery forest, dry forest, and Cerradão, being characterized by the predominance of arboreal species with different degrees of deciduousness and association with watercourses.



The campestre formations encompass the campo limpo and campo sujo rupestrian fields, which are recognized by presenting a gradient of more-dense vegetal cover consisting exclusively of herbaceous–shrubby vegetation up to the complete absence of trees [31].



The savanna formations are divided into, namely, Cerrado strictu sensu, Parque de Cerrado, Palmeiral, and Vereda. The first one presents arboreal and shrubby–herbaceous strata in different densities that characterize their subtypes (dense, typical, shallow, and rupestrian). The Parque de Cerrado occurs in small groups at high altitudes in the terrain. Finally, the Palmeiral and Vereda are located in interfluvial regions and feature a single species of palm tree, usually the buriti (Mauritia flexuosa), occurring in lower densities in the veredas compared to the Palmeiral [31].




2.2. Database


The study area was surveyed in the following six stages: biomass collection; quality analysis of the land cover; phytosociological survey; collection of control points using a GNSS receiver (type L1/L2, model Hiper Lite+); capture of aerial images (overflights) with a 20-megapixel RGB camera coupled to a DJI Phantom 4 Pro (RPA) and digital processing of data (Figure 2).



2.2.1. Vegetable Aspects


Biomass samples were collected in 21 May 2018, before the prescribed burning in the vereda, being randomly distributed in locations with the presence of the pteridophyte identified as Dicranopteris flexuosa. A standard 40 × 40 cm template was used for the two samples, in which all biomass at ground level and plant material was collected and stored in a paper bag for proper transport and laboratory weighing. On 19 December 2019, a field visit was carried out at the same locations for a new biomass collection. However, the location still did not present a regrowth of pteridophytes.



The quality analysis of the soil cover was carried out on 7 August 2019, one year after the prescribed burning, when eight sampling points were randomly distributed in the field using a standard 1 m × 1 m template subdivided into four quadrants.



The phytosociological survey carried out on 19 December 2019 included the floristic census of adult individuals in the central area of the vereda, where the prescribed burning occurred. The sampling criteria followed the approaches by [32] with some adaptations, as the collection site was a transition area between grassland vegetation and forest formation.




2.2.2. Aerophotogrammetry


Control points are artificial landmarks installed in the field that can be identified in the images and referenced by positioning methods [33], being installed to improve the accuracy of positioning [34].



Thus, the points were collected using rapid static positioning with a permanence of 15 minutes and latency of one second. Landmarks with white targets were set in the collection sites to obtain the data of the three distinct dates of overflight in the vereda, forming a visible vertex in the captured images.



The aerial images were acquired by RPA using the Litchi application, in which the flight plans, consisting of three to four missions for the total coverage of the study area, were made. The flight missions were carried out on 23 May 2018, 8 June 2018, and 2 July 2019 between 10:00 h and 13:30 h to obtain minimum shading. The following features were adjusted in the missions: 70 m altitude, 75% longitudinal and 85% lateral overlap, speed of 10 m/s, and camera directed at nadir position (i.e., angle of 90°).





2.3. Data Prossessing


2.3.1. Vegetation Aspects


After recording their fresh weight, biomass samples were stored in a forced air circulation oven at 70 °C until reaching constant dry weight [35].



The quality analysis of the soil cover was evaluated visually and as a percentage according to the area of each quadrant occupied by dead or photosynthetically active biomass, thus indicating the component responsible for this cover and observing the exposure of the soil surface, similarly to the procedure by [36].



The study area was entirely subdivided into 20 × 50 m plots in order to perform a floristic census, and individuals of interest were admitted when meeting the inclusion criteria, that is, obtaining DBH ≥ 15.7 cm (DBH = diameter at breast height, with diameter being collected at 1.30 m above ground level). In this census, individuals of the buriti palm, Mauritia flexuosa L.f., were not considered for the measurements, although their presence in the field was observed.



The diameter was measured using a measuring tape, and the total height was estimated in meters, taking into consideration the highest branch or foliage. Individuals included in the survey were identified according to plant taxonomy by an identification specialist and through consultations to the Brazilian Flora to check the names of the authors.



From the data collected in the census, it was possible to obtain the [37] diversity index (H’) and the Pielou uniformity index (J’), according to [38], to indicate the distribution of individuals among species; phytosociological parameters (relative density; frequency; dominance; and Index Of Area Coverage—IOAC), according to [39]; and the clustering index (CI) by [40] to determine the spatial distribution of the species, which was calculated using the Excel software.




2.3.2. Aerophotogrammetry


The control points acquired were post-processed using the reference stations of the Brazilian Network for Continuous Monitoring (RBMC, acronym in Portuguese) in the Topcon Tools software. The coordinates of the RBMC stations refer to the Geocentric Reference System for the Americas (SIRGAS) with an accuracy of ±5 mm, provided by the Brazilian Institute of Geography and Statistics—IBGE [41].



During flight planning, photographs of the study area were taken before and after prescribed burning. Separately, the images of each mission were processed along with the control points in the Agisoft Photoscan software, thus generating three orthomosaics of the study area, designated as ‘pre–burn’, ‘post–burn’, and ‘monitoring’, corresponding to the acquisition dates of 23 May 2018, 8 June 2018, and 2 July 2019, respectively, as well as generating other byproducts, such as the dense point cloud and the Digital Elevation Model (DEM).



The processes of orthomosaic production in the software were sequentially subdivided into the following five steps: 1—introduction of orthophotos into the software and indication of control points and their alignment according to geolocation; 2—construction of the dense point cloud; 3—construction of the mesh model through aerotriangulation; 4—construction of the Digital Elevation Model; 5—obtaining the RGB orthomosaic.



The indication of control points in the initial stage of image processing builds the relationship between the image coordinate system and the terrain-following coordinate system, in which the GPS navigation system embedded in the RPA is replaced by the coordinates collected by the Global Navigation Satellite System (GNSS) through the aerotriangulation performed by the processing software, thus using this reference for the entire area and performing so-called georeferencing.



In sequence, the orthomosaics obtained were segmented in the Ecognition software using the algorithm Multi-resolution Segmentation on a scale of 100, taking into consideration the relevance of the shape of 0.3 and compactness of 0.8 as weighing for the degree of influence on segmentation. This implies in an image interpretation that is not represented in individual pixels, but in significant objects.



The segmentation algorithm merges neighboring pixels to create an object by the scale factor, which defines maximum heterogeneity [42,43], thus starting with each pixel and consequently forming an object or region based on the indicated spectral and spatial information and obtaining significantly "homogeneous" areas, so that they can be compared with each other, finally obtaining an image with all objects that can be compared regarding their attributes (shape and spectral value) [43,44].



After segmentation, Object–Based Image Analysis (OBIA) was performed by the Nearest Neighbor classification algorithm (NN) combined with Feature Space Optimization to determine the land cover classes associated with each segment.



The optimization function mathematically finds the most suitable combination of features for application in the NN classifier [43], as indicated by the input object features, which consisted of ten descriptors applied to the three following classified orthomosaics: the standard deviation and band average of each band of the sensor, totaling six descriptors; the maximum difference in the spectral response; the regular format of the object; density; and the customized feature Modified Photochemical Reflectance Index (MPRI).



The latter is a custom feature created through the use of the MPRI (Modified Photochemical Reflectance Index), while the others are features of the layer value derived from the spectral properties of the image objects. The MPRI was applied by editing an equation in the eCognition software to obtain the vegetation index. This index is based on the normalized difference between the green and red bands in the visible region (for RGB cameras) [45]:


MPRI = (B1 − B2)/(B1 + B2),



(1)




where MPRI: vegetation index; B1: digital number of the green band (center wavelength of 532 nm); B2: digital number of the red band (center wavelength of 594 nm).



For the application of the MPRI, we used the original DNs (digital numbers) of the respective RGB channels without performing radiometric corrections. Although conventional RGB cameras are influenced by different factors, such as light variations, overflights were carried out in a short period of time (of less than 30 minutes), thus ensuring uniform lighting conditions (flights close to noon), cloudlessness, and similar atmospheric conditions on both dates and avoiding variations, such as differences in brightness for the same targets. As evidenced in the discussions of this study, the generation of the MPRI was an important step to optimize the classification method for the OBIA algorithm, even with the use of a conventional RGB camera.



Thus, the objects created by the segmentation in the orthomosaics were analyzed, and training samples were collected for each class of interest for the thematic classification. The samples were collected in the most homogeneous segments observed, with the sampling intensity being relative to the area of occupation of each studied class. After several sampling attempts, the function Feature Space Optimization provided the Nearest Neighbor classification algorithm with the descriptors that presented the best distinction between the classes indicated in the sampling.



Finally, the supervised classification resulted in a thematic classification in which the segments that resulted in an adverse class to the real one were adjusted by the assign class algorithm, followed by the average, area, distance, and position descriptors.



Finally, the classifications were validated by calculating the confusion matrix and generating the Kappa index according to the collections of georeferenced photographs and field sampling. The samples were standardized with a dimension of 3 × 3 pixels and 20 replicates for each evaluated class.






3. Results


The average dry mass of the D. flexuosa fern was 213.81 g in the samples, totaling approximately 4.81 tons estimated for the total area of occupation before prescribed burning. However, until 19 December 2019, there was no regrowth of this cluster at the collection site for a new biomass measurement.



The soil cover analysis at points 1, 2, 3, 4, 7, and 8 obtained soil coverage above 50%, while points 5 and 6 only reached 25%. The quality of this soil cover was restricted to the two following groups: with predominance of dead biomass (leaves and thin branches) at points 1, 4, 6, and 7; with predominance of grasses, at points 2, 3, 5, and 8 (Figure 3). Small fragments of D. flexuosa fern clusters were also observed near points 1 and 2.



In the phytosociological survey, a total of 713 adult individuals were sampled, comprising a richness of 37 species distributed in 25 families. The Vochysiaceae family stood out for its richness, presenting four species, followed by Malpighiaceae and Lauraceae, with three each.



Data quantification allowed the observation that 62% of the area was dominated by Tachigali subvelutina, Byrsonima crassifolia, Tapirira obtusa, and Vochysia haenkeana, where these and four other species (Ferdinandusa elliptica, Ocotea diospyrifolia, Simarouba versicolor, and Hirtella glandulosa) presented a clustering index of CI > 2, while the remainder of the individuals in the floristic survey presented a clustering index of 1 < CI ≤ 2.



The diversity (H’) and evenness (J’) indices calculated for the vereda after the prescribed burning were 2.60 and 0.40, respectively.



The generated DEM (Figure 3) allowed the observation that the altimetry of the vereda highlighted the lowest point (in dark green), where the watercourse passage was located, and a higher point (in orange), where the fern cluster was concentrated.



In view of the classification of orthomosaics, different combinations with five descriptors considered as important for differentiating the segments between the soil classes in each orthomosaic were selected by the optimization function (Table 1):



The verification of the area before prescribed burning resulted in a classification of land occupation distributed in ‘fern’, defined by the domain of an area of 0.36 ha invaded by the pteridophyte D. flexuosa, being located near the roads surrounding the vereda, which were classified as ‘exposed soil’ (0.13 ha), while the rest of the area was occupied by the ‘water blade’ in 0.007 ha, the ‘arboreal–shrubby’ plant strata in 11.47 ha, and the ‘herbaceous–grassy’ stratum in 8.07 ha (Figure 4).



The ‘arboreal-shrubby’ classes of plant strata presented the buriti palm that is typical of veredas, Mauritia flexuosa, grouped with other arboreal–shrubby individuals. On the other hand, the ‘herbaceous–grassy’ class corresponded to grass with the presence of some herbaceous vegetation, especially the Lenten (Tibouchina sp.).



The classification of the ‘post-burning’ orthomosaic image resulted in nine classes of land use, maintaining the classes of ‘water blade’, ‘arboreal–shrubby’, ‘herbaceous –grassy’, and ‘exposed soil’, where the latter obtained the same area of the previous classification (0.13 ha); the distributions of other classes were 0.001 ha, 8.75 ha, and 1.90 ha, respectively. The remaining area was occupied by 1.51 ha of ‘shade’, 1.84 ha of ‘remaining shrubs’, 0.33 ha of ‘white ash’, 5.09 ha of ‘intermediate ash’, and 0.49 ha of ‘dark ash’, with the latter dominating the site that was previously under the presence of the ‘fern’ (Figure 5).



After the complete oxidation of organic matter from biological materials, mineral residues (the inorganic portion of the material) form the so-called ‘ashes’, presenting K, Ca, and Mg as the main components [46]. The ash color is a consequence of the progress of the burning flames, the consequent type of combustion (complete or incomplete), the fuel characteristics, and the surface/volume ratio [47].



Finally, the classification of the ‘monitoring’ orthomosaic image was elaborated without presenting the ‘water blade’ class due to being recorded in the dry season and due to the consequent decline in the water table. However, the ‘shade’ (2.73 ha), ‘arboreal–shrubby’ (7.70 ha), ‘herbaceous–grassy’ (2.80 ha), and ‘exposed soil’ (0.12 ha) classes remained. The rest of the area was occupied in a small area of 0.17 ha by ‘fern’ in the elevated part of the vereda, and mostly by the ‘regenerated’ and ‘non–regenerated’ classes, with 5.34 ha and 1.18 ha, respectively, with the latter observed in the sites initially occupied by the fern before the prescribed burning (Figure 6).



The orthomosaic classifications of ‘pre–burn’, ‘post–burn’, and ‘monitoring’ obtained accuracy and Kappa indices [48] equal to 94.22% and 0.93, 82.74% and 0.81, and 85.87% and 0.83, respectively.




4. Discussion


The analysis of biomass and dense soil cover, corresponding to the occupation of the fern D. flexuosa, indicated the characterization of understory vegetation in the study area. In agreement with its presence, in [49], it was called ‘Dicranopteris–dominated understory’, which is considered as a colonizer in the initial stage of succession of acidic and oligotrophic soils.



The species richness in the location presented a smaller number of species than that found in 2014 by [50] (143 species), [51] (174 species), and [52] (101 species), as the herbaceous–subshrubby component of regeneration was not collected in this study. This component is well represented by the Poaceae family and is highlighted for presenting a greater number of species, greater frequency, and consequent greater relative coverage in veredas when compared to other families [50,51,52,53].



In the floristic survey, the species B. crassifolia, T. obtusa, T. subvelutina, and V. haenkeana accounted for 62% of the coverage of the area, in which the latter has the function of indicating an ecotone environment among the types of Cerrado vegetation [54]. In addition, B. crassifolia is of significant ecological importance in transitional Cerrado vegetations [55,56]. Finally, T. subvelutina is characterized by starting secondary succession in open areas and colonizing marginal lands [57,58].



It should be noted that impacted veredas allow colonization with species from the surrounding areas [59], which may favor the natural tendency of T. subvelutina. Changes occur in a constant gradient of species substitution, comprising components from neighboring zones and exclusive species [51].



The species B. crassifolia and T. obtusa and two other species found in smaller numbers, C. brasiliense and X. emarginata, are characteristic of marshy terrain close to rivers and slopes [60,61,62], where the species X. emarginata may reflect the environmental preservation of the habitat [59].



The analysis of the species found in the area showed that their distribution may indicate the zoning within the vereda according to the period of soil moisture, presenting a gradient from darker and water–saturated soils (bottom zone) to clearer soils with good drainage (edge zone) [63].



Thus, the species X. aromatica, C. Americana, and M. albicans are individuals from edge zones; C. pachystachya and M. flexuosa belong to bottom zones; and the fern with grass habit (D. flexuosa) is established in all areas of the vereda (middle, bottom, and edge) [63].



Regarding the physiognomies of the Cerrado for the establishment of some species, the affinity of the species M. albicans, M. splendens, Q. parviflora, Q. multiflora, H. alchorneoides, C. brasiliense, and C. pachystachya with wetter environments, such as areas of veredas and floodplains, also found in other physiognomies of the Cerrado, is noted [62]. The species R. grandis,  H. glandulosa, and H. balsamifera are distributed in riparian and gallery forests. Other species, such as B. coccolobifolia, B. crassifolia, A. edulis, and C. americana are located preferably in grassland vegetation and dry cerradões.



In general, the species in the vereda habitat are not arranged permanently. Thus, the performance of a phytosociological survey is recommended more than once a year, preferably at the peak of the wet season and at the beginning of the dry season, in order to cover greater floristic variety [51,64].



In the analysis of ecological parameters, dispersion influences abundance and obtains the following spatial patterns: cluster, random, and regular [65].



Abundance is regulated at a specific level by the processes of competition, predation, and parasitism, noting that the stability of a population does not mean inertia, but a complex dynamic of ideal numbers of individuals [65], as analyzed by [66] in a study in a vereda area, showing that richness and diversity did not vary significantly over time.



The diversity of the area, obtained by the Shannon and Weaver index found in the present study, reached values similar to those found in vereda areas by [50], from 2.4 to 2.9 in middle zones, where the areas were not disturbed, and by [67], in a vereda in the urban area of the Federal District, 2.29, accompanied by the evenness index of 0.72, describing the environment as being preserved, and reached different values to those found in a Cerrado strictu sensu vegetation, where 3.51 diversity and 0.85 evenness were obtained [66].



Thus, the present study obtained a Shannon and Weaver index value similar to other studies, and it can be said that the vereda under study was in good preservation conditions. The low evenness value evidenced the concentration of species in specific samples according to the defined zones of the landscape proposed by the CI, where the entire population presented a tendency to cluster or were already clustered.



Then, the DEM evidenced a flat relief in the central part for presenting very small unevennesses and soft undulations at the edges of the vereda, with relative altitudes of up to 50 m, which was pertinent to the observations in [68] and also to the characterization of the sites of the establishment of veredas, which are discriminated by depressed portions of the relief of oval or linear shape, or directed within an area that is structurally flat or flattened by erosion [9].



By observing the thematic classification of orthomosaics, it is concluded that the use of the optimization function was satisfactory for the initial determination of the segments in the respective classes of soil cover, as verified by [69] when concluding with certainty that the employment of the aforementioned tool provided the best combination of features, based on training samples, for soil cover.



According to the behavior of vegetation along the visible spectrum (RGB), it is possible to observe that the relationship between the green and red bands is similar to the relationship between the infrared and red bands [45].



The selection of bands 1 (green) and 2 (red) occurred as the spectral range of red presented an absorption peak in the reflectance values of the vegetation due to chlorophyll pigments. Conversely, the spectral range of green tends to increase the intensity of reflection [70].



The ‘exposed soil’ class mostly expressed the access routes to the macrohabitat; the ‘water blade’ class exposed the water table outcrop, conditioning the vereda environment described by [31], and the plant strata ‘arboreal–shrubby’ and ‘herbaceous–grassy’ comprised the vegetation complex that typifies the vereda macrohabitat [71], with a shrub and/or arboreal row characterized by the presence of buriti palms [9,72]. The shrubby–herbaceous stratum is generally surrounded by a clear humid field, consisting predominantly of herbaceous vegetation with rare shrubs and the complete absence of trees [31].



However, in [73], it was emphasized that veredas can present different configurations according to their stage of development. Stage 1 is characterized by the surroundings of the water source being occupied by dense herbaceous vegetation with a predominance of young grasses and buriti palms. The second stage presents the addition of shrubs, subshrubs, and seedless vascular plants. The appearance of climbing plants and tree species installed along the drainage channel characterizes the third stage of development, ending the fourth stage with a deeper drainage channel and the presence of a gallery forest.



It is noted that the center of the vereda is no longer characterized as a campo limpo due to the large presence of arboreal–shrubby individuals, evading the conventional classification by [31]. Thus, it can be inferred that the area is probably undergoing a process of ecological succession to a new stage of development of the vereda, also taking into consideration the disposition and characteristics of the species present in the environment.



Succession encompasses changes in the structure of community composition by the development of initial vegetation up to the climax or by gradual substitution by another community, increasing biological complexity [74], as already observed by the natural tendency of T. subvelutina to colonize open and marginal areas.



This evolutionary relationship of the savanna is also related to the frequency of fire. In this study, this relationship was represented by the species K. coriacea and C. pachystachya, which regenerated quickly and efficiently, being also of great importance for the reestablishment of the fauna [75,76]. However, excess fire becomes harmful [77,78].



Fire induces flowering in individuals of some savanna species by destroying their epigeal parts and not by a thermal or nutritional effect (ashes) or by the elimination of apical dominance [79].



The interaction of fire in a vereda area is more difficult to be controlled or extinguished during drought due to the thickness of the layer of organic soil that is characteristic of this type of environment, providing excellent combustible material [20]. Thus, since many ecosystems depend on it to preserve native species, fire has become a conservation issue [80].



Therefore, the environmental conditions obtained (RH: 60%, T: 31 °C, and winds in the NE direction < 5 km/h) were crucial for a mild prescribed burning without irreversible damage to the vegetation.



The classification obtained by the ‘post–burning’ orthomosaic enabled the verification of the intensity of fire occurrence in the study area. Generally, materials with a large amount of silica, such as grasses, accelerate the effects of fire when compared to other types of fuels [81].



The white ash tends to be in front of the fire due to the desiccation of fuel by radiation and convection prior to the arrival of the flames. It also shows fire ignition sites, contrasting with the darker ash surrounding it, thus consisting of the complete burning of fuel (preheating, gas combustion, and combustion of woody material) [47].



On the other hand, dark ash, regardless of location in the fire area, is characteristic of incomplete burning due to moisture and the vegetative vigor of fuels, lacking greater thermal energy for radiation and convection for complete burning [47].



Incomplete burning is a characteristic of high–speed and high–intensity fires [79], and this type of combustion was observed in locations previously occupied by D. flexuosa. The fern infestation provides a 1–3 m-tall layer of dense biomass that is highly flammable in the dry season, when the occurrence, duration, and intensity of fires increase [82]. Thus, it is noted that the most severe fire was limited to the perimeter of distribution occupied by this pteridophyte.



Fire maintains an important relationship in the increase in species diversity and in the renewal of the vegetation of the Cerrado biome, in structural and physiological characteristics [50,83,84], as well as in activities that disturb the environment due to the environmental heterogeneity produced in the uniform structure of the environment [52].



High-frequency fire reduces the diversity of tree species without the same effect on the herbaceous–subshrub structure [85], as high mortality rates in campo sujo and cerrado strictu sensu were observed after prescribed fires [81].



In the studies by [86,87], the pyrophilic nature of Mauritia flexuosa (buriti palm) provided a relationship between increasing fire and the appearance of this species. However, the incidence of fire within an interval of less than ten years reduces the size of buriti palm populations, as they are unable to recover [11].



Some studies in Venezuela have shown that grasses grow better after a fire, as the accumulated biomass of the herbaceous–subshrub stratum on the ground decreases [64], which was observed in the ‘monitoring’ classification.



In view of the consequences, advantages, and needs of vereda vegetation, it is emphasized that not every fire in veredas is devastating and harmful, taking into consideration that there is a need and opportunity to subsidize and define management rules to guide the appropriate fire regime for different phytophysiognomies, as in the vereda, and to define the productive uses of the Cerrado with a view to establishing the compatible use of fire and conservation in these areas [11]. Therefore, it is necessary to determine factors such as frequency, behavior, severity, burning time, and extent of burned areas to define the so–called ’fire regime’ [47].



The sites that were still not regenerated concentrated in areas formerly occupied by D. flexuosa were easily elucidated, as D. flexuosa has the ability to colonize the environments and prevent the establishment of other plants, which is a behavior similar to that presented by Pteridium aquilinum, although few studies have evaluated the allelopathic potential of pteridophyte species [88].



The fern D. flexuosa typically occurs when being surrounded by forest areas in medium and advanced stages of regeneration, whereas in the herbaceous stratum, the dominance of the fern is an indicator of an area of recent regeneration. Thus, D. flexuosa is a species typical of highly altered areas due to the fixation of this and other rustic species [89] exclusive to anthropized environments of the vereda, being favored in this context [52].



The strata consisting of pteridophytes, despite being present in some veredas, are not a flora that is characteristic of this environment. Therefore, the nature of this ecosystem is exclusive, and the association of the fern is more related to the water regime [90].



Pteridium settles in well-structured and deep soils [88], as well as being preferred in locations with the presence of sunlight during most of the day [91].



In areas of anthropized and preserved veredas that have access to flows of cattle, the invasion of several pteridophytes occurs naturally. However, the fern variety is more favored when in the second situation [90] due to favorable environmental conditions and the great potential for the dispersal of propagules.



In general, invasive exotic species are among the main direct causes of biodiversity loss and species extinction, along with climate change and habitat loss due to exploitation and pollution, according to Resolution No. 7/2018 [92]. Thus, the Convention on Biological Diversity promulgated by Decree No. 2519/1998 [93] established that according to the individuality of each case, the introduction of exotic species that threaten ecosystems, habitats or species must be prevented through their control or eradication.



Thus, the construction of prevention plans and early detection of invasive exotic species directs efforts towards identifying its vectors and dispersing these species, as the most common species have greater chances of invading conservation units even if they did not present invasive behavior in a specific area but presented a history of invasion in another region [94].



Obtaining the accuracy and Kappa index of the classifications of the ‘pre-burn’, ‘post-burn’, and ‘monitoring’ orthomosaic images reached an ‘excellent’ concept regarding the correspondence between the analyzed elements.



Similarly, in [95], photogrammetry was applied in an integrated way with field data, evaluated before and after the burn and detailed with pre-burn photogrammetric data, through RPA products equipped with a multispectral sensor. The multispectral bands were used to calculate vegetation index to estimate fire severity, obtaining between 7.22 and 3 cm of GSD, and a Kappa index of approximately 0.582. On the other hand, in [96], was used an RPA equipped with RGB with spatial resolution of 6 and 10 cm was used to determine the severity of the fire, which obtained a Kappa index of approximately 0.37.



Thus, with the use of RPA for monitoring the IFM in relation to pre-burning, studies are being conducted through the use of aerial image capture, not in-person observations. One can measure the application of RPA as the study of fire severity is the specific resolution of the application in the sensor, while a delimitation process of the spatial determination and determination of plant distribution is influenced by the resolution.




5. Conclusions


The use of RPAS allowed the diagnosis of native and invasive vegetations regarding their responses to prescribed burning, which indicated that fire acted as a renewer of vegetation, being enough to inhibit the growth of the invasive fern in the same location for up to one year and providing an opportunity for the establishment of other species after one year, such as grass individuals, although in small numbers.



The invasive pteridophyte D. flexuosa occupied the largest land area in May 2018 (end of the rainy season), while occupying the smallest land area towards the interfluve in June 2019 (dry season). Thus, it is stated that the fern cluster is related to soil moisture, but is not related to complete saturation as it occupied the area close to the interfluve at a time when the water table level was low. It was possible to establish an occupation zone of this understory vegetation according to the soil moisture and associated with the presence of anthropization, as it was established near roads.



Regarding the ‘arboreal-shrubby’ and ‘herbaceous-grassy’ strata analyzed by RPAS, it was possible to identify the introduction of arboreal individuals in the campo limpo habitat, and it can be inferred that the vereda was in the process of ecological succession.



The phytosociological study after prescribed burning provided the basis for evaluating the diversity of adult individuals established in the area and eliminated the possibility of the tree/shrub invasion of neighboring areas.



The diversity found in this study competes with that of other studies, as the zoning of habitats within the veredas select the species that would inhabit every location.



The vereda is undergoing a process of maturation and not invasion, as among inventoried species, some are characteristic of primary environments, and the majority is characteristic of secondary environments. The four species responsible for 62% of the vegetation cover were individuals from secondary forests, with the purpose of shading the area to prepare the environment for individuals of the climax forest.



The environment, presented a dynamic of substitution and occupation of the available space, where the population would reach its peak and would soon start to show a decline in some individuals due to the regulatory activities of abundance (competition, predation and parasitism), thus reaching the normality of the population of individuals.



The study highlighted the effectiveness of Integrated Fire Management, which enables the diagnosis of changes in the landscape of the wetland of the vereda, mainly due to the use of very high spatial resolution data obtained by RPAS combined with advanced techniques with the use of OBIA.



Finally, the present study confirmed the applicability of RPAS coupled to an RGB camera together with field work in the identification of species, which is sufficient to monitor and analyze the dynamics of vegetation in relatively small areas by detecting anomalies in the environment, such as the proliferation of invasive individuals and the distribution and zoning of the microhabitat.
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Figure 1. Location of the study area. 
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Figure 2. Flowchart of procedures performed in the study area. 
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Figure 3. Digital Elevation Model (DEM) with the allocation of control points, biomass collection, and soil cover. 
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Figure 4. OBIA classification of the orthomosaic image of 23 May 2018—‘pre–burn’. 






Figure 4. OBIA classification of the orthomosaic image of 23 May 2018—‘pre–burn’.



[image: Remotesensing 14 01040 g004]







[image: Remotesensing 14 01040 g005 550] 





Figure 5. OBIA classification of the orthomosaic image of 8 June 2018—‘post–burning’. 
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Figure 6. OBIA Classification of the orthomosaic image of 2 July 2019—‘Monitoring’. 
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Table 1. Features selected by the optimization function on each classification obtained.
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