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Abstract

:

The state of Amapá within the Amazon biome has a high complexity of ecosystems formed by forests, savannas, seasonally flooded vegetation, mangroves, and different land uses. The present research aimed to map the vegetation from the phenological behavior of the Sentinel-1 time series, which has the advantage of not having atmospheric interference and cloud cover. Furthermore, the study compared three different sets of images (vertical–vertical co-polarization (VV) only, vertical–horizontal cross-polarization (VH) only, and both VV and VH) and different classifiers based on deep learning (long short-term memory (LSTM), Bidirectional LSTM (Bi-LSTM), Gated Recurrent Units (GRU), Bidirectional GRU (Bi-GRU)) and machine learning (Random Forest, Extreme Gradient Boosting (XGBoost), k-Nearest Neighbors, Support Vector Machines (SVMs), and Multilayer Perceptron). The time series englobed four years (2017–2020) with a 12-day revisit, totaling 122 images for each VV and VH polarization. The methodology presented the following steps: image pre-processing, temporal filtering using the Savitsky–Golay smoothing method, collection of samples considering 17 classes, classification using different methods and polarization datasets, and accuracy analysis. The combinations of the VV and VH pooled dataset with the Bidirectional Recurrent Neuron Networks methods led to the greatest F1 scores, Bi-GRU (93.53) and Bi-LSTM (93.29), followed by the other deep learning methods, GRU (93.30) and LSTM (93.15). Among machine learning, the two methods with the highest F1-score values were SVM (92.18) and XGBoost (91.98). Therefore, phenological variations based on long Synthetic Aperture Radar (SAR) time series allow the detailed representation of land cover/land use and water dynamics.
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1. Introduction


Understanding the spatial heterogeneity of the Amazonian landscape is crucial for developing and planning efficient conservation actions in one of the world’s most diverse regions [1,2]. The mapping of the diversity of forests and vegetation is the basis for research and knowledge of the dynamics and management of forest resources, where changes in vegetation cover driven by human activities profoundly affect ecosystem functioning [3,4]. Although Amazonian landscapes are often associated with forests, they comprise a wider array of ecosystems developing along climatic, edaphic, and hydrologic gradients. This biome contains “Amazonian savannas” that constitute isolated patches of open formations consisting of grassland and shrub vegetation, covering an area of 267,000 km2, mainly in Brazilian and Bolivian territory (90% of the area) [5]. The forest covers 80% of the biome area, and the “Amazonian savannas” occupy only <5% [6]. In this context, the state of Amapá, located in the extreme northeast of the Amazon region, has incomparable vegetation in the Amazon biome, formed by a fragmented and complex environment with intercalation of forests, flooded forests, floodplains, savannas, and mangroves [5]. Amapá has a high percentage of well-preserved original vegetation (>95%), containing 72% of its extension within protected areas [7]. However, the distribution of protected areas is not proportional to vegetation formations, requiring an adequate monitoring system to detect human activities.



In this sense, orbital remote sensing technology is an adequate tool to obtain periodic information about a large area practically and economically, allowing the extraction of vegetation cover, ecosystem parameters, and land-cover changes. The provision of temporally continuous information by remote sensing orbital images establishes temporal signatures that describe seasonal variations and growth cycles (e.g., flowering, fruiting, leaf change, senescence, dormancy) [8,9,10]. Satellite-derived phenology overcomes the limitations of monitoring at ground level, considering a wide spatial range, repeatable over time, normalized, and without the need for extensive and costly fieldwork [11]. This phenology approach provides environmental information covering numerous areas of knowledge, such as ecology [9,12,13], climate change [14,15,16], conservation biology [17,18,19], land-use/land-cover change [20], and crop monitoring [21]. Therefore, several studies describe the phenological dynamics from remote sensing images to assess environmental changes at multiple spatial and temporal scales [22,23], increasing phenological studies exponentially [11].



The diverse ecosystems and cloud conditions make mapping Amapá’s landscape challenging. The high presence of cloud cover in the Amazon region is a limiting factor for optical imaging [24,25,26]. Consequently, the time series of Synthetic Aperture Radar (SAR) becomes the primary alternative for being free of constant atmospheric interference in tropical areas and acquiring information without interruption. In addition to transposing climatic conditions, SAR signals are sensitive to vegetation structure and biomass, crop and vegetation height, and soil moisture, providing additional information on land-cover types [27,28]. However, SAR time series have a lesser use than optical images due to the more significant presence of noise, pre-processing complexity, difficulty in interpretation, and scarcity of free data [11].



The advent of C-band Sentinel-1 (S-1) A and B sensors belonging to the European Space Agency (ESA) mission has intensified the use of SAR time series in phenological studies due to the short revisit time interval of 6 (using both sensors) or 12 days (using a sensor) and free data distribution [29,30]. The high temporal resolution of the S-1 images causes an increase in different vegetation studies: forests [31,32,33,34], temporarily flooded vegetation [35,36], salt marshes [37], urban vegetation [38], cultivated landscape with different crop types [39,40,41,42,43,44], rural and natural landscapes [45], early crop [46], and single cultivation cycle during a year such as rice [47,48,49], and wheat [50,51,52]. Moreover, many surveys use a combination of radar and optical sensor images for vegetation classification [53], integrating S-1 data with optical images, mainly from Sentinel-2 (S-2) [54,55,56] and Landsat images [57,58,59].



Time series classification algorithms use seasonal backscatter differences to individualize and detect targets. The main S-1 time series classification algorithms are the traditional methods, Machine Learning (ML) and Deep Learning (DL). Among the traditional methods, the predominant studies use techniques based on distance and similarity measures [31,32,39,43,60] and phenology metrics [33]. Several ML techniques have been applied in the phenology-based classification of land-cover types: Random Forest (RF), Support Vector Machines (SVMs), Decision Tree (DT), K-Nearest Neighbor (KNN) and Quadratic Discriminant Analysis (QDA), Extreme Gradient Boosting (XGB), Multilayer Perceptron (MLP), Adaptive Boosting (AdaBoost), and Extreme Learning Machine (ELM). Among ML models, RF is the most used in temporal classification [34,48,61,62]. Furthermore, many studies compare the different ML methods, such as SVM and RF [45]; RF, SVM, XGBoost, MLP, AdaBoost, and ELM [38]; and DT, SVM, KNN, and QDA [49].



The DL models have recently reached state-of-the-art computer vision, with wide application in remote sensing [63,64]. DL models based on the Recurrent Neural Network (RNN) are the most hopeful in classifying temporal and hyperspectral data due to their ability to detect sequential data [65,66,67]. The distinction of RNN methods compared to other approaches is to incorporate “memory” information, where data from previous inputs influence subsequent inputs and outputs. The inputs and outputs of traditional deep neural networks are independent, while in RNNs, there is a dependence along an ordinal sequence. Among the RNN methods, the primary methods in temporal correlation analysis are Long Short-Term Memory (LSTM) [68] and Gated Recurrent Units (GRU) [69].



In optical remote sensing, RNN methods have been applied in time series to distinguish crops and vegetation dynamics using different types of sensors: Moderate Resolution Imaging Spectroradiometer (MODIS) [70,71], S-2 [72], Landsat [73,74], and Pleiades VHSR images [75] and [71]. In the SAR time series, studies compare the RNN method with other approaches: RF and LSTM [41]; LSTM, Bi-LSTM, SVM, k-NN, and Normal Bayes [47]; 1D Convolutional Neural Networks (CNN), GRUs, LSTMs, and RF [46]; and GRUs and LSTMs [76].



A confluence of coastal, riverine, and terrestrial environments in the Amapá region of the eastern Amazon of Brazil results in a very diverse and dynamical landscape that has been poorly characterized. Using the high spatial and temporal S-1 time series (C band) in the vertical–vertical (VV) co-polarization and vertical–horizontal (VH) cross-polarization for the years 2017–2020, this research aimed to:




	
Describe phenological patterns of land cover/land use;



	
Characterize erosion/accretion changes in coastal and fluvial environments;



	
Evaluate the behavior of VV-only, VH-only, and both VV and VH (VV&VH) datasets in the differentiation of land-cover/land-use features;



	
Compare the behavior of five traditional machine learning models (RF, XGBoost, SVM, k-NN, and MLP) and four RNN models (LSTM, Bi-LSTM, GRU, and Bidirectional GRU (Bi-GRU)) in time-series classification;



	
Produce a land-cover/land-use map for the Amapá region.









2. Study Area


The study area is located in the state of Amapá, northern Brazil (Figure 1). The climate is of type ‘Am’ in the Koppen classification, being hot and super humid with temperatures ranging from 25 to 27 °C, average monthly rainfall of 50–250 mm, and annual incidence above 2400 mm. It has two well-defined seasons: the rainy season between December and June and the dry season between July and November [77]. The vegetation of Amapá presents a significant variation from the coastal region to its interior, demarcating three main environments: coastal plain with pioneer vegetation, low plateaus with the presence of savannas, and plateau regions with rainforest cover.



The coastal plain of Amapá, with a low topographic gradient and altitude (up to 10 m), has a varied landscape composed of fluvial, fluvial-lacustrine, and fluvial-marine processes. The three predominant types of mangroves are Avicennia germinans, Rhizophora mangle, and Laguncularia racemose [78]. The Avicennia germinans is dominant in extensive areas, and more frequent in elevated, less inundated areas and under more saline conditions [79], containing the highest mangroves on the Amapá coast and forming mature and open forests [78]. Mangroves (Rhizophora spp.) are dominant in estuaries and on the inner edges of the coastal fringes, associated with rainwater [78,80]. The mangroves are interrupted by floodplain vegetation influenced by the river discharge [81].



In addition, the coastal plain of Amapá contains lakes of varying sizes and extensive seasonally flooded areas. The lakes are ox-bow-shaped, showing their evolution from abandoned meanders and past river systems [82,83]. The plain has many paleochannels, whose scars show this environment’s high dynamics and reworking [84]. Therefore, the vegetation develops in pedologically unstable areas, subjected to fluvial, lacustrine, marine, and fluviomarine accumulation processes, formed by plants adapted to local ecological conditions. The vegetation types are seasonally flooded grasses and pioneer herbaceous, shrub, and forest formations. Floodplains, along with grasslands, are the most fire-sensitive phytophysiognomies.



Savannas are present in slightly higher areas in the low plateaus of Amapá. Compared with other Amazon savannas, the savannas of Amapá showed a greater richness of genera and species with a reduced number of threatened, invasive, and exotic species [85]. The herbaceous/subshrub layer corresponded to 62% of the surveyed species [85]. The high variation in the proportions of woody and grassy plant strata provided different nomenclatures and classifications for the savannas [78,86,87,88], including the main classes: typical savanna/shrub savanna, shrub grassland (savanna parkland), and floodplain grassland (várzea). Moreover, this region is under increasing pressure from large-scale economic projects, mainly from planted forests (Eucalyptus and Acacia) [89] and soy crops using mechanized technology [90]. The savanna region (10,021 km2) contains only 917.69 km2 (9.2%) of legally protected areas and 40.24 km2 (0.4%) of “strictly protected” areas [91]. Nevertheless, the protected areas are predominantly “multiple uses,” allowing for various activities such as small-scale livestock farming. The region has increased the frequency of anthropic fires that threaten the quality of habitats [91,92]. Therefore, the Amazon savannas need greater surveillance and conservation plans, as they are little known, have high exposure to human occupation, and are unprotected [5].



The ecological regions of dense ombrophylous forests are predominant in the state of Amapá, occurring in the plateau regions. In the study area, forests can be lowland or submontane (less than 600 m high) with uniform canopy or emergent species (e.g., Minquartia sp., Eschweilera sp., Couma sp., and lryanthera sp.) [88].




3. Materials and Methods


The methodological framework of this study consisted of the following steps (Figure 2): (a) acquisition of the S-1 time series (10 m resolution); (b) data pre-processing; (d) noise minimization using the Savitsky–Golay smoothing filter; (e) analysis of the phenological behavior of Amazonian vegetation and human use (forest, savannah, mangrove, lowland vegetation, eucalyptus reforestation, and plantation areas); (f) comparison of classification methods (LSTM, Bi-LSTM, GRU, Bi-GRU, SVM, RF, k-NN, and MLP); and (g) accuracy analysis.



3.1. Data Preparation


The present study used an S-1 time series (C band-5.4 GHz) in the VH and VV polarizations over four years (2017 and 2020) provided by the ESA (https://scihub.copernicus.eu/dhus/#/home (accessed on 1 September 2021). The study area covers the eastern part of the state of Amapá, requiring the mosaic of two S-1 scenes from the Ground Range Detected (GRD) product in Interferometric Wide Swath mode, with a resolution of 10 × 10 m, a scene width of 250 km, and a 12-day revisit cycle [93].



The research considered 122 temporal mosaics for each polarization from 3 January 2017 to 25 December 2020, totaling four years of vegetation observation with a revisit period of 12 days. The broad temporal interval allows the detection of natural vegetation phenological cycles, flood areas, or land-use changes [94]. The image pre-processing consisted of the following steps using the Sentinel Application Platform (SNAP) software [95]: (a) apply orbital file, (b) thermal noise removal, (c) border noise removal, (d) calibration by converting digital pixel values into radiometrically calibrated SAR backscatter, (e) range-Doppler terrain correction from the Shuttle Radar Topography Mission (SRTM) digital terrain model; and (f) and linear conversion to decibels (dB). Finally, the stacking of pre-processed images generated a time cube containing the first image from 2017 to the last image from 2020. The geographic coordinates of the temporal cube are on the “x” (lines) and “y” (columns) axes, and the temporal signature is the “z” axis.



SAR images inherently have Speckle noise which causes a grainy texture of light and dark pixels, making it difficult to detect targets, especially in low-contrast areas. Noise filtering in radar images is a standard requirement, and different methods have been proposed, considering the spatial and temporal attributes of the images. In filtering time series of satellite images, a widely used method is the Savitzky and Golay (S-G) filter [96], applied to optical [97,98] and radar images [47,99,100]. The S-G filtering used a one-dimensional window size of 13 over time, allowing a smoothing of the temporal trajectory and conserving the maximum and minimum values, which are crucial for phenological analysis. Figure 3 demonstrates the effect of the S-G filter in eliminating speckles in the S-1 time series. An advantage of the S-G filter for areas with vegetation and periodic flooding is its ability to combine noise elimination and preserve phenological attributes (height, shape, and asymmetry) [101,102]. Geng et al. [103] compared eight filtering techniques for reconstructing the Normalized Difference Vegetation Index (NDVI) time series from multi-satellite sensors and showed that the S-G filter performs best in most situations. This method establishes a temporal signature that eliminates minor interferences but maintains minimum and maximum values resulting from flood events and is present in the phenology of vegetation and crops.




3.2. Ground Truth and Sample Dataset


The selections of the sample sets of temporal signatures considered the following information: (a) visual interpretation of points with a similar pattern from high-resolution Google Earth images, (b) spatial analysis of the distribution of similar temporal signatures employing the Minimum Noise Fraction transformation and end-member analysis, (c) previous information from the vegetation and land-use maps at a 1:250,000 scale developed by the Brazilian Institute of Geography and Statistics (IBGE) in 2004 [104,105], and (d) specific surveys for soybean plantations and forest plantations limited to some regions [89,90]. The IBGE mapping has a regional scale, and the land-use information referring to 2004 is outdated due to recent agricultural growth. Therefore, regional information from the IBGE mapping was a guide for the manual interpretation of the sampling points. The study disregarded areas of the city due to the use of masks.



The present time-series mapping considered the water bodies, erosion/accretion changes in coastal and river environments, and phenological patterns of land cover/land use. Therefore, seven large land-use/cover classes were subdivided into 17 subclasses according to the presence of temporal differences: water bodies (one class encompassing rivers, lakes, reservoirs, and ocean), hydrological changes (two classes including erosion and accretion areas), seasonally flooded grassland (four classes including sparse seasonally flooded grassland, dense seasonally flooded grasslands 1 and 2, and floodplain areas), pioneer formations (three classes including herbaceous, shrub, and arboreal formations), savanna (two classes including shrub grassland and savanna/shrub savanna), grassland, forest (two classes), and mangroves.



The sample selection totaled 8500 pixels (temporal signatures), well distributed, systematic, and stratified [106,107] among the 17 classes, each with 500 samples (Figure 4). Therefore, the number of samples selected for each stratum (i.e., classes or categories) was 500. The training/validation/test split [108,109] had a total of 5950 pixel samples for training (70%), 1700 pixel samples for validation (20%), and 850 pixel samples for testing (10%).




3.3. Image Classification


This study compared two broad sets of classification methods: ML versus RNN. ML methods have historically played a valuable role in remote sensing image classification and segmentation studies. However, different DL methods have outperformed traditional models with considerable improvements, having a high potential for use in land-use/land-cover classification based on temporal data.



3.3.1. Traditional Machine Learning Methods


This study tested traditional ML methods: RF [110], XGBoost [111], SVM [112], MLP [113], and k-NN [114]. The model optimization for ML and DL presents different peculiarities. The ML models usually present more easily adjustable parameters than robust models such as the LSTM or CNNs. Thus, a better way to adjust the parameters is by using a grid search. To maintain cohesion with the DL models, we used the grid search performing tests in the validation set, aiming to optimize the F-score metric. Table 1 lists the grid search values used for each model. All ML models used the scikit-learn library.




3.3.2. Recurrent Neural Network Architectures


The RNN architectures are artificial intelligence methods developed for processing order-dependent data and support the use of high-dimensional input data, having a growing application in different types of studies such as natural language, audio, and video processing [115,116,117]. The two most widespread RNN methods are the LSTM [68] and the GRU [69].



The LSTM is one of the most common RNN architectures with internal memory and multiplicative gates that allow high performance on sequential data by recursively connecting sequences of information and capturing long temporal dependencies [118]. The LSTM architecture contains an input vector (Xt), current block memory (Ct), and current block output (ht), where nonlinearity activation functions are Sigmoid (σ) and hyperbolic tangent (tanh), and the vector operations are element-wise multiplication (x) and element-wise concatenation (+). Finally, the memory and output from the previous block are Ct-1 and ht-1. Among the proposed improvements to the LSTM architecture, the Bidirectional LSTM (Bi-LSTM) [119] stands out for overcoming the traditional LSTM problem of having a unidirectional strategy capable of capturing only information from previous time steps. Bi-LSTM models consider a backward layer (moving in the left-back direction) and forward layer (moving in the right-forward direction) in ordered data to capture past and future information, which makes the method more robust and contrasting with unidirectional LSTM models [120].



The GRU presents a similar structure to the LSTM models. Nonetheless, it only shows two gates in its structure, the reset and update gates. Therefore, GRU achieves a performance equivalent to LSTM but with a reduced number of ports and, consequently, fewer parameters [121]. Table 1 lists the configuration of the RNN models.





3.4. Accuracy Assessment


The accuracy comparison of the ML and DL methods considered pixel-based metrics from the confusion matrix, which yields four possibilities: true positives, true negatives, false positives, and false negatives. The accuracy analysis considered the following metrics:


  O v e r a l l   A c c u r a c y =   T P + T N   T P + T N + F P + F N    



(1)






  P r e c i s i o n =   T P   T P + F P   ,  



(2)






  R e c a l l =   T P   T P + F N   ,  



(3)






  F − s c o r e =   2 ×  (  P r e c i s i o n × R e c a l l  )    P r e c i s i o n + R e c a l l   .  



(4)







Moreover, we used McNemar’s test [122] to compare the statistical differences between the two classifiers. This paired nonparametric test considers a 2 × 2 contingency table and a Chi-Squared distribution of 1 degree of freedom. The method checks whether the proportion of errors between two classifiers coincides [123].





4. Results


4.1. Temporal Backscattering Signatures


This section describes the temporal signatures of water bodies, erosion/accretion changes in the coastal and river environment, and vegetation phenological patterns. The temporal signature graphs consist of the mean value of the 500 samples selected for each target with their respective standard deviation bars. The extreme backscattering values refer to the water class with the lowest values over the period and the forest with the highest values (Figure 5). Among the intermediate values, the savannas present temporal signatures with high variation and seasonal amplitude among the natural vegetation (Figure 5).



4.1.1. Water Bodies and Accretion/Erosion Changes due to Coastal and River Dynamics


The water bodies (areas with a permanent presence of water, including oceans, seas, lakes, rivers, and reservoirs) show backscattering differences between the VV and VH polarizations due to environmental conditions and wave interference from winds and rain (Figure 5). The VV polarization is more sensitive to roughening of the water surface than VH polarization, increasing the backscatter return to the satellite. Therefore, lower VV backscatter values occur in environments under calm wind conditions (e.g., tank water and oxbow lake), while in areas with flowing water (e.g., flood water, river water, and oceans), they have higher values [124,125].



Some areas along the coast and rivers show temporal backscattering signatures that evidence transitions between terrestrial environments and areas covered by water. The temporal variation of backscatter from higher to lower values indicates erosion and progressive flooding, while the inverse indicates terrestrial accretion (Figure 6). The massive discharge of fine grains at the mouth of the Amazon River intensely influences the coastal region of the State of Amapá, presenting a high dynamic of hydrodynamic and sedimentary processes that cause a constant alteration of the coast. In the short period of analysis, the migration of mud banks from the Amazon River along the coast presented successive and recurrent phases of erosion (Figure 7A) and accretion (Figure 7B) that marked apparent changes in a few years. In addition to changes in coastline, the time series show the fluvial dynamics of active meandering rivers, evidencing the process of erosion and deposition on the banks (Figure 7C). Changes in river morphology show a progressive development over time, and it is possible to observe channels in different phases of migration and sinuosity through S-1 images.




4.1.2. Phenological Patterns


The different vegetation covers show temporal variations of backscattering (VV and VH) in the period 2017–2020, which are diagnostics for their individualization. The temporal signatures vary in floodable and non-flooded environments and different proportions of herbaceous and woody vegetation.



The interaction of C-band microwave energy in herbaceous wetlands depends on biophysical characteristics such as height, density, and canopy cover. In seasonally flooded areas, the rise in water level gradually eliminates dispersions from the soil surface and the herbaceous stratum canopy, causing microwave energy to acquire specular reflection (mirror-like reflection) from the water surfaces and decrease the backscatter values. Figure 8A,C show the seasonally flooded grassland (blue line) consisting of open areas formed predominantly by sparse herbaceous formations with periodic flooding and moist soils. Flooding over short grasslands causes the lowest backscatter values, providing the SAR time series with greater amplitudes. The grasslands covered by water during the flood season cause a specular behavior that results in a drop in backscatter values (Figure 8A,C, blue line). With the retreat of the hydrological pulse, the interaction of microwaves with the vegetation cover gradually increases and, consequently, the value of sigma naught (σ0). These flooded vegetation time series differ from non-floodable grassland (Figure 8A,C, red line), which present maximum backscatter values in the rainy season due to increased biomass. Therefore, there is an entirely antagonistic behavior between non-floodable savanna areas and seasonally flooded grasslands, where the peak of the backscatter values occurs at the lowest values of the other.



Seasonally flooded vegetation composed of medium and dense herbaceous vegetation causes multiple-path scattering with higher backscatter values and lower amplitude in the time series (Figure 8B,D, green and black lines). However, these grasslands show the exact dates of relative minimums during the flood period. In contrast, dense herbaceous vegetation with a sparse presence of woody vegetation (shrubs and trees) (Figure 8A, orange line) shows a change in VV polarization, which tends to have more significant canopy scattering, and the water surface portion leads to double-bounce scattering with the trunks. This behavior changes the dates with minimum values for VV polarization that tend to place them near the savanna vegetation (red line). This vegetation (Figure 8A, orange line) occurs in floodplain areas (várzea) following the drainages and intertwining with riparian forests in savannah areas, along humid dense grassland, and lake margins in the coastal plain.



The non-floodable grasslands and savannas present backscatter time series with similar formats that differ in absolute values and relative amplitude. As the tree-shrub components increase, the backscatter values increase, and the relative amplitude decreases. Figure 9A,E exemplify the increase in the proportion of arboreal vegetation in the pioneer formations: herbaceous (magenta line), shrub (yellow line), and arboreal (green line). In addition, Figure 9B,F present the time series of the shrub grassland (dark purple line) and savanna/shrub savanna (light purple line). The lowest features in the time series reflect the period of lowest precipitation, while the highest values reflect the rainy season.



Forest formations show the highest values of backscattering and low seasonal variations between the time series (Figure 9C,G), represented by ombrophilous forests in plateaus (sea-green lines) and mangroves in the coastal plain (forehead line). The representations of the ombrophilous forests considered two curves, one predominant in the study area (sea green line) and another restricted to places with the topographic effect that generate high values of backscatter (green line).



Finally, Figure 9D,H present the time series of anthropic use referring to agricultural cultivation areas (predominantly soy plantations) (blue line) and eucalyptus plantations (green line). The time series of soybean planting areas present similar shapes to savanna areas but with more accentuated minimum and maximum values of backscattering provided by anthropic activities.





4.2. Comparison between RNN and Machine Learning Methods


Table 2 lists the accuracy metrics for different datasets (VV-only, VH-only, and VV&VH polarizations) and classification methods. Among the datasets, the accuracy metrics show a marked difference with the following ordering: VV&VH > VH-only > VV-only. The differences in accuracy metrics between VV-only and VH-only are more remarkable than between VH-only and VV&VH. The k-NN model that obtained the smallest accuracy values in the VH-only dataset corresponded to the Bi-GRU accuracy with the greatest accuracy values in the VV-only dataset.



The Bi-GRU model presented the highest overall accuracy, precision, recall, and F-score for all three data sets (Table 2). Despite Bi-GRU being the most accurate model, the differences were not prominent with the other RNN methods, being less than 1% in the F-score. The general behavior was Bi-GRU > Bi-LSTM > GRU > LSTM, where bidirectional layers benefit the results. The SVM and the MLP obtained the highest accuracies among the ML models. Specifically, for the VH and VV&VH datasets, the SVM obtained values slightly over 1% worse than the Bi-GRU. The k-NN model obtained the worst results for all datasets, followed by the RF. The accuracy metrics between classifiers (ML or DL) show smaller differences assuming the VV&VH dataset than when applied to the VV-only and VH-only datasets. Therefore, the VV&VH dataset achieves more accurate results across all models and approximates their values.



Table 3 shows the Bi-GRU model’s accuracy metrics per land-cover/land-use category. Most classes obtained greater accuracy using the VV&VH dataset, where all categories had an F-score above 80% and 13 above 90%. In contrast, the VH dataset had 11 categories with an F-score > 90%, while the VV dataset had only six categories. This result demonstrates the complementarity of the two polarizations in the classification process. The water bodies class presented 100% accuracy, the target with the greatest accuracy in all datasets. Mangroves were the only class that obtained accuracy metrics lower than 80% for the VH-only dataset, which contrasted with the values above 90% obtained with the VV-only dataset. Additionally, mangrove precision was the only metric in which the VV-only data outperformed the other datasets. The lowest F-score with the VV&VH dataset came from the shrub grassland class (84.93%) due to confusion with other grasslands.



Figure 10 shows McNemar’s test results with a significance level of 0.05 between the paired classifications, considering nine classifiers and three datasets, totaling 27 models. Therefore, the total number of paired tests was 351, in which the colors of the grid in Figure 10 show the two hypotheses: null hypothesis (green color) and alternative hypothesis (magenta color). The null hypothesis demonstrates that the average of paired samples is equal without significant change and that the classifiers have the same proportion of errors. On the other hand, rejecting the null hypothesis demonstrates that the averages of paired samples are different with significant change.



The results demonstrate that the deep learning models are equivalent to each other within the same dataset (VV-only, VH-only, and VV&VH), given that the differences are small. Among ML methods, the SVM presented similarities to the RNN models within all datasets. In addition, two other ML methods were statistically equivalent to RNN methods within the same dataset: (a) MLP with the VV-only dataset and (b) XGBoost with the VV&VH dataset. Comparing the McNemar test between the methods with different datasets, the k-NN with the VH-only dataset had a similar result to the RNN methods using the VV-only dataset. Therefore, the least accurate method of the VH-only dataset presents statistical similarity with the best methods with the VV-only dataset. Accuracy measurements also corroborate this result. Among the VH-only and VV&VH datasets, many machine learning methods are statistically related to RNNs with VH-only.




4.3. Land-Cover/Land-Use Map


Figure 11 presents the detailed classification of an area with the highest and lowest accuracy metrics between the RNN (Bi-GRU and LSTM) and ML (SVM and k-NN) methods using the different datasets (VV only, VH only, and VV&VH). The results demonstrate a high similarity between the methods with small punctual changes, which explains the values close to the accuracy metrics.



Figure 12 presents the vegetation map of the southeastern region of the State of Amapá using the most accurate model, assuming the Bi-GRU method and the VV&VH dataset. The map shows the variation from the coastal zone to the interior with a progressive change according to topographic altitude. Along the maritime coast, the coastline has high dynamics with the presence of eroded and accretion areas. In the northeastern part of the study area, significant areas of mangroves develop along the coastal zones. The high fluvial dynamics in the coastal plain describe extensive areas with periodic flooding characterized by phenological behaviors, with minimum points in the rainy seasons and elevation of the water level (marked in cyan on the map). In the coastal plains, the high dynamics of the fluvial, fluvial-lacustrine, and fluvial-marine processes establish the formation of large lagoons and pedologically unstable areas covered by pioneer vegetation (first occupation of edaphic character with adaptation to environmental conditions). These pioneer vegetations in the northeast of the area present zoning of herbaceous, shrub, and forest formations intensely related to the altitude.



The savanna region, located in the low plateaus, has extensive areas in the western portion of the study area. The rivers in the savannah areas contain areas of floodplain fields with periodic flooding and gallery forests. The savannah areas present a significant advance of anthropic use, mainly planted forests and soybean cultivation. In the western part of the study area, the ombrophilous forests predominate, characterized by higher values of backscattering.





5. Discussion


The increasing availability of time series data from radar images and new deep learning algorithms establish novel perspectives for land-cover/land-use mapping in the Amazon region. Therefore, this research contributes to establishing and describing the main S-1 temporal signatures of land-use/land-cover and hydrological changes for the Amazon region (Amapá) and evaluating different datasets and machine and deep learning methods in image-based time series classification of land-cover types.



5.1. Temporal Signatures of Water Bodies and Alterations by Land Accretion and Erosion Processes in Coastal and River Environments


Due to specular reflection, water bodies have the lowest backscatter values over the entire period. The tests with the VH dataset achieved greater accuracy in water detection than the VV dataset under the presence of waves or running water, corroborating with other studies [125,126]. However, VV polarization may perform slightly more accurately in mapping water bodies under calm wind conditions [124,127] and in oil spill detection [128,129]. The study area, being at the mouth of the Amazon River, has high coastal and fluvial dynamics providing significant changes over the four years evaluated. Localities with land accretion and erosion due to coastal and fluvial dynamics present a typical temporal signature with increasing and decreasing backscatter values, respectively.




5.2. Temporal Signatures of Vegetation


The S-1 time series are suitable for analyzing the dynamics of floods due to the short period of revisits with data acquisition independent of any temporal condition [130]. Periodically flooded grasslands have the lowest backscattering values in the rainy season due to water cover, unlike other non-flooded vegetations that acquire higher values during this period due to biomass growth. The increase in the biophysical characteristics of the herbaceous wetlands (height, density, and canopy covers) causes an increase in backscatter values. Lowland regions in savannah areas with dense and tall graminoid and sparse shrub vegetation show differences between the minimum seasonal features in the VH and VV polarizations. The C-band with VV polarization (C-VV) presents a more significant behavior of double-bounce scattering, where the SAR electromagnetic energy interacts once on the water surface and once on the stalk or trunks, providing higher backscatter values in the flood season [131,132,133]. Zhang et al. [133] describe the existence of a clear positive correlation between the water level and the C-VV backscatter coefficient for areas with medium- and high-density graminoids, which is not evident for the C-band with VH polarization (C-VH). Therefore, double-bounce scattering in herbaceous wetlands is dependent and correlated with biophysical characteristics, being more pronounced in co-polarizations than in cross-polarizations [134,135,136].



The presence of topographical alterations in the terrain allows the establishment of a non-floodable environment of savannas formed by an herbaceous stratum with different proportions from the arboreal-shrubby vegetation. The non-floodable savanna vegetations have time series with similar shapes that differ in intensity and amplitude according to the proportion of woody vegetation. As the proportion of woody vegetation increases, the backscatter values increase, and the time-series amplitude decreases. Forest formations have the highest backscattering values due to ground–trunk or soil–canopy scattering. The mangrove class is the only one among the different classes with greater accuracy using the C-VV, probably due to double-bounce scattering. However, this effect dissipates in dense mangrove forests due to the inability of the C band to penetrate the canopy [137].




5.3. Classifier Comparison


In the classification process, the present research compared three different datasets (VV-only, VH-only, and VV&VH) and methods, considering RNN (Bi-GRU, Bi-LSTM, GRU, and LSTM) and ML (SVM, XGBoost, MLP, and k-NN) algorithms. Although RNN methods are revolutionizing time-series classification, few studies still explore the combination of SAR data with these algorithms in the classification of natural vegetation. Most studies focus on mapping agricultural plantations. Among the tests performed, the model with the greatest accuracy metrics was the Bi-GRU method with the VV&VH dataset. Different studies show that VV and VH polarizations together have greater accuracies than using a single polarization, such as detecting crops [60,138,139]. Bi-directional RNN models obtained more accurate results than the ML models, where Bi-GRU led to the most remarkable accuracies for all the datasets, followed closely by Bi-LSTM. The GRU and LSTM models were in third and fourth positions. Among the ML models, the SVM had the best result for the VH-only and VH&VV datasets, while the MLP had the highest accuracies for the VV-only dataset.



Some phenology-based classification studies using the S-1 time series and RNN methods were consistent with the present research. Ndikumana et al. [42] classified agricultural plantation classes from the S-1 time series considering RNN (LSTM and GRU) and ML (k-NN, RF, and SVM), where RNN-based methods outperformed traditional methods, and the GRU was slightly superior to the LSTM method. Crisóstomo de Castro Filho [47] obtained better results with Bi-LSTM than with LSTM and other traditional methods (SVM, RF, k-NN, and Normal Bayes) in detecting rice with S-1 time series. Other studies do not compare many methods but demonstrate better performance using DL models. Reuß et al. [41] found that LSTM networks outperform RF in large-scale crop classification using the S-1 time series. Zhao et al. [46] obtained greater Kappa values with the one-dimensional convolutional neural networks (1D CNNs) compared to the GRU, LSTM, and RF methods for early crop classification. Finally, Minh et al. [76] obtained better results for mapping winter vegetation with the GRU model, which was slightly superior to LSTMs and notably better than RF and SVM.



McNemar’s test demonstrates that the RNN methods (Bi-GRU, Bi-LSTM, GRU, and LSTM), SVM, and XGBoost for the VV&VH datasets (with higher accuracy results) have a similar proportion of errors (marginal probabilities). These results imply that the constant advances in artificial intelligence techniques have increasingly narrowed the differences between the methods. Thus, some studies focus only on increasing the predictive performance; for example, a 1% improvement in the average accuracy score of the COCO dataset could be considered relevant [140,141].





6. Conclusions


The different phenology of the terrestrial surface in the state of Amapá contributes remarkably to the characteristics of its diverse ecosystems and biodiversity, which describes the distribution of animal species and the appropriation of anthropic use. Therefore, understanding the spatiotemporal patterns of vegetation is essential for establishing environmental conservation and management guidelines. The Amazon region of the state of Amapá has a high diversity and complexity of landscapes with the presence of forests, savannas, grasslands, flooded vegetation, and mangroves. The present study performed a phenology-based classification of land-cover types in the Amazon using the time series of S-1 data with a periodicity of 12 days over four years. The results demonstrate that the seasonal behavior of Sentinel-1 backscatter provides a potential basis for identifying different vegetation classes. Combining VV and VH polarizations improves accuracy metrics compared to simple polarizations (VV-only and VH-only). In the case of using only a single polarization, the VH-only dataset obtained the best accuracy metrics. The Bi-GRU model obtained the greatest accuracy metrics, with values slightly higher than the Bi-LSTM in all datasets. However, McNemar’s test shows that the RNN methods, SVM, and XGBoost are statistically equivalent using the VV&VH dataset that obtained the greatest accuracies. The phenology-based classification describes the spatial distribution of land-use/land-cover classes and the changes arising from coastal and river dynamics in an environmentally sensitive region.
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Figure 1. Location study area in the state of Amapá in Brazil and the South American continent (A). The image of the study area corresponds to the first component of the Minimum Fraction of Noise transformation considering the Sentinel 1 VH polarization time series in the period 2017–2020 (B). 
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Figure 2. Methodological flowchart. 
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Figure 3. Sentinel-1 time series denoising using the Savitzky and Golay (S-G) method in the Amazon savanna. The original data is the gray line, and the data smoothed with the S-G filter is the purple line. C-band backscattering differences in VH polarization correspond to seasonal biomass variations during the wet (high values) and dry (low values) seasons. 






Figure 3. Sentinel-1 time series denoising using the Savitzky and Golay (S-G) method in the Amazon savanna. The original data is the gray line, and the data smoothed with the S-G filter is the purple line. C-band backscattering differences in VH polarization correspond to seasonal biomass variations during the wet (high values) and dry (low values) seasons.



[image: Remotesensing 14 04858 g003]







[image: Remotesensing 14 04858 g004 550] 





Figure 4. Study area samples for training (cyan), validation (red), and test (orange). 
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Figure 5. Mean temporal signatures of the 500 samples selected for water bodies (blue line), Ombrophilous Forest (gray line), and savannah (yellow line) considering VV (A) and VH (B) polarizations of Sentinel-1A. The curves display the standard deviation bars. 
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Figure 6. Mean temporal trajectory of the 500 samples selected considering Sentinel-1 data with VV (A) and VH polarization (B) for the classes: land accretion areas with water to land conversion (orange line) and land erosion areas with land to water conversion (blue line). The curves display the standard deviation bars. 
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Figure 7. Time series image sequences that show in the state of Amapá: (A) coastal erosion process, (B) coastal land accretion process, and (C) fluvial dynamic. The last image represents an RGB color composite (CC) composed of the images from January 2017, January 2019, and December 2020. The red colors in the images represent areas of land erosion and the blue ones of accretion. 
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Figure 8. Average temporal signatures of the 500 samples selected for each seasonally flooded grasslands: sparse herbaceous (blue line) and grasslands with the presence of sparse woody (orange line) with VV (A) and VH (B) polarizations. In addition, grassland with a medium and dense herbaceous (black and sea green lines) with VV (C) and VH (D) polarizations. All graphs present the non-floodable shrub grassland time series (red line) compared with seasonally flooded areas. The curves display the standard deviation bars. 
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Figure 9. Average temporal signatures (Sentinel 1 VV and VH radar signals) of 500 samples with their respective standard deviation bars for the following vegetation classes: (A,E) pioneer formations with the increase in the tree-shrub stratum (herbaceous (magenta line) > shrub (yellow line) > arboreal (green line)); (B,F) shrub grassland (dark purple line) and savanna/shrub savanna curve (light purple line); (C,G) two time series of ombrophilous forest (green lines) and mangroves (brown line) with the insertion of the savanna time series (red line) for comparison; and (D,E,H) agricultural planting (blue line) and eucalyptus plantation (orange line). 
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Figure 10. McNemar’s statistical test at a significance level of 0.05 containing magenta cells represent paired methods significantly different from each other, and green cells describe similar results. The models are shown in numbered order: (1) Bidirectional Gated Recurrent Unit (Bi-GRU), (2) GRU, (3) Bidirectional Long Short-Term Memory (Bi-LSTM), (4) LSTM, (5) Random Forest, (6) XGBoost, (7) Support Vector Machine, (8) k-Nearest Neighbor, and (9) Multilayer Perceptron. 
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Figure 11. Comparing the phenology-based classification of land-cover types with the highest and lowest accuracy metrics between the RNN (Bi-GRU and LSTM) and ML (SVM and k-NN) methods for the different datasets (VV only, VH only, and VV&VH) in a detail area. 
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Figure 12. Land-cover map of the southeastern region of the State of Amapá using the Bi-directional Gated Recurrent Unit (Bi-GRU) method, which obtained the best accuracy measures. The dashed square corresponds to the area in Figure 11. 
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Table 1. Configuration of the Recurrent Neural Network (RNN) models, pertaining to Deep Learning (DL) procedures, and grid search values used for each Machine Learning (ML) model: Random Forest (RF), Extreme Gradient Boosting (XGBoost), Support Vector Machines (SVMs), Multilayer Perceptron (MLP), and k-Nearest Neighbors (k-NNs).
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Model

	
Parameter

	
Values






	
ML

	
RF

	
bootstrap

	
True, False




	

	
oob_score

	
True, False




	

	
max_depth

	
3, 5, 7




	

	
n_estimators

	
50, 100, 200, 400




	

	
min_samples_split

	
2, 3, 5




	

	
max_leaf_nodes

	
None, 2, 4




	
XGBoost

	
Learning_rate

	
0.01, 0.05, 0.1




	

	
Min_child_weight

	
1, 3, 5, 7




	

	
gamma

	
1, 3, 5, 7




	

	
Colsample_bytree

	
0.4, 0.5, 0.6




	

	
Max_depth

	
3, 5, 7




	

	
Reg_alpha

	
0, 0.2, 0.3




	

	
Subsample

	
0.6, 0.8




	
SVM

	
C

	
0.5, 1, 2, 3, 5




	

	
Degree

	
2, 3, 4




	

	
Kernel

	
linear, rbf, poly




	
MLP

	
Hidden_layer_sizes

	
(100,50), (200,100), (300,150)




	

	
activation

	
logistic, relu, tanh




	

	
Learning_rate

	
0.01, 0.001




	

	
Max_iter

	
500, 1000




	
k-NN

	
N_neighbors

	
5, 10, 15, 20




	

	
Weights

	
uniform, distance




	
DL

	
RNN models

	
Epochs

	
5000




	

	
Dropout

	
0.5




	

	
Optimizer

	
Adam




	

	
Learning rate

	
0.001




	

	
Loss function

	
Categorical cross-entropy




	

	
Batch size

	
1024




	

	
Hidden layers

	
2




	

	
Hidden layer sizes

	
(366, 122)
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Table 2. Overall Accuracy (OA), precision (P), recall (R), and F-score (F1) metrics for the following methods: Deep Learning (DL), Machine Learning (ML), Long Short-Term Memory (LSTM), Bidirectional LSTM (Bi-LSTM), Gated Recurrent Unit (GRU), Bidirectional GRU (Bi-GRU), Multilayer Perceptron (MLP), Extreme Gradient Boosting (XGBoost), Random Forest (RF), Support Vector Machines (SVMs), and k-Nearest Neighbors (k-NNs). The numbers in bold represent the greatest accuracy metrics among the methods and datasets.
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Model

	
VV

	
VH

	
VV&VH




	
AO

	
P

	
R

	
F1

	
AO

	
P

	
R

	
F1

	
AO

	
P

	
R

	
F1






	
DL

	
Bi-GRU

	
85.57

	
85.88

	
85.57

	
85.72

	
91.61

	
91.64

	
91.61

	
91.63

	
93.49

	
93.58

	
93.49

	
93.53




	
GRU

	
85.1

	
85.21

	
85.1

	
85.15

	
90.51

	
90.73

	
90.51

	
90.62

	
93.18

	
93.34

	
93.18

	
93.3




	
Bi-LSTM

	
85.57

	
85.79

	
85.57

	
85.68

	
90.98

	
91.19

	
90.98

	
91.08

	
93.26

	
93.33

	
93.26

	
93.29




	
LSTM

	
85.02

	
85.23

	
85.02

	
85.12

	
90.59

	
90.63

	
90.59

	
90.61

	
93.1

	
93.19

	
93.1

	
93.15




	
ML

	
RF

	
81.33

	
82.26

	
81.33

	
81.79

	
87.53

	
87.79

	
87.23

	
87.66

	
90.67

	
90.94

	
90.67

	
90.8




	
XGBoost

	
83.14

	
83.99

	
83.14

	
83.56

	
88.39

	
88.63

	
88.39

	
88.51

	
91.92

	
92.04

	
91.92

	
91.98




	
SVM

	
82.59

	
83.21

	
82.59

	
82.9

	
90.19

	
90.31

	
90.2

	
90.25

	
92.16

	
92.21

	
92.16

	
92.18




	
k-NN

	
78.75

	
80.43

	
78.75

	
79.58

	
85.33

	
86.22

	
85.33

	
85.77

	
88.94

	
88.25

	
88.94

	
89.37




	
MLP

	
83.77

	
84.1

	
83.77

	
83.93

	
88.78

	
89.81

	
88.78

	
89.29

	
90.82

	
91.2

	
90.82

	
91.01
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Table 3. Per category metrics for the most accurate model Bidirectional Gated Recurrent Units (Bi-GRU) considering precision, recall, and F-score. The numbers in bold represent the greatest accuracy metrics by class, where asterisks represent equal values in different datasets.
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VV

	
VH

	
VV + VH




	
Class

	
P

	
R

	
F-Score

	
P

	
R

	
F-Score

	
P

	
R

	
F-Score






	
1–Water bodies

	
100 *

	
94.67

	
97.26

	
100 *

	
96

	
97.96

	
100 *

	
97.33

	
98.65




	
2–Land erosion

	
91.14

	
96

	
93.51

	
92.41

	
97.33

	
94.81

	
92.50

	
98.67

	
95.48




	
3–Land accretion

	
95.95

	
94.67

	
95.3

	
98.65

	
97.33

	
97.99

	
98.63

	
96.00

	
97.30




	
4–Sparse seasonally flooded grassland

	
78.16

	
90.67

	
83.95

	
93.51

	
96.00 *

	
94.74

	
96.00

	
96.00 *

	
96.00




	
5–Dense seasonally flooded grassland 1

	
87.5

	
84.00

	
85.71

	
94.81

	
97.33 *

	
96.05

	
97.33

	
97.33 *

	
97.33




	
6–Dense seasonally flooded grassland 2

	
95.89

	
93.33

	
94.59

	
97.30 *

	
96.00 *

	
96.64*

	
97.30 *

	
96.00 *

	
96.64 *




	
7–Dense humid grassland and floodplain areas

	
86.44

	
68.00

	
76.12

	
93.33

	
93.33

	
93.33

	
93.59

	
97.33

	
95.42




	
8–Pioneer herbaceous formation

	
85.9

	
89.33

	
87.58

	
97.22

	
93.33

	
95.24

	
96.00

	
96.00

	
96.00




	
9–Pioneer shrub formation

	
84.42

	
86.67

	
85.53

	
97.26

	
94.67

	
95.95

	
94.44

	
90.67

	
92.52




	
10–Pioneer arboreal formation

	
71.25

	
76.00

	
73.55

	
85.9

	
89.33

	
87.58

	
91.55

	
86.67

	
89.04




	
11–Shrub grassland

	
75.68

	
74.67

	
75.17

	
83.75

	
89.33

	
86.45

	
87.32

	
82.67

	
84.93




	
12–Savanna/shrub savanna

	
88.31

	
90.67

	
89.47

	
93.67

	
98.67

	
96.1

	
92.59

	
100

	
96.15




	
13–Mangroves

	
92.00

	
92.00

	
92.00

	
76.71

	
74.67

	
75.68

	
91.03

	
94.67

	
92.81




	
14–Forest 1

	
78.48

	
82.67

	
80.52

	
88.31

	
90.67

	
89.47

	
95.65

	
88.00

	
91.67




	
15–Forest 2

	
72.41

	
84.00

	
77.78

	
83.56

	
81.33

	
82.43

	
84.81

	
89.33

	
87.01




	
16–Agriculture plantations (soybean)

	
94.44

	
90.67

	
92.52

	
95.83

	
92.00

	
93.88

	
97.22

	
93.33

	
95.24




	
17–Planted forest

	
81.97

	
66.67

	
73.53

	
85.71

	
80.00

	
82.76

	
84.81

	
89.33

	
87.01
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