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Abstract

:

Acacia mearnsii, an invasive alien species, is the main resource identified for the energy transition initiated on Reunion Island. It is, therefore, critical to identify the existent forest stands within the island’s large tropical forest area and to determine which of these stands are accessible for logging operations. In this study, a very high-spatial-resolution image was used to map forest (Acacia mearnsii, Acacia heterophylla, Cryptomeria japonica) and non-forest land cover. To identify the accessible forest stands, we developed a geographic information system (GIS) processing chain, accounting for barriers, the distribution of slopes, and the location of forest roads. User-defined parameters, such as the slope threshold and maximal distance to forest roads, allow different scenarios to be explored. The classification yields an overall accuracy of 88% and a Kappa index of 0.86 and highlights the areas occupied by the different types of Acacia. By applying the GIS processing chain for a standard scenario, the results show that only 19% of the initial study area of 637 ha of Acacia mearnsii patches is suitable for exploitation. In conclusion, our results demonstrate how remote sensing (RS) and GIS can be combined to provide valuable tools for forest managers to design management plans for invasive alien forest species.
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1. Introduction


There is a growing demand for wood resources [1], which are used to meet both household and industrial needs. The harvesting of wood impacts forest landscapes while also affecting habitats and biodiversity. For invasive alien forest species, exploitation is one form of management that is a means to preserve forest habitats while valorizing a fast-growing resource for energy uses, such as firewood, wood chips, or charcoal [2,3]. However, this involves identifying whether the resource meets the biophysical and geographical criteria for exploitation.



On Reunion Island (2512 km2), a French volcanic overseas department located in the Indian Ocean (Figure 1A), forest and woodland areas cover 48% of the entire altitudinal gradient of the territory, from the coast to the high mountains [4]. The wide gradients of temperature and rainfall lead to very diverse ecosystems, ranging from tropical lowland forest to subalpine vegetation [5]. Native and exotic forests are mainly located in Reunion National Park, which covers 42% of the area of the island. Outside the National Park’s limits, some endemic and exotic species are developing. Particular attention has been paid to Acacia mearnsii for several years, which is at the center of different forest management issues [6]. Acacia mearnsii (black wattle), native to Australia, was introduced several decades ago to the mid-altitude regions (600–1700 m) of Reunion Island. It is a Fabaceae, characterized by a nitrogen-retaining root system, rapid growth dynamics, and interesting firewood properties, promoting its spread [6,7]. Classified as an invasive alien species (IAS) [8], the black wattle establishes itself in a dominant way following fires or clearings, and it is practically impossible to eliminate, competing with other indigenous forest species. Since its introduction, Acacia mearnsii has spread over large areas of Reunion Island, not only across agricultural land but also in managed forests [4,9]. It, therefore, represents a potential risk for protected areas if an adapted control or forestry management strategy is not applied. While control measures are necessary along the borders of the protected areas to avoid further dissemination, several future forest management plans expect to manage and exploit Acacia mearnsii in other areas. The National Forestry Office has identified Acacia mearnsii, in addition to other forest resources, such as Cryptomeria japonica, as a key resource to supply a future wood energy sector, which is of major importance regarding the island’s energy transition planned by the Reunion Island regulatory authorities [10,11]. However, to guide decisions on sustainable supply chain strategies, methods have to be developed to assess the resource potential, specifically its spatial distribution and accessibility for wood energy-compliant harvesting, taking into consideration specific local topographic constraints [12,13,14].



Remote sensing (RS) offers a wide range of relevant techniques for locating and characterizing forest stands [15,16]. Airborne light detection and ranging techniques can be used to estimate forestry characteristics, such as the tree crown or diameter at breast height [17]. When applied to IAS, RS- and GIS-based spatial analysis techniques can be used to map and monitor species distribution [6], determine invasion factors [4,18], and assess abundance or diversity [19]. Several studies have stressed the importance of RS image characteristics, such as the spatial resolution and acquisition date, for the accuracy of the mapping process [19,20]. In order to locate forest stands, multispectral satellite images can be used, which enable large areas to be covered at low cost, and the resulting maps can be updated easily due to frequent image acquisition [19,21,22]. Regarding the invasive species Acacia mearnsii, different studies have shown that supervised classification techniques applied to multispectral images give satisfactory results with regard to discriminating Acacia mearnsii from other forest stands [17,18,19,20,23]. For instance, overall accuracy greater than 85% was obtained using a classification model based on a single multispectral Landsat 8 image [23,24]. Similar results were obtained using multitemporal analysis or a combination of optical data with lidar or radar data, with overall accuracies between 70 and 85% [25,26,27]. In a previous study, we used the pixel-based classification of a very high-spatial-resolution Pleiades image to detect Acacia mearnsii forest stands on Reunion Island [28]. The developed methodology, combining the original spectral bands with vegetation and textural indices, highlighted the potential of very high spatial imagery to distinguish Acacia mearnsii from other land cover types. However, confusion among classes with similar spectral signatures (e.g., between Acacia mearnsii stands and Acacia heterophylla, both belonging to the Fabaceae family) remained in the resulting map, which also showed a lot of noise (“salt and pepper effect”) due to the spatial resolution of the image [29]. The object-based supervised classification approach has been proven effective in overcoming this effect [30]. By assigning a class to groups of pixels that share common spectral and spatial characteristics, the object-oriented approach allows for assigning a unique spectral value to each object [31], which leads to taking advantage of an image with fine spatial resolution and improving the discrimination of forest stands developing in heterogeneous environments or characterized by high species diversity.



Geographic information systems (GIS) are useful tools to address forestry issues. By providing an infrastructure for visualizing, managing, and combining spatial data, they are used to locate and evaluate available biomass, assess their accessibility, and determine the spatial organization of different harvesting sites [32]. To assess the accessibility of harvesting areas, models have been developed or interoperated with GIS to consider user choices and parameters essential for their identification. The slope and distance to the nearest road are the two main criteria used to assess suitable areas for exploitation [1]. Some methods have been made available as operational tools, such as the Free and Open Source Software for Geospatial applications (FOSS4G) framework, developed to assess biomass availability (https://sourceforge.net/projects/biomasfor/, accessed on 31 October 2021) [1], and Sylvaccess [33]. It should be noted that most of these applications were developed for temperate forests and their corresponding harvesting techniques. Moreover, even though the impact of data quality, particularly the spatial resolution, on the final result is recognized [33], few studies have used very high-spatial-resolution data as model inputs.



This paper aims to develop a methodology for mapping alien invasive forest species and assessing suitable areas for exploitation for wood energy use in tropical contexts. The originality of the approach consists of the combination of remote sensing and GIS spatial techniques, which have often been used individually or with only limited functionalities (visualization) but have rarely been combined to answer forest stand management and exploitation questions. As a case study, the methodology was applied to Acacia mearnsii, which is seen as a potential source of wood energy on Reunion Island. First, an object-based supervised classification was applied to very high-spatial-resolution satellite imagery to map different types of forest stands. Second, a GIS spatial tool was developed to investigate which forest stands would be suitable for exploitation, using the topographic and accessibility characteristics as the selection criteria.




2. Materials and Methods


2.1. Study Area


The study area (Figure 1B) lies in the forests of the Western Highland Region of Reunion Island, where the main Acacia mearnsii stands are reported. In this region, the elevation ranges from 640 to 2900 m above sea level, and the average annual precipitation ranges from 700 to 1600 mm. The rugged terrain is crisscrossed by steep ravines (120% inclination) and slopes, with an average gradient of 20% [4]. The road network consists of almost 300 km of roads.



Our study area (Figure 1B) is divided into public and privately owned areas, with protected areas included in the public area. It is covered by three main forest stands—endemic Acacia heterophylla, planted stands of exotic Cryptomeria japonica (managed for timber), and Acacia mearnsii (Figure 1C). Since the 1970s, large parts of these areas have been regularly affected by fires. The most recent fires (2010–2011) severely affected the Acacia heterophylla forest and some stands of Cryptomeria japonica. Reforestation campaigns have been tested on several plots, with varying results. However, the fires have mostly benefited Acacia mearnsii expansion over the entire area due to the pyrophilous properties of this species, despite complex control measures along the forest borders. In this paper, special attention is, therefore, paid to this burned area (mentioned below as the “test area”), where various stands of Acacia mearnsii are present.




2.2. Data


2.2.1. Remote Sensing Data


A cloudless, very high-spatial-resolution Pleiades image covering our study area was acquired on 31 May 2020 (Figure 1B). It is composed of a panchromatic image acquired at a spatial resolution of 0.70 m, bundled with a multispectral image acquired at a spatial resolution of 2.70 m in four spectral bands: blue (430–550 nm), green (500–620 nm), red (590–710 nm), and near-infrared (740–940 nm). The image was obtained from the CNES Kalideos spatial database (https://www.kalideos.fr, accessed on 31 October 2021), after radiometric, atmospheric, and geometric corrections.




2.2.2. Land Cover Reference Dataset


Three surveys were conducted between October 2020 and February 2021 with the assistance of the French National Forestry Office [10]. During these campaigns, a global navigation satellite system (GNSS) receiver was used to locate several plots of the main forest stands with the following procedure: we recorded the geographic coordinates (GNSS point) at the center of a 5 m radius circle of a homogeneous plot. Each GNSS point was associated with a numerical identifier, which we used to record the stand characteristics, i.e., the species name, maturity, physical characteristics, and location.



The main forest stands were Cryptomeria japonica (CrJ), Acacia heterophylla (AcH), and Acacia mearnsii (AcM) (Figure 1C). For the latter two stands, we observed biophysical differences, globally related to the crown cover, tree height, and trunk inclination. For the Acacia heterophylla, we distinguished mature stands, either managed or natural forest, characterized by a high stand density (AcH-1), and recent plantations, characterized by a low stand density (AcH-2). For the Acacia mearnsii, we distinguished older stands, characterized by entangled trunks that render it difficult to access and progress through the forest stand, and thus, to harvest (AcM-1), and stands characterized by their rather straight trunks and easier harvesting potential (AcM-2).



We then collected the other main land cover samples (shrub and herbaceous areas, bare soils, roads and impervious surfaces, shaded areas) using photointerpretation of the Pleiades image. In total, our land cover dataset, therefore, consisted of nine classes (Table 1 and Table S1).




2.2.3. GIS Dataset


To define obstacles to exploitation, we acquired a hydrographic network dataset. Produced by the National Institute of Geographic and Forest Information, this dataset is a vector layer that inventories ravines with permanent or temporary water flow (the ravines are represented in Figure 1B) and provides information on their potential width (https://geoservices.ign.fr/eau, accessed on 31 October 2021). The protected conservation area was also identified as an element that renders exploitation impossible. We, therefore, acquired the delineation of the National Park coverage available on OpenStreetMap, which takes the form of a vector layer (Figure 1B).



To assess areas suitable for exploitation, we based our analysis on slopes. We acquired a 1 m spatial-resolution digital elevation model (DEM, https://geoservices.ign.fr/rgealti, accessed on 31 October 2021) produced by the French National Geographic Institute (IGN). This DEM, which represents the terrain created from elevation data, was used to compute the slope information. The output was a 1 m spatial-resolution raster layer, where each cell represented the slope inclination, i.e., the rate of elevation change.



Finally, we assessed the accessibility of suitable areas using the road network. Taking the form of a vector layer, this dataset, updated by the National Forestry Office [10], regroups a large forest road network extending over the Western Highland Region. This dataset inventories two types of forest roads (Figure 1B). There is the main road, which is a concrete road open to private traffic and, therefore, unsuitable for forestry use or the frequent passage of forestry machines. Then there is the secondary forest road network, which is connected to the main road, but unpaved and more suitable for forestry and logging access. Therefore, a filter was applied to the dataset in order to consider only the secondary roads as possible access to the forest areas suitable for exploitation.





2.3. Mapping Forest Land Cover


In this section, we describe the methodology developed for mapping forest land cover in our study area (Figure 2). OrfeoToolBox (OTB) tools were used for image pre-processing and segmentation (OrfeoToolbox version 6.6.1, CNES, https://www.orfeo-toolbox.org (accessed on 15 November 2021)), R packages for the classification process (https://cran.r-project.org, accessed on 15 November 2021), and QGIS for the preparation of the training and validation datasets and post-classification treatments (QGIS version 3.16, https://qgis.org, accessed on 15 November 2021).



2.3.1. Image Pre-Processing


The multispectral image was merged with the panchromatic image from the “Pansharpening” OTB algorithm to derive a multispectral pansharpened image at a resolution of 0.70 m. The radiometric indices were then computed from the Pleiades spectral bands to increase the discrimination of forest land cover using the “RadiometricIndices” OTB algorithm (Table 2).



In addition to these radiometric indices, we computed eight textural indices from the panchromatic band [39] using the “HaralickTextureExtraction” OTB algorithm on a sliding window of 51 × 51 pixels. This window size was identified as optimal for classifying forest cover in our study, according to [28].




2.3.2. Image Segmentation


The pansharpened Pleiades image was then segmented into objects using the “GenericRegionMerging” OTB algorithm with the Baatz and Shape criterion [40,41]. The segmentation parameters included (i) the threshold, which defines the segmentation scale; (ii) the weight of spatial homogeneity; and (iii) the weight of spectral homogeneity. We tested a series of parameter values on a small test area (~1/4 of the study area). A scale parameter of 50, spatial homogeneity of 0.9, and spectral homogeneity of 0.2 were finally retained, and the corresponding segmentation was applied to the entire study area, resulting in 704,005 objects, with a mean size of 61.249 m2 (Table S1).




2.3.3. Feature Selection and Classification


For each delineated object obtained after image segmentation, the average and variance values of the multispectral bands (n = 4) and the spectral (n = 5) and textural (n = 8) indices were computed. The number of classification variables was, thus, increased to 34. We intersected the initial dataset with the classification variables. The resulting dataset was composed of 3281 objects, corresponding to 410,420 pixels. We then made a random selection, allocating 70% of the objects to training and 30% to validation.



We developed the classification model based on a random forest [42] classifier with repeated k-fold cross-validation (k-folds = 10 and r = 5), and the recursive feature elimination (RFE) function on the reference dataset using the “caret” package (https://github.com/topepo/caret, accessed on 15 November 2021). Random forest is an algorithm that aims to predict the membership of objects to a class [42,43]. In principle, it first constructs several decision trees from randomly selected subsets of the training data and randomly selected subsets of the classification variables. Then, it proceeds to build the training model, which is based on the majority voting method. Applied to classification, this method consists of defining the class of an object on the basis of the number of times that object has been associated with a class in the set of decision trees constructed by the algorithm. Therefore, the RF algorithm computes rules based on variable values and assigns a class to each object. Then, the RFE function ranks the variables by order of importance. We considered the Kappa index, which assesses the concordance rate between the predicted and actual classes of the reference objects, considering the possibility of agreement occurring by chance, as an indicator of the best-performing classification model. The latter was chosen for the object prediction of the segmentation (n = 704,005). A membership probability to a class was also computed for each object, and the highest probability was retained to assign a class membership to an object.




2.3.4. Accuracy Assessment


To assess the performance of the object-based classification, a confusion matrix was computed using the validation dataset. This matrix expresses the number of sample units (i.e., objects) assigned to a particular class relative to the actual class verified on the ground [44]. In order to compare the accuracy indices to those of the pixel-based classification, we converted the confusion matrix units into pixels. Then, we derived several indicators from the confusion matrix. The overall accuracy (OA), defined as the ratio of the number of correctly classified pixels (i.e., the sum of the major diagonal) to the total number of pixels in the confusion matrix, and the Kappa index were computed as global accuracy indicators. In addition, the producer accuracy (PA) and the user accuracy (UA) were computed for each class. The PA corresponds to the number of correctly classified samples of a given class divided by the total number of reference samples for that class. The UA was calculated as the number of correctly classified samples of a given class divided by the total number of samples assigned to that class by the classifier.




2.3.5. Post-Classification


The post-classification treatments consisted of (i) merging the “bare soil” and “road” categories into a single “soil” class, and (ii) possibly reclassifying the objects that had a low probability of being a member of the class to which they were assigned. To conduct the latter operation, for each object j, we first identified the highest class membership (    μ   j   1     and     μ   j   2    ) and then calculated the value of the confusion index (CI), as defined in Equation (1) [45]:


  C I = 1 − (   μ   j   1   −   μ   j   2   )  



(1)







Ranging from 0 to 1, the CI values express the minimal to maximal uncertainty related to the classification. The objects with high CI values (CI > 0.9) were reclassified first according to the majority class of the neighboring objects for the entire study area. A secondary reclassification was carried out based on the field knowledge of the public area: (i) in the test (burned) area presented in Section 2.1, “Acacia heterophylla” was reclassified as “Acacia mearnsii”; (ii) in the rest (unburned) of the public area, “Acacia mearnsii” objects were reclassified as “other forest” (presence of other wood species but no Acacia mearnsii).





2.4. Assessment of Accessible Forest Stands


In this section, we describe the methodology developed to assess the accessibility of areas suitable for exploitation, considering topography and distance as the main criteria of our analysis [1]. Our method is based on a processing chain composed of three modules (Figure 3), which may be replicable with other GIS software or freeware. The first module consists of excluding obstacles (natural barriers, restricted areas, steepest slopes) and classifying the remaining areas according to their slope in order to locate the areas suitable for exploitation. The second module measures the accessibility of these areas, considering their connectivity to the road network. Finally, in the third module, information on the slope and distance to roads is combined with the information on the forest species of interest (in our case, Acacia mearnsii AcM-1 and AcM-2) to map the accessible forest stands.



2.4.1. Barriers and Slope Characterization


To identify areas suitable for exploitation (Figure 3(1)), we first defined the obstacles. Protected areas (areas located within the National Park) and natural barriers (ravines, delineated as a buffer zone with a radius of 3.5 m around the hydrographic network) were considered as areas unsuitable for exploitation (“impassable areas”). Secondly, we considered the slope gradient as the main determinant of the suitability of an area, accounting for the types (mechanizable or non-mechanizable) of felling techniques. The requirements for these two felling types differ in effect: mechanizable felling can only take place in areas with low slope values (gentle slopes), whereas non-mechanizable felling is possible in areas with higher slope values. Therefore, a slope threshold was defined for each felling type, and the areas were classified into three categories according to their maximum slope s:




	
Impassable areas correspond to areas with the highest slope values (s ≥ s1), where no felling is possible, protected areas, or natural barriers;



	
“Gentle slope” areas are defined as the areas with the lowest slope values (s ≤ s2), where mechanized felling and skidding are possible;



	
“Intermediate slope” areas are defined as areas with intermediate slope values (s2 < s < s1); in these areas, only non-mechanizable felling techniques can be considered.









2.4.2. Accessibility Assessment


The distance from a non-metaled road was considered the main determinant of accessibility (Figure 3(2)). Two different methods were tested: the calculation of the Euclidean distance (“as the crow flies” distance) and a cost analysis method. In the latter method, the distance to the road was calculated by considering the costs associated with crossing spatial features. We considered that the “gentle slope” areas (as defined in the previous sub-section) and areas located within a buffer (the size of which can be parametrized—in our case, 5 m) around the road network can be easily moved across (cost = 1), whereas all other areas act as “barriers” for harvesting equipment (cost = 1000). For both methods, we implemented a dmax modulable parameter, allowing for the consideration of the distance traveled by forestry machines between the road and the felling area.




2.4.3. Application to Acacia mearnsii Forest Stands


The accessibility of forest stands was assessed by combining information on the slope and distance to roads with the information on the location of the forest stands, in our case Acacia mearnsii AcM-1 and AcM-2 (Figure 3(3)).



In our case study, we applied this module in the test area. We used the data from the post-classification, extracting AcM-1 and AcM-2 objects. We ran a standard scenario, with s1 = 50%, s2 = 25% (maximum slope for mechanized felling and skidder according to forest expertise), and dmax = 1000 m (empirically set in order to assess the maximum accessible surfaces). Then, we ran different scenarios with different values of the slope threshold (s2) and distance threshold (dmax) to assess the impact of these two parameters on the accessible surface areas of Acacia mearnsii stands.






3. Results


3.1. Map of Forest Land Cover


The following subsections present our classification and post-classification results, allowing the forest land cover to be mapped.



3.1.1. Importance of Spectral and Textural Information to Map Forest Stands


The results of the RF classifier and the RFE analysis show that the combined use of spectral and textural indices provided the classification with the best performance (Figures S1 and S2). The top five features include the mean variables of two vegetation indices (RV, RVI), the red reflectance band, and two textural indices (contrast and inverse difference moment).




3.1.2. Accuracy Assessment


The confusion matrix expressing object assessment is given in Table S3. Here, we present the results obtained with the confusion matrix, expressing the conversion of the objects to pixels, in order to compare the accuracy of our model to a previous one [28], based on a pixel-based approach (Table 3). The overall accuracy and the Cohen Kappa index were respectively 88% and 0.86, indicating very good agreement between the predicted and observed land cover classes. In detail, the PA values ranged between 0.71 and 1, and the UA values ranged between 0.40 and 1 (Table 3). Both accuracy indicators for the non-forest classes (road and bare soil, shade), herbaceous areas (Herb), and the Cryptomeria japonica (CrJ) stands were greater than 0.90, indicating that the classifier had an excellent discrimination ability and was reliable for these classes. According to the confusion matrix (Table 3), the classifier was slightly less performant for the Acacia mearnsii and Acacia heterophylla stands, with PA values between 0.71 and 0.87. The reliability of the classifier was high (UA > 0.8) for the AcH-1 and AcM-2 stands but less reliable for the AcH-2 (UA = 0.73) and AcM-1 (UA = 0.40) classes, likely due to the small number of samples.



The global indicators show only a slightly higher performance of the object-based classification compared to the pixel-based classification (Table S2). However, regarding the UA and PA indices for the forest classes, the object-based classification performed better, specifically for the AcM and AcH classes (Table 3).




3.1.3. Spatial Distribution of Forest Stands


The classification results of the entire study area are presented in Figure 4A. Most of the Acacia mearnsii stands are located in the public area. The results show that the AcM class covers almost 50% of the National Park area. The rest of the public area has a balanced distribution among the CrJ (18%), AcH (21%), and AcM (31%). These forest stands occupy distinct areas. In the western parts of the public area, at lower elevations, the resulting forest map shows large homogeneous patches of CrJ surrounded by AcM-1 or AcM-2 spots, while at higher altitudes (in the burned area), these patches tend to be mixed with AcM or AcH forest stands. The map also locates AcH replanting by illustrating the small isolated patches of AcH-2 and the high presence of herbaceous areas in the frequently burned area. It also confirms the strong presence of Acacia mearnsii in this area by illustrating both the strong presence of AcM-2 compared to AcM-1 but also the tendency for the former to be located in the south compared to the latter.



Regarding the private areas, the soil and herbaceous classes cover large areas due to the presence of agricultural land, meadows, and pastures. The spatial distribution of forest (mainly located near the border of the public area) and non-forest objects is globally relevant and confirmed by the accuracy indicators. Patches of CrJ may be representative of small private plantations, and patches of AcM close to herbaceous areas may be representative of Acacia mearnsii dissemination by the agricultural lands. However, the detailed distribution of the forest stand from the classification should be considered with caution since there has been no field validation of the private domain.




3.1.4. Uncertainty Map and Post Classification


Figure 4B shows the uncertainty map, as defined by the calculation of the CI. As identified in the confusion matrix, the AcM and AcH classes have the highest CI values in both the private and public areas, whereas the non-forest classes and the CrJ class have low CI values. Objects classified with high uncertainty (CI > 0.9) represent 5% of the classification objects. They are mainly located in the northern part of the public area (Figure 4B), where the absence of Acacia mearnsii forest stands was confirmed by foresters. Acacia mearnsii objects with high uncertainty (CI > 0.9) in this area, therefore, were reclassified as “other forest” (Figure 4C). For the AcM-2 class in the public area, objects with high uncertainty (CI > 0.9) were also present in the western part of the public area, where confusion with the CrJ class occurred.



The post-classification map (Figure 4C) is linked to the uncertainty map since the decisions were made (see Section 2.3.5) according to the confusion indices. The rules used to reclass the objects with high CI values allowed us to better distinguish the sectors dominated by Acacia heterophylla (in the northern part of the public area), Cryptomeria japonica (in the western part of the area), and Acacia mearnsii (in the eastern and southern parts of the area).





3.2. Accessibility of Acacia mearnsii Forest Stands


In this section, we present the results obtained by applying the processing chain on a single test area where the main Acacia mearnsii stands were confirmed (AcM-1 and AcM-2), first according to a standard scenario, then with different values of the slope threshold (s2) and distance threshold (dmax) for defining the accessible areas suitable for exploitation.



3.2.1. Acacia mearnsii Accessible Areas According to a Standard Scenario


The results allow one to measure the distribution of areas occupied by AcM in the burned area, according to a standard scenario that refers to the conventional technical operating constraints (Table 4). Among the 637 ha of AcM patches located in the burned area, 34% are located in areas that are not suitable for exploitation, namely in the National Park, in ravines, or on steep slopes (i.e., greater than 30%). The remaining areas are equally divided between intermediate slope and gentle slope areas. The latter areas (Acacia mearnsii on gentle slope, i.e., suitable areas with slopes under 25%) represent 204 ha (32% of the initial area) and are all considered accessible (at a distance dmax less than 1 km from forest tracks) when the distance calculation was based on the Euclidean distance method. However, when the cost distance calculation method that considers ground obstacles (barriers, high slopes) was applied, only 121 ha (19% of the initial surface), mostly composed of AcM-2 stands, are considered accessible for forestry operations. This difference in the results between the two distance calculation methods is discussed further in the next section.



The different steps followed to assess the accessibility are illustrated in Figure 5. When applying the Euclidian distance method, all areas appear as accessible for exploitation. When applying the cost distance method, the topographic constraints (barriers and steep slopes) result in increased distances separating the suitable areas for exploitation from the forest roads. Consequently, the difference in the areas assessed by these two methods (as illustrated in Table 4) corresponds to areas potentially suitable for exploitation but isolated due to the topographic constraints. At the end of the process, the map obtained allows for Acacia mearnsii stands accessible for mechanized exploitation to be located. In the test zone, the distribution of these stands is heterogeneous, with the most important stands being located in the south and in the central part of the zone.




3.2.2. Assessment of Mechanizable Areas: Distance to Existing Roads and Sensitivity to Slope Threshold


Depending on economic constraints, the maximum distance over which forest stands can be harvested may vary. The developed processing chain allows one to evaluate the areas occupied by Acacia mearnsii stands by considering different exploitation scenarios, namely with different values of dmax. It also highlights the impact of the distance calculation method (Euclidean or cost distance) on the estimations of the surface areas, as illustrated in Figure 6.



The Euclidian distance assessment located almost all of the Acacia mearnsii stands within 400 m of the forest road. It also identified 90% of these forests stands within 200 m of the road. At this distance, 86% of the suitable area with AcM-1 and 92% of the suitable area with AcM-2 are accessible. For a given dmax, the surface areas of AcM (d < dmax) calculated with the cost distance method are logically lower than those calculated with Euclidean distance, since obstacles were taken into account and increased the real distance to roads. The difference observed (as mentioned in the previous section) is significant. This proves that, in such a rugged terrain context, the Euclidian distance method is not relevant and may result in assessment errors. With the Euclidian method, 58% of the suitable area with AcM is accessible within 400 m, and the entire accessible forest stand is located within 700 m of the forest road.



Figure 6 also shows the sensitivity of the accessibility assessment, using either the Euclidian or cost distance approach, to the s2 slope parameter. With the Euclidian approach, all of the AcM-1 and AcM-2 stands are accessible within 400 m of the roads, while there are almost half as many with the cost method. With the latter, the variation of s2 from 20% to 30% changes the accessibility assessment. With s2 = 20%, 39% of the areas suitable for exploitation are located at a cost distance of less than 400 m from the secondary roads. With s2 = 30%, this concerns 76% of the area suitable for exploitation, and the maximum accessible area is 600 m from the secondary roads.






4. Discussion


In order to adapt forest stand management strategies, it is necessary to have precise knowledge of their spatial distribution [24]. In our study, we proposed a general framework to generate this knowledge by combining remote sensing and GIS techniques. Often used but rarely combined to assess the accessibility of deposits and answer management and exploitation questions, our approach aims to use these techniques to locate and characterize the exploitable cover of Acacia mearnsii in the Western Highland Region.



4.1. Detection of Acacia mearnsii Using Remote Sensing


Among the remote sensing techniques available, we chose to use object-oriented classification of a Pleiades image using the RF method and performed a post-classification based on an uncertainty indicator. In addition to mapping the main forest stands, the objective was to highlight the existing areas occupied by Acacia mearnsii.



In our study, we used an image captured by the Pleiades 1B satellite. This choice has the advantage of developing methods for very high-spatial-resolution remote sensing. However, various disadvantages also arise. These may include acquisition costs, the image swath, or the dimensionality of the spectral bands. Other sources of satellite imagery can help overcome these limitations. Sensors such as the Landsat 8 and Sentinel 2 have the advantage of providing open and freely available data for various regions of the world. However, their spatial and temporal resolution may also be inadequate, especially in tropical environments where cloud cover can hinder the quality of image acquisition. Therefore, we can say that the choice of image relies on compromises between the costs and acquisition conditions, and it is particularly important to develop protocols tailored to input data to create relevant and reliable classification models.



The classification model gave satisfactory results, both statistically and cartographically. The model effectively produced an overall accuracy of 88% and gave rise to a spatial distribution of the different classes that is broadly in line with reality. The RFE algorithm played an essential role in the classification. By analyzing the weight of each of the variables used in the classification model, it identified the most relevant ones. From the different groups of indices, this selection of channels raised the importance of combining spectral and textural information in the classification of the different objects in our study area.



However, the object-oriented approach contributed to the performance of the classification model. Although the segmentation involved a division of the study area into four sub-areas and required a long computation time, it made it possible to delimit homogeneous and small pixel groups while avoiding the noise induced by a pixel-oriented approach. When compared to a pixel-oriented approach carried out in the same study area [28], the object-oriented approach gave better results both globally and locally.



In addition to producing a classification of the main forest stands, we also produced a classification uncertainty map. Although rarely highlighted in the literature [45], this intermediate step to classification and post-classification provided the opportunity to identify features that were unlikely to be classified, and by extension, to visualize the areas where uncertainties are most pronounced. By facilitating the correction of the classification, this approach also presented the advantage of identifying points of uncertainty between the field and the maps generated.



By enabling us to locate the main forest stands, our protocol lays the foundations for monitoring the evolution of different land uses, and in particular, Acacia mearnsii. Identified as the main resource for a future wood energy industry, straight stands (AcM-2) are more easily managed by foresters than tangled stands (AcM-1). The main challenge was, therefore, to distinguish these two types of stands. The object-oriented method, supplemented by post-classification, thus, gave interesting results in distinguishing these classes faithfully locating their spatial distribution and giving a total area close to that quantified by the foresters. However, these maps are perfectible and might be improved, with adequate data, by testing other classification schemes based on multi-temporal analysis [20,41] or classification algorithms as deep learning methods [46].




4.2. Assessing the Accessibility of an Invasive Alien Species to Be Exploited in a Wood Energy Chain


In order to distinguish forest stands suitable for exploitation from existing stands, it is necessary to consider factors related to accessibility. Hence, there is a need to use several data sources and process them in a GIS.



In our study, we identified two constraints of exploitation. First, exploitation is prohibited in biodiversity conservation areas, i.e., the National Park. For Acacia mearnsii in particular, other management methods are envisaged in order to prevent invasion and preserve the surrounding endemic forests. However, these management methods do not apply to the public domain outside of the National Park. In this area, where exploitation is allowed, the main limitation is the topography of the terrain. Exploitation of forest stands located in ravines or on steep slopes requires special forestry equipment for cutting and skidding [47]. In order to distinguish existing stands from those located in areas unsuitable for exploitation, we, therefore, considered constraints related to forest management and topography. However, other exploitation constraints, and in particular, constraints related to IAS, could have been considered, such as the presence of private domains, watercourses, or urban or agricultural objects.



To cope with the variability in the data reflecting the exploitation factors, we developed a processing chain that can be modulated by users. In our applications, the hydrographic network and forest roads are datasets whose entities take the form of polylines. To consider the width of these spatial objects, we implemented a buffer zone tool whose distance is parameterizable by users of the processing chain. In this way, users can set a value according to their knowledge of the terrain and use their own study data in the place of ours. This approach is also essential for slope characterization. In the processing chain, we implemented the scalable parameters s1 and s2, differentiating among steep, intermediate, and gentle slopes. In this way, it was possible to characterize the exploitation areas and their access, depending on the values assigned to s1 and s2. We carried out two applications of our processing chain. With the parameterization set out in Table 4, we observed an additional 21 ha of AcM distributed on gentle slopes. Figure 6 shows that these patches follow a linear trend and that they are mostly distributed on slopes with gradients between 20 and 25%. These results, therefore, highlight the importance of observing the spatial distribution of the forest stand in order to measure the areas suitable for exploitation.



Our approach also aimed to assess the accessibility of areas suitable for exploitation. Instead of choosing time as a measure of proximity, we opted for distance, and compared two calculation methods. Our results show, first, that the amount of accessible surface stabilizes at 500 m, regardless of the calculation method. Second, the surface areas calculated by the cost-based calculation approach the surface areas reached by the Euclidean calculation when s2 was fixed at 30%. These results raise the question of the quality of the data sources since they are sensitive to the slope data, as shown by Dupire et al. [33] in their study. From a spatial resolution of 1 m, the cartographic precision allowed us to test the slope values corresponding to the capacity of the exploitation equipment, whereas data with less fine spatial resolution would have led us to decrease the slope values tested to assess the areas suitable for exploitation. The results also show that the majority of the accessible areas are close to forest roads, despite the obstacles to exploitation, and that the remaining accessible areas are small. They also indicate that the slope and the constraints applied to the processing chain are sufficient to identify the areas accessible for exploitation. In particular, the processing chain developed in GIS offers the possibility of simply varying the values of the parameters. Other accessibility criteria linked to topography and/or forest management could also be integrated to provide other elements for characterizing accessible areas.



Our approach led us to evaluate the accessibility of areas occupied by AcM-1 and AcM-2. These forest stands respond to two distinct exploitation methods. Manual exploitation is recommended for AcM-1 stands, as their structure is so entangled that it requires gradual penetration of the stand to implement exploitation procedures. On the other hand, mechanized exploitation is recommended for AcM-2 stands, whose structure facilitates the movement and stabilization of forestry machines. By enabling the accessibility of these two types of stands to be assessed, our processing chain can thus locate and quantify the accessible areas according to the parameters given by the user.





5. Conclusions


This article presents the results obtained to (i) highlight the existing forest stands in the Western Highland Region and (ii) distinguish these forest stands from the accessible forest stands within the framework of the development of a wood energy sector. Our methodology consisted of mapping the main forest stands using object-oriented remote sensing techniques, and then mapping the accessible forest stands while taking into account the criteria favorable and unfavorable for their exploitation, i.e., restrictions, ravines, slopes, and proximity to the road, using techniques developed under GIS. In particular, we focused on the forest stands of Acacia mearnsii, an invasive alien species, spread over private, public, and protected areas. The originality of our methodology is combining remote sensing and GIS techniques to locate and quantify existing and accessible Acacia mearnsii forest stands for the implementation of a wood energy chain. The main challenge was processing spatial data from different sources. Particular attention was paid to the cartographic accuracy of the classification and post-classification products, as well as the spatial resolution of the input and output data of the processing chain we developed. In the future, the availability of satellite images with very high spatial resolution and the integration of other spatial data characteristic of the exploitation could contribute to the identification of accessible forest stands in a wood sector, alongside the learning and evaluation models developed in this study.
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Figure 1. Location of Reunion Island (A) and the study area (B), with examples of the three main forest stands in the study area (C). Map background: Pleiades image acquired in May 2020. Pictures of the main forest stands were taken in October 2020 and February 2021. 
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Figure 2. Workflow diagram for mapping forest land cover from the Pleiades image. Final results, in bold, are presented in Section 3.1. 
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Figure 3. Workflow diagram for assessing the accessibility of forest stands. Step 1: Obstacles (including natural barriers, restricted areas) and slopes were the main criteria for the identification of areas suitable for exploitation. Step 2: The accessibility was assessed from the calculation of the distance to the nearest road, with different computation methods (Euclidean or cost distance). Step 3: Mapping of accessible forest stands. 
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Figure 4. Confusion index (A) and forest land cover maps obtained from the classification (B) and post-classification (C) steps. 
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Figure 5. Mapping Acacia mearnsii areas suitable for mechanized exploitation. Based on barriers and slope values (a), Acacia mearnsii stands (b) are classified to identify AcM-2 stands on gentle slopes (c), and accessible from forestry roads (d). In the entire test zone (e), Acacia mearnsii suitable for mechanized exploitation represents 15.5% of the original forest surface areas. 
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Figure 6. Accessibility of Acacia mearnsii stands estimated by the GIS processing chain, with as slope parameters s1 = 50% and the variation of s2 between 20 and 30%. The accessible areas were assessed using the Euclidian distance calculation method (left panel) and the cost distance method (right panel). 
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Table 1. Land cover categories retained for the classification of the Pleiades image.
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	Land Cover Type
	Main Characteristics
	Denomination





	Herbaceous
	Mixed species, dense shrubs
	Herb



	Bare soil
	Grassland, low vegetation cover
	Soil



	Road
	Impervious area
	Road



	Shade
	
	Sha



	Cryptomeria japonica
	Plantations homogenous
	CrJ



	Acacia heterophylla—Type 1
	High stand density, natural or managed forest
	AcH-1



	Acacia heterophylla—Type 2
	Low stand density, replantation
	AcH-2



	Acacia mearnsii—Type 1
	Entangled trunks, difficult to penetrate
	AcM-1



	Acacia mearnsii—Type 2
	Straight trunks, easily penetrable forest
	AcM-2










 





Table 2. Radiometric indices computed with OTB (NIR: near-infrared, R: red; G: green).
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	Radiometric Indices
	Notation
	Equation
	References





	Normalized Difference Vegetation Index
	NDVI
	   N D V I =   N I R − R   N I R + R     
	[34]



	Ratio Vegetation Index
	RVI
	   R V I =   N I R   R     
	[35]



	Normalized Difference Vegetation Index 2
	NDWI2
	   N D W I 2 =   G − N I R   G + N I R     
	[36]



	Red/Green Ratio
	RGR
	   R G R =   R   G     
	[37]



	Soil-Adjusted Vegetation Index
	SAVI
	   S A V I =   N I R − R   N I R + R   × 1 + L   
	[38]










 





Table 3. Confusion matrix computed from the random forest classifier, expressed in pixel units.
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Reference

	




	

	

	
Shade

	
Road + Bare Soil

	
Herb

	
CrJ

	
AcH-1

	
AcH-2

	
AcM-1

	
AcM-2

	
Total

	
UA






	
CLASS

	
Shade

	
853

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
853

	
1




	
Road + Bare soil

	
0

	
24,991

	
59

	
0

	
0

	
0

	
0

	
33

	
25,083

	
1.00




	
Herb

	
0

	
522

	
19,415

	
1

	
2

	
8

	
135

	
42

	
20,125

	
0.96




	
CrJ

	
0

	
1

	
39

	
21,816

	
38

	
34

	
121

	
1385

	
23,434

	
0.93




	
AcH-1

	
0

	
1

	
164

	
111

	
17,343

	
4

	
351

	
518

	
18,492

	
0.94




	
AcH-2

	
0

	
0

	
595

	
149

	
24

	
3736

	
0

	
618

	
5122

	
0.73




	
AcM-1

	
0

	
2

	
10

	
700

	
1364

	
0

	
3519

	
3120

	
8715

	
0.40




	
AcM-2

	
0

	
1

	
52

	
1566

	
723

	
506

	
498

	
13,856

	
17,202

	
0.81




	
TOTAL

	
853

	
25,518

	
20,334

	
24,343

	
19,494

	
4288

	
4624

	
19,572

	
119,026

	




	

	
PA

	
1.00

	
0.98

	
0.95

	
0.90

	
0.89

	
0.87

	
0.76

	
0.71

	

	











 





Table 4. Estimation of Acacia mearnsii surface areas according to stand types, location of barriers, slope, and accessibility.
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Barriers and Slope Characterization

s1 = 50%; s2 = 25%

	
Accessibility Assessment

dmax = 1000 m




	
Acacia mearnsii (AcM)

	
Burned Area (ha)

	
Barrier and Steep Slope (ha)

	
Intermediate Slope (ha)

	
Gentle Slope (ha)

	
Euclidean Distance (ha)

	
Cost Distance (ha)






	
AcM-1

	
221

	
112

	
60

	
49

	
49

	
22




	
AcM-2

	
416

	
102

	
159

	
155

	
155

	
99




	
Total

	
637

	
214 (34%)

	
219 (34%)

	
204 (32%)

	
204 (32%)

	
121 (19%)
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