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Abstract:



The present study aimed to optimize the location of wood storage yards in forest management for the production of wood in the Brazilian Amazon. The area of forest management studied was 638.17 ha, with 1478 trees selected for harvest with a diameter at breast height of at least 50 cm in accordance with Brazilian legislation. Taking the topography into account—permanent preservation areas, restricted areas, and remaining trees—and using GIS tools, 7896 sites were identified that could be used as wood storage yards. By using mathematical programming techniques, more specifically binary integer linear programming, and based on the classical p-median model, optimal locations for the opening of yards were defined. Four scenarios were proposed combining distance and volume constraints. The scenarios evaluated promoted reductions in infrastructure investment compared with traditional planning. The results showed reductions in the number of forest roads (–6.33%) and trails to extract logs (–15.49%) when compared to traditional planning. The best performing scenario was that with the maximum volume restriction. It was concluded that the application of mathematical programming was able to promote significant gains in the harvest planning of native forests of the Amazon with the potential to reduce environmental damage.
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1. Introduction


Native tropical forests represent approximately 10% of the existing land surface [1], and about 96% of the tree species [2]. The predatory exploitation of forest resources has resulted in national and international pressure and policies related to their conservation and use [3]. The Brazilian Government has regulated the use of natural resources in the Brazilian Amazon [4]. To meet these regulations, one of the main tools for the rational use of forests is called sustainable forest management (SFM). SFM aims to apply management and reduced impact exploration techniques that are suitable for the sustainable use of forest resources [5,6], being set by the SFM plan that guides all exploitation and management activities of forests in Brazil [7]. In the case of the Amazon, the main objective of SFM is to facilitate the exploitation of renewable forest resources, in particular wood, based on the reduction of waste and the impact on the remaining forest, as well as to ensure greater safety for workers [8] and maintenance of the ecosystem [9]. The economic viability of the use of forest resources and the feasibility of forest management techniques are important to ensure economic, social and environmental development [5,10,11,12,13,14], where one of the main challenges is the balance between economic and environmental objectives [15].



In this sense, the infrastructure planning of the forest management area, such as the definition of roads, places of wood storage yards and skidtrails, is a complex process and has a direct connection with the harvesting costs and environmental impacts generated [16,17]. In tropical forests, this complexity becomes even greater due to the great diversity of species, the size of the trees, the different types of forest, among other factors. Thus, the definition of infrastructure is part of harvest planning at the operational level, being crucial in the generation of forest production costs [18,19,20].



The use of new technologies and methodologies, which enables better precision in forest management in the planning and execution of the SFM plan, has been regarded as precision forest management (PFM) [21,22]. In planning and implementing the activities of PFM, the use of computational, mathematical, and spatial tools, along with operational research techniques, allows the decision-making process to be optimized in several aspects, especially in terms of the legal, environmental, economic, social, and technical goals.



Traditionally, the planning of the forest road infrastructure, wood storage yards and skidtrails in the PMFS located in the Brazilian Amazon, is carried out manually by forest engineers. The use of the manual method is performed according to the experience of the managers using tools such as topographic maps and the spatial database, with information of the terrain to aid in decision makin [23,24,25].



As a rule, the manual method of infrastructure planning leads to the loss of economic performance, as well as being a time consuming process, without a clear idea of the nearness of an optimal solution [26]. In this way, it can be said that this is an empirical and intuitive process, suffering from the strong influence of the human component, that is, it depends heavily on the experience of the one who performs the work. In addition, the time of elaboration is linearly associated with the quantity of area to be planned, with reduced flexibility in the case that the planning needs to be changed, which makes it difficult to compare different proposed plans. It should be noted that the roads and skidtrails can represent up to about 50% of the total costs of the harvest [27,28].



The planning of the exploitation activities, assuming reduced impact techniques, both in field activities and in infrastructure planning, has been considered crucial in management areas located in tropical forests, because it enables greater safety of operations and a reduction in environmental impacts, which are invaluable over time [29,30,31,32,33,34]. Among the activities of logging, wood storage yards, the extraction of logs, and the construction of forest roads are of paramount importance in light of the environmental impacts caused mainly by the need for forest cover removal when opening forest roads and wood storage yards. In addition to the environmental impacts, the costs related to the opening of roads and extracting logs are the most significant in forest management. Optimizing yard locations will result in a greater efficiency of the production chain [35,36,37,38,39,40], providing environmental and economic gains.



The complexity of elaborating the planning of forest harvesting infrastructure in an optimal way considering numerous variables, in a systematized form and in a viable time, motivated numerous researches about the problem [25,41,42].



The graphs theory and computational system were applied to determine the best forest road routes in the Amazon for the harvesting of wood and the behavior of forest fragmentation as a function of the road network [43]. Using aerial laser scanner technology and GIS, it was possible to define extraction trails in a pine forest [44]. Using raster-based GIS data, it was possible to create a model that determines individual skidtrails for a stacking site by selecting the best landing site that minimizes extraction distance by reducing costs [17]. Through operational research and GIS [45], they developed a binary integer programming model, similar to the location problem of the facility, capable of defining optimal locations of storage yards. Other researches such as those of [16,46,47,48] also studied forest harvesting planning.



Studies aiming to optimize the planning of yard allocation in the Amazon are incipient; in [49,50,51,52], the application of mathematical programming was studied in planning the location of wood storage yards in the sustainable forest management plan (SFMP) through the p-median model. The p-median problem is that of locating p facilities to minimize the distance between demand nodes and the facilities selected. The class of location–allocation problems is defined among p facilities (shops, warehouses, schools and police stations, for example) that aim to meet certain n demand points (residences, neighborhoods, customers, and regions) resulting in the p locations that will be opened to meet each demand point [53,54,55,56,57,58,59,60].



As mentioned previously, forest harvesting planning in Brazilian Amazon SFM areas is done manually based on GIS tools, forest inventory data and the land information database. In light of the above discussion, the objective of this study is to determine the optimal location of wood storage yards, under the SFM, in native forest of the Amazon, where there is no road infrastructure and skidtrails; mathematical programming is employed to simulate different scenarios depending on the final harvest planning.




2. Materials and Methods


2.1. Description of the Study Area


The study area is located in the municipality of Rio Branco-Acre (9°58′26” South, 67°48′27” West), in the northern region of Brazil bordering Bolivia and Peru (Figure 1). The dominant vegetation is open forest with bamboo, with small fasciation of dense forest, characterized by an average volume of 150 m3 ha–1 [61,62].


Figure 1. Location of the study area.
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The forest management area of the present study corresponds to a single annual production unit (APU) which corresponds to the area that will be explored during the respective year. This has 638.17 ha, and 72.76 ha of permanent preservation area (PPA). The PPAs are areas defined by Brazilian legislation where woodcutting is prohibited. Some criteria that define this type of area are the margins of springs and rivers, the tops of hills, and areas with slopes up to 45°. Through the forest inventory census, 1478 individual trees standing with commercial value were selected in the APU for exploration, with diameter above 50 cm in accordance with Brazilian legislation [7], totaling an estimated volume of 10,713.74 m3. Subtracting the area of the PPA from the volume estimated by the APU area, the average potential exploration is 18.95 m3 ha–1. It is noteworthy that Brazilian legislation authorizes exploration up to 30 m3 ha–1 [63].




2.2. Definition of Suitable Areas for the Allocation of Storage Yards


To select suitable areas for the construction of storage yards, a number of factors must be considered including the slope (Slo.), the presence of PPAs, remaining trees (RT) and areas that present any physical limitation for deploying yards, considered as restricted area (RA) [51]. As a result, we describe how these factors were considered in defining the final map of suitable areas for building yards. To assist in this analysis, we used the software ArcGis®10.2 [64], as illustrated in Figure 2.


Figure 2. Scheme of obtaining data and methodology for the definition of areas suitable for the allocation of wood storage yards.
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2.2.1. Definition of Areas Eligible Based on Slope


During the identification of suitable locations for yards as a function of the relief, an interpolation by natural neighbors was performed from approximately 3000 barometric points collected in the forest inventory.



Through the slope tool, the model of slope was created, according to the procedure described in [65]. A maximum slope of 15% was established following the methodology in [51]. The location of the wood storage yards should be in a flat, well-drained area. Up to 15% is close to corrugated areas according to [65]; this value was adopted by [51] and considered feasible in the present work. Areas above the established value were considered restricted for the allocation of storage yards. Subsequently, the reclassification was carried out with a value for suitable areas of 1 and a value of 10 for unsuitable areas. As such, values greater than10 represent areas unsuitable for the allocation of wood storage yards.




2.2.2. Influence of the PPA in the Definition of Eligible Areas


The identification of the PPA is a crucial point in forest management, as Brazilian legislation prohibits the opening of yards within these areas. Thus, the polygon of the PPA was combined with the APU area, and the image, was transformed into a raster image with areas outside the PPA being considered suitable for the SFM; areas outside the PPA were assigned the value 1 and areas within the PPA were assigned the value 10.




2.2.3. Obtaining Suitable Areas Relating to Restricted Areas


The restricted zone file was obtained from the management plan database. These areas can be classified as places that create sudden gaps, which hinder the construction of roads, opening of yards, and the creation of walking trails. Basically, they are areas observed in the field during the forest inventory, which are unviable for infrastructure installation. Generally, they are defined by the operational management manager.



With that file, the APU was combined with the restricted zones, and subsequently transformed into a raster image and reclassified with a value of 1 assigned to areas outside the restricted zone (suitable) and 10 assigned to areas within (unsuitable).




2.2.4. Definition of Areas Suitable for the Remaining Trees


An important factor considered was the remaining forest. The area of each tree was represented by a buffer of 20 m, excluding from the database only those individual trees selected for harvesting, that is, a buffer of trees that could not be harvested was performed. The inventory of tree canopies identified that large size trees will not be harvested and are not part of the commercial species [21].



Later, we joined the image buffer of the inventory of tree canopies with the remaining individual trees and the method of the APU and created a raster image, with a value of 1 assigned to areas outside the buffer (suitable) and 10 assigned to areas within (unsuitable).




2.2.5. Weighted Overlay of Raster Images


We applied the analytic hierarchy process (AHP) method, proposed by Saaty [66,67], to set the suitable areas. The method is a multi-criteria decision-making tool. Using a numerical scale, we calibrated the amplitude of importance of quantitative and qualitative criteria. The scale ranges from 1 to 9, with “less important than” represented by 1 and “absolutely more important than” represented by 9 covering the entire spectrum of comparison [66,67]. In this work, we considered the criteria declivity, restricted areas, presence of PPAs, and remaining trees. The definition of weights was based on the literature and information gathered during the research related to the production process. For image processing, we used the extension of Arcgis®10.2 [64] called AHP, obtained from the Environmental Systems Research Institute (ESRI) Scripts website. More details about the AHP method can be found in [68].



The equation obtained in item 5 in Figure 2 through the analytic hierarchy process (AHP) method allowed the weighted overlay to be calculated and then the definition of areas suitable for the allocation of yards was about 271 ha.



The AHP method was also compared with fuzzy analysis for the identification of potential energy wood terminal locations by [69]; the fuzzy analysis made it possible to evaluate the transition areas with continuous gradation more adequately. The authors of [70] also used fuzzy analysis to define suitable areas for the installation of power plants and subsequently applied the mathematical allocation–location programming model to define the optimal installation site.



Thus, the AHP method allows a satisfactory analysis of the appropriate areas for the allocation of wood storage yards, being a technique that indicates clearly defined objectives, such as the degree of importance of the variable in relation to another variable [71].




2.2.6. Division of Suitable Area in Subareas


As mentioned previously, the APU presents a total area of 638.17 ha. By eliminating unsuitable areas (PPA, restricted areas, remaining trees, and declivity), approximately 271 ha remained suitable for building wood storage yards.



This suitable area is not area continuous and is permeated by unsuitable areas. For example, a suitable area may be separated from another suitable area by a PPA. This can hinder the extraction of harvested trees that would be taken to the storage yard since Brazilian law prohibits trees from being extracted within the PPA. This example illustrates the need for subareas to be created, which in practice means that each subarea will need to have at least one yard to avoid extraction in areas where this would be unworkable. Owing to this, the APU was partitioned into 11 subareas, as shown in Figure 3.


Figure 3. Map showing the formation of subareas.
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There is no specific methodology to guide the construction of subarea boundaries. In this way, the subdivision must be carried out according to the experience of the forest manager. The same methodology was applied by [51].





2.3. Optimization Model for the Allocation of Storage Yards


The goal of the optimization model is to minimize the distance between where the harvested trees must be extracted and each storage yard. In Figure 4, we present the schema for the operation of the model, starting with the definition phase of the areas suitable for the allocation of yards (Step 1) and its respective subdivision (Step 2). For each subdivision (Figure 3), Step 3 proceeded, which finds all possible yards (P) for each subarea. Steps 1–3 are the only inputs of the model. Step 4 of the figure represents effectively the optimization models used and their respective scenarios, which are simply variations of the model, as will be described in detail in the following. Steps 5 and 6 are associated with the results of the model and its reality check (i.e., validation).


Figure 4. Scheme of the input data of the model, analysis, and results.
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Steps 1 and 2 are described in detail in Section 2.2.1, Section 2.2.2, Section 2.2.3, Section 2.2.4, Section 2.2.5 and Section 2.2.6. To perform Step 3, we define the regular grid of possible yards, measuring 25 × 25 according to [51], only in areas defined as suitable in Step 8 in Figure 2. To improve the refinement of the same location, we defined a central point in each mesh grid. Subsequently, the vertices of the grid were converted into points. It results in 7896 locations with the potential of installation of one storage yard.



Step 4 consists of defining the optimization model itself, which is the classic model of p-medians studied widely in various applications with numerous variations [53,59,72,73,74,75,76,77,78,79,80,81]. Thus, the model proposed in this paper is now presented in detail explaining all its variables and constraints:
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Subject to:
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where i is a tree; j is a yard; P is the total number of yards that can be allocated in a given subarea; dij is the Euclidean distance (m) from tree i to the yard j; p is the number of yards to be effectively allocated (p ∈ P) and Xij is a binary variable (0 or 1) that takes the value 1 if the tree i should be extracted into the yard j and 0 otherwise; Yj is a binary variable (0, 1), assuming the value 1 if selected and 0 otherwise; [image: ] is the volume of the tree i; Qj is the maximum volume (m3) of the yard j; and Dmax is the maximum distance (m) at which the tree i can be extracted to the yard j.



The objective function (OF) (1) minimizes the sum of the Euclidean distances between each tree and yard to which they will be extracted. The first constraint (2) ensures that each tree cannot be extracted to more than one yard. The second constraint (3) ensures that from all possible yards (P) in a particular subarea, only a certain number of yards will be selected (p). In practice, this restriction ensures that a reduced number of yards (p) is allocated, i.e., the selection of p in P. The calculation of p is introduced in the following. The third constraint (4), associated with the second constraint (3), allows us to decide whether yard p is selected within P. The fourth constraint (5) ensures that the maximum capacity of the storage yard (maximum volume stored) (Qj) is not exceeded; and the constraint (6) ensures that a tree i is not extracted to a yard j that is further than the maximum extraction distance (Dmax).



To calculate p, some factors should be considered. Brazilian legislation suggests that the maximum area of a yard should be 500 m2 (20 m × 25 m), but there are no restrictions on the volume stored. For safety reasons (stack height), in practice, the maximum volume stocked is 350 m3. Once a particular yard reaches its maximum capacity (350 m3), stored wood is quickly transported, allowing the yard to receive new wood. Thus, the capacity of the yard depends on how often it will be reloaded. However, this depends on the maximum distance at which trees may be extracted (Dmax), which will define the volume of wood received by a yard. Hence, Dmax must be calculated to define this volume.



According to [21], Dmax corresponds to half of the optimal distance between roads (ROD); this equation is commonly used in the planning of forest roads in Brazil, where this distance is calculated according to [82] by the following expression:
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where ROD is the optimal distance between forests transportation roads (m), C (R$ km−1) is the cost of road construction per kilometer, V (m3 ha−1) is the volume of exploitable wood per hectare, and Tr (R$ m−1m3−1) is the cost of extraction per meter (round trip) for each cubic meter transported.



To obtain the value of Tr in Equation (7), we use the following equation:
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where Tr (R$ m−1m3−1) is the cost of extraction per meter (round trip) per cubic meter transported, HSk is the cost per hour of the use of a skidder (R$ h–1), YD is the extraction productivity (m3 h−1), AVW is the average volume of logs (m3), and DD (m) is the average distance of extraction (estimated or expected) (m).



To calculate the value of C in Equation (7), it was assumed that, in accordance with [83], the technical coefficient of the performance of opening roads is, on average, 2.99 h km–1. The average cost of renting a forestry tractor is in the region is R$300.00 h–1. Thus, the cost per kilometer of opening roads (C) can be calculated as the product of the performance of opening (2.99 h km–1) and the cost per hour of hiring a forestry tractor (R$300.00 h–1), resulting in a value per kilometer of open road of R$898.50 km–1.



The value of V is calculated in Equation (7), based on the total volume of exploitable trees (10,713.73 m3) in the APU (638.17 ha minus 72.76 ha PPA), resulting in 18.95 m3 ha–1. The HSk variable in Equation (8) was calculated by the product of the average time cost for using the Skidder (18.00 R$ for m3 extracted wood) and the average extraction productivity from the area, which was 16.27 m3 of wood extracted through time (variable YD in Equation 8), which resulted in a cost of 292.86 R$ h−1. The value of the variable DD Equation (8) used in this work was obtained in [83], corresponding to an average distance of extraction of 152.17 m. Finally, the variable VMT in Equation (8) was obtained based on the inventory carried out in the area, corresponding to an average volume of 2.2120 m3 per log.



By applying Equation (7), we conclude that the optimal distance between roads (ROD) is 516 m. Here, Dmax was defined as half of the ROD, so in this case it equals 258 m. However, due to obstacles encountered in the field when extracting trees, as well as location errors, which are common in the practice of harvesting, Dmax was relaxed from 258 to 342.20 m, i.e., an increase of approximately 33%. This percentage increase was calculated from information provided by the companies that carry out harvesting and has no scientific basis. However, this increase in Dmax will be important in the solution of the optimization model, making it more flexible and increasing the space for feasible solutions. Finally, from practical experience obtained in the process of harvesting over time, for a Dmax of about 350 m, the volume contained in a circle with that radius is approximately 700 m3. Thus, it was assumed here that the maximum volume contained in a yard will be approximately this value, i.e., the yard will be loaded twice in a time period.



Based on the maximum volume of each yard (700 m3), one can calculate the recommended number of yards (p) for each of the subareas using
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The maximum capacity of the yard, equal to 700 m3, and Dmax, equal to 342.20 m, were defined using some references from empirical information and the literature [82,83,84], respectively. As such, the maximum capacity of the yard was adopted as the value employed in the executed planning. These variables have a significant impact on the solution of the model, and therefore, deserve a more rigorous study. Even if this is not the goal of this study, we tried to assess the impact of these variables on the model performance. Thus, for a maximum capacity of the yard equal to 700 m3 and a Dmax equal to 342.20 m, solution scenarios were proposed by means of Cplex® [85] software that matched the presence and absence of these variables (Step 5 in Figure 4) as follows:



Scenario 1: The model contains the maximum capacity of the yard and maximum distance of extraction.



Scenario 2: The model contains the maximum capacity of the yard, but does not consider the restriction of the maximum distance of extraction.



Scenario 3: The model ignores the maximum capacity of the yard, but considers the restriction of the maximum distance of extraction.



Scenario 4: The model does not consider yard capacity restrictions or the maximum distance of extraction.



Scenario 5: Planning of the project that was filed and approved by the Institute of Environment of Acre (IMAC), Brazil, to carry out the exploitation in accordance with current legislation. This scenario was used as a parameter of comparison for both the analysis of the Euclidean distance and for planning the operation. It is relevant to mention that this scenario represents what companies operating in the Brazilian Amazon use with a common tool for management decisions. Therefore, any solution that is found to be better than Scenario 5 represents a technological gain.



Scenarios 1 through 4 were defined in order to explore all variations of the model. What has been called scenario 5 is the current scenario of harvest planning.



Another important parameter in allocating yards is the number of yards (p) defined for each subarea. The value of p for each scenario was set as follows:



Scenarios 1 and 2: the p value of the constraint represented by Equation (3) was calculated using Equation (9). If a viable solution is found, the issue is considered resolved. Otherwise, the value of p is incremented by one until a viable solution is obtained.



Scenario 3: the p value of the constraint represented by Equation (3) has not been calculated using Equation (9). In this case, p should be set as an initial value equal to p = 1 and the model should be solved. If one finds a viable solution, the issue is considered resolved. Otherwise, the value of p is incremented by one until a viable solution is found.



Scenarios 4 and 5: Scenario 5 represents the planning situation calculated empirically by the company without any assistance or optimization model. Thus, the p value considered in this scenario is a value that depends on the expertise of the decision maker and is not calculated by using any scientific method. The p value set in Scenario 5 was also adopted in Scenario 4.



The possibility of infeasibility described for the solution of the model compared with the value of p should be mentioned, specifically for the cases of Scenarios 1, 2, and 3, owing to restrictions on the maximum range and capacity of the yard. In the case of Scenario 1, these two restrictions are present, and there is a greater chance of infeasibility. To understand the influence of the value of p on the infeasibility solution, let us examine each constraint separately. After assessing the capacity of the yard, it is interesting to note that the maximum capacity of a yard was set to 700 m3. Let us assume that the subarea presents a volume of 1400 m3, which initially would require two yards (Equation (9)) to receive the volume harvested in this subarea. It turns out that the model decision variable is a binary variable where one means that a certain tree will be allocated to a yard and zero means it will not. There is no way to ensure that the sum of the volumes intended for a particular yard will be, in the case of this example, equal to 700 m3. Let us say that the sum is equal to 695 m3, i.e., yard 1 will receive this volume. This means that 705 m3 are left over to be transported to the other yard, which will not be possible as the capacity constraint limits the yard to 700 m3, making the solution impossible. Thus, as already mentioned, in cases like this, the p value was increased by one unit to seek a viable solution.



Evaluating the constraint of maximum distance, it may happen that, depending on the value of p, certain trees will be beyond the maximum distance defined by this restriction (Equation (6)), which will make the solution of the model infeasible. It is logical to think that the larger the value of p, that is, the more yards that exist in the area, the smaller the distance between the trees and the yards. Therefore, when this restriction caused impracticality, the p value was increased by one until a viable solution was obtained.




2.4. Comparison of the Scenarios with the Project Approved for Implementation


In accordance with the laws of the State of Acre, to harvest timber in forests, it takes the approval of a SFMP by the IMAC, which is the Brazilian Government agency responsible. The management plan will contain all the principles for the management of the established forest cutting cycle. The planning operation is detailed in the annual operating plan (AOP) that has information such as the location of inventory trees, yards, roads, and skidtrails. Once approved, this is the plan that will be implemented in practice.



Thus, to assess the impact of the optimization model and the different scenarios, a comparison was made with the responses obtained for each scenario with the proposed harvest delivered and approved by the IMAC. Through this comparison, it is possible to conclude whether the model for the optimization of the allocation of yards has potential benefits.



A comparison of the mentioned proposed scenarios with the project approved by the IMAC was carried out in two ways: comparison of the Euclidean distance and of exploration planning. All calculations of distance and area were made in Arcgis® [64].



First, the analysis of the distances was carried out through the sum of the Euclidean distances of the selected tree–yard connection. Thus, it was possible to carry out a direct comparison of the planning approved by the IMAC with the scenarios proposed through the optimization model.



However, in the planning of the operation, one cannot take into consideration only the Euclidean distance, because in the real world the logs would not be extracted in a straight line due to obstacles. In addition, when a tree is extracted, the tracks can be employed to extract other trees, to minimize the impact on soil, vegetation, and water resources. Thus, even if an optimization model is not used, this does not exclude the need to plan the trails and roads. This plan follows the same methodology that is considered acceptable by the IMAC, so the management plan is approved by the organization.



To compare the five scenarios analyzed based on the Euclidean distance, the following factors were considered: total distance (TD), in meters, which is the sum of the distances from the tree–yard connection; average maximum distances (AMD) in meters, which is the average of all distances above the Dmax value without relaxation of 33% (258 m); average of the distances (AD), in meters, which is the average of all tree–yard connection distances; and the coefficient of variation of the volume of the yards (Cvvp), as a percentage.



To compare the results after the planning of forest roads and trails, the following factors were considered: total allocated yards (TAC), which is the number of allocated yards in each scenario; total of forest roads (TFR), in kilometers, which is the total amount of planned forest roads; total skidtrails (TS), in kilometers, which is the total amount of planned skidtrails. In the quantification of environmental impacts, the total amount of area affected by the infrastructure deployment of yards, roads, and tracks was estimated, with the first four scenarios being compared with each other and with Scenario 5 using a function of area and percentage, with the following variables: total of yards infrastructure (TPI), in hectares; total forest road infrastructure (TFRI), in hectares; total of skidtrail infrastructure (TSI), in hectares.




2.5. Planning of Forest Roads and Skidtrails


For the purpose of this work, it should be considered that the APU does not present any forest road or skidtrail. Thus, it should be clear to the reader that the main objective of this work is the allocation of wood storage yards, which will consequently define the construction of forest roads and skidtrails, that is, no previous infrastructure was considered. Once the optimal locations for the wood storage yards were defined, the forest roads and skidtrails were planned using GIS software manually in all scenarios. To plan the roads, the idea was to connect the patios positioned in the 11 subareas in order to produce a minimum route, whilst also trying to avoid the constructed roads passing through areas of PPA, restricted areas and areas of accentuated slope. These criteria were used for all scenarios evaluated. The road surface consists basically of scraped soil and subsequent compaction by circulation of the machine and transport vehicles. The roads have been designed with a width of 5 m and their main utility is to transport the wood stored in the yards to the processing sites. The construction of the roads was in accordance with the legislation and methodology of the digital model of forestry (MODEFLORA) [21].



The planning of the skidtrails began after the end of the planning of the forest roads in each scenario. The same criteria and tools used for the planning of the forest roads were used to plan the skidtrails. The planning of the skidtrails consists in defining the path that the forest tractor follows during the extraction, from the location of the wood log inside the forest to the storage yard. According to [21], the construction of skidtrails should be guided by the topographical features, seeking the shortest possible path. In addition, the track should not cross the hydrographic mesh area, being as straight forward as possible. The track must circumvent the region of instability and if the path is inclined, it is more appropriate to take the diagonal route. The extraction of more than 15 trees for each track is to be avoided, is a secondary angle of more than 45 ° between the tracks and the main trail.




2.6. Estimate of Environmental Impacts in the Harvest Planning from the Opening of Roads and Skidtrails


Estimating environmental impacts is complex and would involve a whole separate study, because the harvesting of forest is related to the removal of trees of interest, as well as the damage this causes to the remaining vegetation, fauna, soil, and overall ecosystem. However, as an estimation of the impact generated by harvesting activities still in the planning phase, a simple rule that can be used is that the larger the area earmarked for infrastructure facilities for the harvesting—areas for the construction of roads, paths, and yards—the greater the impact on the forest ecosystem.



Thus, in this study, the area of infrastructure (AI), which includes areas for the construction of roads, trails, and storage yards, was used as a proxy for possible environmental impacts caused by harvesting.



We used the average value of 5 m in width for the construction of roads and 4 m for skidtrails. In the case of storage yards, they have their own installation area. To estimate the variable AI in hectares, the buffer tool was used according to the widths. The buffer area quantification was performed in GIS software in all the planned infrastructures of the analyzed scenarios.





3. Results


3.1. Allocation of Storage Yards Based on the Euclidean Distance


In Table 1, the values of the OF for the scenarios and subareas are listed. In addition, the coefficients of variation (CVFO) between the OF responses of the scenarios in each subarea. Table 2 allows a comparison of the model’s performance for different scenarios globally, that is, considering the optimization for all 11 subareas. Based on the results presented in this table, it should be noted that, in view of the statistics TD, AMD, and AD, the statistics were selected to support a direct comparison between the scenarios by means of absolute values; Scenario 1 achieved better performance, followed by Scenarios 3, 4, and then 2. Comparing only Scenario 1 with Scenario 5, there were reductions of 16.81, 21.13, 16.36, and 7.29%, respectively, for TD, AMD, AD, and CVvp.



Table 1. Objective function (OF) values that represent the sum of the Euclidean distances of every tree extracted into their yards, considering the scenarios for each subarea.



	
Subarea

	
OF (km)

	




	
Scenario 1

	
Scenario 2

	
Scenario 3

	
Scenario 4

	
CVFO (%)






	
1

	
18.26

	
18.02

	
18.26

	
23.18

	
12.88




	
2

	
1.23

	
1.23

	
1.23

	
1.23

	
0.00




	
3

	
58.99

	
66.35

	
58.99

	
60.17

	
5.77




	
4

	
14.04

	
16.43

	
14.04

	
16.43

	
9.05




	
5

	
5.04

	
5.04

	
5.04

	
5.04

	
0.00




	
6

	
36.57

	
36.32

	
36.57

	
36.32

	
0.40




	
7

	
17.49

	
26.46

	
17.49

	
21.76

	
20.56




	
8

	
31.88

	
37.29

	
37.87

	
37.29

	
7.80




	
9

	
3.09

	
2.63

	
2.63

	
2.63

	
8.50




	
10

	
23.77

	
37.29

	
23.77

	
48.53

	
35.90




	
11

	
40.07

	
52.26

	
40.07

	
37.85

	
15.38









Table 2. Values, in the Euclidean distance, that represent the sum of all the trees harvested in all subareas for each of the scenarios, considering the sum of the distances (TD), the average maximum distances (AMD), average distance (AD), and coefficient of variation of the volume of yard (CVvp).


	Parameters
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5





	TD (km)
	250.43
	299.32
	255.96
	290.43
	301.01



	AMD (m)
	310.10
	383.90
	314.37
	368.33
	393.16



	AD (m)
	163.30
	190.80
	165.61
	184.82
	195.23



	CVvp (%)
	36.62
	34.11
	40.27
	38.58
	39.50









Regarding the processing of the data, 7896 possible storage yards were allocated to meet the demand of 1478 exploitable subjects, which led to the creation of 11,678,185 variables. The division of APU had a positive influence on the search for an exact solution for the model, because it reduced the number of combinations within each subarea.




3.2. Distribution of Individual Trees in Relation to the Euclidean Distances of Extraction of the Scenarios


One of the concerns in the design of the model is that the trees should be extracted at the shortest distance possible. According to [82,84], extracting trees further than 342.20 m can be economically unviable in addition to damaging soil and flora. Thus, the model is more restrictive regarding the distance in Scenarios 1 and 3 than in Scenarios 2 and 4. The results presented in Table 3 corroborate with what was expected, that is, in Scenarios 1 and 3, the trees were extracted at smaller Euclidean distances compared with Scenarios 2 and 4, showing the effect of the constraint of distance. Note also that in Scenarios 2 and 4, the percentage of trees extracted at more than 300 m was more than double the result found for Scenarios 1 and 3.


Table 3. Distribution, in percentage, of the quantity of individual trees in each class of extraction distance (D) by scenario.


	Scenario
	D ≤ 258 m
	258 m < D ≤ 300 m
	D > 300 m





	1
	86.2%
	8.8%
	5.0%



	2
	77.0%
	11.0%
	12.0%



	3
	86.0%
	9.0%
	5.0%



	4
	80.0%
	9.0%
	11.0%



	5
	72.0%
	13.0%
	15.0%










3.3. Allocation of Storage Yards, Forest Roads, and Skidtrails of Post-Optimized Planning


While the optimization model defines the location of where the yards should be installed, based on the Euclidean distance, the next step is to plan the operation that will be performed in the field, which includes the definition of forest road infrastructure and extraction trails. Note that in the countryside it is not possible to follow the Euclidean distances. Thus, a map was manufactured for each scenario, as shown in Figure 5, to subsequently make a comparison between Scenarios 1–4 and Scenario 5.


Figure 5. Forest road planning and skid trails of the evaluated scenarios.
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After installation of the infrastructure in the SFM area in accordance with the criteria described in the methodology and the construction of the exploration map of each scenario, the variables TAP, TFR, and TSF were calculated (Table 4). From these results, we can see that in the scenarios that feature restriction of extraction distance (Scenarios 1 and 3), there was a greater allocation of yards, which demanded the construction of more roads to connect them. However, with the largest number of yards, the extraction distance of the trees was reduced.


Table 4. Total number of allocated yards (TAP), forest roads (TFR), and skidtrails (TS) for each scenario.


	Scenario
	TAP (n)
	TFR (km)
	TSF (km)





	1
	33
	14.19
	75.99



	2
	23
	11.25
	79.21



	3
	32
	13.75
	77.24



	4
	27
	12.51
	80.23



	5
	27
	13.80
	92.50









Finally, to evaluate Table 5, we checked the impact of each scenario on the final planning of the exploitation of the wood via PFM. Considering the last column of this table, which reports the total area within the infrastructure, it should be noted that Scenarios 1–4 showed similar results and were more desirable than Scenario 5. This indicates that the optimization model, regardless of the scenario considered, brought gains.



Table 5. Estimate of the environmental impact brought about by the total yard infrastructure (TIP), forest roads (TIFR), and skidtrails (TIS) in each scenario.



	
Scenario

	
TIP

	
TIFR

	
TIS

	
Total




	
ha

	
% *

	
ha

	
% *

	
ha

	
% *

	
ha

	
% *






	
1

	
1.65

	
0.26

	
7.08

	
1.11

	
30.39

	
4.76

	
39.12

	
6.13




	
2

	
1.15

	
0.18

	
5.64

	
0.88

	
31.58

	
4.95

	
38.37

	
6.01




	
3

	
1.60

	
0.25

	
6.89

	
1.08

	
30.86

	
4.83

	
39.35

	
6.16




	
4

	
1.35

	
0.21

	
6.25

	
0.98

	
32.02

	
5.02

	
39.62

	
6.21




	
5

	
1.35

	
0.21

	
6.88

	
1.07

	
36.34

	
5.69

	
44.57

	
6.98








* Percentage compared with the total area of the SFM.










4. Discussion


4.1. Allocation of Storage Yards Based on the Euclidean Distance


Considering the value of the OF for each subarea (Table 1), note that subareas 2 and 5 did not vary in their solutions using the various proposals in the model. This occurred because the small number of individual trees in these subareas meant that the distance and capacity constraints did not reach their limits, making them innocuous. Scenarios 1 and 3 showed similar results, with only restriction subareas 8 and 9 opening a further yard in Scenario 1 (Table 4).



After analyzing the values of the OF for Scenarios 3 and 4 (Table 1), it is observed that in subarea 10, scenario 4 presented the highest FO with the absence of distance and capacity constraints, which allowed the extraction of logs at longer distances and with no storage limit. It was found that the distance restriction was more limiting than the maximum volume restriction, because an individual tree positioned above the Dmax of extraction can make the solution of the model infeasible, requiring the allocation of a greater number of storage yards to make the model viable.



The reduction in values of the variables TD, ADM, and AD in Scenarios 1–4 compared with Scenario 5 (Table 2) shows the efficiency of the model in determining the optimal positioning of the stockyard, which culminated in the reduction of extraction distances in all the proposed scenarios analyzed. The reduction of 16.81% of TD in Scenario 1 compared with Scenario 5 can be considered significant in the decision-making process of the tree–yard connection. Thus, if the extraction was performed simply based on the Euclidean distance from the tree to the yard, the scenarios analyzed would reduce not only operating costs but also the environmental impact of extraction activities in the areas of SFM located in the Amazon rainforest.




4.2. Distribution of Individual Trees in Relation to the Euclidean Distances of Extraction of the Scenarios


When comparing Scenarios 1–4 with Scenario 5, all the proposed scenarios had a reduction in the tree–yard connection. The distance constraint Scenarios 1 and 3 provided a greater number of individual trees within the optimal distance limit (individual trees closer to the yards), providing income gain by increasing the ratio of productivity to extraction distance. This happens because this restriction forces the opening of new yards, which leads to a reduction of extraction distance. However, this solution generates a negative impact through an increase in the number of forest roads being opened because, as more yards are opened, it is necessary to increase the road network to connect them.



In Scenario 5, 28% of individual trees (Table 3) were positioned above the optimal extraction distance (258 m). Note that Scenarios 1 and 3, which had the distance restriction, were those with a lower percentage of individual trees being extracted further than 258 m. These scenarios provided an average reduction of 50.89% for individual trees that must be extracted at the optimal distance compared with Scenario 5. In Scenario 2, which does not consider the maximum distance restriction, the highest percentage of trees swept away was obtained above the optimal distance between the optimized Scenarios 1–4. When comparing Scenario 4 with 2, note that there was a tendency to extract trees at smaller distances in Scenario 4. The number of yards found in each of the scenarios explains this result. In Scenario 2, this number was calculated by Equation (9) and in Scenario 4 it was defined as the number of yards that the company adopted in its empirical planning (Scenario 5). Therefore, for the same reasons already exposed, Scenario 4 had more yards than Scenario 2, decreasing the extract distance, but also increasing the length of roads.




4.3. Allocation of Storage Yards, Forest Roads, and Skidtrails of Post-Optimized Planning


Scenario 2 considers the maximum capacity restriction whereas Scenario 3 takes into account the maximum distance restriction. Thus, by observing Table 4, note that more yards were opened in Scenario 3 than in Scenario 4, which leads to the conclusion that the maximum distance restriction is more restrictive. This is due to the uneven distribution of the trees in the forest, common in tropical forests. It must be considered that the allocation of a new yard contributes to the reduction of the OF, but can significantly influence the TRF; thus, studies are needed to explore the reason for opening forest roads and skidtrails taking into account costs and environmental damage caused.



Thus, the opening of forest roads should be subject to further analysis. Accordingly, in view of the results presented in Table 4, it is observed that only Scenario 1 had increased TFR (2.83%) when compared with Scenario 5. Scenario 2 obtained the best results, reducing the need for the construction of forest roads by 18.48%, followed by Scenario 4 (9.35%) and Scenario 3 (–0.36%). This result is very relevant because the construction of forest roads is very expensive.



Choosing the best strategy for the harvesting of logs depends on the decision maker. Assuming that there is legislation that must be met, the aspects that guide the decision are typically economic and environmental issues. From an environmental point of view, one can consider the impact caused by the infrastructure required to carry out the harvest, more specifically the opening of trails and roads. Observing Table 5, some considerations are very important. Scenario 2 promoted a smaller total area for infrastructure and also promoted a reduced need for opening roads. It should be noted that opening roads has a greater impact than opening trails, owing to the removal of soil. Therefore, this scenario appears to have less environmental impact. Moreover, Scenario 1 demanded the largest area for infrastructure (excluding Scenario 5), and the largest area of roads to be opened; therefore, it had the greatest potential to cause environmental impact. Finally, a very important conclusion is that the optimization model brought clear gains in reducing the impact of harvesting. Comparing Scenario 2 with Scenario 5, the former promoted a reduction of 16.15% in total area for infrastructure and a reduction of 21.28% in the area required for the construction of roads. These results indicate the enormous potential of optimization models to promote gains in harvest. It should be remembered that these gains might be even more significant when we consider that this activity can be scaled up or down.



From the economic point of view, not enough data were collected to perform this analysis. This is clear even in the proposed model, which does not show coefficients nor economic restrictions. One of the greatest difficulties in economic modeling is to obtain the cost values from companies because such information may be economically sensitive. However, without a doubt, the economic variables included in the model are indispensable and must be the object of future research.





5. Conclusions


The adoption of the proposed optimization model is viable for planning the allocation of storage yards in SFM plans in the Amazon, provided that there is a reduction in the required area for infrastructure, i.e., the construction of yards, forest roads, and skidtrails.



It is assumed that with the reduction in infrastructure, there may be a reduction in environmental damage in the process of wood harvesting using management plans in the Amazon.



The maximum extraction distance restriction was more restrictive than the yard storage capacity restriction. Therefore, it should be highlighted that limiting the extraction distance should be considered more carefully in view of the negative impacts it can generate.



Among the scenarios assessed, Scenario 2 presented the most favorable results, being the only scenario that meets the legal requirements of Brazilian legislation.
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