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Abstract

:

This paper aims to assess important forest parameters, including tree density, diameter at breast height (DBH), and age distribution, investigate the dynamic growth of miombo tree species, and employ this information to design a management framework in miombo forests. The delineation of the management zones was based on unsupervised land cover classification that began with three zones where ground data was collected and increased to five zones. Eighteen circular plots (25.2 m radius) were randomly distributed over the study areas to assess the current situation and potential growth patterns for each species. The patterns of the six most representative tree species of miombo in Angola were described and we used KORFiT 2.4 software to fit data and develop growth curves for at least three miombo species. Growth function fitness was evaluated by root mean squared error (RMSE), coefficient of determination (R2), significance of the parameters (p < 0.05), and Akaike’s information criterion (AIC). The diameter distribution of miombo tree species resembled a typical distribution of uneven-aged forest stands; higher DBH classes had lower abundances of tree species. Logistic and Gompertz growth functions were the best fits for miombo tree species. Brachystegia spiciformis Benth., is suggested as a potential species for timber management in the region because they displayed high growth potential to more quickly reach an assumed minimum DBH of 20 cm. This study concluded that miombo forest stands present an irregular structure in which DBH distribution illustrated only two patterns: many small stems and a bimodal forest structure.
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1. Introduction


In Africa, concerns regarding forest management have led to widespread information regarding the negative aspects of forest cover by degradation and deforestation [1,2,3]. Although abundant information regarding certain aspects of African forests is available, including forest cover change [4,5,6,7,8], forest gains, and forest management guidelines, there is little information available on forest stand structures and dynamics. There is a need to strengthen and integrate national institutions to increase the capacity for countries in Africa to enforce forest laws and control the drivers of deforestation and forest degradation. The Collaborative Partnership on Forests (CPF) addresses the gap concerning the knowledge of forests in Africa [9,10]. Many programs and projects, such as ‘’Reducing Emission from Deforestation and Forest Degradation in developing countries (REDD+), aim to reduce the impact on climate change, conserve biodiversity, and protect ecosystems services by reducing carbon emissions [11,12]. Furthermore, the Food and Agriculture Organization (FAO) is dedicated to assisting developing countries with developing national forest monitoring systems and providing relieve forest resource information for national forest policy development, planning, and sustainable management [13].



In natural forests, the structure and dynamics of forests are the result of a large number of feedback loops and processes caused by disturbance regimes across time and space [14]. However, forest structure and dynamics may also be a result of the interactions among species, environmental factors, and human intervention over long periods. The most common representation of forest dynamics is a spatial distribution of the diameter class structure of trees [15,16,17,18] combined with tree-ring analyses for studies of growth dynamics [19,20,21,22].



Studies addressing miombo woodland management in Africa have targeted difficult issues, including charcoal production and deforestation rates. For example, in Angola, REDD+ initiative project activities include the formulation and implementation of a community forest management plan, introduction of ameliorated kilns to produce charcoal, plantation of native species suitable for firewood and charcoal, agroforestry activities, promotion of agricultural activities, and improvement of bee-keeping activities [23,24]. Unfortunately, growth rates and dynamics of tree species used for charcoal production have received little attention [8,25,26,27,28,29,30,31,32]. Miombo forests have mostly been studied in Zambia [27,33,34], Malawi [35,36], Tanzania [25,37,38], and Mozambique [39,40,41,42].



Miombo woodlands are a significant biome that cover about 10% of the African landmass, and they cover between 2.7 and 3.6 million km2 in 11 African countries [43]. In Angola, miombo woodlands cover more than 45% of the nature forest intermixed with edaphic areas and grasslands [44,45]. They are tropical or near tropical ecosystems characterized by continuous herbaceous cover, which mostly consists of heliophilous C4 grasses and sedges that display clear seasonality related to water stress [46]. It has been somewhat problematic to define the term ‘miombo’. It has been difficult to characterize miombo land use under climate change, and the biome has been inadequately represented in regional and global modeling efforts and policy formation. A mature undisturbed miombo is physiognomically a closed deciduous forest within the spectrum of savannah ecosystems grading into a seasonal dry forest with a mean annual rainfall between 800 and 1400 mm; canopy heights are no more than 15 m. Local vernacular uses terms such as woodland, bushland, wooded grassland, and savanna. However, the use of the term savanna to describe miombo is discontinued because it has been defined in so many different ways that it is no longer possible to use it in a precise classificatory sense [47,48]. The term miombo originated from the Bantu language and it has been used by ecologists in Africa to refer those trees of the genus Brachystegia, including species such as Brachystegia floribunda, Brachystegia glaberrina, Brachystegia longifolia, Jubernardia paniculata, Isoberlian angolensis, and Marquesia macrouura [25,47,49,50].



Most of the miombo trees and shrubs flourish in the same period immediately after the rains. The increasing need for agricultural lands due to population increases, and the unsustainable use and overharvesting of natural resources, combined with the impacts of climate change (e.g., drought, fires), allows for insufficient time for many miombo trees and associated species to regenerate naturally. These stressors have produced areas classified as open and closed miombo areas [51]. This classification system first appeared with the use of aerial photographs dating from 1946, 1967, and 1981 to determine past vegetation patterns and disturbances [52,53]. The classification system has also been used in studies of past assessments of land use and cover change [8,43,54,55]. Semi-arid climate is the main edaphic determinant that leads to a division of dry miombo (located in an area of less than 1000 mm of annual rainfall) and wet miombo (located in areas with more than 1000 mm annual rainfall), which occur in the northern part of the miombo distribution, including eastern Angola, northern Zambia, southwestern Tanzania, and central Malawi [46,56,57]. Ecosystem services (ES) from miombo provide important contributions to the livelihoods of millions in the rural and urban populations, and they help alleviate the poverty in the region. Some of the miombo ES include the provision of fuelwood, building materials, and fruit for rural populations, in addition to charcoal, bush-meat, and medicines that rural and urban populations rely on. However, miombo offer little value for logging because of the low proportion of commercially valuable timber species. The management of miombo areas must address multiple objectives.



Current efforts to improve the management of miombo are misguided and based on poor information, and they serve to distract from science-based efforts to address challenges with the forests [47,58,59,60,61,62]. Challenges of miombo management include low inherent productivity, limited support to develop local forest enterprise, a lack of strong local organization, a legacy of armed conflict, and low resource rents associated with high management transaction costs.



In Angola, miombo forests were mainly assessed on the spatial dynamics of the central-plateau and species diversity [49,54,63,64,65,66]. The overextraction of wood resources, due to clearing for agricultural purposes, charcoal production, indiscriminate burning, and sometimes overgrazing, creates disorder that impacts the health of forests in Angola [54,65] . The land-use change in forests due to human activities has been demonstrated in miombo forests [6,54,64,67,68].



The Angolan civil war, which lasted for 27 years, made people understand the importance of forests because they were a means of survival in periods when people could not work on farms. It is very difficult to imagine life without forest resources. The importance of forest resources is known, but establishing the best forest management policies and practices takes a long time and the best data available. The forests were overexploited during the war and no management was conducted, and many small trees were harvested for charcoal and firewood [69]. The government established a minimum cutting tree diameter (MCD) of 20 cm at diameter at breast height (DBH), thus local peoples are only allowed to cut a tree that is at least 20 cm DBH. Government strategies of forest resources management have focused on prohibitions and restrictions. For instance, no records of certain harvesting techniques, delineation of mature and immature stands, and post-harvest sowing or planting of new trees are available to managers.



During and after the civil war (1975–2002), the acquisition of forest data in miombo forests was difficult due to the presence of landmines. More recently, remote sensing has allowed for the collection of some forest data throughout the country. However, data on tree growth patterns are almost nonexistent because Angola has still not completed the National Forestry Inventory. The country lacks forest laws and an appropriate legal management framework.



To obtain an overview of Angolan miombo forests and to help formulate forest policy and laws, it is imperative to describe the patterns of tree species distributions and dynamics in terms of tree growth. The primary objective of our study is to characterize forest structure, as expressed in terms of tree abundance by tree diameter classes. From that data, we described the patterns of six of the most representative tree species of miombo forests in Angola, and we predicted the minimum harvestable diameter using fitted models to support sustainable forest practices and management in miombo forests of Angola.




2. Materials and Methods


2.1. Description of the Study Area


Angola is located on the southwestern cost of Africa (1.24 million km2), and its climate ranges from tropical wet/humid in the north to extremely arid in the southwest. The global ecoregions map of the World Wildlife Fund recognizes 15 biogeographic units in Angola. In the Central Plateau, miombo forests are the most widespread biogeographic unit [70,71]; our study focused on Huambo province within the Central Plateau (Figure 1). The dominant soils are ferralsols at higher elevations and alluvial fluvisols at lower elevations. With an area of approximately 34,270 km2 and a population of approximately 1.9 million inhabitants, Huambo province is divided into 11 municipalities. It is 1700 m a.s.l. (above sea level) with a mean annual temperature of 20 °C and rainfall ranges from 1200 to 1600 mm per annum [63,72,73,74]. The climate is humid mesothermal with dry winters and warm summers. Most of the precipitation comes during the warmer summer months (between October and April), with heavy precipitation in December and again in March. Six of Angola’s major rivers originate in Huambo, many of which drain into the Atlantic ocean.



The vegetation in Huambo province consists largely of four types; highland forests (Afromontane forests), miombo woodlands, swamps, and dry grasslands [75,76,77,78] The landscape is mainly comprised of miombo and savanna woodlands intercepted by grasslands in lower drained areas. The trees are broad-leaved and deciduous and dominated by the genera Brachystegia, Julbernadia, and Isoberlinia [49,54,66]. In savannas, the dominant grasses are Hyparrehenia spp. and Androgon spp. The trees tend to have similar heights of between 5 to 10 m. In the relicts of Afromontane forests patches (Afromontane archipelago), the most abundant trees species are Podocarpus milanjjianus, Polyscias fulva, Apodytes dimidiate, and Syzygium guineense [49]. Huambo province was selected as our study site for three primary reasons: (i) secure access to the forests; (ii) central miombo is somewhat peculiar because it has some similar features to Afromontane areas with similar tree species [57,72]; and (iii) the combination of high population pressure on miombo forests and the lack of protected and conservation areas in the forest fragments.




2.2. Data Collection


We used satellite images of land cover to delineate the potential forest area for sampling. When possible study sites were identified from the images, we conducted field surveys at the sites to ensure they were suitable for plot establishment. During the field surveys, we collected ground control points, such as road intersections, rivers, lakes, and villages, which we used to help classify land-cover based on the satellite images. The field survey required that we obtain permission from the government and traditional authorities to access the forests and survey the populations within a 4 km radius of the established plots. A total of 18 circular plots (25.2 m radius) were distributed across the following municipalities of Huambo province: Bailundo (12°11′45′′ S 15°51′20′′ E; 7 plots), Katchiungo (12°34′ S 16°14′ E; 2 plots), Caála (12°51′09′′ S 15°33′38′′ E; 2 plots), Cuima (13°14′25′′ S, 15°38′30′′ E; 3 plots), Ekunha (12°20′0′′ S, 15°30′0′′ E; 2 plots), and Huambo (12°45′52.84′′ S, 15°44′6.52′′ E; 2 plots). We established eight plots in open miombo, four plots in closed miombo, and four plots in savannah/grassland. The plots were randomly selected among the classified land cover types (Figure 1) and, within each type, at least 2% of the total forest area was selected for sampling [79,80,81]. At each plot, we measured the DBH, height (measured with Vertex), and age of individual trees, and we tallied the number of regenerating individuals (trees with DBH <20 cm in closed miombo stands and DBH >5 cm in others; Figure 2).



2.2.1. Tree Core-Collection


Prior to coring, we determined the coverage of the three most prominent species growing under similar ecological and environmental conditions; the species included Albizia antunesiana, Brachystegia boehmii, and Brachystegia spiciformis. Species selection was based on the abundance of the applicable species in the forests sampled, dominance of old trees of the same species, and past assessments of those species in the region [49,71]. Cores were extracted at a height of 1.3 m on the trees, and we extracted 50 cores of the selected tree species. At each plot, we selected at least four dominant canopy trees for coring.




2.2.2. Questionnaire Survey


Within a 4 km distance of each plot, we interviewed members of the local populations, specifically in the municipalities of Bailundo (four villages), Caála (two villages), Huambo (one village), and Ekunha (one village); Katchiungo (one village) and Cuima municipalities were not sampled. The short survey (<10 min) was designed to understand how they prioritize what products they collect from the forests (Figure 2).



The survey evaluated the major components of households, such as agricultural and agroforestry activities, livestock, and income assessment, in addition to forest ownership and forest and non- timber products that populations collect from forest. The survey was comprised of 23 open questions and questions and responses were written in Portuguese. The target group was primarily the village chiefs (n = 9) and villagers who own forest. Information about forest ownerships were obtained from the chiefs of the villages surveyed. About 41 forest holders of different villages were contacted.




2.2.3. Satellite Data Collection


The primary source for land-cover classification was Landsat-8 TM images acquired on 13 October 2017 from the USGS website [82]. We collected the images using the Worldwide Reference System (WRS)—defined nominal Landsat satellite track (path and row). The nearest WRS Path and Row to the Line-Of-Sight is the scenes center. This is used primarily for scenes with off-nadir look angles. The center of scene for off-nadir imaging may be several paths and the row left or right of the orbital path or row and the center may even be off the WRS-2 grid when near the poles. This is an estimated value, for reference. The details of the images are available in Table 1. It is recommended for use with Landsat resolution data where thematic maps in raster format can be converted into vector format to generate maps for variable rate application [83,84,85]. The satellite imagery used has a resolution of about 15 m per pixel. This base imagery was 30 m multispectral Landsat, which was pansharpened with the 15 m [panchromatic] Landsat imagery with a geometric RMSE of 7.6 m.





2.3. Data Processing and Analyses


For the data analyses, IBM SPSS Statistics 24 and MS Excel 2016 were used to determine the distribution within diameter classes (divided into intervals of 10 cm), and to calculate the forest parameters, including stem density (trees·ha−1), volume (V·ha−1), and species basal area (BA; m2·ha−1). Tree volume was determined using Equation (1) with a form factor (F) of 0.74, which is frequently used for tree species in miombo forests [86,87,88].


V (m3·ha-1) = F × BA × H, where H is the tree height



(1)






BA = II × DBH2/4, where ‘BA’ is the tree basal area (m2)



(2)






BAtotal = ∑ (BA/A × n)



(3)






BA (m2·ha−1) = basal area per hectare

N = ∑ (I/A × n),



(4)




where ‘N’ is the stem density per ha, ‘I’ is the number of trees per ha, ‘A’ is the plot area (m2), and ‘n’ is the number of plots.



Due to the focus and scope of the respondents, the questionnaire data was only suitable for qualitative analysis of individual cases. We focused on responses related to the products collected from the forest and the relationship between ages of respondents and forest ownership. Exploratory analysis of the qualitative data was conducted to the assess the primary species used for charcoal production.



The parameters for the fitted models were automatically generated by KORFiT version 2.4, freely available software for fitting experimental data with biological growth curves [89]. We tested twelve growth models in KORFiT and chose the best-fit models to describe the growth patterns of the tree species. For descriptive statistics of individual tree species, the mean, standard deviation, and coefficient of variation were used. The best model was identified based on the following four parameters: R2, RMSE, p-value, and minimum AIC.



The collected cores were glued to wooden mounts and polished with fine sand paper. We scanned the mounted cores (Epson Expression 10000 TWIN) and analyzed the images with WinDENDRO TM (VERSION 2012B). We manually identified all tree rings in the images in WinDENDRO TM (Appendix C). Cores that were suspected of having false rings were omitted from further analyses.



Delineation of Management Zones


Information on forest zoning does not currently exist. Determining the distribution of land cover types and changes allowed for an assessment of forest and non-forested zones by conducting a comprehensive land cover analysis to identify possible threats to forest conservation efforts. In this study, we stratified land cover to identify the management zones. Each zone represented a land use class projected onto updated orthophoto raster maps for visual interpretation using ArcGIS 10.5 (Esri, Redlands, CA, USA). This classification approach eliminated misclassification error and made the delineation of categories more robust [82,90]. The delineation of management zones was based on an unsupervised land cover classification method, the ISODATA (Iterative Self-Organizing Data Analysis Technique) algorithm, which assigned five zones (Figure 1). The ISODATA method is commonly used for satellite image classification based on spectral reflectance from multiple bands [83,84,91]. The ISODATA classification algorithm is a technique in which the analysis allows the algorithm to commence by large numbers of interactions to generate significant results. The number of classes, k, is assumed to be known in advance. The result is a set of labeled pixels that range from 1 to k values, where k stands for the total number of classes assigned by the classification algorithm [85,92]; we used the default algorithm to delineate classification zones.






3. Results


3.1. Questionnaire Survey Results


We collected 58 survey responses, and respondents had an average age of 42 (Table 2). The number of villages surveyed was nine and the details of the plots are in Appendix D (Table A1). Moreover, the position of the chief village was always occupied by the older elders of the villages, but not necessarily the oldest. Respondents were famers and charcoal producers who own forests in the villages (except the chiefs). The main agricultural products cultivated were maize, bean, potatoes, and vegetables. The forests belonged to the villager families and were passed down through generations by inheritance. Charcoal was produced primarily for income generation (68.7%) and domestic energy (i.e., heating, cooking mills, ironing, grilling). According to respondents, the preferred tree species used for charcoal production was B. spicioformis (48%), followed by B. Boehmii (34%) and J. paniculata (18%), respectively, and they were mainly found in closed miombo forests (Figure 3).




3.2. Stand Characteristics


Tree species abundances in the three forest zones are presented in Figure 4, and the frequencies by DBH classes of these same species are presented in Figure 5. About 16 different tree species were recorded and distributed according their availability in the land cover zones. Open miombo had a higher diversity of tree species. We sampled 536 trees in open miombo, 248 trees in closed miombo, and 206 trees in grassland/savanna. On average, tree species height in all three forested zones was about 5 m (maximum height of 17 m) with an average DBH of 30 cm (SD = 15.7 cm); plots sampled had a basal area of 0.87 m2·ha−1 and a mean volume of 0.5 m3·ha (Table 3). We tallied 73 stems·ha−1 of B. spiciformis in open miombo and 82 stems·ha−1 in closed miombo, and it was the most dominant species in the study area.



The distribution of Brachystegia spiciformis and Albizia antunesiana across DBH classes indicated a distribution skewed to the right. The number of trees decreased as diameter class size increased, which is typical of stands with selective forest management. Most species were fairly well represented among the natural regeneration and the majority of species had decent regeneration potential in the smallest DBH classes (>7 cm and 7–17 cm). The distribution patterns of species were randomly scattered and there were no discernible distribution patterns within the land cover categories (Figure 5A–C). The majority of the studied species were between 27 and 57 cm DBH on B. boehmii and A. antunesiana. Species with the lowest or highest capability or incapability for regeneration are not present around certain particular zones (Pericopsis angolensis, Erythrina abyssinica, and Pterocarpus angolensis, which were only found in opened miombo). The growth pattern forms of regeneration size classes assessed is a good indicator of ecological success.




3.3. Growth Models and Equilibrium Growth Curves for Miombo Tree Species


Growth rates derived from tree rings suggested that the age required to reach the assumed minimum allowable cut diameter varied among the tree species. For B. spiciformis it takes approximately 15 to 30 years to reach the minimum assumed allowable cut diameter; the lowest growth rate was for B. boehmii and time to the minimum diameter ranged from 30 to 60 years (Table 4). The tree ring measurements indicated that species exhibited differing rates of growth. The most illustrative pattern was seen for A. antunesiana and B. spiciformis (Figure 6).



Table 5 displays the growth parameters and values of R2, RMSE, AIC, and p-values for each data set for individual tree species for the best-fitted growth model. From the models used, the highest RMSE (3.95) was estimated for the B. boehmii selecting logistic growth function. However, the AIC value was lower compared to another logistic function for A. antunesiana. Of the 20 models tested in Korfit, only three growth models were satisfactory to fit miombo tree species, where the lower RMSE (2.12–2.95) in B. boehmii and B. spiciformis suggested the Gompertz and Korf growth function. The Michajlov growth function presented the lowest RMSE and AIC. It shows the accuracy of the models in fitting these miombo data (higher R2 and lower RMSE values, as well as lower AIC). The significance of the parameters was similar for all trees species and models (Table 5).




3.4. Forest Management Zones for Miombo in Huambo Province


Forest management zoning is a classification system that assigns a land cover based on the given priorities of individual forest values. We extrapolated the land cover zones where we collected the data and delimited five management zones (MZ): MZ A, MZ B, MZ C, MZ D, and MZ E. The numbers (1–4) in the management zone names represent the municipalities that administer the forest. The zones that fall into the same category and present the same characteristics were assigned the same numbering (Figure 7). The alphabetic order represents the characterization of the suggested management zones and common activities in these zones (Table 6, Figure 7).





4. Discussion


The diameter distribution is a common approach used to describe the structure and growth of a stand. It illustrates the structure of a stand in terms of DBH and abundance of individual tree species in a forest. It can also help identify species that can regenerate in a given ecosystem. When diameter distribution characterizes a single peak that is left skewed, then this pattern must be maintained (because the median is the most descriptive measure of the central tendency) through silvicultural interventions (Figure 5). However, the dynamic patterns of most species begin more vigorous growth at around the age of 20, with a DBH of 20 to 30 cm (Table 3). Some species displayed a narrow inverted-J distribution, which represents a typical distribution for uneven-aged forests [93,94,95,96]. A U-shaped distribution was observed for species like P. angolensis and E. abyssinica, which suggests that forest stand dynamics are primarily controlled by competition (Figure 5C,E,F). Irregularity of the diameter distribution reflects the importance that each tree species represents to local communities, which explains the abundance of non-charcoal production tree species in open miombo forests (Figure 4). The categorization of open or closed miombo is related to its land use for settlement and infrastructure development, including arable and pastoral agriculture, cutting of live wood resources for building poles and fencing materials, and unsustainable fuel wood harvesting [97]. These anthropogenic activities represent the major factors that determine the structure and dynamic of miombo forests. The main tree species used for charcoal production were not common in open miombo (Figure 3 and Figure 4). Brachystegia speciformis, B. boehmii, A. antunesiana, and G. abyssinica best characterized the forest structure and species composition. The reduced presence of a particular species in the management zones is attributed to the selective or unsustainable harvesting for charcoal production. This finding is in agreement with the finding of several other studies of the structure, dynamics, and composition of miombo forests [34,52,66,97,98]. However, P. angolensis, an important timber species, was a very important species in the past for people living around miombo forests [99]. Based on the questionnaire survey, forest ownership mostly depends on family wealth in terms of land possession, which is passed on by inheritance.



By fitting separate models in KORFit, we were able to establish different growth patterns and predict the number of years each tree species needed to attain a certain diameter. The growth curves presented had relatively good fit for the selected tree species in our study area. For instance, trees need at least 25 to 35 years to achieve the assumed allowable minimum cut diameter (DBH 20 cm), as established by the Angolan government (Institute for Forest Development). Logistic and Gompertz growth functions provided the best fits for the miombo tree species, as confirmed by the higher RMSE (3.86–3.96) and lower AIC (628.83) values compared to other models. The lowest RMSE, 2.12–2.96, and AIC was found in B. boehmii for Gompertz and Korf functions (Table 5). Similar studies have been published that examined the relationships between species, tree diameter, height, and age [31,100,101,102].



The model selection criteria, AIC, RMSE, and p-value, tended to select complex model functions that were overfit in KORFit software. However, it is important to recognize that growth functions for miombo tree species are still hard to perform due to the difficulty of collecting data for growth modeling. It is also important to remember that the more complex the mode is, the more difficult the results are in terms of predictive values.



The pattern of annual ring development provides a means to determine the age for regrowth stands in miombo and predict the merchantable age for the species for timber or charcoal production in miombo. It is difficult to detect the growth rings of miombo species [103]. Therefore, allometric models are often used for the prediction and estimation of volume and biomass of miombo tree species [37,104,105]. The results of this study can be used to determine the appropriate allowable cut in each management zone and the future cutting cycles in miombo forests (in open and closed miombo).



4.1. Description of the Structure for Management Planning Zones


Management zoning helps farmers, managers, and policy makers identify and address the major problems in each area. Similar studies that have suggested management zoning as an introductive framework for management come from Sweden [106,107,108], the Czech Republic [109,110,111,112], and Poland [19,113,114,115]. Forest zoning consists of separating the land base into different management zones to address specific objectives; for example, conservation zones, intensive production zones, or even unmanaged zones (Figure 7). The categorization of open and closed miombo has been discussed in many published works and most do not describe the characteristics of these miombo categories [3,43,116,117,118]. In addition, the distribution of land management zone regimes and specific tree species growing in each zone have not been described [98]. The development of a matrix model will help promote better decisions in the management of miombo [119,120]. The finding of our studies suggest that models should focus on the development of management approaches tailored to each management zone (open or closed miombo) based on actual tree species presence, abundances, and its importance to local communities. We suggest managing the miombo with policies, incentives, and options for local rural communities within the framework of management zones to facilitate the establishment of forest management guidelines.



4.1.1. Management zones A (MZ 0—A)


Administrated from Ukuma municipality, however, this zone also covers Tchindjende municipality. In these zones, only firewood collection that targets fallen branches or the dead trees shall be allowed. The guidelines for management shall be to coordinate from Ukuma municipality, under the control of the Ministry of Agriculture. This zone represents plantations with potential timber production. Therefore, coppice forestry, with different silvicultural treatments, such as thinning, is recommended. The incentives for these management zones shall consist of technical assistance to optimize the harvest schedule.




4.1.2. Management Zone B (MZ 1—B)


Administrated from Bailundo municipality, management zone B represents closed miombo, which are areas still suitable for charcoal production. In these zones, the presence of the preferred species used for timber and charcoal production is much higher. Therefore, from a long-term perspective, we suggest to have this zone a conservation area for timber production only. It is recommended that these zones be conserved for timber production for at least 25 to 35 years without charcoal production (Figure 6) and allow for the collection of firewood only.




4.1.3. Management Zone C (MZ 2—C)


There are four MZ 2 areas with similar patterns of tree species distributions and stages of degradation. The administration shall be from Londuimbali municipality and it will cover the areas of Mungo and Longojo with similar management guidelines (Figure 7). The Management zone C represents open miombo, which is the main zone where charcoal and firewood comes from. Due to the intense production of charcoal, these zones shall be limited to the collection of firewood only. The silvicultural approach recommended for these areas is a coppice system, which allows for regeneration that can later serve as firewood. The government shall provide incentives for farmers that decide not to produce charcoal within this zone for at least 10 to 20 years.




4.1.4. Management Zone D (MZ 3—D)


Management zone D covers two municipalities and it shall be administrated from Huambo municipality. It represents the grassland or savannas left for pastoral activities. The extraction of firewood and charcoal is intense in this zone due to the expansion of agricultural activities. This zone represents a conversion of miombo forest to agricultural lands [64]. The agricultural period in this zone begins after the original miombo forest is slashed and burned (Appendix A), and then new fertile areas are opened. After four to 15 years of cultivation, the land becomes poor and unsuitable for agricultural activities [121,122], and it is covered by grass and small shrubs. If natural regeneration processes are not interrupted, this zone becomes an MZ—C with areas of open miombo where shrubs and small miombo trees persist (Appendix A and Appendix C).




4.1.5. Management Zone E (MZ 4—E)


Management zone E is represented by two zones and it could be administered from Ekunha municipality. This zone is a transition of MZ—D to MZ—E and is mainly a combination of agricultural lands and grassy vegetation. Agricultural lands become useless after five periods of continued cultivation and the fields are eventually only used for pastoral activities [122]. It is recommended that agroforestry systems would be a good fit in this zone.



To manage miombo woodlands needs sustainably, good knowledge of forest structure, composition, and tree growth rates within each management zone is critical. In the past, the creation of cutting rotation cycles for miombo species has been hindered by difficulties in determining the age of the trees because it was assumed that many tree species do not form annual rings [123,124]. However, dendrochronological studies have proven that miombo tree species produce distinct annual growth rings, and many of these studies encourage the use of tree ring analysis as a tool to understand the age structure and growth dynamics of miombo for sustainable management [125].






5. Conclusions


Assessing tree species patterns of miombo gave us an overview of the forest structure in miombo (DBH and height). Miombo forest stands presented an irregular structure where DBH distribution primarily illustrated two patterns: forests dominated by smaller trees and bimodal forest structures. The models tested constitute a good tool to identify potential high-growth species to generate management plans for multiple objectives.



Management zones identified in this study are the key piece of information providing detailed knowledge to design forest management plans. The delineated management zones minimize potential conflicts because the zones are not based on prohibitions of the exploitation of certain forest resources; in contrast, they suggest incentives for farmers that decide to conserve portions of the forest. This emphasizes the need for the local government to fund conservation projects that apply detailed management planning. REDD+ initiative projects may present an important opportunity for further forest data collection to enrich our understanding of Angolan forests and establish appropriate management strategies to sustain their many benefits and services. However, we recognize that the management of natural resources is always experimental and we can learn from the implemented activities to improve policies and practices by learning from the outcomes. No matter the quality of a management plan, one has to start by developing a framework.



Future research should concentrate on the development of models or production functions for firewood and charcoal production curves of annual increment within the suggested management zones. Future studies should also investigate the current patterns of miombo users and indicate the optimal allowable cuts for firewood, charcoal, and timber in the various management zones.
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Figure A1. (A) Closed miombo before fire; (B) Closed miombo after fire; (C) Regeneration in opened miombo; (D) Grassland after fire 
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Figure A2. Illustration of an Image with Tree Rings Analysis in WinDENDRO TM. 
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Appendix C. Questionnaire Survey


	
Questionario dirigido ao popuplação vivendo no raio de 4 km de distancia da floresta ser inquirida (Questionnaire directed to population living in a radius of 4 km of the forest measured)



	
Nome _(Name)______________________________________



	
Aldeia (Village) _____________________ Idade (Age)________ Masculino __(Male) □ Femenino_(Female)_ □






Aspectos dos agregados familiares (Aspects of households)



	
Quanto tempo você vive nesta aldeia? (How long have you lived in this village?)



_____________________________________________________________________



_____________________________________________________________________



	
Quantos fillhos você tem? (How many kids do you have?)



_____________________________________________________________________



_____________________________________________________________________



	
Qual e o teu nivel de educação? (What is your level of education?)




	□

	
Escola Primaria




	□

	
Escola Secundaria




	□

	
Ensino Medio




	□

	
Ensino Universitario




	□

	
Outros









	
Você tem alguma educação no ramo agririo? (Do you have any education training in agriculture?)




	□

	
Sim




	□

	
Não




	□

	
Talvez




	□

	
Outros ________________________________________________________









	
Quão distance è a tua aldeia para a floresta? (How far is the forest from the village?)




	□

	
30 min–1 h




	□

	
1–2 h




	□

	
3–4 h




	□

	
Outros _______________________________________________________









	
Quais são as tuas fontes de energia domestica para a preparação dos alimentos? (What source of domestic energy do you use to prepare food?)




	□

	
Gerador de energia




	□

	
Batteria ou panel solar




	□

	
Electricidade




	□

	
Carvão e lenha




	□

	
Other _______________________________________________________












Aspecto da Agricultural 



	7.

	
Você e campones? (Are you a farmer?)




	□

	
Sim




	□

	
Não




	□

	
Talvez




	□

	
Outros ________________________________________________________










	8.

	
Se sim, quantos hectares você tem? (If yes, how many of hectares do you have?)



_____________________________________________________________________



_____________________________________________________________________




	9.

	
Quantas pessoas da tua familia trabalham contigo no campo? (How many people in your family work on the farm?)



_____________________________________________________________________



_____________________________________________________________________




	10.

	
O que você normalmente cultiva? (What do you normally cultivate?)



_____________________________________________________________________




	11.

	
O que é que vocè faz com os produtos colhidos no campo? (What do you do with products you collect from the farm?)




	□

	
Consumo pròprio (%) (Own consuption)




	□

	
Vende (%) (Sell)




	□

	
Outros _______(Others)_______________________________________________










	12.

	
Aliste os produtos que vende e o preco dos mesmos? (List the products you sell and at what price)

















	Orden
	Produto
	Quantidade(kg)
	Preço (per kg)
	Lugar
	Cliente



	1.
	
	
	
	
	



	2.
	
	
	
	
	



	3.
	
	
	
	
	



	4.
	
	
	
	
	



	5.
	
	
	
	
	



	6.
	
	
	
	
	



	7.
	
	
	
	
	






	13.

	
Quais animais você cria? (What animals do you create?)




	□

	
Bois (Cow)




	□

	
Cabras (Goat)




	□

	
Galinhas (Chicken)




	□

	
Porcos (Pig)




	□

	
Ovelhas (Sheep)




	□

	
Outros _(Others)_____________________________________________________










	14.

	
Quanto de cada um você tem? (How many of each do you have?)



_____________________________________________________________________




	15.

	
Quanto voce vende a cada um desses animais? (How much can you sell of each of the animals?)




	□

	
Bois




	□

	
Cabras




	□

	
Galinhas




	□

	
Porcos




	□

	
Ovelhas




	□

	
Outros _________________________________________________________













Produção do charcoal (Production of charcoal)



	16.

	
Você produz o carvão? Com que frequencia você produz o carvão? (Do you produce charcoal? How often?)



_____________________________________________________________________




	17.

	
Considerando a ordem de importancia, o que e mais importante para voce na floresta? (Note que cada razão esta escada de 1 a 9. Sendo 9 o mais alto) (Considering the order of importance, what is more important for you, note that the scale goes from 1 to 9, where 9 is the highest).









	Razões
	1
	2
	3
	4
	5
	6
	7
	8
	9



	Lenha vs. Carvão
	□
	□
	□
	□
	□
	□
	□
	□
	□



	Carvão vs. Madeira
	□
	□
	□
	□
	□
	□
	□
	□
	□



	Madeira vs. Lenha
	□
	□
	□
	□
	□
	□
	□
	□
	□



	Outros
	□
	□
	□
	□
	□
	□
	□
	□
	□






	18.

	
Para que você use o carvão? (What do you use charcoal for?)




	□

	
Vender (%) (Sell)




	□

	
Preparar alimentos (%) (Own consumption)




	□

	
Aquecimento da casa (Heating house)




	□

	
Outros (Others) _____________________________________________________________










	19.

	
Com excepção do carvão quais são os outros productos que você recolha da floresta? (What products do you collect from the forest?)



_________________________________________________________________




	20.

	
Quanto tempo você gasta na floresta por dia? (How much time do you spend in the forest?)



_________________________________________________________________




	21.

	
Quantos membros da familia estão tambem engajados an produção do carvão? (How many members of your family are engaged in charcoal production?)



__________________________________________________________________




	22.

	
Quem è o dono da floresta onde você extrai o carvão? (How is the owner of the forest where you collect charcoal?)




	□

	
Governo (Government)




	□

	
Floreta da aldeia (Village forest)




	□

	
Dono (Own forest)




	□

	
Outros (Other)_____________________________________________________










	23.

	
Quais são as especies voce usa para a produção do carvão? (What are the species you use for charcoal production?)



____________________________________________________________________




	A)

	
Quais são as espeices mais preferidas e porque? (What are the most preferable species?)



_____________________________________________________________________



_____________________________________________________________________










	24.

	
Qual é o preço de um soco de carvão? (What is the price of one bag of charcoal?)



_____________________________________________________________________




	25.

	
Quantos sacos de carvão vocè pode vender por dia? (How many sacks of charcoal can you sell per day?)



_____________________________________________________________________



_____________________________________________________________________
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Table A1. Number of Plots Sampled in Each Land Cover.
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Study Site

	
Number of Plots

	
Land Cover

	
Purpose of the Forest






	
Bailundo

	
Plot 1

	
Open miombo

	
Charcoal and Firewood




	
Plot 2

	
Open miombo

	
Charcoal and Firewood




	
Plot 3

	
Open miombo

	
Charcoal and Firewood




	
Plot 4

	
Closed miombo

	
Charcoal and Firewood




	
Plot 5

	
Savanna/Grassland

	
Firewood




	
Plot 6

	
Open miombo

	
Charcoal and Firewood




	
Plot 7

	
Open miombo

	
Charcoal and Firewood




	
Huambo

	
Plot 1

	
Closed miombo

	
Conserved for academic purposes




	
Plot 2

	
Closed miombo

	
Conserved for academic purposes




	
Cuima

	
Plot2

	
Savanna/Grassland

	
Firewood




	
Plot 1

	
Savanna/Grassland

	
Firewood




	
Plot 3

	
Open miombo

	
Charcoal and Firewood




	
Katchiungo

	
Plot 1

	
Open miombo

	
Charcoal and Firewood




	
Plot 2

	
Savanna/Grassland

	
Firewood




	
Ekunha

	
Plot 1

	
Closed miombo

	
Charcoal and Firewood




	
Plot 2

	
Closed miombo

	
Charcoal and Firewood




	
Caala

	
Plot 1

	
Savanna/Grassland

	
Firewood




	
Plot 2

	
Open miombo

	
Charcoal and Firewood
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Figure 1. Study area and distribution of plots Layout into classified land cover zones. 
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Figure 2. Representation of data collection in miombo. The circle on the right represents the plot area and the small circles inside represent individual trees. The other small circle on the left represents the villages surveyed with a questionnaire survey (minimum distance 4 km from plots). 
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Figure 3. Preferred species for charcoal production. 
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Figure 4. Abundance of the tree species in the classified land cover zones. 
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Figure 5. Diameter class distribution of miombo tree species The numbers in the parentheses represent the total count of the species collected. Part (A) shows Brachystegia boehmii (94 trees in open miombo and 30 trees in closed miombo), part (B): Albizia antuneziana (56 trees in open miombo and 67 in closed miombo), part (C): Pericopsis angolensis (17 trees in open miombo), part (D): Brachystegia spiciformis (230 trees in open miombo and 58 in closed miombo), part (E): Erythina spp. (51 individuals in open miomno) and part (F): Pterocarpus angolensis (16 trees in open miombo). 
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Figure 6. Illustration of time required for individual trees to reach DBH by different models. 
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Figure 7. Representation of the suggested management zones. 
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Table 1. Details of the Landsat-8 images used; all images had a resolution of 15 m.
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	ID Product
	Acquisition Date
	Path
	Row





	LC08_L1TP_180068_20171013_20171024_01_T1
	13 October 17
	180
	68



	LC08_L1TP_180070_20171013_20171024_01_T1
	13 October 17
	180
	70



	LC08_L1TP_180069_20171013_20171024_01_T1
	13 October 17
	180
	69



	LC08_L1TP_179069_20171006_20171023_01_T1
	6 October 17
	179
	69



	LC08_L1TP_179070_20171006_20171023_01_T1
	6 October 17
	179
	70
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Table 2. Major characteristics of the respondents.
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	Variables
	Respondents





	Gender (% female)
	15.5



	Age (average value)
	42



	Household size (average number of persons)
	6



	Education (Average year of schooling)
	2



	Forest ownership (% inheritance)
	68



	Producer of charcoal (%)
	35
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Table 3. Characteristics of trees species in the study area.
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Species Name

	
DBH (cm)

	
Height (m)

	
Volume/ha (m3·ha−1)




	
Mean ± SD

	
Min

	
Max

	
Mean ± SD

	
Min

	
Max

	
Mean






	
Albizia antunesiana

	
31.85 ± 15.43

	
14.3

	
75.2

	
6.33 ± 3.51

	
3.5

	
15.7

	
0.4




	
Anisophyllea boehmii

	
30.89 ± 16.7

	
7.5

	
41.6

	
6.17 ± 3.58

	
3

	
7.8

	
0.45




	
Ansophia boehmii

	
25.8 ± 9.2

	
16.5

	
41.2

	
4.94 ± 1.56

	
3.1

	
6.7

	
0.39




	
Brachystegia boehmii

	
28.96 ± 16.4

	
6.6

	
86.4

	
5.3 ± 2.52

	
1.7

	
14.2

	
0.45




	
Brachystegia spiciformis

	
28.95 ± 16.3

	
15.7

	
65.95

	
6.05 ± 3.5

	
2.5

	
17.2

	
0.55




	
Erythrina abyssinica

	
29.6 ± 16.35

	
6.3

	
40.5

	
6.33 ± 3.5

	
3.2

	
9.8

	
0.39




	
Gardinia volkensii

	
29.14 ± 16.4

	
19.8

	
39.2

	
6.02 ± 3.5

	
3.3

	
13.2

	
0.4




	
Hymenocardia acida

	
27.6 ± 11.8

	
7.8

	
86.4

	
5.24 ± 2.52

	
1.6

	
17.2

	
0.38




	
Ochna schweinfurthiana

	
29.6 ± 16.4

	
6.7

	
39

	
6.2 ± 3.54

	
1.4

	
12.2

	
0.39




	
Parinari curatellifolia

	
28.09 ± 10.95

	
6

	
54.9

	
5.52 ± 2.35

	
1.36

	
9.8

	
0.4




	
Pericopsis angolensis

	
31.2 ± 18.7

	
9.7

	
43.9

	
6.1 ± 3.5

	
2.18

	
8

	
0.39




	
Pterocarpus angolensis

	
31.54 ± 18.7

	
14.3

	
115.2

	
6.7 ± 4.2

	
1.5

	
13.2

	
0.39




	
Sylzygium guineense

	
29.7 ± 16.2

	
8.4

	
124.3

	
6.11 ± 3.56

	
1.9

	
17.2

	
0.42




	
Uapaca kirkiana

	
29.89 ±16.4

	
12.4

	
64

	
6.3 ± 3.5

	
1.6

	
11.2

	
0.39
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Table 4. Growth rate rings of the species investigated.
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	Species
	Family
	Local Name
	Samples (Cores)
	Growth Rate Rings (cm/year)
	MCD * (Growth Range Year)
	Main Utilization





	Albizia antunesiana
	Fabaceae
	Osesse
	5
	0.96
	20 (25–45)
	Charcoal, firewood, and sculpture manufacturing



	Brachystegia boehmii
	Fabaceae
	Ussamba
	6
	0.7
	20 (30–60)
	Most preferred for charcoal production



	Brachystegia spiciformis
	Fabaceae
	Omanda
	10
	1.2
	20 (15–30)
	Timber, charcoal







* MCD is the minimum cutting diameter. The number in parentheses indicates the growth range a particular tree needs to reach the minimum cutting diameter of at least 20 cm.
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Table 5. Fitted statistics parameters for miombo tree species.






Table 5. Fitted statistics parameters for miombo tree species.





	
Tree Species

	
Model Growth Function

	

	

	

	
Fit Statistics




	
b1

	
b2

	
b3

	
b4

	
R-Square

	
RMSE

	
AIC

	
p-Value






	
Albizia antunesiana

	
Logistic y = (b1/(1 + b3 × exp (−b2 × DBH)))

	
77.92

	
0.046

	
7.58

	

	
0.96

	
3.86

	
628.83

	
0.00001




	
Sloboda y = (b1 × exp (1 − b2 × exp (b3 × DBHb4)))

	
129.37

	
3.19

	
0.057

	
0.75

	
0.97

	
3.70

	
620.2

	
0.0063




	
Brachystegia boehmii

	
Logistic y = (b1/(1 + b3 × exp (−b2 × DBH)))

	
78.10

	
0.045

	
7.58

	

	
0.96

	
3.93

	
599.0

	
0.00015




	
Michajlov y = b1 × exp (−b2/H)

	
18.07

	
23.98

	

	

	
0.55

	
1.67

	
90.9

	
0.004




	
Gompertz y = b1 × exp (−b2) × exp(−b3.H)

	
76.05

	
4.58

	
0.042

	

	
0.95

	
2.95

	
323.06

	
0.0004




	
Brachystegia spiciformis

	
Sloboda y = (b1 × exp (1 − b2 × exp (b3 × DBHb4)))

	
185.83

	
199.9

	
3.16

	
0.14

	
0.98

	
3.78

	
663.74

	
0.0002




	
Korf y = b1 × exp(b2)/(1 − b3) × H (b3 − 1)

	
92.66

	
38.48

	
2.4

	

	
0.99

	
2.12

	
397.90

	
0.0021
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Table 6. Characterization of the suggested management zones.
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	Management Zones (MZ)
	Main Characteristics





	MZ 0—A
	
	✓

	
Represents Tchindjenge, Ekunha, and Mungo municipality




	✓

	
Ambandace plantations of eucalyptus and pinus,




	✓

	
Experience of human disturbances and fires every year









	MZ 1—B
	
	✓

	
Represents Bailundo municipality, closed miombo considered slightly undisturbed miombo,




	✓

	
Protected areas or private forests, with presences of some plantations zones




	✓

	
No records of forest management treatments









	MZ 2—C
	
	✓

	
Mungo, Longonjo, Londuibali, and Tchikala Tcholohanga




	✓

	
Abundant natural forest, open miombo, experienced major human or natural disturbances




	✓

	
Used mainly for firewood and charcoal production,




	✓

	
Cleared or cultivated









	MZ 3—D
	
	✓

	
Huambo and Caala, represented by Grassland/Savannas, abandoned after cutting trees for charcoal production




	✓

	
Used only for firewood




	✓

	
Intense agriculture activities









	MZ 4—E
	
	✓

	
Ekunha and Katchiungo municipalities




	✓

	
Abandoned after slash and burn agriculture




	✓

	
Evidence of post-abandoned areas, cutting remained trees for firewood

















© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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