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Abstract

:

Cocoa agroforestry has evolved into an accepted natural resource conservation strategy in the tropics. It is regularly proposed as one of the main uses for REDD+ projects (Reducing Emissions from Deforestation and forest Degradation and the role of conservation, sustainable management of forests, and enhancement of forest carbon stocks in developing countries) in the Democratic Republic of the Congo. However, few studies have characterized the cocoa agroforestry systems in this country. Hence, this research proposes to determine the impact of distance from Kisangani (the unique city in the landscape) and land-use intensity on the floristic composition of cocoa agroforests in Bengamisa-Yangambi forest landscape in the Congo Basin. The results revealed that species diversity and density of plants associated with cocoa are influenced by the distance from Kisangani (the main city in the landscape and province). Farmers maintain/introduce trees that play one or more of several roles. They may host caterpillars, provide food, medicine, or timber, or deliver other functions such as providing shade to the cocoa tree. Farmers maintain plants with edible products (mainly oil palms) in their agroforests more than other plants. Thus, these agroforests play key roles in conserving the floristic diversity of degraded areas. As cocoa agroforestry has greater potential for production, biodiversity conservation, and environmental protection, it should be used to slow down or even stop deforestation and forest degradation.
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1. Introduction


Land-use activities, such as clearing tropical forests, practicing subsistence agriculture, and intensifying farmland production, are the most important drivers of biodiversity loss and the associated ecosystem services on the local- and landscape-scale [1,2]. Although the rate of tropical forest loss is alarming, some agricultural systems offer a glimmer of hope. Systems using shade species offer greater potential for production, biodiversity conservation, and long-term environmental protection [3]. Thus, agroforestry is proposed as one of the strategies for conserving natural resources in the tropics [4]. The agroforestry practice provides a potentially valuable conservation tool that can be useful for reducing land-use pressure and enhancing income from rural livelihoods in tropical countries [5]. Several examples across the tropics have shown that agroforests represent a substantial proportion of biodiversity of forest reserves [3,6,7].



Cocoa is one of the most important crops in agroforests [8]. Cocoa farming has played an important role in the conservation of lowland tropical forest landscapes in Latin America, Africa and Asia over the past centuries and continues to do so today [9]. It helps to reduce land-use pressure through the availability of useful tree species and other non-timber forest products (NTFPs) and to improve rural livelihoods [10]. Shade tree systems provide habitat diversity for plant and animal species that do not strictly depend on natural forest. They also connect otherwise disjunctive fragments of the remaining forest patches in the landscape [11]. Cocoa agroforests systems with a mixture of diverse tree species provide more functions than other land-uses in forest landscapes. These functions include maintenance of carbon stocks, biodiversity conservation, and locally relevant ecosystem services, such as protection of the soil [12] and better water management [13]. The introduction of sustainable shade tree management can make cocoa agroforestry an important agent of reforestation [14]. Shade tree management has positive effects on pest outbreaks that may hold the key to breaking cocoa production cycles and helping conserve valuable tropical biodiversity in agroforestry systems [15,16].



Despite the benefits of agroforestry practices, cocoa agroforestry in natural habitats is an important driver of forest degradation and deforestation [14,17]. Land-use planning is needed to reduce further deforestation for the expansion of cocoa land. Such planning can determine areas to preserve under forest cover for ecological reasons and also areas where cocoa might be planted [18].



Introduced in Africa more than a century ago, cocoa production is a major contributor to the economies of many African countries [19]. The continent supplies more than two-thirds of the world’s cocoa, the majority being produced by Côte d’Ivoire and Ghana [20]. Full-sun systems are found mostly in the Lower Guinean forest systems of Liberia, Ghana, Côte d’Ivoire and Nigeria; the more complex systems are in the Congo Basin countries, mainly in Cameroon and the Democratic Republic of the Congo (DRC) [21]. As cocoa production increases in DRC, the sector can learn a lot from its West African neighbours about mistakes to avoid and priorities to emphasize, including the importance of sustainable and climate-smart practices and good governance [22]. In DRC, cocoa agroforests are frequently proposed in projects for REDD+ (reducing emissions from deforestation and forest degradation and the role of conservation, sustainable management of forests, and enhancement of forest carbon stocks in developing countries). The Wildlife Conservation Society, for example, has adopted the idea of growing cocoa as a tool in forest conservation. In the Mambasa region, 1250 hectares (ha) of forest-cover cocoa has planted within the context of the national REDD+ program [23].



In DRC, conflicts and political instability have deeply affected the agricultural sector. For example, there are insufficient data on initiatives in the cocoa sector [20]. Cocoa is generally cultivated by small farmers, most often alongside other crops [22]. However, the quantities produced are small in comparison to West Africa [24]. On the other hand, in Tshopo province, cocoa has been promoted since the colonial era when it was planted under controlled forest cover from which cocoa pest species had been eliminated [23]. However, cocoa cultivation has never been fully developed. Today, most farmers spontaneously plant cocoa in the region by sourcing from former plantations in response to market signals and rumors of market development in the east of DRC [25]. With adequate assistance, cocoa can be produced sustainably without clearing new forest land and can help reduce household poverty [21]. Further efforts are needed to rehabilitate existing cocoa farms to develop sustainable cocoa agroforestry [25].



In cocoa agroforests, species richness and vegetation structure are key components of structural complexity and form the basis of biodiversity [26]. Therefore, good knowledge is needed of the plants associated with cocoa trees in cocoa agroforests in DRC. However, no study on the contributions of cocoa agroforests to the conservation of floristic diversity has focused on DRC.



The choice of Tshopo province, more specifically the Bengamisa-Yangambi landscape, is based on its inclusion of the Yangambi Biosphere Reserve. The United Nations Educational, Scientific and Cultural Organization (UNESCO) declared Yangambi a biosphere reserve in 1977 [27]. Thus, to preserve the important biodiversity of the Yangambi reserve, agroforestry systems in the Bengamisa-Yangambi forest landscape should be studied to understand their influence on the conservation of floristic diversity.



This study paid special attention to how distance from Kisangani (The main city in the landscape) and thus the related disturbance and land-use intensity have affected the floristic composition of cocoa agroforests in the forest landscape. The study is based on the hypothesis that native forest cover, disturbance, land-use intensity, and market access influenced floristic composition of cocoa agroforests. We thus recorded floristic composition of cocoa agroforest in four zones of 15 km each, defined along the main road, from Kisangani city to Yangambi forest reserve landscape, via Bengamisa village.




2. Materials and Methods


2.1. Study Area


This study was conducted between June and July 2018 in 16 villages and recorded floristic composition of cocoa agroforest in 4 zones of 15 km each, defined along the main road, from Kisangani city to Yangambi forest reserve landscape, via Bengamisa village (Figure 1). This area is located between the city of Kisangani (N 00°31′; E 25°11′) [28] and the Yangambi Biosphere Reserve (N 00°48′; E 24°29′) [29] in Banalia territory, Tshopo province, DRC. The Tshopo province, with an area of 200,240 km2, is in the northeast of DRC and includes seven territories (Bafwasende, Banalia, Basoko, Isangi, Opala, Ubundu and Yahuma) [28,30]. Kisangani, founded in 1883, is the capital of the Tshopo province and is the main city of this province. Its population is estimated at about 1 million (around 20% of the 5,032,472 inhabitants of the province) [28,31]. It is among the five main cities of DRC. Kisangani have an international airport, is the end of the water navigation road on the Congo river and it is crossed by 4 main roads leading to different directions in the country. It has a road connection with the other east part of the DRC and bordering countries such as Uganda. Several smallholders’ industries and shops are thus found in the city. In the Bengamisa-Yangambi forest landscape, it is the main city with his urbanisation impacting the forest landscape between the city and the Yangambi Biosphere reserve.



The region is still predominantly covered with moist forest and has an average population density of 9.8 people per square kilometer (km2). The region has a hot and humid climate without a marked dry season classified as Af in Köppen’s typology [28,30]. It receives an annual precipitation of 1839.5 ± 205.7 millimeters (mm) with an average sub-dry season length of 3.3 ± 1.3 months with monthly precipitation lower than 100 mm, during December–February. Temperatures are high and constant throughout the year with a minimum of 24.2 ± 0.4 °C in July and a maximum of 25.5 ± 0.6 °C in March [29].



The main economic activity in the region is agriculture, which is practiced in a shifting cultivation system [28,31,32]. Cassava is the main staple crop. Furthermore, exploitation of NTFPs, such as bush meat, caterpillars, and wild edible plants, as well as commercial and artisanal logging, artisanal mining, and petty trade provide sources of income to rural households. Six major road axes cut through the forest in a radial pattern starting from Kisangani, along which nearly all settlements are located [31].



In this region, which has excellent agricultural and climatic conditions, cocoa cultivation has been encouraged since colonial times. In 1979, the African Development Bank (AfDB) financed the development of 1750 ha of small peasant and commercial plantations in Bengamisa called CABEN (Cacaoyères de Bengambisa) to increase Congolese cocoa production. CABEN did not achieve its objectives and most of these plantations were abandoned [23].




2.2. Methods


2.2.1. Study Design


To better understand the role of native forest cover, disturbance and land-use intensity on floristic diversity of cocoa agroforests in the region, 4 Blocs/Zones of 15 km each were defined along the main road, including Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from Kisangani city), and Zone D (66–81 km from Kisangani city). These zones are arranged from the highly degraded area nearest Kisangani city (Zone A) to the less degraded area in the forest zone (Zone D) (Figure 1). The Bengamisa-Yangambi landscape is still covered by a vast rainforest [33]. The lowest proportion of this forest is found around Kisangani where we have the nucleus of population pressure [34]. The agricultural system is characterized by slash-and-burn agriculture, resulting from a shifting patchwork of cultivated fields, fallows, secondary forests, and remnants of primary forests [33]. Cash crops such as oil palm and cocoa have been cultivated by small farmers since several decades [23,35]. The forest of this landscape is gradually being converted to agricultural land, roads or modified by timber and charcoal exploitation [27,34]. As with other forests stands in DRC [36], the Bengamisa-Yangambi landscape is thus under the agricultural extension, fuelwood collection, timber exploitation, urbanisation, and demography increase pressures.




2.2.2. Collection of Floristic Data


The criteria used to select agroforestry plantations are the net area of the plantation (at least 0.5 hectares) [37]. Four plots of 25 × 25 m (i.e., 625 m2 for each plot), corresponding to an area of 2500 m2 were established within each cocoa agroforest to record plant diversity. In small plantations, the plots were installed successively, spaced 3–5 m apart. In large plantations, the plots were arranged on a diagonal to represent the diversity of the cocoa farm. The diameter was measured at 30 cm from the ground on each cocoa tree and at 1.30 m on the cocoa-associated plants as noted by [38]. A total of 25 cocoa agroforests were surveyed in the Bengamisa-Yangambi forest landscape.



In each cocoa agroforest, and within each plot (25 × 25 m), the number of cocoa trees were counted. Each associated plant with a diameter at breast height (DBH) above/equal to 2.5 centimeter (cm) was recorded. The scientific name of the plant was provided using the Catalogue—Flora of Plants of Kisangani and Tshopo Districts [39]. The main use of each plant is noted. In this study, “Cocoa associated species” refer to all plants (spontaneous or planted) except cocoa trees present in cocoa agroforests. Thus, for their classification, we used the same approach (nature and main use of plants) of previous studies on biodiversity in cocoa agroforests [40,41,42]. All cocoa-associated plant species inventoried were later sorted according to the list of suitable/useful and unsuitable species to cocoa trees established by the National Institute of Agronomic Studies and Research (INERA). Usefulness/suitability criteria used by INERA include production increase, providing light and cocoa-friendly shade, and protection against pests and diseases. The non-suitability of the plant was generally due to pest criteria, including cocoa tree pest housing, competition with cocoa trees, intense shade, and same diseases with cocoa trees. Such criteria were already been used by many cocoa research/extension services in west and central Africa [7].




2.2.3. Data Analysis


Preliminary analysis of cocoa agroforests help to determine three following models of cocoa agroforests: Cocoa agroforests in which companion plants (associated with cocoa trees) were composed primarily of forest/native species (residual species from the previous natural forest or from regeneration of these species or regeneration of species from the adjacent forest), named in this study as Model F; cocoa agroforests in which companion plants were split equally between forest/native species and oil palms (named in this study as Model FP); lastly, cocoa agroforests in which companion plants were composed primarily of oil palms (named in this study as Model P).



We measured the diversity of cocoa agroforests in the Bengamisa-Yangambi forest landscape by evaluating base on the following: (i) species diversity (species richness, Shannon–Wiener index, Piélou’s evenness index, Simpson’s index, rarefaction curve); (ii) relative abundance; (iii) structure (density and basal area); and (iv) linkage between density and biodiversity. Each of these parameters is generally used in the characterization of cocoa agroforest in other countries [15,40,41,43,44,45,46,47] and for the characterization of forest stands [29,48,49].



The diversity and structure (basal area and density of associated plants) were calculated for each of the 25 cocoa agroforests. Diversity was expressed using (a) species richness, (b) Shannon–Wiener index, (c) Piélou’s evenness index, and (d) Simpson’s index [50]. Specific richness (S) is represented by the total or average number of species counted in the cocoa agroforest (obtained by counting the number of species). The Shannon–Wiener index provides an expression of diversity by considering the number of species and the abundance of individuals within each of these species. It is calculated by the following formula:    H ′  = −   ∑   i = 1  S  p i log p i  , where: pi = proportional abundance or percentage of species importance, calculated as follows:   p i =     n i  N   ; ni is the number of individuals of a species in the plot; N is the total number of individuals of all species in the plot; and S is the total number of species in the plot. The Shannon–Wiener index is often accompanied by the Piélou’s evenness index, which is expressed by the following formula:   ′ =     H ′   H ′ m a x    , where:   H ′ m a x   =    log   S    and S is the total number of species. This index is a measure of the distribution of individuals within species, independent of species richness. Its value varies from 0 (dominance of a single species) to 1 (equitable distribution of individuals within the species). These two indexes remain dependent on sample size and habitat type. Simpson’s index measures the probability that two randomly selected individuals belong to the same species. It is determined by the following formula:   L =   ∑      {   [  n i  (  n i − 1  )   ]  /  [  N  (  N − 1  )   ]   }   , where ni is the number of individuals in the species i and N is total number of individuals. As sometimes different diversity indices do not all lead to the same conclusion [50], the rarefaction curves were associated with these indices to make conclusions more robust.



Relative abundance was calculated (for each zone; for each cocoa agroforest models; and for the suitability of associated plants for the agronomy of cocoa (Suitable species and Unsuitable species)) according to the following formula:


  A ( % ) = 100  (    N u m b e r     o f s p e c i e s   s t e m s     A l l   s t e m s   o f   t h e   p l o t    )   



(1)







Structure of each cocoa agroforest was evaluated based on the density (number of trees per ha) and the basal area (sums of areas of sections of all trees measured at 1.3 m) of cocoa trees and associated plants. The basal area was calculated by the following formula:  S T = π    (  D b h  )   2  / 4  , where ST is the basal area expressed in m2 per ha and DBH is expressed in meters. The density calculation concerned first the whole tree population of cocoa agroforest and then the cocoa-associated plants.



Relation between density and species diversity: To establish a possible link between the stem density of species used as associated plant for cocoa trees and species richness, we used the Pearson correlation. This allowed us to correlate density and species richness by zone.



We also used statistical analysis to compare zones (Zones A, B, C, and D) and agroforest models (Model F, Model FP, and Model P). Therefore, descriptive (mean and standard deviation) and inferential analyses (one-way ANOVA, Kruskal test, Wilcoxon–Mann–Whitney test, and simple linear regression) were used. We verified normality using the Shapiro test and verified the homoscedasticity of variance using the Bartlett test. When the data distribution was nonparametric, Kruskal test, and Wilcoxon–Mann–Whitney test were used as appropriate. Otherwise, we used One-way ANOVA and Pearson’s correlation as appropriate. All these analyses were performed by the R software version 4.0.2 [51] under its R studio interface. The acceptable error for the statistical analyses was 5%. The graphs were produced using packages ggplot2 [52] (simple linear regression) and BioDiversity Professional version 2.0 software (The Scottish Association for Marine Science, Oban, United Kingdom) (rarefaction curves). Diversity indices were performed using the Biodiversity R Package [53] and the Vegan Package [54] in the R software [51].



Findings are presented in the following way: (a) species richness and diversity; (b) abundance of plants associated with cocoa; (c) suitable and unsuitable plant species for cocoa agronomy; (d) main uses of plants associated with cocoa; (e) structure of cocoa agroforest; and (f) relation between density and species richness of each cocoa agroforest. These results are later discussed in the context of DRC, and in parallel with previous research across other forest landscapes of the tropics.






3. Results


3.1. Species Richness and Diversity Index


A total of 6558 stems, including 996 stems of cocoa-associated plants and 5562 cocoa trees. They are distributed in 90 species including Theobroma cacao, and 78 genera and 38 families were inventoried throughout the survey area. Each cocoa agroforest contains on average 13 species associated with cocoa trees (Table 1). Species richness and diversity indexes (Shannon-Wiener and Simpson) and Piélou’s equitability (the distribution of stems within species) increase with distance from Kisangani city. Indeed, all these indices are low in Zone A (near Kisangani, between 18 and 33 km from Kisangani city) and increase as one moves away from it. On the other hand, they are all high in Zone D (forest zone, between 66 and 81 km from Kisangani city), except for specific richness, which is higher in Zone C (situated between 50 and 65 km from Kisangani city). The rarefaction curve (Figure 2) shows a low number of species in the area surrounding the city (Zone A). The species richness and indexes are generally low in Model P (cocoa agroforests in which companion plants are dominated by oil palms) compared to Model F (agroforests in which companion plants (associated with cocoa trees) are dominated by forest species) and Model FP (cocoa agroforests in which companion plants are split equally between forest species and oil palms) (Table 2). Looking at the entire landscape, Model FP contains the most species followed by Model F (Figure 3).




3.2. Abundance of Plants Associated with Cocoa


The five most abundant species represent around 60% of the plants associated with cocoa. These five most abundant species represented 84%, 59%, 53%, and 47% of plants associated with cocoa in Zones A, B, C, and D, respectively. Elaeis guineensis JACQ. (366 plants representing 36.75% of total plants associated to cocoa) is the most abundant species in the entire study area, followed by Musanga cecropioides R. BR. (45 plants or 4.52%). Considering each zone, Elaeis guineensis (110 plants or 84.62% in Zone A; 179 plants or 63.93 in Zone B; and 51 plants or 51% in Zone C) was most abundant of all species except in the forest area (Zone D), where it was surpassed by Musanga cecropioides (35 plants or 42.17%). Species planted by farmers such as Elaeis guineensis (oil palm), Persea americana MILLER (avocado) and Dacryodes edulis (D. DON) H.J. LAM. (African pear) dominate in cocoa agroforests around Kisangani city (Zone A) in contrast to other areas where residual forest species dominate. However, the five most abundant species in the cocoa agroforests of four zones constitute more than half (59.54%) of the cocoa-associated plant individuals in the Bengamisa-Yangambi landscape (Table 3).




3.3. Suitable and Unsuitable Species for Cocoa


3.3.1. Suitable Species to Cocoa Agronomy


The suitable species for cocoa production (Table 4) represent 27.31% of cocoa-associated plants recorded in the Bengamisa-Yangambi landscape’s cocoa agroforests. They belong to 19 species of the 90 species recorded (They thus represent 21.59% of species in the whole region). Musanga cecropioides (with 57 plants representing 21% of the total plants associated with cocoa), followed by Pycnanthus angolensis (WELW.) EXELL (with 38 plants representing 14% of the total plants associated with cocoa), are the most abundant species for the entire studied area. Considering each zone, Ficus exasperata VAHL (with 3 plants representing 42.9% of the plants associated with cocoa) dominate in Zone A, Pycnanthus angolensis (with 35 plants representing 25% of the plants associated with cocoa) dominate in Zone B, Macaranga monandra MULL. ARG. (with 13 plants representing 25% of the plants associated with cocoa) dominate in Zone C and Musanga cecropioides (with 35 plants representing 47.94% of the plants associated with cocoa) dominate in Zone D. However, a large proportion of individuals (140 plants representing 51.47% of the plants associated with cocoa) of these suitable species for cocoa trees are concentrated in Zone B and a small proportion (seven plants representing 2.5% of the plants associated with cocoa) in Zone A.




3.3.2. Unsuitable Species for Cocoa Agronomy


Unsuitable species for cocoa production (Table 5) represented 13.35% of cocoa-associated plant stems recorded in the Bengamisa-Yangambi landscape. They are grouped in 22 species out of 90 species recorded (25% of the species of the whole region). Pseudospondias microcarpa (A. RICH.) ENGLER (medicinal species) (26 plants or 19.5%) and Myrianthus arboreus P. BEAUV. (edible fruit species) (16 plants or 12%), are the most abundant species in that category in cocoa agroforests of the study area. However, considering each zone, the highest representations are Dacryodes edulis (edible fruit species) with five plants or 71.43% in Zone A, Pseudospondias microcarpa (medicinal species) with 26 plants or 38.46% in Zone B, Carapa procera GILBERT (timber species) with 14 plants or 45.16% in Zone C, and both Vernonia conferta BENTHAM (medicinal species) and Pterocarpus soyauxii TAUB. (timber species) with six plants or 20% each in Zone D. However, a large proportion (48.87%) of individuals of these unsuitable species are concentrated in Zone B and are less represented (5.26%) in Zone A.





3.4. Main Uses of Plants Associated with Cocoa


3.4.1. Main Uses of Plants Associated with Cocoa by Zone (i.e., Main Distance from Kisangani)


In the study area, we inventoried trees hosting caterpillars, trees with edible products, trees with medicinal properties, timber, and other trees with secondary or unknown uses (Table 6). Within these categories, trees with edible products were the most abundant (70.56 ± 50.4 trees per ha), especially in Zone A. The least abundant use category was timber (5.76 ± 7.1 individuals per ha) for the entire study area. Timber was most abundant in Zone C (13.33 ± 13.05 trees per ha) and Zone D (13 ± 4.69 trees per ha).




3.4.2. Main Uses of Plants Associated with Cocoa by Cocoa Agroforest Models


Table 7 shows that trees for medicinal use are more abundant (48.8 ± 31.88 individuals per ha) in Model F, followed by tree species with secondary functions (fuelwood, construction wood, etc.) or unknown (37.6 ± 41.06 individuals per ha). In Model FP, individuals in the medicinal category have been most inventoried (52.8 ± 64.96 trees per ha), followed by those with individuals possessing certain edible products (50.4 ± 35.05 trees per ha). Finally, in Model P, individuals of species with edible products are more dominant (121.6 ± 24.6 trees per ha), followed by medicinal species (10 ± 12.82). There is a significant difference between the different models in each of the main uses (p-value < 0.05).





3.5. Structure of Cocoa Agroforests


The average density and basal area of all species (cocoa trees and cocoa-associated plants) in the study area (Table 8) are 1048.16 trees/ha and 17.28 m2/ha, respectively. Of these, cocoa- associated plants take up 15.20% of total density, but 55.84% of total basal area. The density and basal area of cocoa-associated plants in the cocoa agroforests of the study area increase with distance from Kisangani city, except in Zone D where they have decreased compared to the previous areas (Zone C and Zone B). The average density and basal area of cocoa-associated plants in the study area are, respectively, 159.36 trees/ha (p-value = 0.01405) and 9.65 m2/ha (p-value = 0.273).



Table 9 shows that Model F had the highest density (1146 stems/ha) and basal area (22.99 m2/ha), while Model P recorded the lowest density (971 trees/ha) and basal area (12.1 m2/ha). The difference of density between the three models is not statistically significant, but the difference becomes significant when comparing the basal area (p-value = 9.62 × 10−7).




3.6. Relationship between Density and Species Richness of Cocoa Agroforest


There is strong correlation (r = 76%) between the species richness and the density of cocoa-associated plants in cocoa agroforests in the Bengamisa-Yangambi landscape (Figure 4) and in each zone of distance (p-value = 9.4 × 10-6, R2 = 58%). Moreover, the specific richness in the cocoa agroforests of the above-mentioned landscape is strongly correlated with the density of suitable associated plants (r = 77%, p-value = 6.537 × 10-6, R2 = 57.6%) (Figure 4a) and with the density of unsuitable associated plants (r = 84.8%, p-value = 8.236 × 10−8, R2 = 70.8%) to cocoa trees (Figure 4b).





4. Discussion


This study reveals that distance from Kisangani (The main city in the landscape) influences the plants composition (expressed here by species diversity and structure) of the cocoa agroforests. Market access associated to the proximity of this city and land-use intensity and the related disturbance impact the composition of plants associated with cocoa in the forest landscape.



4.1. Floristic Composition of Cocoa Agroforests


The cocoa agroforests of the Bengamisa-Yangambi landscape harbor substantial tree diversity. A total of 996 plants associated to cocoa belonging to 89 species, 77 genera, and 38 families were recorded in 25 cocoa agroforests across the Bengamisa-Yangambi landscape. An average of 13 species occurred per cocoa agroforest. Furthermore, these cocoa agroforests have a high tree diversity as is the case in other cocoa production systems in other parts of the tropics. For example, the authors of [55] inventoried 71 species and 32 families in the agroforestry systems in East Cameroon. Also, the authors of [56] inventoried 27 families and 62 species in cocoa farms in the southern region of Cameroon. However, these results are small compared to those of [57], who obtained 40 families, 112 genera, and 127 species in the Bajo Caguän zone in Colombia. These variabilities can be explained, among others, by the different ecosystems in which the cocoa agroforests were developed, the socio-economic of the landscapes, and the type of cocoa farming systems promoted [57] and sample size.



The high abundance of oil palms (366 of 996 total plants surveyed, i.e., 37%) in cocoa agroforests of the Bengamisa-Yangambi landscape may be explained by the fact that many cocoa trees were established under old oil palm plantations. Indeed, the Bengamisa-Yangambi landscape was subject to an intensification of oil palm cultivation during the colonial period [35]. Moreover, in that region, oil palm is the main source of oil consumed by local people. It is also the main source of beverage consumed (palm wine) in the region. These observations were made in other African countries like Côte d’Ivoire [50] and Cameroon [7,41,42].



The species rarefaction curve, which considers the number of individuals and specific richness (Figure 2 and Figure 3), allows us to see that the number of species grows alongside the increase of cocoa agroforest. This suggests that farmers do not necessarily grow the same species. Since individual farmers have their own species interest [42,58] in separate cocoa agroforests, the combination of all their farms allows for a longer list of species in the cocoa landscape created between the city of Kisangani and the natural forest. The floristic composition of this cocoa landscape is a mixture of local forest species and exotic plants (avocado, etc.). Among these species, those introduced by farmers (oil palm, avocado, African pear) are more present in the cocoa agroforest near Kisangani. Conversely, native species are mainly found within cocoa agroforests close to the forest. However, the abundance of such introduced species indicates the degree of alteration of the cocoa agroforests compared to primary forest [41].




4.2. Specific Diversity in the Cocoa Agroforests of the Study Area


Even though the difference between zones is not statistically significant (one-way ANOVA), the diversity indices (Shannon-Wiener, Simpson’s, Piélou equitability) revealed that diversity is increasing from Zone A (near Kisangani city) to Zone D (forest region). However, large agglomerations like the city of Kisangani exert strong pressure on the forest for satisfying their multiple needs (fuel wood, timber, NTFPs, etc.). This leads to forest fragmentation, followed by deforestation. Therefore, the pressure exerted on the forest also influences the species composition of the cocoa agroforests [41]. It is well established that the distance between the cocoa agroforests and the forest stands may affect the processes associated to forest tree species dissemination [42]. Moreover, when differences in forest coverage change (mainly his disturbance) were considered, plant species richness in cocoa agroforest decreased with increasing intensity of land-use [2], confirming previous studies [41] in the forest zone of southern Cameroon.



Among the three models of cocoa agroforests studied, Model F (agroforests in which companion plants (associated with cocoa trees) are dominated by forest species) is the most diversified. Model P (cocoa agroforests in which companion plants (associated with cocoa trees) are dominated by oil palms) is less diversified (one-way ANOVA). Indeed, the different models of cocoa agroforests displayed different levels of species diversity. These ranged from a critical reduction in species richness from the complex diversified multistate system (which is the most diverse) to the high density of perennial plants (like oil palm) models [57].




4.3. Structure of Cocoa Agroforests


The cocoa-associated plants represent a low density per hectare (15.20% of 1048.16 stems/ha) in the study area. However, they account for more than half of the average basal area in the study area (55.84% of 17.28 m2/ha). Cocoa trees have small diameters compared to cocoa-associated plants, which are heterogeneous, ranging from small to large trees. Consequently, they have a greater influence on the average basal area, despite their low density per hectare. This has a direct impact on stored biomass. Many studies in the tropics have shown similar results, such as in Cameroon [59] and Indonesia [60].



The density of cocoa-associated plants increases significantly with distance from the city (one-way ANOVA, p-value = 0.0177). This difference shows the impact of anthropogenic factors on the vegetation composition in the study area [61]. The impact of anthropogenic footprints is also known to influence the relation between species richness and density [23] of plants associated with cocoa in the study area. Moreover, the management of plants associated with cocoa by smallholders is different between regions and strongly impacts cocoa landscapes [62].



We compared the average density and basal area in agroforestry landscape and natural forests. The density value is largely higher than 467 stems/ha in Pericopsis elata forest and 344 stems/ha in Julbernardia seretii forest obtained by [63] in the lowland forest of Uma in DRC. It is also higher than 412 and 343 stems/ha, respectively, in the mixed forest and monodominant Gilbertiodendron dewevrei forest obtained by [29] in the Yangambi forest in DRC.



The average basal area value is less than 29 and 24.5 m2/ha obtained by [63] in forests of Pericopsis elata and Julbernardia seretii, respectively. It is less than 31.8 and 29.7 m2/ha, respectively, in the mixed and monodominant Gilbertiodendron dewevrei forest obtained by [29]. It is also less than 23 m2/ha in the Gilbertiodendron dewevrei forest and the 32.3 m2/ha obtained by [64] in the mixed forest of the Rubi-Télé hunting domain in DRC. On the other hand, this basal area value is closer to the 19.21 m2/ha obtained by [65] in a degraded forest in the north of Congo-Brazzaville.



However, cocoa agroforests are more comparable to secondary forests in terms of basal area and the high density of small, medium and (the few) large trees in contrast to primary forests (monodominant and mixed) [66]. Conversely, in tropical forests, the large proportion of basal area (biomass) is occupied by large trees. For this reason, even if cocoa agroforests have a high density of trees per hectare, they will not be able to replace primary forests. However, they offer opportunities for developing sustainable land-use systems within fragmented protected forest landscape (around the Yangambi forest reserve). This could help address land and environmental degradation problems, while ensuring provision of substantial household income to sustain livelihoods [67].



The strong positive correlation (r = 76%) between the species richness and the density of cocoa-associated plants in cocoa agroforests in the Bengamisa-Yangambi landscape is similar to the results obtained in tropical forests by several authors [68,69,70], demonstrating the importance of cocoa agroforests in floristic biodiversity conservation in forest landscape. However, this correlation depends on the structural characteristics of the vegetation in the landscape [71]. In the landscape where agronomy farming is introduced, the species proposed by extension services are not necessarily the farmer’s priority [58]. Some of these trees retained are well known to be used (timber, medicine, and fuel wood) [72]. Thus, the management strategies in cocoa plantations affects species diversity and density at plantation and landscape level [72,73]. The strong correlation between species richness and plant density of associated unsuitable species suggest that cocoa bean production is not necessarily the aim of the farmers. And these retentions of species that are not suitable to cocoa agronomy may event, in some situations, be benefit to biodiversity conservation. Figure 4b clearly shows that the species diversity of these unsuitable species increases faster with the increase of their density than in the group of suitable associated species (Figure 4a). This finding suggests that some trade-off between cocoa agronomy and biodiversity conservation may need to be managed within cocoa agroforests.




4.4. Main Local Uses of Cocoa-Associated Plants


The results show that trees with edible products are more abundant and timber species are less abundant in the agroforests of our study area. In Models F and FP, trees for medicinal use are most abundant and in Model P edible species are dominant. This is sufficient proof that farmers are conserving more of the species they need in cocoa agroforests. These needs differ from one area to another. In the forest zone, farmers are more dependent on plants for their health care, whereas near the city they depend more on edible species (oil palm, avocado, African pear, etc.). Nowak et al. [25] obtained a similar result. Indeed, the presence or absence of certain species depends more on their interest to farmers [23]. Usefulness to the household may explain why farmers maintain certain species considered by extension services as potentially unsuitable to cocoa (Table 5) in their cocoa agroforests. Similar results have been obtained in other countries, such as Ghana [24], Cameroon [41,42], and Côte d’Ivoire [58].




4.5. Landscape Management Implication


Initially, cocoa was promoted for its beans. Gradually, however, cocoa agroforest became understood as potentially useful for biodiversity conservation and for climate change responses in forest landscapes of the tropics. Its biodiversity conservation function is mainly explained by the importance of plants associated with cocoa, and more specifically the forest species. Several authors have also recorded this observation in the tropics [1,2,3,41]. Thus, Model F (agroforests in which companion plants (associated with cocoa trees) are dominated by forest species) is the most appropriate if one wishes to approach specific richness and forest structure. The presence of associated plants also contributes to creating a microclimate favourable to development of cocoa trees [74]. On the other hand, several REDD+ projects have proposed cocoa agroforests as a response to deforestation and climate change. These include Mambasa Geographically Integrated REDD+ Pilot Project based on “green cocoa” in DRC [23,75], DRC Cocoa Partnership [20], the Ghana Cocoa Forest Programme [76], Mainstreaming Climate-smart Agricultural Practices in Cocoa Production in Ghana, Climate Cocoa Partnership for REDD+ Preparation [20], Zero Cocoa Deforestation [77], Initiative for Sustainable Landscapes in Cameroon, and the Climate Smart Cocoa Program in Côte d’Ivoire [20].



Without any intervention to reverse the trend, market access if intensified with the growing of Kisangani may contribute to the simplification of plants composition of the cocoa agroforests. This will gradually lead to replacement of forest/native species by the main consumed one, which many of them been exotic (i.e., introduced in DRC). The diversity of cocoa agroforest models offers a variety of options that can be used in the landscapes to search for balance between ecological conservation and farmers livelihoods.




4.6. Limitation of this Paper and Perspectives


This paper is one of the first to study the diversity of cocoa agroforest in DRC. However, further studies are still needed. These should examine better use of cocoa agroforests to support the Sustainable Development Goals (SDG) in rural areas. They should also assess how use of cocoa agroforest can help respond to the Convention on Biological Diversity (CBD) and the United Nations Framework Convention on Climate Change (UNFCCC). More importantly, consumers and chocolate industries are trying to import cocoa that was harvested sustainably without furthering deforestation. European governments are moving toward reducing/cancelling imports of crops that lead to deforestation, including cocoa. At the same time, the private sector (importers and distributors in Europe) wants its value chain to be free of links to deforestation. Plants associated with cocoa are the main carbon sinks [46,78,79] and key components for others ecosystems services. This creates expectations for cocoa agroforest and farming systems that should be explored through greater study. Therefore, the three models (F, PF, P) still require carbon stock studies to be used properly in REDD+ programs in Tshopo province. Other studies could integrate other ecosystem services (wildlife conservation, soil protection, etc.) and socio-economic concerns (improved economic conditions of farmers’ households) related to these three models in Tshopo. Cocoa agroforests are generally recognized for their socio-economic and ecological importance. However, each farming system of the forest landscape needs to be studied better to generate information that will support the sustainable management of these rural landscapes.





5. Conclusions


Cocoa trees introduced in the Yangambi-Bengamisa landscape have been associated with other plants in different cocoa agroforests that are part of the current landscape. Although farmers were advised not to keep some trees in the same field as cocoa plants, they have maintained/introduced plants over the last decades that have some function (edible, hosting caterpillars, medicinal, etc.). A multitude of cocoa farming systems could be classified into three main groups: Model F (agroforests in which companion plants (associated with cocoa trees) are dominated by forest species), Model FP (cocoa agroforests in which companion plants (associated with cocoa trees) are split equally between forest species and oil palms), and Model P (cocoa agroforests in which companion plants (associated with cocoa trees) are dominated by oil palms). Such models thus present different options for strengthening the livelihood of farmers, improving biodiversity conservation, and/or defining an appropriate climate change response in Tshopo province and other parts of DRC. Based on the findings of this study, the diversity of cocoa agroforest models offers a variety of options that can be used in the landscapes to search for balance between ecological conservation and farmers livelihoods.



The distance from the city (Kisangani) is a determining factor in the floristic composition (species diversity and plant density) of the cocoa agroforests. The area close to the city is marked by an abundance of oil palms and some edible species, such as avocados and African pear. Areas near the forests are more abundant to forest species for medicinal use.



The findings provide scientific evidence that can be useful in harnessing cocoa agroforest to improve the livelihoods of farmers, conserve biodiversity, and respond to climate change in the Bengamisa-Yangambi landscape and other forest landscapes of DRC.
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Figure 1. Localization of cocoa agroforests and inventory plots in the Bengamisa-Yangambi-landscape. 
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Figure 2. Species rarefaction curve considering the number of individuals sampled and the species richness by cocoa agroforests in four zones of the Bengamisa-Yangambi landscape. Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from Kisangani city) and Zone D (66–81 km from Kisangani city). 
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Figure 3. Species rarefaction curve considering the number of individuals and specific richness in three models of cocoa agroforests in the Bengamisa-Yangambi landscape. Legend: Model F (agroforests in which companion plants [associated with cocoa trees] are dominated by forest species); Model FP (cocoa agroforests in which companion plants [associated with cocoa trees] are split equally between forest species and oil palms); and Model P (cocoa agroforests in which companion plants [associated with cocoa trees] are dominated by oil palms). 
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Figure 4. Correlation between species richness and plant density by cocoa agroforests in four zones of the Bengamisa-Yangambi landscape. Correlation between species richness and cocoa suitable associated plants density (a), cocoa suitable associated plants density (b) and all cocoa associated plants density (c). Legend: Zone A corresponds to 18–33 km from Kisangani city, Zone B corresponds to 34–49 km from Kisangani city, Zone C corresponds to 50–65 km from Kisangani city, Zone D corresponds to 66–81 km from Kisangani city and (•) corresponds to a cocoa agroforests. 
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Table 1. Average species richness and diversity (±standard deviation) of cocoa-associated plants per agroforest in four zones of the Bengamisa-Yangambi landscape.






Table 1. Average species richness and diversity (±standard deviation) of cocoa-associated plants per agroforest in four zones of the Bengamisa-Yangambi landscape.





	Indices/Index
	Zone A (n = 6 Agroforests)
	Zone B (n = 11 Agroforests)
	Zone C (n = 3 Agroforests)
	Zone D (n = 5 Agroforests)
	Whole Region

(n = 25 Agroforests)
	p-Value





	Species Richness
	5.83 (±2.48)
	12.55 (±8.71)
	20.67 (±14.29)
	16 (±6.63)
	12.6 (±8.9)
	0.0725



	Shannon-Wiener index
	0.99 (±0.5)
	1.65 (±1.2)
	2.14 (±1.51)
	2.3 (±0.54)
	1.68 (±1.05)
	0.1836



	Piélou’s equitability
	0.56 (±0.19)
	0.6 (±0.37)
	0.69 (±0.38)
	0.85 (±0.09)
	0.65 (±0.3)
	0.2828



	Simpson’s index
	0.45 (±0.22)
	0.58 (±0.39)
	0.68 (±0.45)
	0.83 (±0.12)
	0.61 (±0.33)
	0.2142







Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from Kisangani city), Zone D (66–81 km from Kisangani city) and n = number of cocoa agroforests.
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Table 2. Average species richness and diversity (±standard deviation) of cocoa-associated plants in three models of cocoa agroforests in Yangambi-Bengamisa landscape.
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	Indices
	Model F

(n = 10 Agroforests)
	Model FP (n = 5 Agroforests)
	Model P

(n = 10 Agroforests)
	Whole region (n = 25 Agroforests)
	p-Value





	Species Richness
	16.4 (±6.19) b
	17.4 (±10.92) b
	6.4 (±6.96) a
	12.6 (±8.9)
	0.011



	Shannon-Wiener index
	2.33 (±0.63) b
	2.29 (±0.78) b
	0.73 (±0.79) a
	1.68 (±1.05)
	0.00011



	Piélou’s equitability
	0.85 (±0.08) b
	0.83 (±0.11) b
	0.36 (±0.25) a
	0.65 (±0.3)
	0.002



	Simpson’s index
	0.83 (±0.14) b
	0.81 (±0.16) b
	0.29 (±0.27) a
	0.61 (±0.33)
	8.50 × 10−6







Legend: Model F (agroforests in which companion plants [associated with cocoa trees] are dominated by forest species); Model FP (cocoa agroforests in which companion plants [associated with cocoa trees] are split equally between forest species and oil palms); and Model P (cocoa agroforests in which companion plants [associated with cocoa trees] are dominated by oil palms). Models not sharing a common letter (a and b) in a row are significantly different at p = 0.05.
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Table 3. The five most abundant species by cocoa agroforests in four zones of Bengamisa-Yangambi landscape.
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	Species
	Local Names
	Main Uses
	Zone A (n = 6 Agroforests)
	Zone B (n= 11 Agroforests)
	Zone C (n = 3 Agroforests)
	Zone D (n = 5 Agroforests)
	Whole Region (25 Agroforests)





	Elaeis guineensis
	Adjagale
	Edible
	110
	179
	51
	26
	366



	Musanga cecropioides
	Kombo
	Timber
	-
	-
	10
	35
	45



	Pycnanthus angolensis
	Gbotugbu
	Timber
	-
	35
	-
	-
	35



	Ficus exasperata
	Kasage
	Medicinal
	3
	24
	-
	-
	27



	Pseudospondias microcarpa
	Bume
	Medicinal
	-
	25
	-
	-
	25



	Maesopsis eminii
	Ngana
	Medicinal
	-
	-
	12
	6
	18



	Petersianthus macrocarpus
	Angbeche
	Caterpillar
	-
	17
	-
	-
	17



	Carapa procera
	Mbindo
	Medicinal
	-
	-
	14
	-
	14



	Macaranga monandra
	Abou chumbuge
	Timber
	-
	-
	13
	-
	13



	Tetrorchidium didymostemon
	Aboligi
	Timber
	-
	-
	-
	9
	9



	Persea americana
	Savoka
	Edible
	8
	-
	-
	-
	8



	Bridelia atroviridis
	Bubu
	Caterpillar
	-
	-
	-
	7
	7



	Dacryodes edulis
	Angboka
	Edible
	5
	-
	-
	-
	5



	Senna siamea
	Ngbangaolaya
	Medicinal
	4
	-
	-
	-
	4



	Total of top five species
	
	
	130
	280
	100
	83
	593



	Total of all species in study area
	
	
	155
	476
	187
	178
	996



	Percentage of top five species
	
	
	83.87
	58.82
	53.48
	46.63
	59.54







Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from Kisangani city), Zone D (66–81 km from Kisangani city) and n (number of cocoa agroforests in each zone).
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Table 4. Abundance of suitable species for cocoa agronomy by cocoa agroforests in four zones in the Bengamisa-Yangambi landscape.
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	Species
	Zone A (n = 6 Agroforests)
	Zone B (n = 11 Agroforests)
	Zone C (n = 3 Agroforests)
	Zone D (n = 5 Agroforests)
	Whole Region (n = 25 Agroforests)





	Musanga cecropioides
	2
	10
	10
	35
	57



	Pycnanthus angolensis
	0
	35
	3
	0
	38



	Ficus exasperata
	3
	24
	1
	1
	29



	Petersianthus macrocarpus
	0
	17
	6
	4
	27



	Zanthoxylum gilletii
	0
	12
	8
	6
	26



	Macaranga monandra
	0
	2
	13
	4
	19



	Bridelia atroviridis
	0
	9
	0
	7
	16



	Macaranga spinosa
	0
	5
	4
	6
	15



	Albizia gummifera
	0
	10
	1
	1
	12



	Albizia adianthifolia
	0
	4
	2
	2
	8



	Alstonia boonei
	1
	4
	0
	1
	6



	Albizia ferruginea
	0
	3
	0
	2
	5



	Canarium schweinfurthii
	0
	0
	3
	0
	3



	Croton haumanianus
	0
	2
	0
	0
	2



	Ficus elastica
	0
	1
	1
	0
	2



	Ficus mucuso
	1
	0
	0
	1
	2



	Ficus wildemaniana
	0
	1
	0
	1
	2



	Zanthoxylum lemairei
	0
	1
	0
	1
	2



	Harungana madagascariensis
	0
	0
	0
	1
	1



	Total of suitable plants
	7
	140
	52
	73
	272



	Total of all plants in study area
	155
	476
	187
	178
	996



	Percentage of suitable plants
	4.52
	29.41
	27.81
	41.01
	27.31







Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from Kisangani city) and Zone D (66–81 km from Kisangani city).
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Table 5. Abundance of unsuitable species for cocoa agronomy by cocoa agroforests in four zones of the Bengamisa-Yangambi landscape.
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	Species
	Zone A (n = 6 Agroforests)
	Zone B (n = 11 Agroforests)
	Zone C (n = 3 Agroforests)
	Zone D (n = 5 Agroforests)
	Whole Region (n = 25 Agroforests)





	Pseudospondias microcarpa
	1
	25
	0
	0
	26



	Myrianthus arboreus
	0
	16
	0
	0
	16



	Carapa procera
	0
	1
	14
	0
	15



	Dacryodes edulis
	5
	3
	1
	3
	12



	Pterocarpus soyauxii
	0
	1
	4
	6
	11



	Rauvolfia vomitoria
	0
	4
	1
	3
	8



	Trichilia gilgiana
	0
	4
	2
	2
	8



	Vernonia conferta
	0
	0
	0
	6
	6



	Desplatsia dewevrei
	0
	4
	1
	0
	5



	Oncoba welwitschii
	0
	1
	0
	4
	5



	Blighia welwitschii
	0
	2
	0
	1
	3



	Synsepalum subcordatum
	0
	0
	3
	0
	3



	Uapaca guineensis
	1
	0
	1
	1
	3



	Barteria fistulosa
	0
	1
	0
	1
	2



	Canthium subcordatum
	0
	0
	1
	1
	2



	Cola lateritia
	0
	2
	0
	0
	2



	Anonidium mannii
	0
	0
	1
	0
	1



	Cola marsupium
	0
	0
	1
	0
	1



	Drypetes gossweileri
	0
	0
	1
	0
	1



	Gilbertiodendron dewevrei
	0
	0
	0
	1
	1



	Homalium longistylum
	0
	1
	0
	0
	1



	Panda oleosa
	0
	0
	0
	1
	1



	Total of unsuitable plants
	7
	65
	31
	30
	133



	Total of all plants in study area
	155
	476
	187
	178
	996



	Percentage of unsuitable plants
	4.52
	13.66
	16.58
	16.85
	13.35







Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from Kisangani city) and Zone D (66–81 km from Kisangani city).
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Table 6. Average number of tree species (±standard deviation) by cocoa agroforests in four zones of Yangambi-Bengamisa landscape according to their main uses.
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	Main Uses
	Zone A (n = 6 Agroforests)
	Zone B (n = 11 Agroforests)
	Zone C (n = 3 Agroforests)
	Zone D (n = 5 Agroforests)
	Whole Region (n = 25 Agroforests)
	p-Value





	Edible
	85.33 (±32.36)
	78.91 (±49.48)
	77.33 (±85.54)
	30.4 (±39.76)
	70.56 (±50.4)
	0.265



	Hosts for caterpillars
	0.67 (±1.63)
	12 (±14.86)
	9.33 (±6.11)
	12.8 (±10.35)
	9.12 (±11.75)
	0.07834



	Medicinal
	11.33 (±8.55)
	38.91 (±37.23)
	76 (±79.9)
	25.6 (±17.57)
	34.08 (±39.38)
	0.115



	Timber
	1.33 (±2.07) a
	13.45 (±12.93) a
	53.33 (±52.2) b
	52 (±18.76) b
	23.04 (±28.38)
	0.002034



	Others (minor or no known uses)
	4.67 (±7.34)
	29.82 (±42.61)
	33.33 (±34.02)
	21.6 (±14.59)
	22.56 (±31.91)
	0.2558



	Total
	103.33 (±37.64) a
	173.09 (±56.23) b
	249.33 (±13.44) b
	142.4 (±7.45) ab
	159.36 (±71.96)
	0.01405







Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from Kisangani city) and Zone D (66–81 km from Kisangani city). Zones not sharing a common letter (a and b) in a row are significantly different at p = 0.05.
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Table 7. Average number of tree species (±standard deviation) in three models of cocoa agroforests in Yangambi-Bengamisa landscape according to their main uses.
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	Main Uses
	Model F

(n = 10 Agroforests)
	Model FP (n = 5 Agroforests)
	Model P

(n = 10 Agroforests)
	Whole Region (n = 25 Agroforests)
	p-Value





	Edible
	29.6 (±25.24) a
	50.4 (±35.05) a
	121.6 (±24.6) b
	70.56 (±50.4)
	0.0001507



	Tree-hosting caterpillars
	15.6 (±13.91) a
	11.2 (±11.1) ab
	1.6 (±2.8) b
	9.12 (±11.75)
	0.01258



	Medicinal
	48.8 (±31.88) a
	52.8 (±64.96) ab
	10 (±12.82) b
	34.08 (±39.38)
	0.007181



	Timber
	30.4 (±25.38) ab
	39.2 (±43.58) a
	7.6 (±13.79) b
	23.04 (±28.38)
	0.04679



	Others (minor or no known uses)
	37.6 (±41.06) a
	28.8 (±25.2) ab
	4.4 (±10.41) b
	22.56 (±31.91)
	0.0071



	Whole region
	162 (±77.98)
	182.4 (±113.3)
	145.2 (±38.69)
	159.36 (±71.96)
	0.653







Legend: Model F (agroforests in which companion plants [associated with cocoa trees] are dominated by forest species); Model FP (cocoa agroforests in which companion plants [associated with cocoa trees] are split equally between forest species and oil palms); and Model P (cocoa agroforests in which companion plants [associated with cocoa trees] are dominated by oil palms). Models not sharing a common letter (a and b) in a row are significantly different at p = 0.05.
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Table 8. Average density and basal area of cocoa-associated plants (±standard deviation) by cocoa agroforests in four zones of Yangambi-Bengamisa landscape.
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	Cocoa Agroforest Structure
	Zone A (n = 6 Agroforests)
	Zone B (n = 11 Agroforests)
	Zone C (n =3 Agroforests)
	Zone D (n = 5 Agroforests)
	Whole Region (n = 25 Agroforests)
	p-Value





	Density of associated plants (n/ha)
	103.33 (±37.64) a
	173.09 (±56.23) b
	249.33 (±113.44) b
	142.4 (±7.45) ab
	159.36 (±71.96)
	0.01405



	Basal area of associated plants (m2/ha)
	5.59 (±5.28)
	10.95 (±9.4)
	15.36 (±3.35)
	8.26 (±4.66)
	9.65 (±7.52)
	0.273



	Density of (n/ha) of cocoa
	913.33 (±213.07)
	959.27 (±154.07)
	746.67 (±78.93)
	789.6 (±92.81)
	888.8 (±168.24)
	0.107



	Basal area of cocoa
	10.91 (±2.63)
	9.14 (±1.94)
	8.2 (±2.04)
	9.68 (±3.9)
	9.56 (±2.58)
	0.453



	Density of whole region
	1016.67 (±77.94)
	1132.36(±187.62)
	996 (±34.64)
	932 (±77.82)
	1048.16 (±70.36)
	0.133



	Basal area of whole region
	13.13 (±3.04)
	19.19 (±7.73)
	17.28 (±2)
	18.08 (±3.13)
	17.28 (±5.91)
	0.248







Legend: Zone A (18–33 km from Kisangani city), Zone B (34–49 km from Kisangani city), Zone C (50–65 km from Kisangani city) and Zone D (66–81 km from Kisangani city). Zones not sharing a common letter (a and b) in a row are significantly different at p = 0.05.
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Table 9. Average density and basal area of cocoa-associated plants (±standard deviation) in three models of cocoa agroforests in the Bengamisa-Yangambi landscape.
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	Cocoa Agroforest Structures
	Model F (n = 10 Agroforests)
	Model FP (n = 5 Agroforests)
	Model P (n = 10 Agroforests)
	Whole Region (n = 25 Agroforests)
	p-Value





	Density of associated plants (n/ha)
	162 (±77.98)
	182.4 (±113.3)
	145.2 (±38.69)
	159.36 (±71.96)
	0.653



	Basal area of associated plants (m2/ha)
	12.38 (±9.48)
	9.87 (±4.83)
	6.81 (±5.77)
	9.65 (±7.52)
	0.263



	Density (n/ha) cocoa
	984 (±200.55)
	824 (±109.8)
	826 (±114.53)
	888.8 (±168.24)
	0.0629



	Basal area of cocoa
	9.6 (±2.97)
	9.81 (±3.45)
	9.4 (±1.91)
	9.56 (±2.58)
	0.961



	Density of whole region
	1146 (±217.52)
	1006.4 (±50.72)
	971.2 (±103.67)
	1048.16 (±70.36)
	0.0525



	Basal area of whole region
	22.99 (±3.86) a
	16.22 (±2.77) b
	12.1 (±2.85) b
	17.28 (±5.91)
	9.62 × 10−7







Legend: Model F (Agroforests in which companion plants [associated with cocoa trees] are dominated by forest species); Model FP (cocoa agroforests in which companion plants [associated with cocoa trees] are split equally between forest species and oil palms); and Model P (cocoa agroforests in which companion plants [associated with cocoa trees] are dominated by oil palms). Models not sharing a common letter (a and b) in a row are significantly different at p = 0.05.
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