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Abstract

:

Mangroves are critical to maintaining human well-being and global biodiversity. Eastern and western African shores present major environmental contrasts that reflect on mangrove forests’ structure and the ecosystem services they provide to human communities. This study compares the mangrove forest structure and condition, ecosystem services, and uses of resources in Maputo Bay (Mozambique in eastern Africa) and Príncipe Island (São Tomé and Príncipe in western Africa). Five mangrove species were identified in Maputo Bay, Avicennia marina, Bruguiera gymnorhiza, Ceriops tagal, Rhizophora mucronata, and Xylocarpus granatum, and the importance value index was higher for A. marina. Mangroves in Príncipe were exclusively dominated by Rhizophora harrisonii. In Maputo Bay, a weak regeneration characterized by a low quantity of seedlings was observed, although in Príncipe the sites were characterized by a low regeneration rate but well-established forests. The comparison of the mangrove structure between Maputo Bay and Príncipe Island presented statistically significant differences for mean DBH and height, whereas the trees in Príncipe presented higher values for both parameters. Strong human disturbance (through cutting) was identified in almost all sites in Maputo Bay but was rarely observed on Príncipe Island. In Maputo Bay, more than 90% of the coastal human community is involved in activities related to the surrounding mangroves, with a diversified exploitation of forest resources. On Príncipe Island, the exploitation of mangroves targets only tannin from the mangrove bark to dye fishing nets and small boats. The economic value of mangroves in Maputo Bay has subsistence and commercial importance, in contrast to Príncipe, which revealed no major economic value to the community.
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1. Introduction


Coastal ecosystems, including mangrove forests, tidal salt marshes, and seagrass meadows are critical to maintaining human well-being and global biodiversity [1,2,3,4]. Economically, mangrove forests provide very diverse and valuable products to coastal communities at the local, regional, and global levels. Some of the provisioning ecosystem services consist of wood products (e.g., timber, poles, firewood, and charcoal) and nonwooden products (salt production, tannins, beekeeping for honey production, fisheries, aquaculture, medicine, cultural and aesthetic values) [2,5,6].



Mangroves are a taxonomically diverse group of salt-tolerant, mainly arboreal [7], intertidal communities of trees and shrubs distributed worldwide in tropical and subtropical coastal regions [1,2,8]. These plants developed specialized adaptations to live in the intertidal environment, which has variable salinity and tidally driven inundation, strong winds, anaerobic mineral, and organic soils [2,3,9]. The adaptations include unique structural, morphological, and reproductive specializations, such as aerial root systems (pneumatophores), salt-extracting leaves, and viviparous water-dispersed propagules [3].



Ecologically, mangroves support soil formation, photosynthesis, primary production, carbon storage, provision of habitat for fishery nurseries, birds, and nutrient export [10,11]. Mangroves also regulate various ecological processes, such as biological control, coastal protection, nutrient cycling, water quality regulation, erosion, wave attenuation, sediment accretion, and the maintenance of biodiversity [1,10,11].



Mangrove forests are distributed within the tropics and subtropics, reaching their maximum development between 25° N and 25° S [5,7]. On the regional and local scales, variations in rainfall, tides, waves, and river flows have a substantial effect on the distribution, diversity, and biomass of mangrove forests [12,13]. Temperature is also an important limiting factor of mangrove distribution, emphasizing the importance of studying mangroves due to climate change. There are 13,776,000 ha of mangroves distributed in 118 countries worldwide [2,14,15], representing 0.7% of the world’s total forests [2]. Approximately 75% of mangroves are concentrated in 15 countries, and Mozambique occupies the 13th position in the ranking [2,14].



The southwest and southeast African coasts have strong environmental contrasts. The Mozambique Channel and Agulhas currents push the warm tropical environments to higher latitudes in the southwestern Indian Ocean, while the Benguela current drives cool water to the north in the southeastern Atlantic, compressing the tropical region. The biodiversity is much higher in the Indian Ocean when compared to the Atlantic, including the mangrove species’ richness [15,16], thus, causing different forest structures. Ecosystem services and human uses of the mangrove forest’s resources also relate to biological diversity and forest structure, and are, thus, expected to differ on both sides of the African continent. There is hardly any comparative analysis of mangrove forest structures and the services they provide to human populations on both sides of the African continent.



In Maputo Bay, mangroves occupy an area of approximately 18,000 ha concentrated on the estuarine areas of five rivers: Incomati, Maputo, Tembe, Umbeluzi, and Matola [17,18,19]. Out of the nine mangrove species in Mozambique, six can be found in Maputo Bay, namely, Avicennia marina (Forssk.) Vierh., Rhizophora mucronata Poir., Bruguiera gymnorhiza (L.) Lamk., Ceriops tagal (Perr.) C.B. Robinson, Lumnitzera racemosa Willd., and Xylocarpus grannatum J.Keonig [20,21,22].



In São Tomé and Príncipe, the mangrove forests cover approximately 100–136 ha [15,16]; however; recent estimates confirm at least double that area on São Tomé Island only [23]. On Príncipe Island, mangroves occupy a small area of approximately 1.6 ha, scattered along three major watercourses that discharge at the beaches of Praia Salgada, Praia Grande, and Praia Caixão. The mangroves are exclusively composed of the species Rhizophora harrisonii Leechm. [24,25].



The ecosystem services (ES) are poorly documented for both regions. In Maputo Bay, the documentation of ES is scarce, although the described exploitation of ES is considered to contribute to mangrove degradation [26,27]. Afonso et al. [23] recently documented mangrove ES on São Tomé Island, including perceptions of mangrove values and threats [28], highlighting over 20 ES, altogether covering provisioning, regulation, and cultural and supporting services. Overall, it is expected that both locations present significant differences in the ES provided and the usage of resources, partially derived from the contrasting characteristics of their forest structures. On the other hand, it is also expected that more intensive exploitation may correspond to higher mangrove degradation and altered forest structure.



This study envisages comparing the mangroves between two contrasting areas: Maputo Bay (Mozambique) on the east coast of Africa, and Príncipe Island (São Tomé and Príncipe) on the west coast of Africa, focusing on: (1) the mangrove structure and ecosystem services; (2) the traditional uses of mangrove ecosystems and related socioeconomy, with particular focus on the identification and description of goods and services derived from mangrove forests; and (3) the income of different stakeholders and the socioeconomic sustainability of mangrove utilization.




2. Materials and Methods


2.1. Study Area


This study was conducted in two study areas: Maputo Bay (Mozambique) and Príncipe Island (São Tomé and Principe) (Figure 1).



2.1.1. Maputo Bay


Maputo Bay is located in southern Mozambique between the coordinates 25°55′ S to 26°10′ S and 32°40′ E to 32°55′ E [29,30]. It is one of the largest bays in eastern Africa with 1 280 km2. It receives the discharge of five rivers and has extensive mangrove forests, occupying an area of 176 km2 [31]. The Bay is bordered by Inhaca Island, Portuguese Island, and Machangulo Península to the east and opens to the Indian Ocean to the northeast [32]. The north-western part is bordered by the Incomati Estuary [26], the western part by Maputo City, Katembe District, and the Espírito Santo Estuary.



The climate in the region is subtropical with two seasons, winter from April to September and rainy summer extends from October to March. The daytime air temperature in the wet season can reach 40 °C while in the dry season the temperature can reach 28 °C [30].



Precipitation varies between 34.7–211.9 mm in the wet season and 7.7–77.3 mm in the dry season [18] with an annual average of approximately 884 mm [33], the humidity ranges from 50% to 82% [29] and salinity from 30 to 39 with an annual average of 35 [26].



Maputo Bay is ecologically important and one of the largest fisheries production areas in the country [13,34,35]. The extensive mangroves and the shallow water bay characteristics (10 m average water depth) contribute to the productive fishing area [17].



This study was conducted in five mangrove areas in Maputo Bay: Bairro dos Pescadores, Costa do Sol, Katembe, Boane, and Matutuine (Figure 1).




2.1.2. Príncipe Island


São Tomé and Príncipe, located at the equator in the Gulf of Guinea (0°25′ N; 6°20′ E), nearly 400 km of continental western Africa, is a volcanic archipelago of two main islands with a total area of 1001 km2, of which Príncipe has 142 km2. These islands have a rather uniform vegetation dominated by rain forests [36], being complemented with small portions of mangrove areas, coastal sand, and rocky shores [37].



The country has tropical humid climate, with four climatic seasons, alternating between rainier and dryer phases with different intensities. The main dry season is called ‘gravana’, which occurs between July and September [38,39]. The second dry season is less pronounced and occurs between January and March [38]. The two rainy seasons are between October and December, and April–June, is the first most intense season [16]. The average annual rainfall ranges from 2000 to 3000 mm, reaching 7000 mm over the cloud forests [38,40]. Temperatures range 18–21 °C minimum and 30–35 °C maximum [24] and with an annual average of 26 °C [40]. The air relative humidity is very high, reaching more than 90% at higher altitudes [40].



This study was conducted in the three mangrove areas on Príncipe Island: Praia Salgada, located in Abade Bay, Praia Grande Norte, and Praia Caixão (Figure 1).





2.2. Methods


2.2.1. Forest Structure Characterization


Both in Maputo Bay (Costa do Sol, Bairro dos Pescadores, Katembe, Boane, and Matutuíne) and Príncipe Island (Praia Salgada, Praia Grande, and Praia Caixão) we established random sampling plots. The total number of individual trees (N) and plots (Q) for each sampled area in Maputo Bay (N = 1218, Q = 40) and Príncipe Island (N = 263, Q = 11) were assessed. Each plot had an area of 100 m2 (10 m × 10 m) and methodologies followed standard field protocols [4,41,42,43]. In each plot we assessed species composition and forest structure parameters, such as species identity, number of live/dead trees, trees’ height, respective diameter at breast height (DBH), and height and density of stumps [44].




2.2.2. In-Depth Interviews with Community Members and Local Authorities


The local communities were consulted through in-depth interviews (using semi-structured questionnaires) in order to assess their level of awareness about the importance of the mangrove ecosystem for their livelihoods. The intentional sampling technique [45,46] was used for the selection of stakeholders for the interview, based on the nominations made by key informants; this included local government personnel and the local leaders, based on the premise that they have deep knowledge of the activities within the study area, which will help in the selection of the people who would participate in the interviews [45].



The interviews were conducted individually and in groups (focus group discussions, FGD). The group discussions consisted of 6–12 people, disaggregated by gender (male and female), age groups, and other relevant socioeconomic characteristics [45,46]. We assume that socioeconomic characteristics are important factors that can determine the types of activities and products exploited in the mangrove ecosystem, as well as their relationship with the mangrove area [47,48]. Individual interviews were also conducted to facilitate inclusion in the group of interest, which otherwise were not willing to talk at the group meetings.



The interviews were performed with mangrove users, local administrative entities and groups of inhabitants living near the mangrove [47,48,49,50]. This approach allowed a better understanding of the local communities’ livelihoods and their knowledge about the mangrove importance. All interviewees as part of the study received a verbal statement explaining the purpose of the study. These interviews were held in places where members of the community felt free to do so [45,46].




2.2.3. Data Treatment


The analysis of the structure data was carried out using the statistical programs Stata Statistical Software: Release 10. College Station, TX: StataCorp LP.and IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.. Normality tests Shapiro-Wilk (1965) were applied to all quantitative data (DBH (cm), height (m), and density (ind/ha), to determine stem quality, tree condition, and regeneration. Through this test, the data that proved to be parametric were submitted to ANOVA for comparison tests, and the nonparametric ones were compared through the Kruskal–Wallis test, corresponding to the ANOVA test for nonparametric data. Treatment for socioeconomic data were performed with IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY, USA: IBM Corp.






3. Results


3.1. Study Area Characterization


Mangroves across the Maputo Bay are very similar in terms of forest structure and are mostly dominated by A. marina, which is often shrubby or dwarfed and generally low in density. On Príncipe Island, the mangrove forests present the same uniformity, and are mainly basin and riverine forests; the soil composition is dominated by sand/clay, except for the mangroves in Praia Grande, where the soil is mostly peat or clay. The characterization of the study areas revealed a variation in the characteristics of the soil, inundation classes, and the type of forest in the study areas (Table 1).



The inundation classes described in Table 1 refer to the cumulative classes that are identified at each sampling area that have an influence on a specific sampling plot. At Príncipe Island, only one inundation class that had influence in all sampled plots was identified.



During the characterization of the areas in Maputo Bay, we observed a weak regeneration characterized by the low quantity of seedlings, the presence of garbage and other materials discarded, and the presence of deposits very close to the mangroves, especially at Costa do Sol. Transformation of certain places for housing by cutting down mangrove trees and land claims was also observed, both at Costa do Sol and Bairro dos Pescadores. Human interference (through cutting) was identified in almost all sites in Maputo Bay, which shows its importance to local communities. In some places, such anthropogenic interference was very pronounced, including land use change (due to urban expansion) and solid waste disposal. However, well-established forest patches were also found, with greater species diversity and a more robust forest structure.



On Príncipe Island, during the fieldwork, many dead trees and some signs of tree pealing for tannin and bark extraction were observed at Praia Caixão. Only one species of Atlantic mangrove was identified, Rhizophora harrisonii, which was not seen in Maputo Bay (or in any other forest in Mozambique). All the sites were characterized by low regeneration rates and well-established forests, with trees with high heights varying from 8.72 m to 12.24 m compared to Maputo Bay, where tree height varied from 1.24 m to 2.50 m. Low signs of cutting were observed, especially at Praia Grande.




3.2. Forest Structure


In different locations within Maputo Bay, the number of species varied, four at Bairro dos Pescadores, Katembe, and Matutuíne (A. marina, B. gymnorhiza, C. tagal, and R. mucronata); three at Boane (A. marina, R. mucronata and X. grannatum), and two species A. marina and C. tagal at Costa do Sol. The importance index values for each species (Table 2) showed that A. marina was generally the most dominant species.



Tree density between different sites within Maputo Bay did not differ statistically (Kruskal–Wallis; H = 6.75; DF = 4; N = 40; p > 0.05). However, when comparing the mean density within species, A. marina showed a statistically significant difference between Bairro dos Pescadores and Matutuíne (Kruskal–Wallis; H = 10.743; DF = 4; N = 40; p < 0.05). A comparison of the mean densities for the remaining species showed statistical similarities among C. tagal, B. gymnorhiza, R. mucronata, and Xylocarpus granatum.



Príncipe Island, represented only by the species R. harrisonii, recorded the lowest mean density (666.67 ± 517.47 ind ha−1) at Praia Grande and the highest (3340.00 ± 599.67 ind ha−1) at Praia Salgada/Abade, and 2500 ± 1357.7 ind·ha−1 at Praia Caixão. The tree densities did not differ statistically (p > 0.05) within samples from all three sites on Príncipe Island.



Density data was used to determine the local mean density for Maputo Bay and Príncipe Island, where the results showed no statistical difference (Kruskal–Wallis; H = 0.00; DF = 1; N = 51; p > 0.05).



3.2.1. Trees’ DBH and Height Distribution


Table 3 and Table 4 present structural parameters of mangrove forests in both Maputo Bay and on Príncipe Island.



The minimum mean DBH for Maputo Bay was observed at Bairro dos Pescadores and Boane, and the minimum mean height at Katembe (Table 3). According to the mean DBH and height of the trees in the Maputo Bay, the mangrove forest is mainly composed of trees with a mean DBH of 6.98 ± 0.26 cm and a mean height of 1.74 ± 0.034 m. The relationship between DBH and the height of the trees in Maputo Bay (Figure 2) showed that the forests at Costa do Sol, Matutuine and Boane presented taller trees when compared with the other locations.



The mangroves on Príncipe Island have mainly adult trees with the minimum means for DBH and height registered at Praia Grande Norte and the maximum DBH and height means registered at Praia Caixão (Table 4). Praia Salgada and Praia Grande Norte showed similar tree mean heights. Both DBH and Height showed statistically significant difference (Kruskal–Wallis; H = 53.308; DF = 2; N = 262; p < 0.05) and (Kruskal–Wallis; H = 25.879; DF = 2; N = 227; p < 0.05), respectively. On Príncipe Island, the mangrove trees are mainly adults, with mean DBHs of 10.22 ± 0.42 cm and heights of 9.80 ± 0.29 m. The relationship between DBH and the height of the trees on Príncipe Island (Figure 3) showed that Praia Grande presented the lowest DBH (Figure 3).



In terms of structure, the studied mangrove forests in Maputo Bay had younger/smaller trees compared to the ones on Príncipe Island. Statistical differences were found between Maputo Bay and Príncipe Island when comparing the mean DBH (Kruskal–Wallis; H = 136.075; DF = 41; N = 1349; p < 0.05) and the height (Kruskal–Wallis; H = 542.208; DF = 1; N = 1314; p < 0.05).




3.2.2. Tree Condition


In general, the study sites in Maputo Bay presented a higher density of intact trees (class I), the majority being A. marina, Costa do Sol presented 3050 ± 2054.47 ind·ha−1, Bairro dos Pescadores with 3016.67 ± 682.67 ind·ha−1, Katembe presented 1928.57 ± 1031.68 ind·ha−1, Boane with 1687.5 ± 814.04 ind·ha−1, and Matutuine with 1688.89 ± 761.29 ind·ha−1, representing 69.32%, 67.92%, 72.19%, 88.82%, and 75.62%, respectively (Figure 4).



On Príncipe Island (Figure 5), Praia Grande was the only site where only intact trees were sampled, with a density of 666.67 ± 517.47 ind·ha−1. At Praia Caixão the highest density of 1 733.33 ± 821.25 ind·ha−1 were intact trees and the lowest were 300 ± 208.17 ind·ha−1, partially cut trees. Stumps were registered in Praia Caixão and Praia Salgada representing, 466.67 ± 466.66 ind·ha−1 and 420 ± 255.73 ind·ha−1, respectively. No dead trees were registered on Príncipe Island, and the proportion of stumps per living trees was 1/7, 0, and 1/4 for Praia Salgada, Praia Grande, and Praia Caixão, respectively.



There were no statistical differences when comparing data from Maputo Bay and Príncipe Island for tree condition (intact trees, partially cut, severely cut, and stumps) (Kruskal–Wallis; p > 0.05).




3.2.3. Stem Quality


Regarding the stem quality in Maputo Bay, it was observed that in the sampled areas most of the trees presented type III poles (curved poles and with no use for construction), representing 92.64% of the sample at Costa do Sol, 88.67% at Bairro dos Pescadores, 96.07% at Katembe, 93.38% at Boane, and 80.81% at Matutuine. This can possibly justify the presence of many intact trees in all the sampled areas. In this class, most trees were A. marina in all the sampled areas, followed by R. mucronata at Katembe and C. tagal at Boane (Figure 6). The next class with a significant number of trees was class II (semi-straight poles), dominated by Avicennia marina at all sites. The remaining were straight poles (class I), although absent in Costa do Sol and Katembe.



Contrastingly, on Príncipe Island most of the trees presented type I poles, representing 83.56% at Praia Salgada, 100% at Praia Grande, and 85.25% at Praia Caixão (Figure 6). Type II poles were present in Praia Caixão (14.75%) and residual in Praia Salgada (2.74%). Type III poles were only registered in Praia Salgada corresponding to 13.70% of the mangrove trees.




3.2.4. Regeneration Rate


The regeneration potential of the mangroves in the sampled areas was low both in Maputo Bay and on Príncipe Island (Figure 7). In Maputo Bay, the mean density of the seedlings was 144,000 ind·ha−1, where the majority belonged to the first class RCI (0–40 cm height) with 105,800 ind·ha−1, followed by 23,500 ind·ha−1 in the second class RCII (10–150 cm height), and the class RCIII (150 cm and above) with 14,700 ind·ha−1.



On Príncipe Island, the mean density of the seedlings for the RCI was 381.82 ind·ha−1, 272.73 in the RCII and 436.36 for the RCIII. Praia Salgada was the only location with the three regeneration classes. At Praia Grande, only individuals in the RCIII were observed.





3.3. Mangrove Ecosystem Services


3.3.1. Mangrove Users


In Maputo Bay, it was observed that men and women benefit directly from mangrove resources, exploiting both fishery and forest products. Men and women have different roles in the exploitation of resources (Table 5). On Príncipe Island, the only exploited mangrove resource is from fishermen that extract tannin from the Rhizophora bark for boat painting and gillnet dyeing (Table 5).



According to the Maputo Bay interviewees, men deal with activities that guarantee income generation, such as fishing for shrimp, fish, and sometimes cutting mangrove poles, while women are often focused on subsistence activities, such as collecting firewood for domestic use and collection of invertebrates for consumption (such as collection of clams). Some of these women are sometimes involved in the commercialization of fisheries resources and invertebrates, mainly in the Bairro dos Pescadores and Costa do Sol, to generate additional income for their families, while in Katembe it was observed that the women were involved in collecting invertebrates in the mangrove area mainly for consumption.




3.3.2. Ecosystem Services and Resource Uses


The main occupation of the interviewed participants in all the sampling sites was fishing, followed by agriculture. However, at the western Maputo Bay (Costa de Sol and Bairro dos Pescadores), more alternative activities were observed (Figure 8).



On Príncipe Island all the people interviewed were fishermen, and they all cited fishing and fishing related activities as their main income generating activity.



The extensive interviews cited different benefits obtained from mangroves and were grouped into extractable and nonextractable goods and services (Table 6). Maputo Bay (eastern Africa) had more services derived from mangroves compared to Príncipe Island (western Africa).



The ES provided by the mangroves in Maputo Bay were largely those of provision. Some interviewees reported that they perceive other services, such as cultural services (tourism and recreation). The products extracted from the mangroves by the communities are divided into two groups: fishery products and wood products. The main fishery products include some fish species, such as Hilsa kelee (magumba), Mugil sp. (taínha), Sillago sihama (pescadinha), mangrove crab (Scylla serrata), blue swimming crab (Portunus pelagicus), shrimp (mostly thin and medium), the bivalves Solen marginatus and clams, and the snail Cerithidea decollata. Wood products include firewood, poles for construction and fencing. Both men and women are engaged in the extraction of mangrove products. Women extract firewood for domestic use while men cut poles for both domestic use and commercialization (mainly).



In Maputo Bay, the mangrove users exploit forest resources as well as fisheries. Among these, the most frequently mentioned resources were crabs, shrimp, and fish, differing in quantities at the different locations (Figure 9).



Based on the interviews, it was observed that fishery resources are commonly more exploited in relation to forest resources (timber and nontimber). Timber forest resources were cited most frequently in the Katembe/Boane areas and from the Costa de Sol to B. Pescadores area. This is the area between Costa de Sol and B. Pescadores, where most interviewees mentioned exploiting wood (9.1%), mainly for the manufacture of boats, firewood (61.4%), and poles for construction (50%). In Katembe/Boane, approximately 23.1% of respondents cited firewood as the main wood resource exploited, followed by poles (15.4%). The extraction of nontimber forest resources was also described, such as bark to produce tannin and honey.



The interviews allowed for the identification of the most exploited mangrove species in Maputo Bay, as well as identifying their main uses within the local communities. Table 7 shows the species of mangrove most commonly used by the local community in Maputo Bay.



Uses varied according to the part of the plant being used, but users also showed preferences for species at each location. The parts of the plant being used range from bark (for extracting tannin), dry branches (for firewood), wood, poles, and lacalacas (small diameter poles). According to the interviewees, in the area between Costa de Sol and Bairro dos Pescadores, the most used species are Avicennia marina and Ceriops tagal, while in Matutuíne and Katembe/Boane A. marina, C. tagal, and Rhizophora mucronata are used by the community (Table 8). Dry branches are used as wood fuel for domestic use, while poles and lacalacas are mostly used for building houses, fencing, poultry houses, and corrals, among others. Bark from the trunks of Rhizophora mucronata is removed for tannin extraction.



Respondents claim that timber and nontimber forest products are important for the livelihood of their families due to the provision of local building materials, firewood for domestic use, among others. Uses vary according to gender in the different communities, where women are more involved in collecting firewood and men more in cutting wood, poles, and ‘lacalacas’.






4. Discussion


4.1. Specific Composition and Abundance of Mangroves


The mangrove forest on Príncipe Island is monospecific, being exclusively dominated by R. harrisonii [24,25]; contrary to Maputo Bay, which has six mangrove species [26,35]; in this study, five species were sampled within Maputo Bay. Globally, eastern and western African coasts have different assemblages of mangrove species, with nine species in eastern Africa and five in western Africa [15,16]. Nevertheless, extensive mangrove stands occur in western Africa with up to 16,260 km2 compared to only 6200 km2 in eastern Africa [13,51]. São Tomé and Príncipe, including Príncipe Island, have few records of their mangroves. Herrero-Barrencua et al. [24] published a report describing the mangrove ecosystems’ faunal lists and flora characterization, and Cravo et al. [52] described the fish assemblages of a mangrove on Príncipe Island. Mangroves are almost encroached on Príncipe Island due to the lack of rivers, the presence of high slopes with restricted low-lying areas for mangrove expansion, and the strong rains with an average annual rainfall ranging from 2000 to 3000 mm, reaching 7000 mm in the cloud forests [38,40], hardly allowing settlement of mangrove seedlings.




4.2. Cut Level and Stem Quality


On Principe Island, it was observed that the forest is dominated by quality I (straight branches) trees, with no signs of cut. Some dead trees were identified due to plant peeling for tannin extraction and naturally dead trees as well [24,25]. The main cause of mangrove death on Principe Island is natural, and the second is related to tannin extraction, which, according to the interviewers, is due to the lack of knowledge of peeling techniques by some of the younger fishermen.



In Maputo Bay, the dominance of quality III (very crooked branches) trees was observed, some of quality II, and few or no trees of quality I, showing high levels of cutting in the forests of Bairro dos Pescadores and Costa do Sol. This association may suggest that trees with qualities I and II (ideal for exploitation) are being depleted by the community, being exploited using full cut (or clear cut), which could justify the high level of stumps in these places.




4.3. Mangrove Structure and Regeneration


The mangrove forest in Maputo Bay is mostly young plants and small trees when compared to Principe Island. This observation is based on the average total height of the trees (1.74 ± 0.034 m) and the average DBH (6.89 ± 0.24 cm). This result is in agreement with data from Macamo et al. [26], who obtained, for the Incomati Estuary (northern Maputo Bay) mangrove forest, an average height of 2.6 m and an average DAP of 7.46. The mangroves on Príncipe Island are mainly adult trees with an average DBH of 10.22 ± 0.42 cm, and an average height of 9.80 ± 0.29 m. Statistical differences were found when comparing the mean DBHs and tree heights between Maputo Bay and Príncipe Island. Eastern and western African mangrove forests may differ, not just in species [53], but in size too, by tending to be relatively smaller in the western Indian Ocean and larger in the eastern Atlantic (e.g., Gabon estuary: [54]). This may be due to the higher global productivity of coastal regions of Southwest Africa when compared to the southeastern African coasts (see [55]).



Fernando and Bandeira [18] also reported that the mangroves in the northern part of Maputo Bay, specifically at Bairro da Costa do Sol, have a very low DBH. The result of this study reveals the same results obtained by Fatoyinbo et al. [9], where the average height of mangrove forests in Maputo is 3.7 m, which corresponds to the lowest average when compared to the provinces of Gaza, Inhambane, Sofala, Zambézia, Nampula, and Cabo Delgado, which range between 4.0–15.9 m. Fernando and Bandeira [45] described the Costa do Sol mangrove as a region where there is high salinity and the average height of the species is 1.5 m, characterized by dwarf trees. The measure of the average height of the trees observed at this location was relatively higher than the height described by Fernando and Bandeira [45].



Regeneration rates were documented in Maputo Bay, where the species that made the greatest contribution to mangrove regeneration were A. marina, C. tagal, and R. mucronata, respectively. Avicennia marina was the species that dominated in all regeneration classes, contrastingly from the study by Macamo et al. [22] that indicated R. mucronata as the dominant species in all the regeneration classes. On Principe Island, a few regenerating individuals were observed. Praia Salgada was the only location where the three regeneration classes individuals were found, in the other hand, at Praia Grande only individuals in the RCIII were observed. This can be explained by the fact that these forests are mainly dominated by a few adult individuals at Praia Grande, and at Praia Salgada and Praia Caixão, all the trees are taller.



In Maputo Bay, it was observed that despite being heavily impacted, the mangrove forests of Costa do Sol and Bairro dos Pescadores have a greater regeneration potential than the potential of the forests of Katembe, Boane, and Matutuíne, with ratios of 10:2:1 and 8:2:1 being less than that considered to be the minimum ecological ratio of 6:3:1 [56] against 3:1:0, 2:1:0, and 0.4:0:1. At Katembe and Boane, mangroves’ existence in class III seedlings was not verified, similar to Macamo et al. [42] findings. This may be indicative that the plants produce seeds and seedlings, but these do not reach the necessary size to be considered small plants.




4.4. Mangrove Conservation


Haroun et al. [37] hypothesized that the small area of mangrove within Principe Island may be a remnant of a larger mangrove area impacted by deforestation. This assumption is yet to be verified as existing new deforestation observed in 2019, especially around Praia Salgada, was within the terrestrial environment rather than a mangrove area. Changes in detection can be used to ascertain whether anthropogenic impact is to blame for the small mangrove areas within the entire STP. A six-month test restoration carried out at PS had mixed results, mainly due to excessive rains that prevented the proper settlement of the seedlings in the nursery. Maputo Bay’s degradation of mangroves is widely reported [26,32] as being impacted by anthropogenic and extreme events. Being lowland, adjacent to mangrove forests, contrary to STP, some swamps and marshlands may invade mangrove areas, temporarily covering mangrove areas, especially during rainy and flood periods.



The results showed that in Maputo Bay, the mangroves are highly impacted and degraded, compared to those on Principe Island. According to Sitoe [53], demographic pressure that leads to increasing unemployment and, therefore, more poverty also contributes to mangrove degradation. In correspondence to São Tomé is the observed degradation of adjacent terrestrial vegetation for agriculture.




4.5. Exploitation of Mangrove Ecosystem Resources


4.5.1. Resources Exploited


Communities in Maputo Bay and Principe Island explore mangrove products differently. In Maputo Bay, the results obtained in the sampled areas indicate that the communities closest to the mangroves extract various fisheries and timber resources, both for consumption and for sale. This shows that the resources provided by the mangroves are of great importance to the socioeconomic condition of these communities, as they manage to generate income for their subsistence [57,58].



On Principe Island, the only mangrove usage indicated by the interviewers was tree peeling for tannin extraction, and this was only for self-use. A similar result was also identified on the neighbouring island of São Tomé [28], where the respondents also mentioned that mangrove areas provide services, such as wild food and atheistic values, mostly. On Príncipe Island, no commercial use of mangrove products was mentioned by the respondents; this can be explained by the extension of the mangrove areas on this island.



On Príncipe Island, no women were identified using mangrove products; the only direct use (tree peeling extraction) was mentioned to be performed by men only. It was also observed that men and women in Maputo Bay showed different preferences and uses of mangrove products, demonstrating that access to mangrove resources in these places is influenced by gender [11]. The gender role is generally different by location, different ethnic groups use the extracted products differently. Women were found to devote much time to activities for which they hardly get any monetary recognition, while men were more involved in the collection of products that were likely to provide some cash income [59,60].



Research conducted elsewhere indicates that women, men, and sometimes children should cooperate and participate for mutual benefit in the exploitation of natural resources [60,61]. In Nigeria, for example, men are given the most difficult jobs, such as fishing, while women mainly deal with the marketing of products [60,62]. The same scenario was found at all the sampling sites. In Maputo Bay, women, such as those engaged in the sale of fish, were found.



Ceriops tagal was cited as preferential in Maputo Bay, followed by Rhizophora mucronata. The preference for this species is mainly related to their availability and the quality of their wood [11]. Ceriops tagal’s wood has great resistance, while the Rhizophora mucronata species presents good wood quality due to its property of retaining thermal energy for a longer period compared to wood from other species [63]. On the other hand, Avicennia marina was cited as the most common species available.




4.5.2. Income-Generating Activities in Maputo Bay


Since the interviewees were mostly residents and explorers of mangrove resources, they chose to devote themselves mostly to these activities, and some already tend to seek alternative activities to fishing and agriculture. In Maputo Bay, the area between Costa de Sol and Bairro dos Pescadores in Maputo City presented a large list of alternative income-generating activities. Maputo Bay is located close to the largest urban center in the country and is the largest area of exploitation of fishery resources in the country, with important fishing centers with many boats, strong pressure on the same resource, and many people involved in the same activity [17,64]. All this creates the need to search for alternative activities, mainly for the low catch seasons, between the months of July and August (dry season).






5. Conclusions


Five mangrove species were identified in Maputo Bay, and the importance value index of the species was higher for A. marina in all the sampling sites, followed by C. tagal. On Príncipe Island, mangroves occupy approximately 1.6 ha, scattered along three major watercourses, and are exclusively dominated by R. harrisonii, most of them are intact trees, with some minor plants with signs of peeling for tannin extraction. The mangroves in Maputo Bay have mostly intact trees and quality III stems, and the highest levels of partial and severe cutting of the trees were found in Costa do Sol and Bairro dos Pescadores.



The socioeconomic profile of the target communities in Maputo Bay showed that more than 90% of the people interviewed are involved in fishing or other activities related to mangroves, both for consumption and for sale. Although both genders were involved in fishing, men were generally involved in fishing and cutting poles for sale and consumption, while women were more involved in collecting invertebrates and firewood for domestic use. The mangrove species cited as the most commonly used in the sampling sites were A. marina, C. tagal, and R. mucronata, with the main uses being for the construction of houses, boats, sealing yards, and for this, stakes and lacquers were used, while firewood was used as a domestic fuel, which is collected by women, preferentially. Although mangroves are recognized as an important source of income for Mozambican communities, they are threatened, mainly by human action, but also by natural and climate change factors, such as cyclones and floods. Threats to mangroves must be addressed by looking at the main drivers of deforestation and degradation. This includes dealing with poverty and alternative sources of livelihood and resources.



The mangroves on Principe Island are rarely used by the communities, except for the tree peelings for tannin production in the one species present on the island, R. harrisonii, and this use is not for commercial purposes. The respondents mentioned that each fisherman extracts the tannin when there is a need to paint their fishing nets. Mangrove management strategies may be weak within Principe Island despite having a larger biosphere reserve (not covering the mangrove forests), and in Mozambique, a new mangrove strategy is yet to exist to impact the several corners of Maputo Bay. Some places have community-based management systems implemented informally. This study recommends that more socioeconomic studies of mangrove resources are needed and should cover more people and different communities in the country.
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Figure 1. Location of sampling areas in Maputo Bay (eastern Africa) and Príncipe Island (western Africa). 
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Figure 2. Relationship of the trees’ height (m) and DBH (cm) in Maputo Bay study sites. 
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Figure 3. Relationship of the trees’ height (m) and DBH (cm) on Príncipe Island study sites. 
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Figure 4. Density (±SE) and percentage of intact (I), partially cut (PC), severely cut (SC), stumps and dead trees, in Maputo Bay. 
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Figure 5. Density (±SE) and frequency of intact (I), partially cut (PC), severely cut (SC), stumps and dead trees, on Príncipe Island. 
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Figure 6. Density (±SE) according to stem quality classes in Maputo Bay and Príncipe Island. Class I, II and III, representing, straight poles, semi-straight, and curved poles, respectively. 
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Figure 7. Regeneration rate in Maputo Bay and Príncipe Island. RCI–regeneration class I, RCII–Regeneration class II and RCIII–Regeneration class III. 
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Figure 8. Interviewers’ occupation by location in the surroundings of mangrove forests of Maputo Bay. 
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Figure 9. Exploited resources in mangrove forests of Maputo Bay according to the interviews. 
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Table 1. Characterization of Maputo Bay and Príncipe Island mangrove sampled areas.
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Location

	
Soil Composition

	
Inundation Classes

	
Soil Type

	
Forest Type






	
Maputo Bay

	
Costa do Sol

	
Clay

	
All spring tides

High spring tide

Extreme spring tide

	
Firm

Intermediate

	
Basin

Dwarf mangroves




	
Bairro dos Pescadores

	
Clay

Sand/clay

Peat/clay

	
All the neap tides

All spring tides

High spring tide

	
Firm

Intermediate

	
Basin

Fringe




	
Katembe

	
Sand

Clay

Sand/clay

Peat

Peat/clay

	
All the neap tides

All spring tides

High spring tide

Extreme spring tide

	
Firm

Intermediate

	
Basin

Dwarf mangroves

Estuarine




	
Boane

	
Sand/clay

Peat/clay

	
All the neap tides

All spring tides

High spring tide

	
Firm

Intermediate

	
Basin

Riverine




	
Matutuine

	
Sand/clay

	
All spring tides

High spring tide

	
Firm

Intermediate

	
Basin

Dwarf mangroves




	
Príncipe Island

	
Praia Salgada/Abade

	
Sand/clay

	
All the neap tides

	
Firm

Intermediate

	
Basin

Riverine




	
Praia Grande

	
Sand/clay

Peat/clay

	
All the neap tides

	
Firm

Intermediate

	
Basin

Riverine




	
Praia Caixão

	
Sand

Clay

Sand/clay

	
All the neap tides

	
Firm

Intermediate

	
Basin

Riverine
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Table 2. Importance Index Values (IIV), showing the importance of each species within the forests sampled in specific area.
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Location

	
Species

	
Relative Values




	
Density

	
Dominance

	
Frequency

	
IIV






	
Maputo Bay

	
Costa do Sol

	
A. marina

C. tagal

	
98.86

1.14

	
98.89

1.11

	
80.0

20.0

	
277.75

22.25




	
Bairro dos Pescadores

	
A. marina

B. gymnorhiza

C. tagal

R. mucronata

	
94.17

0.38

2.81

2.63

	
96.00

0.33

2.70

0.97

	
63.16

5.26

21.05

10.53

	
253.33

5.96

26.58

14.13




	
Boane

	
A.marina

R. mucronata

X. granatum

	
82.24

17.11

0.66

	
63.82

35.84

0.34

	
77.78

11.11

11.11

	
223.84

64.06

12.11




	
Katembe

	
A. marina

B. gymnorhiza

C. tagal

R. mucronata

	
86.17

0.53

9.63

3.74

	
80.24

5.78

9.13

4.85

	
0.86

7.69

30.77

15.38

	
204.17

14.00

49.53

23.98




	
Matutuine

	
A. marina

B. gymnorhiza

C. tagal

R. mucronata

	
47.09

12.87

32.75

7.02

	
73.31

4.84

16.57

5.27

	
53.85

15.38

15.38

15.38

	
174.25

33.02

65.10

27.63




	
Príncipe Island

	
Praia Salgada-Abade

	
R. harrisonii

	
100

	
100

	
100

	
300




	
Praia Grande Norte

	
R. harrisonii

	
100

	
100

	
100

	
300




	
Praia Caixão

	
R. harrisonii

	
100

	
100

	
100

	
300
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Table 3. Mangrove structural parameters at the different locations in Maputo Bay.
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Parameters

	
Maputo Bay




	
Costa do Sol

	
Bairro dos Pescadores

	
Boane

	
Katembe

	
Matutuíne






	
Sampling

	
N = 176

	
Q = 4

	
N = 532

	
Q = 12

	
N = 152

	
Q = 8

	
N = 187

	
Q = 7

	
N = 171

	
Q = 9




	
Mean DBH (cm) ± SE

	
4.37 ± 0.19

	
3.94 ± 0.13

	
18.09 ± 1.07

	
4.58 ± 0.28

	
10.44 ± 0.78




	
Mean Height (m) ± SE

	
2.42 ± 0.08

	
1.31 ± 0.05

	
2.00 ± 0.12

	
1.24 ± 0.064

	
2.50 ± 0.09




	
N° of species

	
2

	
4

	
3

	
4

	
4




	
Mean Density (ind·ha−1) ± SE

	
4400.00 ± 2595.5

	
4433.33 ± 841.57

	
1900.00 ± 791.9

	
2671.43 ± 945.09

	
1911.11 ± 650.5




	
Basal area (m2·ha−1)

	
0.34

	
1.09

	
5.98

	
0.62

	
3.00




	
Complexity index

	
0.07

	
0.25

	
0.68

	
0.08

	
0.57
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Table 4. Mangrove structural parameters at the different locations on Príncipe Island.
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Parameters

	
Principe Island




	
Praia Salgada-Abade

	
Praia Grande Norte

	
Praia Caixão






	
Sampling

	
N = 168

	
Q = 5

	
N = 20

	
Q = 3

	
N = 75

	
Q = 3




	
Mean DBH (cm) ± SE

	
9.5 ± 0.53

	
4.65 ± 0.52

	
13.31 ± 0.73




	
Mean Height (m) ± SE

	
8.93 ± 0.32

	
8.72 ± 0.78

	
12.24 ± 0.58




	
N° of species

	
1

	
1

	
1




	
Mean Density (ind·ha−1) ± SE

	
3340 ± 603.82

	
667 ± 517.47

	
2500 ± 1357.7




	
Basal area (m2·ha−1)

	
12.83

	
0.17

	
5.11




	
Complexity index

	
3.83

	
0.01

	
1.56
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Table 5. Use of mangrove resources by gender in Maputo Bay and Príncipe Island.
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Location

	
Occupation




	
Men

	
Women






	
Maputo Bay

	
Fishing

	
Invertebrate collection




	
Timber extraction

	
Fish selling




	

	
Firewood extraction




	
Príncipe Island

	
Tannin production

	
-




	
Fishing

	
-
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Table 6. Main ecosystem goods and services derived from mangroves forests in Maputo Bay and Príncipe Island.
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Goods/Services

	
Uses

	
Location




	
Maputo Bay

	
Príncipe Island






	
Non–extractable

	
Coastal protection

	
√

	




	
Tide flooding control

	
√

	




	
Water purification

	
√

	
√




	
Aesthetical beauty

	

	




	
Nursery ground

	
√

	
√




	
Fishing ground

	
√

	
√




	
Extractable

	
Firewood

	
√

	




	
Charcoal production

	
√

	




	
Timber

	
√

	




	
Shrimp fishing

	
√

	




	
Invertebrates’ collection

	
√

	




	
Tannin production

	
√

	
√
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Table 7. Distribution of respondents for other exploited resources in Maputo Bay.






Table 7. Distribution of respondents for other exploited resources in Maputo Bay.





	
Uses

	

	
Site

	
%






	
Tannin extraction

	

	
Costa do Sol/B. Pescadores

Katembe/Boane

	
4.5%

7.7%




	
Honey extraction

	

	
Matutuine

	
4.8%




	
Fishery resources

	
Crabs

	
Costa do Sol/B. Pescadores

Katembe/Boane

Matutuíne

	
70.5%

42.3%

76.2%




	
Shrimp

	
Costa do Sol/B. Pescadores

Katembe/Boane

Matutuine

	
64.6%

34.6%

71.4%




	
Fish

	
Costa do Sol/B. Pescadores

Katembe/Boane

Matutuine

	
68.2%

38.5%

47.6%
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Table 8. Main mangrove species used by the community in Maputo Bay.
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	Scientific Name

(Common Name)
	Area
	Main Uses



	Avicennia marina

(White mangrove)
	Costa do sol, Katembe/Boane and Matutuine
	
	-

	
Firewood: used as a wood fuel for domestic use and as a raw material to produce charcoal.




	-

	
Wood: used for building houses.




	-

	
Poles: used for building houses and making boats.









	Ceriops tagal

(Indian mangrove)
	Costa do sol, Katembe/Boane and Matutuine
	
	-

	
Poles and lacalacas: used for the construction of houses (mainly kitchens and bathrooms). Rod-shaped poles are used for roofing houses.




	-

	
Firewood: wood fuel for domestic use.









	Rhizophora mucronata

(Red mangrove)
	Katembe/Boane and Matutuine
	
	-

	
Poles: used for the construction and manufacture of boats.




	-

	
Tree peeling: used for tannin extraction.
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