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Mangroves are highly productive ecosystems with complex adaptations to the transition between freshwater and sea. Mangroves function as nursery habitats for many organisms, providing protection and food sources for early developmental stages of crustaceans and fish, helping to maintain adjacent marine stocks. Mangroves in São Tomé and Príncipe remain poorly studied. This study addresses the importance of a small mangrove stand to ichthyofauna. The main goal of the study was to describe the fish assemblages of the Praia Salgada mangrove stand on Príncipe Island, and assess if variations in the season, tide, and mangrove zone affected fish distribution. Fish assemblages were sampled with mosquito nets during the rainy and dry seasons, and neap and spring tides, while environmental parameters such as water depth, temperature, pH, and salinity measurements were taken. The characteristics of the water column were affected by a sandbank that developed between sampling seasons, impacting on the dynamics of the water and biological exchanges between the mangrove stand and the adjacent marine environment. The study identified 14 fish species occurring in the Praia Salgada mangrove stand from a total of 772 specimens caught. Five species were recorded for the first time as occurring in the country’s mangrove areas, namely Caranx latus, Ethmalosa fimbriata, Mugil curema, Gobioides cf. africanus, and Citharus cf. linguatula. Most of the reported species are of commercial interest, and were predominantly juveniles, suggesting that the mangrove ecosystem provides a nursery function for several species. Some species revealed preferences for either the upper or lower part of the mangrove forest. The size of fish sampled tended to be bigger during the dry season, especially for the Mugilidae, Aplocheilichthys spilauchen and Gobiidae groups. E. fimbriata and Eucinostomus melanopterus displayed similar sizes between seasons. The average quantity of fish caught per day in the rainy season was three times higher than in the dry season. The fish species distribution in the mangrove stand varied significantly according to the season and mangrove zone. The overall results suggest that the Praia Salgada mangrove stand provides a nursery function for several of the studied fish species.
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INTRODUCTION

Mangroves are defined as tropical trees restricted to intertidal and adjacent ecosystems or subjected to indirect tidal influence (Tomlinson, 2016). Mangrove environments have unique characteristics, both environmental and biological, attracting high biodiversity and providing important ecological services.

These aquatic forests benefit coastal resources by supporting the early stages of commercial and non-commercial fauna such as crustaceans, mollusks, and fishes (Tomlinson, 2016). Mangroves provide food sources mainly via the detritus chain (Tomlinson, 2016) and provide shelter through the complex tangling of roots and associated water turbidity. Young stages of fish take advantage of these conditions that provide a favorable and safe environment for their development. The density of several fish species on coral reefs appear to be related to nearby bays containing mangroves that function as nurseries (Nagelkerken et al., 2002). In addition, declines in local fish catches result when mangrove forests are destroyed (FAO, 2007).

Besides the nursery, breeding, and feeding areas that mangroves provide for juvenile fishes, other ecosystem services such as shoreline protection, provisioning of wood and non-wood products, climate regulation, water purification, cultural services, and several ecosystem supporting benefits such as nutrient cycling, soil formation, and primary production are provided by these forests (MEA, 2005).

São Tomé and Príncipe is an insular African country composed of two main islands and several islets. The islands are of volcanic origin and are part of the volcanic chain known as the Cameroon line, which extends for 1600 km from the ocean in the Gulf of Guinea to the African continent. The islands were never connected to the mainland, resulting in significant differentiation of fauna and flora and a high degree of endemism (Bonfim and Carvalho, 2009).

São Tomé has at least four mangrove forests while Príncipe supports three small mangrove stands (Praia Salgada, Praia Grande, and Praia Caixão). These aquatic forests in São Tomé are made of two families of mangrove trees; black mangroves Avicennia germinans (Linnaeus, 1764), and red mangroves of the genus Rhizophora (Afonso, 2019). Mangrove stands on Príncipe Island are composed of monostands of Rhizophora harrisonii individuals.

In the past years, more than 20% of the mangrove area worldwide has been lost (FAO, 2007). Even though mangrove forests have been proved to be essential to the well-being of human populations and coastal fish stocks (FAO, 2007; UNEP, 2010), there is still much to describe and monitor so that sustainable management of these environments is achieved, particularly for insular tropical systems. São Tomé and Príncipe has almost no records relating to its mangroves. The only published work on the mangroves of Príncipe Island is the report by Herrero-Barrencua et al. (2017), describing the mangrove ecosystems with faunal lists and flora characterization, but with little emphasis on the ichthyofauna.

The present study aimed to describe the mangrove environment of Praia Salgada on Príncipe Island, including the hydrodynamic aspects and fish assemblages. The specific objectives were to describe the abundance, species richness and diversity of the fish fauna, correlate the fish abundance and size with environmental variables, and assess the potential nursery role of the mangrove stands for the fish community.

The present work is the first in the country to compare mangrove fish abundance between the seasons. It has also determined the exact tree coverage of R. harrisonii, allowing future comparisons of mangrove cover and detect possible regressions or growth. This study covered two seasons between October 2019 and February 2020, and determined the influence of seasonality on water column characteristics, species richness and abundance of fish. Variations in temperature, salinity, pH, and depth between the tides (spring and neap) and seasons (rainy and dry) in the upper and lower mangrove zones were also measured and related to fish catches in order to assess if the distribution of fish in the mangrove stand was related to these factors.



MATERIALS AND METHODS


Study Area

This study is focused on a small mangrove system in Príncipe Island, São Tomé and Príncipe (Gulf of Guinea). The Praia Salgada mangrove stand (Figure 1), located in Abade Bay on the east coast of the island, is a small brackish water system receiving freshwater from the Água Grande River and salt water from the Atlantic Ocean. Four sampling sites were established, the first three being within the main mangrove creek (upper, middle, and lower mangrove) surrounded by R. harrisonii trees, and the fourth between the end of the mangrove vegetation and the mouth of the estuary.
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FIGURE 1. Map of the Praia Salgada mangrove stand (on the right) and respective location in Príncipe Island and African continent (on the left). Black perimeter in the mangrove indicates the distribution of the mangrove tree Rhizophora harrisonii. Sampling sites: A – upper; B – middle; C – lower; and D – outer. Points A–D represent the sampling points for the water column characterization, and points A and C correspond to the fishing points. ✩ – location where the sandbank was formed. The map of Praia Salgada mangrove stand (on the right) was constructed with aerial photography obtained with a drone.


The country has a humid tropical climate with four seasons alternating between rainier and dryer phases of different intensities. The less pronounced dry season falls between January and March, followed by the less pronounced rainy season in April–June with (Chou et al., 2020). The main dry season from July to September is called “gravana” (Pisoni et al., 2015; Chou et al., 2020), followed by the most intense rainy season from October–December (Chou et al., 2020). The average annual rainfall ranges from 2000 to 3000 mm, reaching 7000 mm in the cloud forests (NBSAP II, 2015; Chou et al., 2020). Temperatures range from 18–21°C minimum to 30–35°C maximum (Herrero-Barrencua et al., 2017) and with an annual average of 26°C (NBSAP II, 2015). The relative humidity of the air is very high, reaching more than 90% at higher altitudes (NBSAP II, 2015).



Water Column Characterization

To characterize the water column, sampling was performed with a multimeter probe (YSI Multi 350i multimeter) measuring temperature and salinity. The water column depth was measured with a measuring tape or a depth probe, depending on the sampling method (by foot or by boat, respectively). During high tide, the measurements were taken twice, at the top and bottom of the water column, and during low tide only once at mid-depth due to the reduced water column height.

The sampling took place in the seasons: rainy (October, November, and December) and dry (January and February), with 6 days of sampling in each season. These 6 days were evenly distributed between neap and spring tides, with fieldwork during low and high tide on each day. Four working stations (see Figure 1A–D) were established in the mangrove stand. The water column was characterized (temperature, salinity, and depth) for each day in non-successive triplicates for each of the four points.

A sandbank at the river mouth (see Figure 1✩) developed between December and January and increased until February, obstructing water circulation and the mobility of organisms across the estuarine boundary. This different topography was due to the transport and deposition of sediments originating upstream, together with the transport of sand by sea waves. This accumulation of sediments that concentrated at the river mouth significantly reduced the width and depth of the river channel at this narrowest point. During the rainy season the strength of the estuarine discharge precludes the formation of these deposits.



Assessment of Fish Assemblages

Sampling to assess the species richness and abundance of the community took place in the same months as the water column characterization. Sampling was performed at low tide (the only time possible due to the width and depth of the water column) at upper and lower mangrove sites (Figure 1A,C), with two fishing attempts during the same low tide at each site per day.

The sampling was carried out with mosquito nets (1.5 mm mesh size, 2.0 m wide, and 1.2 m high, with a sack shape) and operations involved at least four people. Two people held the net open, with the other two splashing water from a starting point about 10 m upstream to chase organisms into the net. After capture the fish were photographed on-site with a reference scale to later determine the total length (TL) of each individual using the software ImageJ™. The procedure was undertaken as rapidly as possible so that the individuals could be returned to the environment without jeopardizing their survival. Fish sub-samples for identification purposes were retained and transported to the Biosphere Reserve and fixed in a 6% formaldehyde solution, and transferred to a new solution of 80% alcohol after about 24 h.

The fish were identified to species level when possible, except when the lack of adequate descriptions prevented an accurate identification, such as in the case of late larval and juvenile stages. The fish guides by Oren (1981), Lévêque et al. (1990a), Guatier and Hussenot (2005), and FAO (2016a,b), and complemented with the consultation of FishBase (Froese and Pauly, 2019) were used for identification purposes. The lists of fish taxa are presented in taxonomic order according to Nelson (2006).

This study did not require ethics approval or specific consent procedures. The work did not involve animal experimentation and did not compromise animal welfare. The field work involving fish was simple and returned the vast majority of individuals to the environment without harming them, given that the procedure was quick and simple.



Data Analysis

The water column parameters data were normalized, and a resemblance matrix constructed using Euclidean distance. Water column parameters were then compared using principal coordinates analysis (PCO), equivalent do principal component analysis (PCA), considering three factors: season (rainy and dry), tide (neap and spring) and mangrove zone (upper and lower).

Diversity of the fish community between seasons was ascertained by the Shannon–Wiener index (H′) given as [image: image], where s is the number of species in the community and Pi is the proportion of individuals belonging to species i in the community (Krebs, 1999). The evenness or equitability component of diversity was calculated from Pielou’s index (Pielou, 1966) given as J′ = H′/Hmax where Hmax = ln s.

Fish assemblage data were logarithmized, and a resemblance matrix was constructed using the “zero-adjusted” Bray–Curtis similarity coefficient (Clarke et al., 2006). Fish assemblages were also compared with the three factors using PCO and PERMANOVA with crossed design. In this PCO, the vectors of fish species correlated >0.4 were overlapped for comparison.

PERMANOVA analysis with crossed design, based on Euclidean distances was applied to the data on fish captures per day, after the assumptions of homogeneity of variances were not fulfilled even with logarithmic transformation.

The non-parametric Mann–Whitney test was used to assess the differences in the size of the taxa between seasons, as some of the data groups were not homoscedastic (even with logarithmic transformation).

All analyses were performed using the software PRIMER-E™ v. 6.1.11, PERMANOVA+ v. 1.0.1 and IBM SPSS™ Statistics v. 26.0.




RESULTS


Water Column Characterization

The water column depth in the mangrove stand ranged between 0.22 and 1.90 m. As expected, the amplitude between low and high tide for spring tides was larger than that of neap tides (Supplementary Figure 1). The sandbank that emerged during the dry season affected the water column parameters, as the average low tide depth (0.63 m) was not as low as in rainy season (0.47 m). In fact, the opposite was expected, where the depth of the water column would be lower in the dry season. The water column depth reached the lowest values in the rainy season during spring tide event when there was no obstruction of water flow to the sea (by the sandbank) resulting in a very low tide with only a few centimeters of water in the lower part of the mangrove stand. The spring tide in the dry season did not reach this low water level due to the presence of the sandbank.

The salinity of the mangrove creek (0.0–30.0 PSU) increased closer to the sea. The stratification of the water column, interpreted by the difference between the high tide top and bottom values, confirmed the expectation that salinity would be higher at the bottom (Supplementary Figure 2). The observed temperature (21.8–32.2°C) generally increased with proximity to the sea and the patterns observed were similar to those of salinity, mainly because lower salinities are associated with lower temperatures of water descending from upstream.

The intrusion of saltwater is more intense during spring tides, explaining the higher temperatures registered in this situation at the upper and middle sites (Supplementary Figure 3). In terms of water column stratification, the expected tendency of lower temperature and salinity in the upper layer, and higher temperature and salinity in the bottom layers was evident. Temperature was generally higher during the dry season.

The PCO of the environmental data (Figure 2) presents the distribution of points according to the similarity of the environmental parameters. This graph segregates three major groups of points: (1) rainy season; (2) dry season, upper zone; and (3) dry season lower zone. The group (1), rainy season, is characterized by the lowest values of depth, salinity, and temperature, and within this group, the spring tide differs from the neap tide by having the lowest values. The group (3), dry season, lower zone, presents the highest values of depth, salinity, and temperature. Lastly, the group (2) is characterized by being in the middle of the gradient in the x axis of the PCO and by the low pH values, compared with the other two groups. The points of the rainy season are separated in the same group by tide (neap or spring). On the other hand, the points of the dry season are not separated by tide, but by zone, forming distinct groups in the PCO.


[image: image]

FIGURE 2. Principal coordinates ordination (PCO) plot of the environmental data with differentiated points according to season (rainy and dry), tide (spring and neap), and mangrove zone (upper and lower). Environmental vectors inside the circle represent the gradients that characterize the points distribution.




Fish Communities

A total of 772 individuals of at least 14 species were collected in the Praia Salgada mangrove stand (Table 1). The Atlantic Mudskipper Periophthalmus barbarus was very abundant on the banks and margins of the mangrove, however, they were never caught during the sampling due to their ability to avoid the nets.


TABLE 1. Fish taxa, respective number of specimens caught, and species richness (number of species) according to the season.

[image: Table 1]

During this field survey, two species of mullets (Mugil curema and Parachelon grandisquamis) were caught in the Praia Salgada mangrove stand. The designation “Mugilidae n.d.” was used when the size of the individual was too small to determine the species. This occurred during one sampling event (26th November 2019), when 113 individuals of this family were caught simultaneously with an average length of only 1.48 cm.

Two species from the family Gobiidae were identified (Porogobius cf. schlegelii and Gobioides cf. africanus). When “Gobiidae n.d.” designation was used, these individuals may be one of these two species, or another. The diversity of this family and the lack of adequate descriptions for the area made it difficult to accurately identify some individuals. The probability of these individuals included as “Mugilidae n.d.” and “Gobiidae n.d.” belonging to the recorded species led to them being excluded for species richness calculations.

The diversity of the fish community was slightly higher in dry season (rainy season H′ = 1.86; dry season H′ = 1.96). Distribution of the individuals among the various species was more even in dry season (J′ = 0.82) than in rainy season (J′ = 0.72).

A total of seven fishing days occurred in the rainy season and eight in the dry season. The average number of fish caught per day was 80.0 for the rainy season and 26.5 for the dry season. The dry season included two fishing attempts where no catches were made. The average number of fish caught per day was higher in the rainy season and lower but more stable in the dry season (Figure 3). These results may be influenced by the shoaling behavior of some taxa such as the Mugilidae, Aplocheilichthys spilauchen and Ethmalosa fimbriata. However, these groups represented more than half of the catches, and performing this analysis excluding them was not deemed to be justified. To test the significance of differences in the catches between the seasons, tides, and mangrove zones, a three-factor PERMANOVA was performed. The results (Table 2) show a significant difference between season, and non-significance between zone and tide. The interactions of the factors were not significant.


[image: image]

FIGURE 3. Average abundance of fish caught per day according to the season, tide, and zone. Error bars: ±SE.



TABLE 2. PERMANOVA of the total fish catches per day (abundance) according to season, tide, and zone, based on non-transformed data.

[image: Table 2]

The sizes of individuals tended to be higher during the dry season (Figure 4). Mann–Whitney U tests (at 95% confidence) were performed to assess the significance of the differences. Significant differences (U = 761.000, p < 0.001) were found for the Mugilidae as well as for A. spilauchen (U = 2612.000, p < 0.001) and the Gobiidae (U = 337.000, p < 0.001). Even though the graphical results for Caranx latus (Figure 4) show a tendency for larger individuals during the dry season, the Mann–Whitney U test results did not reveal significant differences (U = 36.000, p = 0.219) due to the variable distribution of the data from the rainy season. E. fimbriata and Eucinostomus melanopterus did not reveal a tendency for larger individuals in the dry season, and the Mann–Whitney U results indicate non-significant differences between the seasons (E. fimbriata: U = 955.000, p = 0.514; E. melanopterus: U = 47.000, p = 0.335).


[image: image]

FIGURE 4. Fish lengths (TL), during the rainy and dry seasons. The boxplots represent the four quartiles of the data and the “X” the mean. The outliers represent a data point that exceeds 1.5 times the interquartile range (IQR) from the top or bottom of the box.


The other fish species (Lutjanus agennes, Lutjanus goreensis, Microphis aculeatus, Citharus linguatula, Clupeiforme larva, and Megalops atlanticus) were not analyzed for length according to season because their abundance was considered too low (14). The average length of individuals of Mugilidae, considering the separate groups of P. grandisquamis (rainy = 2.966 cm; dry = 12.515 cm), M. curema (rainy = 3.406 cm; dry = 6.603 cm), and Mugilidae n.d. (rainy = 1.484 cm; dry = NA) shows the same pattern of higher lengths in the rainy season. The Mugilidae boxplot is therefore presented with the lengths combined for all groups to synthesize the results. The same situation was apparent for the Gobiidae, where the pattern of higher average length in the dry season was present (Gobiidae n.d.: rainy = 2.196 cm, dry = 2.239 cm; P. cf. schlegelii: rainy = 3.706 cm, dry = 5.064 cm; and G. cf. africanus: rainy = 5.692 cm, dry = NA). However, when looking at the average length of Gobiidae n.d., similar lengths are apparent due to the difficulty in determining the species in these smaller individuals (until approximately 2.2 cm); a situation that occurred in the rainy and dry season with this family.

The Lutjanidae family were present on 14 occasions by specimens of L. agennes and 4 by L. goreensis. L. agennes were of an average length of 14.5 cm with minimum and maximum values of 2.01 and 43.7 cm, respectively. L. goreensis showed less variability values with an average of 13.3 cm and minimum and maximum values of 11.3 and 16.5 cm, respectively.

The distribution of the fish community in relation to location within the mangrove stand (Figure 5) reveals that the preference of the species does not varied between the studied seasons. The Mugilidae species, C. latus, and E. melanopterus, showed no significant preference between the upper and lower locations in the mangrove creek. Gobiidae and A. spilauchen populations seemed to prefer the upper, and E. fimbriata the lower mangrove creek.
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FIGURE 5. Distribution of the fish taxa (%) according to mangrove location (upper or lower) in the rainy and dry season.


The PERMANOVA results (Table 3) showed statistical differences in the fish community composition between season and zone, which are visible in the PCO plot (Figure 6), separating samples from rainy and dry season and upper and lower location. The results also showed a significant interaction between tide and zone, suggesting that the differences in the zone depend on the tide. Samples from each season clustered according to their species composition, where P. grandisquamis and M. aculeatus were associated with the rainy season samples (Figure 6), characterized by lower salinity, depth and temperature. On the other hand, E. fimbriata was associated with the lower zone of the mangrove stand (Figure 6), occurring only from 1.6 PSU or higher salinities in this study. M. aculeatus was recorded six times and only in the rainy season under low salinity conditions, with an average length and standard error of 9.55 and 1.67 cm, respectively. P. schlegelii and A. spilauchen were associated with the upper mangrove zone samples (Figure 6).


TABLE 3. PERMANOVA of the fish community composition according to season, tide, and zone, based on logarithmically transformed data.
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FIGURE 6. Principal coordinates ordination (PCO) plot of the fish assemblages data with differentiated points according to season (rainy and dry), tide (spring and neap), and mangrove zone (upper and lower). Vectors inside the circles represent the species that characterize the distribution of the points.





DISCUSSION


Water Mass Characterization

The water mass parameters found in this study were as to be expected with regards to patterns of the gradients with proximity to the sea, the influence of irradiation, rains, and interaction between fresh and saltwater. The more intense water column stratification observed in the dry season could be explained by the increase in radiation at this time due to less cloudy skies, less precipitation, more stagnation of water due to the sandbank, and less flow from the river upstream. There are two published works with water mass parameter measurements for São Tomé and Príncipe, respectively (Pisoni et al., 2015; Herrero-Barrencua et al., 2017). They were developed in September–December of different years, including only the rainy season. The characteristics of the top and bottom layers of the water column were different. However, limited comparison is possible since the water mass characteristics of a given estuary are mainly related to the specific geomorphology and characteristics of the basin. Moreover, these studies did not distinguish between measurements taken at high, low, neap, and spring tide. Despite these differences, the values reported previously are within the same range as those reported in this study, and the variation patterns are similar.

The saline wedge is the result of the lack of mixing between saltwater from the ocean and fresh water from the river that creates a line between the two and represents the limit of saltwater intrusion. This happens due to the differences in density and temperature of the waters that do not mix due to low tidal motion. This situation was detected during the rainy season neap tide, where the salinity wedge is between the middle and lower points of the mangrove stand. In all other situations the salinity wedge was above the sampling points.

The water column depth results show the expected influence of the tide on the water dynamics in the mangrove system, with increasing and decreasing water level with tidal changes. However, during the dry season, the presence of the sand bank affected these water exchanges and, consequently, the biological communities of the mangrove system. The dry season did not reveal differences between tides, as the tidal effect was heavily reduced by the sand bank at the entrance of the mangrove creek. On the other hand, the points of the dry season were strongly separated by zone, also explained by the sandbank that blocked the exchanges of water between the creek and the sea and created a more lagoon-like environment.

The obstruction of the sand bank raised the water level inside the mangrove stand during the dry season, decreased the water exchange, and enlarged the mangrove creek. The depth was always greater for the three lowest sampling points (middle, lower, and outer) during the dry season at low spring tides, with tidal differences of approximately 19 cm in the middle site and 43 cm in lower and outer sites. These differences could have led to variations in the effectiveness of sampling and explain why the average number of fish caught per day was 80 for the rainy season and only 26.5 for the dry season.

The water column depth seemed to influence fish catches, with the shallowest depth associated with the greatest abundance of fish (spring tide during the rainy season). In the dry season, when the low tides were identical between spring and neap tides, the abundance of fish caught was the same. The abundance of fish during neap tides in the rainy season had intermediate abundance values, being coincident with also intermediate values for the water column depth. However, the data obtained are not strong enough to assess with certainty the factors that most contribute to the variation in fish abundance, especially in view of the effects of the variable environmental conditions on sampling effectiveness.



Fish Composition and Abundance

The total of 772 individuals of fish caught in the Praia Salgada mangrove stand comprised at least 14 different species. The majority of these species have already been reported from the country’s mangrove systems (Pisoni et al., 2015; Félix et al., 2017; Herrero-Barrencua et al., 2017; Hauron et al., 2018), except for E. fimbriata, M. curema, G. cf. africanus, and Citharus cf. linguatula. The genus Caranx had already been reported for São Tomé Island (Pisoni et al., 2015; Félix et al., 2017), however, the present study is the first to identify a species of this genus in a mangrove system.

The recorded species richness is similar to previous works to other small mangroves of the country: 13 in Praia das Conchas, São Tomé (Félix et al., 2017); 13 in Praia Salgada (Herrero-Barrencua et al., 2017); 11 in Praia Caixão (Herrero-Barrencua et al., 2017); and 10 in Praia Grande (Herrero-Barrencua et al., 2017). However, the species richness recorded in this work is smaller compared to Malanza, the most extensive mangrove system in the country, where were recorded 21 species (Félix et al., 2017).

The species richness was slightly lower in the dry season than the rainy season, which may be related to the abundance of fish caught being lower in the dry season. From the 14 different species reported, four are new records for the island mangrove system (E. fimbriata, M. curema, Gobioides africanus, and C. linguatula). The abundance of E. fimbriata and M. curema was significant, with total captures of 11 and 6%, respectively, revealing the common use of the mangrove system by this species. C. linguatula, caught only once, has been reported for the country (Krakstad et al., 2010) and can occur widely in tropical estuaries (Munroe, 2016).

Despite the species richness being similar to the other studies, this is not based on precisely the same species assemblages. For example, Elops senegalensis, Plectorhinchus macrolepis, Galeoides decadactylus, Monodactylus sebae, and Bostrychus africanus were all reported in the other two works (Félix et al., 2017; Herrero-Barrencua et al., 2017) but not in this survey.

Although Praia Salgada constitutes a small mangrove, the diversity and evenness of the fish community revealed to be relatively similar to other studies in more extensive mangroves the Gulf of Guinea (Aheto et al., 2014; Okyere, 2018).

The distribution of the fish species according to the different factors was shown to be statistically significant between season and zone. The non-significant effect of the factor tide alone is probably influenced by presence of the sand bank that modified the water dynamics of the mangrove system between the two seasons and attenuated the tide effect inside the mangrove creek. However, the interaction between tide and zone was significant, indicating that the effect of the tide might be relevant to fish distribution depending on the mangrove zone.

The lack of connectivity imposed by the sand bank during the dry season restricted the entry and exit of fish with the sea. In a small mangrove such as Praia Salgada, the connection to the sea probably has major importance to the fish community and the emergence of this barrier presumably affected the fish diversity and abundace. Season was the factor with more statistical significance on the captures per day with lower captures in dry season, and the sand bank occurred in the dry season, highlighting this possible effect.

All the reported species are found in brackish systems, some living in these environments permanently (Lévêque et al., 1990b) while others come to feed or seek refuge in their juvenile stages (FAO, 2016b; Ferraris and Smith, 2016). Although some of the species recorded in very low salinity situations are marine, the majority are juveniles. Juvenile fish tend to be more tolerant to low salinity waters (Bæuf and Payan, 2001).

The most important factor affecting the fish population in a mangrove swamp is often salinity (Wright, 1986). Salinity affects the distribution patterns and survival of fishes in estuaries, but may even affect metabolic processes (Nagelkerken et al., 2008). The species most commonly ascribed to freshwater, like A. spilauchen and the Gobiidae, preferred the upper part of the mangrove creek, while E. fimbriata preferred the lower location near the sea and more salty waters. The species that were found to be more common on the upper part of the mangrove creek could be classified as residents (Wright, 1986; Félix et al., 2017).

Most of the fish caught in the Praia Salgada mangrove system are of commercial importance. E. fimbriata, P. grandisquamis, M. curema, C. latus, L. agennes, L. goreensis, and E. melanopterus have all been reported as food fish resources for the country (Horemans et al., 1994; Afonso et al., 1999; Wirtz et al., 2007; Krakstad et al., 2010; Direção das Pescas, 2015; OMALI, 2019). This list excludes some species of freshwater fish and those species that are too small to be important for consumption such as A. spilauchen, M. aculeatus, P. schlegelii, and G. africanus. C. linguatula and M. atlanticus are reported as fish resources in the Eastern Central Atlantic (Ferraris and Smith, 2016; Munroe, 2016), but are not explicitly found in references for São Tomé and Príncipe.

A single M. atlanticus leptocephalus larva was captured in the Praia Salgada mangrove system. This amphi-Atlantic species is classified as vulnerable in the IUCN Red List (Adams et al., 2016) and existing records from mangrove systems only include adults in Malanza, São Tomé (Pisoni et al., 2015; Félix et al., 2017). This species spawns offshore and the leptocephalus larva, when ready, migrate to shallow coastal waters and lagoons to undergo metamorphosis (Taylor et al., 2011). The turbid low-oxygen waters in mangrove marshes offer protection to the young. The occurrence of this larval phase within the mangrove systems has been reported by others (e.g., Harrington, 1966), although these are most commonly juveniles, leading to the conclusion that this record from the current study was an isolated individual about to begin metamorphosis. Nevertheless, is an important record because the species has not yet been identified from the mangroves of Príncipe Island.



Fish Size and Life Stage

The Bonga shad E. fimbriata matures at 22.0 cm in Ghanaian waters according to Blay and Eyeson (1982). Two other works indicate that size at maturity is between 12.0 and 17.5 cm, with larger sizes for females (Facade and Olaniyan, 1972; Faye et al., 2014). Although the values in the literature vary, the individuals caught in this study all belong to the juvenile phase, with sizes from 3.8 to 8.2 cm.

The size at maturity for the mugilid P. grandisquamis is 15.0 cm, and of M. curema 19.7 cm, according to FishBase (Froese and Pauly, 2019), and 18–20.8 cm according to Aguirre and Gallardo-Cabello (2004). The sizes of specimens from the current study averaged between 2.5 and 8.9 cm, with standard deviations of 8.9 and 4.9 cm for the rainy and dry season, respectively. All captured individuals of the family Mugilidae were juveniles, except for a few outliers.

Caranx latus was recorded in this study with a maximum length of 11.5 cm. The species becomes mature at a length of 37.0 cm (Froese and Pauly, 2019), indicating that all recorded individuals were juveniles. The same applied to E. melanopterus, with a maximum length recorded of 7.4 cm and a size at maturity of 7.5 cm (Ramos et al., 2012), and for C. linguatuta, which the only specimen captured being 6.5 cm in length while the size at maturity of this species is reported at 14.5 cm (Cengiz et al., 2014).

Lutjanus agennes was recorded on 14 occasions in this study. The size at first maturity from literature is uncertain. However, the variability in the length recorded ranging from 2.0 to 43.7 cm with the average of 14.5 cm, indicate that the specimens caught were mainly juveniles, with few adults. L. goreensis occurred four times, and all were juveniles with an average length of 13.3 cm. This species is recorded with mean size at first sexual maturity at around 34.4 cm (Fakoya and Anetekha, 2019).

Aplocheilichthys spilauchen is a non-migratory brackish water species, occurring in swamps, river mouths, lagoons, and mangrove swamps (Wildekamp et al., 1986; Lévêque et al., 1990b). The length distribution of the specimens collected is similar to that reported by Okyere (2012), suggesting that the sampling included juveniles and adults. Immature individuals made up 9.2% of the total population in the study by Okyere (2012).

After analyzing the size at first maturity of the species with commercial interest, it was determined that they were all recorded exclusively as juvenile stages within the mangrove system, except for some adults of L. agennes and the larva of M. atlanticus. This strongly suggests a nursery role for the Praia Salgada mangrove system, where early stages of marine species can find food and shelter from predators.




CONCLUSION

The present study of the fish assemblages of the Praia Salgada mangrove system provides a fish species list for this brackish system, a description of water column parameters, and patterns of distribution of the fish community along the mangrove creek, in the context of variation in season between October and February, tides and mangrove zone.

Although Praia Salgada is a small mangrove system, its importance to fish recruitment is clearly suggested by the results of this study. After analyzing the size at first maturity of the species with commercial interest, it was observed that the majority of fish collected in the system were juveniles. This suggests a nursery role for the Praia Salgada mangrove system, where early stages of marine species can find food, and shelter from predators. The accumulation of sediments forming a sandbank in different sampling seasons constrained the water exchange between the creek and the sea at certain times of the year, consequently affecting fish movements. With this constraint, a decrease in fish catches was observed. The distribution of fish in the mangrove creek varied significantly according to the season and mangrove zone. The preservation of this habitat is vital to maintain its benefits to local fisheries, as well as the other environmental services it provides.
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Family Taxa Rainy Dry Total
season season

Clupeidae Ethmalosa fimbriata (Bowdich, 42 42 84
1825)
Clupeiform (larval stage) 1* - 1*

Megalopidae Megalops cf. atlanticus - 1 1
(Valenciennes, 1847) (larval
stage)

Mugilidae Mugilidae n.d. 118 - 118*
Parachelon grandisquamis 187 16 203
(Valenciennes, 1836)
Mugil curema (Valenciennes, 18 25 43
1836)

Poecilidae Aplocheilichthys spilauchen 122 64 186
(Duméril, 1861)

Syngnathidae Microphis aculeatus (Kaup, 6 - 6
1856)

Carangidae  Caranx latus (Agassiz, 1831) 12 9 21

Lutjanidae Lutjanus agennes (Bleeker, 10 4 14
1863)
Lutjanus goreensis 1 3 4
(Valenciennes, 1830)

Gerreidae Eucinostomus melanopterus 6 12 18
(Bleeker, 1863)

Gobiidae Gobiidae n.d. 27* 5* 32*
Porogobius cf. schlegelii 13 31 44
(GUnther, 1861)
Gobioides cf. africanus (Giltay, 1 - 1
1935)
Periophthalmus barbarus NA NA NA

Citharidae Citharus cf. linguatula 1 = 1
(Linnaeus, 1758)
TOTAL catches 560 212 772
Species richness 13 11 14

NA — fish recorded in that season but with no specimens caught in the nets.

*Not considered for species richness.
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Source of df SS MS Pseudo-Fg p Unique

variation permutations
Season 1 62552 62552 8.69 0.001 998

Tide 1 191562 19152 2.66 0.081 997
Zone 1 445.9 4459 0.62 0.484 908
Season x tide 1 2097.7 2097.7 2.91 0.080 997
Season x zone 1 67.4 67.4 0.09 0.821 998

Tide x zone 1 36.7 36.7 0.05 0.849 8995
Season x tide 1 36.7 36.7 0.05 0.853 8995

X zone

Error 22 15849.0 720.41

SS, sum of squares; MS, mean square; df, degrees of freedom; Pseudo-Fs,
pesudo-F test value; p, probability level;, Unique permutations, number of unique
random permutations used to calculate the pseudo-F distribution. Significant
results are shown in bold.
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variation permutations
Season 1 5908.2 5908.2 4.26 0.001 999

Tide 1 30730 3073.0 222 0.037 999
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