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Abstract:
							                           
Coastal habitats have great ecological importance with estuarine environments providing feeding sites for many fish species, especially during juvenile life stages. This study investigates the diet composition and trophic guild organization of the common and abundant ichthyofauna in shallow areas of the Todos os Santos Bay (TSB), Bahia, Brazil, and their relationships with environmental parameters. Six fish sampling campaigns were carried out in the shallow zones (infralittoral) of the Paraguaçu River estuary which encompasses the inner and outer (marine exposure) reaches of the TSB. The stomach contents of 1231 individuals belonging to common and abundant species were examined. A total of 32 food items were identified and fish were into four trophic guilds: detritivores, zoobenthivores I, zoobenthivores II, and zooplanktivores. The relationship between the guilds and environmental parameters showed that zoobenthivores II and zooplanktivores guilds had a positive relationship with salinity and pH, explaining 86% of data variability, though only the salinity variable was significant. This study provides basic information about the diet composition of common and abundant species in the TSB and their organization into trophic guilds. In addition, demonstrates that shallow waters fish across all guilds have broadly similar diets, comprising food items that are usually associated with bottom waters.
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Introduction

Studies on food ecology provide valuable insights into the complex interactions between species and their environment (Berg, 1979; Ferry & Cailliet, 1996; Brodeur, Smith, Mcbride, Heintz, & Farley, 2017). Evaluating the diet and dietary aspects of species is still a primary concern in general and applied ecology (Albouy et al., 2011). These studies provide basic information on ecological aspects and the life history of many species, as well as the role of species in the trophic structure and organization of aquatic ecosystems (Brown, Bizarro, Cailliet, & Ebert, 2011; Braga, Bornatowski, & Vitule, 2012).

Coastal habitats are of great ecological importance. Within these regions, the estuarine environments stand out for their use as feeding sites by many fish species, especially during juvenile life stages. Considered to be one of the most productive aquatic ecosystems, the availability of food resources in estuarine areas can therefore be a key factor in limiting the growth and survival of juveniles (Blaber, 2000; Martinho, Cabral, Azeiteiro, & Pardal, 2012; Potter, Tweedley, Elliott, & Whitfield, 2013).

Estuarine environments are home to abundant and diversified sources of primary producers, allowing for complex trophic webs with large numbers of prey and predators due to the abundance of shelter and the connection with continental and marine aquatic environments (Duarte & García, 2004; Vasconcelos-Filho, Neumann-Leitão, Eskinazi-Leça, Schwamborn, & Oliveira, 2010). In addition, these environments serve as migration routes and as sites for spawning, reproduction, recruitment, and feeding, with some species completing their entire life cycle in estuaries (Potter et al., 2013). Thus, these environments play important roles as nursery areas for juveniles of a large number of species, especially ones that depend on estuaries, many of which are economically important (Martinho et al., 2012; Sales, Baeta, Lima, & Pessanha, 2017).

In northeastern Brazil, the coast of Bahia state is rich in recesses with estuaries that serve as nursery areas for many fish species. Various bays in the region have particular economic importance with activities including fishing, tourism, real estate speculation, and logistics. These bays face significant human pressure, while their importance for marine fish populations remains poorly understood. This study therefore examines the diet composition and trophic organization of the most common and abundant ichthyofauna in the shallow areas of the Todos os Santos Bay (TSB), Bahia, focusing on the consumption of food resources in order to delineate and assess the respective importance of the area’s trophic guild. The relationships between guilds and environmental parameters are also evaluated.




Material and methods


Study area

The study was conducted in the Todos os Santos Bay (TSB), located at 12°50’05” S, 38°46’20” W (Figure 1). The bay is the second-largest in Brazil, with an area of approximately 1,100 km2 (Cirano & Lessa, 2007; Couto, Guimarães, & Oliveira, 2013; Vale & Schaeffer-Novelli, 2018). TSB is home to extensive stretches of coral reefs, estuaries, and mangroves. Most of these ecosystems are associated with the region’s freshwater tributaries (Hatje & Andrade, 2009; Lessa, Cirano, & Genz, 2009). TSB has a wet climate with an average of 53% of the total annual rainfall occurring between April and July (Lessa et al., 2018).
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Figure 1. Map showing the sampling points in the Todos os Santos Bay, Bahia, Brazil.















The Paraguaçu River, the main freshwater tributary of the TSB, occupies a drainage area of approximately 56,300 km2, with its main discharge in the bay. Two other large drainage basins (Jaguaripe and Subaé) flow into the TSB, with all three basins representing 74% of the total river discharge, with the remaining discharge coming from 91 smaller basins that generate a diffuse discharge effect during the rainy season. The average annual flow in the TSB is less than 50 m3 s-1 due to the semi-arid climate that prevails in the drainage basins, while the bay’s hydrodynamics are primarily driven by the semi daily tide, with the basin drainage flow making a smaller contribution (Hatje & Andrade, 2009; Lessa et al., 2009).




Fish sampling

Six fish sampling campaigns were carried out in the shallow zones (infralittoral) of the Paraguaçu River estuary extending to the inner and outer (marine exposure) regions of the TSB (Figure 1). During the spring tides, sampling was always conducted during the daytime low tide. For each sampling point, five hauls were carried out in a straight line over a 30m path, using beach seine net-type trawls (10 × 1.5 m; 5 mm mesh).

Environmental variables were measured simultaneously as ichthyofauna sampling with a Horiba U50 Multiparameter Water Quality Checker, as follows: salinity, temperature, pH, dissolved oxygen, density, and water conductivity. Sampling campaigns were grouped into two seasonal periods. The rainy period corresponds to the sampling campaigns conducted in May and July 2017 and April 2018, while the dry period corresponds to the campaigns carried out in August, September, and November 2018. During the sampling months, monthly rainfall data were obtained from Brazil’s National Meteorological Institute website (INMET) (www.inmet.gov.br).

Once captured, all individuals were kept on ice and transported to the laboratory, where they were frozen for further processing. In the laboratory, fishes were identified, measured for the total length (TL, to the nearest cm), and weighed (to the nearest g). Subsequently, their stomachs were removed and placed into containers containing 70% alcohol for later diet analysis.




Data analysis

By combining abundance and occurrence data, all species collected were initially classified as abundant, frequent, and rare, according to Garcia & Vieira (2001). This procedure was used to identify the 10 dominant species in the study area (i.e., species with high abundance and frequency), representing 70% of the total collected individuals. These species were thus chosen for further analysis in this study. Although all species play some role in the trophic context, the dominant species reflect the most common patterns and conditions in the environment (Magurran, Khachopisitsak, & Amhad, 2011). The diet analysis was carried out on each dominant species with a minimum of 30 individuals collected per period (dry and wet season). The food items found in the fish stomachs were analyzed under a stereoscopic and optical microscope (when necessary) and identified to the lowest taxonomic resolution, depending on the degree of digestion of each item. The following references were consulted to identify food items: Costa et al. (2006), Brusca & Brusca (2007), Barnes, Calow, & Golding (2008), and Fransozo & Negreiros-Fransozo (2016).

Diets were characterized using the Feeding Index (IAi), expressed as a percentage in order to calculate the relative importance of each item found in the stomach contents. This index consists of the ratio between the product of the frequency of occurrence and volume, measured using a millimeter Petri dish covered on the outside with 1x1 graph paper (Albrecht & Caramaschi, 2003) for each item divided by the sum of products for all items found (Kawakami & Vazzoler, 1980), Equation 1:
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Where: FOi is the frequency of occurrence of item i (%), and VOi is the relative volume of item i (% of total). To quantify diatoms, a combination of the volumetric method was used under the stereomicroscope, followed by the qualitative and quantitative evaluation of a sub-sample under an optical microscope. A Neubauer counting chamber was used to count these organisms (Taylor, Harding, & Archibald, 2007).

The food items were then grouped into 11 broad food categories, as follow: (1) diatoms; (2) protists (Foraminifera); (3) plant remains (unidentified plant remains and seeds); (4) Annelida (Polychaeta worms); (5) Arachnida (Araneae and Hydracarina); (6) mollusks (gastropods and bivalves); (7) microcrustaceans (Amphipoda, Copepoda, Ostracoda, and Isopoda); (8) crustacean remains (Brachyura remains); (9) insects (Hemiptera, Thysanoptera, ants, immature and adult forms of Diptera, and insect remains); (10) fish (fish remains and scales); (11) digested (unidentified) animal matter. These categories were used in the analyses, graphic representations, and data comparisons. Trophic guilds were defined based on the similarity of the species’ food resources determined during the stomach content analysis. To do this, a cluster analysis was performed based on the Bray-Curtis index using the vegdist function, following which the minimum variance method (Wards Method) was applied using the hclust function, based on the volume values of the food categories.

To analyze the relationship between environmental parameters and the abundance of species from each trophic guild, a canonical correspondence analysis (CCA) was performed using the cca function. The variance inflation factor (VIF) was calculated using the vif.cca function to evaluate multicollinearity among environmental variables. Environmental variables with VIF values > 5 were excluded from the CCA analysis. The cluster and CCA analyses were carried out in the R environment (R Core Team, 2019) using the vegan package (Oksanen et al., 2019).






Results


Diets of abundant species

The stomach contents of 1,231 individuals from 10 common and abundant species (Table 1) were analyzed, and a total of 32 food items were recorded and identified (Table 2).




Table 1. Abundant species in the Todos os Santos Bay, Bahia, Brazil, and the total number of individuals on which stomach content analysis was carried out.
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Table 2. Diet composition of the most abundant species in the Todos os Santos Bay, Bahia, Brazil, and their respective Feeding Index (IAi%) values. DOM= digested organic matter; DAM = digested animal matter.
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In general, a high amount of digested organic matter was found in the diet of most species. Most items comprised organisms associated with the hyperbenthic zone (e.g., Polychaeta, Mollusca, and diatoms) and, to a lesser extent, zooplankton (e.g., Copepoda and Amphipoda). Additionally, allochthonous food items (e.g., insects) were particularly abundant in the diet of A. brasiliensis.

The dendrogram generated from the cluster analysis identified four trophic guilds: detritivore, zoobenthivores I, zoobenthivores II, and zooplanktivores (Figure 2).
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Figure 2. Cluster analysis showing the trophic guilds formed by fish species, using the volume values of the food categories. See Table 1 for abbreviations.















The gobiid G. oceanicus was the unique representative of the detritivore guild since its diet was the only one composed exclusively of diatoms associated with sediments. The zoobenthivores I guild, represented by C. boleosoma, A. lineatus, and D. rhombeus, was characterized by the consumption of Polychaeta and digested animal matter. The congeneric species S. greeleyi and S. testudineus were classified as zoobenthivores II due to the high consumption of crustaceans and mollusks. The four species of the last guild (A. brasiliensis, O. saurus, A. januaria, and E. argenteus), were mainly characterized by the consumption of microcrustaceans and were therefore classified as zooplanktivores.

The cluster analysis of the trophic guild organization during the wet and dry periods indicated that some species switched guilds during the wet season (Figure 3). Specifically, a greater number of species were classified as zooplanktivores during the rainy season, while one jointed the zoobenthivores guild. The species A. brasiliensis and D. rhombeus were assigned to the zooplanktivores I guild during the rainy season (characterized by the consumption of microcrustaceans), while the latter species was grouped into the zoobenthivores guild during the dry season due to the high proportion of Polychaeta in its diet.

It is worth mentioning that, in addition to microcrustaceans, insects represented a large portion of the rainy-season diet of A. brasiliensis. The species A. januaria, classified as a zooplanktivores during the dry season, was allocated to the zoobenthivores II guild in the rainy season due to its consumption of crustaceans, joining the congeneric S. greeleyi and S. testudineus. In addition, C. boleosoma changed from the zoobenthivores to the zooplanktivores guild in the wet season, leaving A. lineatus as the only species in the zoobenthivores I guild during the wet season.




[image: 187168668047_gf4.png]



Figure 3. Cluster analysis showing the trophic guilds formed by fish species, using the volume values of the food categories for the (a) rainy season and (b) dry season. See Table 1 for abbreviations.















The canonical correspondence analysis showed the relationship between the abundance of the species in each trophic guilds and environmental parameters. The analysis indicated that the zoobenthivores II and zooplanktivores guilds had a positive relationship with the salinity and pH vectors on the first axis, which accounted for 86% of the variation in the data, and were inversely related with dissolved oxygen (Figure 4), though only the correlation with salinity was significant (p < 0.05) The temperature and precipitation were the main variables on the second axis, accounting for 11% of the variability.




[image: 187168668047_gf5.png]



Figure 4. Ordination diagram of the first two axes of canonical correspondence analysis (CCA) based on the trophic guilds and environmental variable data from the Todos os Santos Bay, Bahia, Brazil. See Table 1 for abbreviations.




















Discussion

Four trophic guilds were identified among the ichthyofauna of the Todos os Santos bay. Of these, three guilds were comprised of species feeding on organisms commonly associated with substrate/sediment (benthic compartment). Classifying fish species into trophic guilds is an important step in the understanding and definition of groups with functionally similar species (Garrison & Link, 2000). Tropical estuarine environments are known for their wide variety of available food, mainly due to the diversity of habitats found in these areas and the interactions between saltwater, freshwater, and adjacent terrestrial habitats (Blaber, 2000). The shallower estuarine zones play an important role as nursery areas for fish due to the abundant food supply and protection against predators (França, Costa, & Cabral, 2009; Moraes, Paes, Garcia, Moller, & Vieira, 2012; Santos, Santos, Moraes, Condini, & Garcia, 2020). In the estuaries, nutrients and light are not limiting factors for primary production throughout the water column, even in the benthic compartment, where phytobenthos, seagrass, and macroalgae are important carbon sources for the trophic web. This abundance of primary production is responsible for the high abundance of fish juveniles and sub-adults in these areas (Santos et al., 2020). Additionally, most fish species found in estuarine environments have morphological and physiological adaptations that allow them to feed on the estuarine floor, indicating that substrate plays an important role in the functioning of trophic webs (Day, Yanz-Aranciba, Kemp, & Crump, 2012).

Detritivore species greatly contribute to the estuarine trophic web, especially in terms of energy and nutrient flows from the phytobenthos to other consumers (Day et al., 2012; Oliveira, Bastos, Caludino, Assumpção, & Garcia, 2014; Claudino, Pessanha, Araújo, & Garcia, 2015). Several species of this guild are present in TSB, such as mullets (Reis-Filho, Nunes, & Ferreira, 2010). However, most of these were not among the dominant species examined in this study. Thus, G. oceanicus was the sole representative of the detritivore guild in shallow estuarine areas. With a diet composed exclusively of diatoms associated with sediments, G. oceanicus can be classified as a specialist species, similarly to other studies (e.g., Vasconcelos-Filho et al., 2003; Pessanha et al., 2015).

Species from the zoobenthivores guild often feed on benthic macrofauna living on the sediment (epifauna) or which bury themselves (infauna), as well as feeding on organisms living above the sediment (hyperbenthos) (Elliott et al., 2007). In this regard, the development of organisms associated with the benthic compartment in the TSB is a consequence of the large flow of nutrients from the freshwater drainages to the bay, increasing the availability of organic material, which in turn allows the proliferation of benthic macrofauna (e.g., Polychaeta, Crustacea, and Mollusca) (Barros et al., 2008; Santos & Rodriguez, 2011). The species A. lineatus, D. rhombeus, and C. boleosoma were grouped into the zoobenthivores I guild, due to their consumption of Polychaeta. Flounders and gobies are ecologically diverse groups with conspicuous benthic behavior. These species have morphological characteristics (e.g., body shape and coloring, modified fins) that enable them to successfully explore the benthos, which is reflected in the diet (Carpenter, 2002; Helfman, Collette, Facey, & Bowen, 2009). Most flounders and gobies are typically classified as bottom-dwelling carnivores of small benthic invertebrates, although planktivorous and piscivorous habits have also been recorded (Almeida, Genevois, & Vasconcelos-Filho, 1997; Vasconcelos-Filho, 2010). Mojarras are demersal species with a protrusible (tube-like) mouth that allows them to feed by foraging the bottom and picking up their prey using suction pressure (Carpenter, 2002; Helfman et al., 2009). Although they have morphological differences, these feeding result in flounders, gobies, and mojarras having a similar diet.

The congeneric species S. greeleyi and S. testudineus were grouped into the same trophic guild (zoobenthivores II) since they fed mainly on crustaceans and mollusks. These species are characterized by their terminal mouth with four fused teeth in jaws (i.e., beak-like specialized dentition) allowing them to crush hard-shelled organisms (Krumme, Keuthen, Saint-Paul, & Villwock, 2007; Lima, Clark, Sales, & Pessanha, 2018), such as crustaceans and mollusks. Previous studies from northeastern Brazil also classified them into the zoobenthivores guild and showed that their diet composition primarily consisted of crustaceans and mollusks (Vasconcelos-Filho, Silva, & Acioli, 1998; Vasconcelos-Filho et al., 2010; Santos & Rodriguez, 2011; Pessanha et al., 2015). Congeneric species with similar ecological attributes that share the same space tend to show feeding overlap, and consequently, some level of intraspecific competition. However, in a productive environment such as the estuaries, the food supply tends to reduce the competitive pressures, promoting the co-occurrence of these species as found in Garcia et al. (2018), as well as the present study. In addition, Targett (1978) assessed the partition of food resources between S. splengleri and S. testudineus and found that these species were able to share resources, indicating that both species fed on benthic resources, even with similar spatial overlap and morphology.

The zooplanktivores guild was likewise composed of species with attributes typically associated with the environment. The fusiform shape, pale body with darker upper half, forked tail, and terminal mouth are characteristics that indicate that these species are ideally adapted to feeding on zooplankton in the pelagic component (Ross, Martinez-Palacios, Valdez, Beveridge, & Sanchez, 2006; Mouillot, Dumay, & Tomasini, 2007). Like mojarras, the neotropical silverside A. brasiliensis also has a superior protractile mouth that helps capture its plankton prey by suction pressure (Carpenter, 2002; Helfman et al., 2009). In the TSB, the zooplankton community is comprised of tropical estuarine species, with holoplankton organisms predominating (e. g., Copepoda and Brachyura) (Lessa et al., 2018). In the zooplanktivores guild, the diet of A. brasiliensis shows high diversity, especially due to allochthonous contributions, with a predominance of insects represented by the order Hymenoptera, mostly ants. A wide array of prey types in this species diet result from a generalized and opportunistic feeding strategy, that includes the consumption of terrestrial insects, mainly among the juvenile stages (Contente, Stefanoni, & Spach, 2011; Alves et al., 2016). The Brazilian silverside is an estuarine resident species that is dominant in shallow areas, and predominantly found in lower salinity waters, in river mouths along the coast (Santos, Castullicci, Nepomuceno, Santos, & Sena, 1999; Garcia, Vieira, Winemiller, & Grimm, 2004). This ability to explore environments with less salinity, including rivers, allows A. brasiliensis to benefit from items of terrestrial origin that fall or are carried into the water. Additionally, the Brazilian silverside's superior and protrusible mouth helps it feed on the surface items (Helfman et al., 2009). Previous studies have also indicated the same guild classification for this species (e.g., Contente et al., 2011; Campos, Silva, Sales, Oliveira, & Pessanha, 2015; Medeiros, Xavier, Silva, Aires-Souza, & Rosa, 2018).

The relationship between trophic guilds and environmental parameters indicated a positive correlation with salinity, which drove most of the variability for the zooplanktivores and zoobenthivores II guilds. The species in these guilds were more abundant in sampling sites with higher salinity. The opposite trend was seen for zoobenthivores I and detritivores guilds with greater abundance in areas associated with the Paraguaçu River estuary, where the lowest salinity was recorded. The dynamic interactions among climatic variations in the continental zone and the adjacent marine areas associated with the estuarine environment may result in variations in the physical and chemical characteristics of the water, such as temperature, salinity, pH, and dissolved oxygen, which can vary on different spatial and temporal scales, especially in shallow areas (Allen, Yoklavich, Cailliet, & Horn, 2006; Raimonet & Cloern, 2016).  The salinity gradient in the estuaries increases gradually along their length and may influence the establishment of specific fauna (Blaber, 1997; Elliott & Mclusky, 2002). Preferences for specific salinity ranges may reflect the physiological ability of species to withstand osmotic stress. That is why salinity is generally used to distinguish different areas and habitats throughout the estuarine environment (Whitfield, 2015). In the TSB, a semi-diurnal tidal regime predominates, and the hydrodynamics shows a predominance of marine water, leading to high average salinity (above 30) (Cirano & Lessa, 2007) .




Conclusion

Our study provides basic information on the diet composition of common and abundant species in the TSB and their organization into trophic guilds. In addition, it highlights the fact that the species comprising these guilds in the shallow waters feed mainly on similar food items, with benthic organisms predominating. We also show the importance of investigating seasonal and ontogenetic diet shifts in these areas and their relationship with environmental parameters, which can vary drastically, especially in shallow areas.
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Family Species Code Rainy Season Dry Season Total
Engraulidae Anchoa januaria Ancjan 50 50 60
Gobiidae Ctenogobius boleosoma Ctebol 36 60 %
Gobiidae Gobionellus oceanicus Goboce 30 50 60
Atherinopsidae Atherinella brasiliensis Athbra 38 178 216
Carangidae Oligoplites saurus Olisau 59 50 89
Gerreidae Diapterus rhombeus Diarho 30 75 105
Gerreidae Eucinostomus argenteus Eucarg 71 49 120
Achiridae Achirus lineatus Achlin 54 50 84
Tetraodontidae Sphoeroides greeleyi Sphgre 7 236 515
Tetraodontidae Sphoeroides testudineus Sphtes 50 56 86
Total= 1251






