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Abstract

:

A comprehensive database was built to examine the spatial diversity patterns of polychaete species from the continental shelf in Southern Gulf of Mexico. Using Cluster and nMDS analysis we found the composition of polychaete species to be different between the terrigenous and carbonate regions of the Gulf. To test the relative importance of spatial and environmental components in the polychaetae community structure in the Southern Gulf of Mexico, we examined the spatial relationships between polychaetae assemblages and environmental variables over broad geographical scales. A distance-based redundancy analysis (dbRDA) and variation partitioning was used to quantify the relative importance of these explanatory variables on the spatial variations of species richness and composition. Variation partitioning is an important tool to investigate the importance of spatial structure to species distribution in communities, but it has not yet been used in marine ecosystems. The significance level of spatial and environmental components to the distribution of polychaete species showed that the combined effect of spatial processes and sediment characteristics explained a higher percentage of variance than those parameters could alone.
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1. Introduction


The study of patterns of biodiversity has increased remarkably over the last few years. In marine soft sediments, the spatial distribution of species is crucial to understanding the interactions of species with each other and with the environment [1].



Characterizing the mechanisms that structure ecological communities is fundamental to a better understanding of ecosystems’ functioning [2,3]. The relationship between the composition of a species and the inclusion of the environmental components into analysis of that community is a common subject in community ecology studies and has been increasingly used in the study of marine ecosystems and benthic ecology [4,5,6,7,8]. The inclusion of this component in community analysis can help detect any spatially dependent organization that species may display [2].



One of the major goals of ecology is trying to explain the causes of variation in biodiversity at multiple spatial scales and relating these fluctuations to changes in environmental drivers, and this is becoming an increasingly important task [9,10]. Different methods exist that take the spatial component into consideration in community analysis [11,12]. A notable example is the use of ordination analysis in order to partition out the variance of different sets of variables [13,14]. This method involves evaluating environmental variables and creating a geographic coordinates matrix (spatial matrix), as well as characterizing these variables’ individual and compounded contribution to the community structure. Variation partitioning has become an important exploratory tool, as it can provide an understanding of the regional and local processes that structure the communities [3,15,16].



Annelida Polychaeta are among the most common and diverse groups in the macrofauna inhabiting the benthic zone. They are one of the most characteristic groups of soft-bottom benthic communities [17,18] and one of the richest invertebrate benthic taxa with respect to species number [19,20]. This group is often dominant in benthic macrofauna [21], and is known to comprise up to 60–70% of the individuals of soft bottom macrozoobenthos [17,22]. Polychaetes can be used as “markers” of different ecological conditions [23] and they can be especially informative in assessing the health of benthic environments. Therefore, the analysis of the diversity patterns of this fauna can be essential to understanding how ecosystems function, since the biological processes that determine these patterns can reflect those of the entire ecosystem [24,25,26,27,28,29,30]. In the continental shelf of the Gulf of Mexico, polychaetes represent a key group in terms of abundance and diversity [31]. The annelid polychaete fauna of the Gulf of Mexico has been the subject of extensive research for decades, but information about the patterns of the species’ distribution is still scarce. Accordingly, a comprehensive database was built, using the results of several research projects carried out in the Southern Gulf of Mexico, to examine the spatial diversity patterns in its continental shelf. Considering the high environmental heterogeneity of the Gulf of Mexico, our hypothesis is that the composition of polychaete species will be different between the terrigenous and the carbonate regions of the Gulf. To determine the relative effect of spatial and environmental components in the polychaetae community structure in the Southern Gulf of Mexico, we examined the spatial relationships between polychaetae assemblages and environmental variables using distance-based redundancy analysis (dbRDA) and variation partitioning as a means of quantifying the relative importance of these explanatory variables on the spatial variations of polychaete species’ richness and composition.




2. Materials and Methods


2.1. Study Area


The study area covers approximately 46 000 km2 and is in the Southern Gulf of Mexico between the ports of Tampico, in Tamaulipas State, and Progreso, in Yucatan State (18°30′–22°20′ N; 89°41′–97°4′ W) (Figure 1). Two provinces constitute this marine region: the Bay of Campeche and the Campeche Bank. The Bay of Campeche is in the Southern Gulf, and its western region is narrow with its upper limit at 130 m depth, between 45 and 65 km offshore. The Campeche Bank, to the east, has an extensive shelf characterized by a gentle slope and uneven bottom with sandbanks, coral reefs, and autochthonous biogenic and autogenic sediments along most of the coast of the Yucatan Peninsula [32,33]. The terrigenous sediments are predominantly silty with variable amounts of gravel, sand, and clay, whereas the calcareous materials are muds constituted by fragments of shells, corals, and algae. A transitional carbonate–terrigenous region has been reported between those regions, the limits of which change throughout the year [34,35,36]). There are many rivers and coastal lagoons flowing in the western Gulf (terrigenous zone) whose active deposition makes sediment predominantly muddy, whereas no rivers are found in the eastern region (biogenic zone) and its sediments are mainly coarse and carbonate sand. The Southern Gulf of Mexico is a complex tropical domain with strong river discharges from the Grijalva–Usumacinta river system, which is the main source of terrigenous sediments in the area [36]. The adjacent coastal area is influenced by the freshwater input from this system, which modifies the salinity and temperature fields and contributes to the formation of costal hydrological fronts [37,38]. A cyclonic eddy dominates the mesoscale circulation in the Southern Gulf of Mexico [39,40], and modifies the position of the river plume and, as a consequence, the distribution of sediments and zooplanktonic organisms [39].




2.2. Data Source


The samples were taken during six oceanographic expeditions from 1988 to 1990 at depths ranging from 1 to 200 m. A database was constructed from extensive studies carried out on the continental shelf (<200 m depth) of the Southern Gulf of Mexico (18°30′–22°20′ N; 89°41′–97°4′ W), as part of the institutional projects “Determination of the environmental impact caused by the oil extraction activities in the Campeche Sound, through biological, geochemical, and sedimentological studies (IMCA)” and “Ocean dynamics and their relationship to environmental damage in the Southern Gulf of Mexico (DINAMO)”. The biological material was collected from 61 sampling stations, 35 in the western region (Bay of Campeche) and 26 in the eastern region (Campeche Sound), onboard the R/V “Justo Sierra” (Universidad Nacional Autónoma de México), in March and September–October 1988 and 1989 (expeditions IMCA 1, 2, 3, 4), and 1990 (expeditions DINAMO 1, 2). The same sampling strategy was used throughout the six expeditions; stations were sampled only on soft bottoms with a Smith–McIntyre grab (0.1 m2), collecting a volume of 20 liters of sediment at each station. The sediments were screened onboard through a 0.5 mm mesh to separate the macrofauna. The biological material was fixed in 4% formaldehyde. Afterwards, in the laboratory, the samples were washed to eliminate the fixative substance, then the specimens were sorted under a stereomicroscope and preserved in 70% ethanol. The polychaetes were identified to species level, catalogued, and deposited in the Colección Nacional de Anélidos Poliquetos at the Instituto de Ciencias del Mar y Limnología (ICML), UNAM (CNAP–ICML, UNAM; DFE.IN.061.0598). Stations were georeferenced with the ship’s GPS, depth was measured with a SIMRAD ES60 echosounder, and salinity and temperature were measured close to the bottom with a Niels Brown CTD. Additional samples were taken to analyze the sedimentary texture using the sieving method (Folk 1980). Although the carbonate content was not evaluated, the differences between the east and west regions, in terms of the terrigenous and carbonate substrate, were defined by the sedimentary texture, supported by the sedimentary zonation previously reported in literature [34,41]. The resulting database included information of all identified polychaete species, their geographical distribution (latitude and longitude), and the environmental factors of depth, temperature, and salinity where they were collected. The taxonomic information was carefully checked with the more recent systematic reviews and, using the World Polychaeta database [42], the validity of names and synonymies was verified, to omit species whose taxonomic identification was doubtful or species that were sampled only once. A total of 173 species were integrated into the final database.




2.3. Statistical Analyses


Community dissimilarity between each pair of sampling stations was evaluated using the Sørensen dissimilarity measure, based on a presence/absence matrix. According to Baselga [43] and Carr [44], the Sørensen’s dissimilarity index (βsor) [45] provides a comprehensive vision of the beta diversity, since it takes both species loss and replacement into account [44]. The geographic distance between each pair of stations was calculated using the Euclidean distance between the longitude and latitude coordinates of each station. The environmental distance between each pair of stations was calculated using Euclidean distances based on all the environmental variables included in this study. The resulting dissimilarity matrix was used to characterize the dissimilarity patterns by means of cluster analysis (group average linkage) and non-metric multidimensional scaling (nMDS), as suggested by Field et al. [46] and Clarke and Warwick [47]. The significant differences in the assemblage structure between the two studied regions were tested with a one-way analysis of similarity (ANOSIM). Similarity percentage analysis (SIMPER) was used to identify the species defining the faunal groups, measuring the contribution of each species for similarity of assemblage [48].



The relationship between faunal pairwise dissimilarity and spatial distance was assessed by fitting an exponential function describing the increase in faunal dissimilarity with spatial distance [49,50]. To do this, an R package “betapart” (functions “decay.model” and “boot.coefs”) was used, which adjusts a GLM with similarity as the response variable, spatial distance as the predictor, log link, and Gaussian error. The intercept and slope parameters were then bootstrapped (1000 replicates) [51,52].



Distance-based redundancy analysis (dbRDA) was performed to establish the relationships between community dissimilarity, spatial (geographical distances) and environmental variables (depth, temperature, salinity, sand, and mud content). Before the dbRDA analysis, forward selection procedures [53] were carried out to select the most significant spatial and environmental variables. All nonsignificant (p > 0.05) variables were eliminated from further analyses.



Afterwards, variation partitioning analysis was performed to assess the relative contribution of the significant spatial and environmental variables in explaining the community dissimilarity [54]. The significance of each fraction was assessed by means of a Monte Carlo permutation test. In addition, the relative contribution of each significant spatial and environmental variable in determining community dissimilarity was assessed by means of partial dbRDA, which identified the effect of each of the significant environmental/spatial variables. All analyses were run in R-4.0.3 with the “vegan” and “betapart” packages [51,55,56].





3. Results


3.1. Species Composition and Distribution of Richness


A total of 173 species, belonging to 40 families, were recorded along the continental shelf of the Southern Gulf of Mexico (Supplementary Table S1). The eastern region had the higher number of species, at 164, and in the west 125 species were collected. Polychaete species’ richness varied widely throughout the study area, ranging from 12 to 57 species/station in the east (SD + 10.9) and 9 to 50 species/station in the west (SD + 11.7) (Figure 2). In average, 31.83 species/station were found in the east and 23.85 species/station were found in the west (Supplementary Figure S1).




3.2. Cluster and nMDS Analysis


Analysis of dissimilarity, based on Sørensen’s coefficient relating the polychaete composition of the 61 sampling stations showed two main assemblages that exhibit high dissimilarity (>0.75) between them at species level (Figure 3a,b). The ANOSIM analysis confirmed that spatial differences in the polychaete fauna were significantly related, with the two examined regions (RANOSIM= 0.395, p= 0.001). Assemblage A grouped stations located in the terrigenous region west of the Gulf of Mexico, and the most representative species were Paraprionospio sp. (11%), Nephtys incisa (10.3%), Scoletoma tenuis (10.3%), and Kinbergonuphis sp. (7.3%). Group B included stations distributed in the carbonate region on the eastern Gulf, where Scoletoma verrilli (8.5%), Paraprionospio sp. (8.1%), and Armandia maculata (6.1%) were the main species defining the assemblage. The spionid Paraprionospio pinnata and, to a lesser degree, Kinbergonuphis sp., were widely distributed in the study area, but Scoletoma tenuis, Nephtys incisa, Lumbrineris cingulata, Ninoe leptognatha, and Cossura delta were mainly distributed in the west region. On the contrary, P. (P.) steenstrupi, Armandia maculata, and Scoletoma verrilli preferentially inhabited the east region (Figure 3a,b).



The exponential fit between the calculated value of Sørensen’s index as a function of distance between all pairs of sampling stations showed a direct relationship between compositional dissimilarity and distance. That is, the dissimilarity between the polychaete composition from all sampling stations increased with increased distance between them (Figure 4).




3.3. Distance-Based Redundancy Analysis (dbRDA)


The distance-based redundancy analysis (dbRDA) showed that the first axis explained 47.34% of the total variation, and the second axis explained 22.59%. The first two axes together explained 46.8% of the total variation (Figure 5). The vectors representing mud, salinity, and depth point towards the terrigenous shelf, indicating that by the Western Gulf coasts the stations were mainly muddy, saline, and slightly deeper, whereas the stations on the carbonate shelf in the eastern region were sandy and warm (Figure 5). Stations located in the terrigenous region are depicted in the left upper and lower quadrants and show a great variability, and stations located in the carbonate region are in the upper right and lower right quadrants).




3.4. Variation Partitioning


The variation partitioning analysis showed that the combined effects of spatial distribution (X1) and sedimentary composition (X4) primarily explained the variations in species composition across the study area, although the contribution of other variables such as depth (X2) and temperature (X3) was considered. However, salinity contributions were less important and were left off the analysis during the forward selection procedure (Figure 6).





4. Discussion


The present study deepens our understanding of the role of these invertebrates in the established benthic communities of the Campeche Bank area, where the intensive extraction of oil and other hydrocarbons is carried out and the ability to assess the natural and anthropogenic impacts of this industry are important [34,41].



Species richness varied across the longitudinal gradient, with an increase in richness from west to east. Two distinct polychaete species assemblages were clearly detected: one corresponding to the terrigenous shelf in the west of the study area, and the other associated with the carbonate shelf in the east. Several studies have shown that sediment composition can be the key factor controlling benthic communities in marine environments [56]. Granados-Barba et al. [57] mentioned that sediment type and depth are the main factors that determine polychaete species distribution and abundance patterns in the Southern Gulf of Mexico. Granados-Barba [58] also showed that depth influences polychaete community structure in the Gulf, with an increase in polychaete species richness with depth.



In our study, the species distribution along the continental shelf of the Southern Gulf of Mexico shows a decline in the number of species from east to west towards the terrigenous shelf. The mixed sandy–mud bottoms, dominant in the Campeche Bank, favor higher species densities and richness, in contrast with the terrigenous sediments from the western Gulf, which negatively affect the development of the benthic communities. Variations in sediment type and grain size determine sediment porosity, which influences the mineralogy, organic matter content, gas, and nutrient concentrations [59,60,61,62,63,64]. Changes in these sedimentary parameters affect the establishment and development of the benthic organisms, including polychaetes, since the dynamics in the water–sediment interphase modify the excavation processes by organisms and limit the number of species that settle [65]. According to Santibañez-Aguascalientes et al. [66], the carbonate bottoms to the east are constituted of medium and fine calcarenites and oxides that provide suitable habitats for benthic communities [36,58,67]. Conversely, terrigenous bottoms that are influenced by fluvial discharges contain mud and sand, and in locations near the mouths of rivers there can be a high diversity of polychaete species that are adapted to turbid bottoms and terrigenous material [68,69].



Our analyses allowed us to distinguish two polychaete assemblages directly related to the terrigenous and carbonate regions in the Gulf of Mexico. This was further confirmed when the distance between sampling stations was considered: where the sampling stations were in geographical proximity, the exchange of polychaete species between the stations increased. The differences observed between the two assemblages can be explained by the dissimilarity in polychaete species composition at the stations as a function of distance separating them. The dbRDA analyses showed that mud/sand content was an important factor structuring the diversity patterns of polychaete fauna. Soft bottoms, owing to their high organic matter content [70] and consistency, facilitate the motility of infaunal species [71] and offer favorable conditions for the establishment of macrobenthic fauna, especially polychaetes. In the Campeche Bank area, previous studies have shown that the distribution and diversity of polychaetes are primarily influenced by sediment composition, with polychaete diversity increasing with higher sand content [34,72]. This sedimentary gradient in our study area showed a west–to–east longitudinal gradient and polychaete species richness followed this same gradient. Depth had, in general, a marginal effect on species composition, being mainly associated with the abrupt bathymetric changes observed in the terrigenous region due to the narrowness of its continental shelf. On the contrary, the carbonate region is linked to a large continental shelf (150 km wide) that is unaffected by river discharge. The establishment and distribution of the local macrobenthic fauna is directly influenced by these factors [34].



Variation partitioning analysis confirmed that the combined effect of spatial structure and sedimentary composition primarily explained the variations in species composition across the study area. The dissimilarities between the terrigenous region and the continental shelf are the result of the mixed influence of geographical distance and changes in sediment composition. A gradual shift from terrigenous (west) to carbonate (east) sediments can be observed, owing to the absence of rivers in the eastern region of the Gulf. A transitional zone, whose limits vary seasonally, can be identified by a mixture of sediments [59,72]. Accordingly, the diversity of polychaetes is generally low in the transitional zone, which is influenced by the discharge from the Grijalva–Usumacinta river system, high in the east of Campeche Bank. There is also a change in species composition (species turnover) from the terrigenous to the carbonate sediments, with lumbrinerid species present in the terrigenous sediments giving way to spionids in the transitional zone, and sabellids on the carbonate shelf [72].



Our results showed that faunal dissimilarity increased with increasing distance between sampling sites. Exponential models, unlike power law models, involve a constant proportional change of dissimilarity per unit of distance. This implies that the processes governing the distance–decay relationship vary with environmental distance, spatial configuration, and organism attributes, but not with distance independent of these factors. Community dissimilarity at large scales tends to increase with distance due to a combination of various factors, such as higher environmental dissimilarities [49]. In the Southern Gulf of Mexico, depth and other associated characteristics, such as sediment layout and grain size, are believed to have a strong influence on the composition of benthic communities [59,73]. Landscape heterogeneity structures biodiversity, setting distinct niches for organisms and driving dissimilarities between communities [74].



Although the sediment is coarse in these regions, high values of organic carbon content were recorded, owing to the high quantity of organic matter discharged by the Grijalva–Usumacinta River, the second-largest river in the Gulf of Mexico (after the Mississippi) [75]. After being deposited in the Gulf, this organic matter is transported towards the east of Campeche Bank by the main current present during the “nortes” season. The local circulation pattern is from east to west along the coastline and is due to the shallow and extended nature of the continental shelf. Low hydrodynamics prevail in the Campeche Bank [37], which favors the deposition of the organic carbon in shallower stations in the east. This pattern creates an environment suitable for surface-deposit-feeders and burrowers in the eastern sandy stations, as has also been mentioned in other studies [76]. The great diversity of habitats in the Gulf of Mexico, due to greater sedimentary and depth heterogeneity, could also be a factor in this increase in diversity from the terrigenous shelf to the carbonate shelf. It is well known that coastal areas with high physical variability have low diversity [76]. This has probably been an influence on the low percentages of variance, explained by the environmental variables.



In this study, the environment was characterized only in terms of spatial processes, depth, and sedimentary characteristics; however, other variables, such as organic matter content, could influence the distribution of polychaetes [77]. Therefore, further studies should be undertaken to explore these relationships, and they may produce higher percentages of variance which can be explained exclusively by environmental structuring [3].
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Figure 1. Sampling stations in the Southern Gulf of Mexico. 
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Figure 2. Box plots showing the average number of polychaete species and the minima and maxima values (whiskers) for the western (W) and eastern (E) regions of the Southern Gulf of Mexico. 






Figure 2. Box plots showing the average number of polychaete species and the minima and maxima values (whiskers) for the western (W) and eastern (E) regions of the Southern Gulf of Mexico.



[image: Diversity 13 00425 g002]







[image: Diversity 13 00425 g003 550] 





Figure 3. (a) Cluster analysis based on Sørensen’s dissimilarity; (b) Non-metric multidimensional scaling analysis based on Sørensen’s dissimilarity (Stress = 0.2). Both analyses show the characterization of two distinct polychaete assemblages on the continental shelf of the Gulf of Mexico. Red squares represent the terrigenous group, green circles group the carbonate stations. 
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Figure 4. Sørensen dissimilarity index plotted against distance for all pairwise comparisons between sampling stations. The blue line represents the exponential function describing the increase in dissimilarity (a..intercept = 0.5355325; b..slope = 0.3067745). 
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Figure 5. Distance-based redundancy analysis (dbRDA) ordination plot visualizing the relationships between stations based on polychaete composition and the spatial and environmental constraints. 
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Figure 6. Venn diagrams showing the relative contribution of spatial (X1) and environmental (X2: Depth, X3: Temperature and X4: Sand) components to species distribution. 
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