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The benthic ecology of the Gulf of Guinea is critically understudied, and knowledge about the composition and biodiversity of the tanaidacean communities remains lacking. Our analysis of tanaidacean collection from 270 quantitative samples collected using 0.1 m2 van Veen grab along the Ghanaian coast (nine transects, six stations at each transect, 25–1,000 m depth range) reveals a high species richness and very low abundance. The mean density of Tanaidacea across all the samples equals only 0.03 ± 0.55 ind./0.1 m2. A total of 87 tanaidacean species were recorded, of which only three were known for science (3.4%), emphasizing the need for intensified taxonomic effort in this region. Circa 40% of the species were singletons, 98% of the species had a total abundance lower than 10 individuals, and approximately half of the species were found only in one sample. The highest species richness was recorded in the slope (500–1,000 m), despite the elevated levels of barium and hydrocarbons at those depths. This area was also characterized by the most unique species composition. Species accumulation curves did not reach an asymptote, suggesting an undersampling of the area and a great rarity of the species. Results of the canonical correspondence analysis (CCA) and cluster analysis demonstrated a positive influence of oxygen concentration and fluorescence, particularly in the shallow shelf sites (25–50 m), which were characterized by a higher abundance of Tanaidacea. Depth zonation of tanaidacean communities with a division between shallow-water taxa (Leptocheliidae Lang, 1973 and Kalliapseudidae Lang, 1956) through families with wide bathymetric range (Pseudotanaidae Sieg, 1976, Apseudidae Leach, 1814) to the true deep-sea forms (Paranarthrurellidae Błażewicz, Jóźwiak and Frutos, 2019) is also evident. We further discuss the problems associated with multivariate analysis of highly speciose but less abundant taxa.
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INTRODUCTION

The importance of the rare species in the functioning of marine benthic ecosystems and their ecological significance is the topic of renewed debate (Lyons et al., 2005; Ellingsen et al., 2007; Włodarska-Kowalczuk et al., 2012; Mouillot et al., 2013; Leroy et al., 2017; Chapman et al., 2018; Säterberg et al., 2019). The role of species with restricted ranges and/or a very small population size has often been neglected in the terrestrial and marine studies alike, while greater attention is directed to dominant species or the so-called foundation taxa (Grime, 1998; Ellison et al., 2005; Angelini et al., 2011). However, recent analysis has demonstrated that even a small size and a less abundant species may be very important for the stability of the whole ecosystem. Such species that may increase functional redundancy are an important element of trophic webs and might be crucial for ecosystem services (Ellingsen et al., 2007; Dee et al., 2019; Säterberg et al., 2019). Moreover, dominant species may only provide a short-term resistance to ecosystem changes, whereas the loss of rare species may lead to the erosion of an ecosystem functioning over longer time periods (Smith and Knapp, 2003). Leitão et al. (2016) showed that rare species disproportionately contribute to the functional structure of species assemblages. The majority of these hypotheses have as yet only been tested for specific ecosystems and for a small number of taxonomic groups. Therefore, it remains difficult to draw broader conclusions that can be applied to various terrestrial, freshwater, and marine ecosystems across spatial and temporal scales.

Studies of potentially rare and ecologically important taxa are crucial for future conservation planning and studies of ecosystem response to changes (Costello and Chaudary, 2017). Rare taxa are often difficult to study due to undersampling and the lack of taxonomic experts (Guisan et al., 2006; Jóźwiak et al., 2020). Results of the analysis on the role of rare species are often difficult to interpret and could be biased due to their extremely low abundance. Therefore, the application of modern modeling techniques and attempts to link the data on species distribution and abundance with environmental variables often does not allow for straightforward conclusions (Reiss et al., 2015).

Rare species are also considered more vulnerable to both natural and anthropogenic changes associated with climate warming, pollution events, or dynamics in natural geochemical processes (Leitão et al., 2016; Obst et al., 2018). The loss of rare species might cause a significant decline in the abundance of other trophic levels (Bracken and Low, 2012). This disparity between their potential importance and difficulties in data analysis may preclude meaningful assessments of their functional ecology.

Tanaidacean diversity is significantly understudied, with the estimated number of species an order of magnitude higher than the currently described forms (Appeltans et al., 2012). Our knowledge of this group of crustaceans is centered in taxonomy (Błażewicz-Paszkowycz et al., 2012). Few deep-sea biodiversity assessments of tanaidacean communities exist, but all demonstrate a large number of singletons and a high percentage of species new to science (Pabis et al., 2014, 2015; Błażewicz-Paszkowycz et al., 2015; Stępień et al., 2018, 2019; Błażewicz et al., 2019a; Jóźwiak et al., 2020). Even fewer studies were based on quantitative samples (Błażewicz-Paszkowycz et al., 2015; Błażewicz et al., 2019a; Jóźwiak et al., 2020), though general information like the total number of species or the total number of individuals can be also found in less targeted studies of deep-sea macrofauna (e.g., Grassle and Maciolek, 1992; Cosson et al., 1997; McCallum et al., 2015; Wilson, 2017). It is therefore possible that many rare tanaidaceans may become extinct even before they are described (Costello et al., 2013) and their functional ecology deduced.

The collective knowledge of the biology of particular tanaidacean species remains in its infancy. A majority of the species are suggested to be free-living epibenthic crustaceans feeding on detritus, though some taxa construct sediment tubes for protection (Hassack and Holdich, 1987; Błażewicz-Paszkowycz and Ligowski, 2002; Larsen, 2005). However, a variety of life strategies have been recorded within Tanaidacea. For example, representatives of Metapseudidae Lang, 1970 and Tanzanapseudidae Băcescu, 1975 inhabit coral reefs or hydroid colonies (Błażewicz-Paszkowycz et al., 2012; Jóźwiak and Błażewicz, 2021), whereas some Kalliapseudidae are associated with seagrasses (Leite, 1995). Some tanaidaceans are also trophically specialized, for example, Kalliapseudinae species are suspension-feeders, filtering food particles from the water column (Drumm and Heard, 2011), where Exspina typica is considered a parasite that digs cavities in the bodies of holothurians (Alvaro et al., 2011). Locally, tanaidacean densities as high as 53,000 ind./m2 were recorded (Dayton and Oliver, 1977), and their abundance might be a significant element of the whole community (Sokolova, 1972; McCallum et al., 2015; Golovan et al., 2019). Combined with their role as the prey of various benthic invertebrates such as polychaetes (Oliver and Slattery, 1985), decapods (Balasubramanian et al., 1979), isopods (Kneib, 1985), amphipods (Guţu and Sieg, 1999), as well as numerous species of fishes (Larsen, 2005) and even wading birds (Băcescu and Guţu, 1975), tanaidaceans may represent a group of high ecological importance.

Studies of benthic diversity of the Gulf of Guinea and the whole West African coast are still scarce and mostly focus on shallow water sites (e.g., Buchanan, 1957; Longhurst, 1958, 1959; Bassindale, 1961; Le Loeuff and Intès, 1999; Pabis et al., 2020). Recent analysis has revealed exceptionally high species richness of some benthic invertebrates, like cumaceans (Stȩpień et al., 2021) and polychaetes (Sobczyk et al., 2021). Just 10 species of Tanaidacea have previously been described in the Gulf of Guinea, whereas the number of species known from the whole west coast of Africa totals 80 (Jóźwiak et al., 2017). The Gulf of Guinea is a large marine ecosystem influenced by multiple natural factors, such as ocean currents (including Guinea Current, Benguela Current, and South Equatorial Counter Current), upwelling events, and nutrient input from land drainage. This basin is also characterized by a high diversity of habitats (Scheren et al., 2002; Ukwe et al., 2003; Ayamdoo, 2016).

The Gulf of Guinea is host to a very high diversity of benthic fauna. Yet, this ecosystem is threatened by human activities including oil excavation and the dyeing industry (Scheren et al., 2002; Ayamdoo, 2016; Sobczyk et al., 2021). In this study, we provide the first biodiversity assessment of tanaidacean communities from the West African coast based on a large set of 270 quantitative samples collected in the Gulf of Guinea. We identified the most important natural and anthropogenic factors that may shape tanaidacean communities along a depth gradient from 25 to 1,000 m along the coast of Ghana.



MATERIALS AND METHODS


Study Area

The Gulf of Guinea is a large open bay on the Atlantic coast of West Africa between latitudes 58°N and 58°S and longitudes 88°W and 128°E (Ukwe et al., 2003). The main currents of this basin are the Guinea Current, by the Benguela Current, and the South Equatorial Counter Current (Schneider, 1990; Ukwe et al., 2006). The Gulf of Guinea is characterized by the occurrence of oxygen minimum zones (Levin, 2003; Levin et al., 2009) and by dynamic sedimentation phenomena associated with coastal erosion (Ukwe et al., 2003). The coastal areas of Ghana, stretched across a distance of 565 km, are located in the atypical tropical climate region (Le Loeuff and Cosel, 1998), and are characterized by high dynamics of water masses and upwellings (Djagoua et al., 2011). This part of the coastline contains no large river systems, except for the Volta River estuary, which is located in the eastern part of the coast.



Sampling

Samples were collected in October and November of 2012 in the Gulf of Guinea off Ghana from onboard the RV Dr. Fridtjof Nansen at nine transects (Figure 1 and Supplementary Appendix 1). A total of 270 samples were gathered using 0.1 m2 van Veen grab supported with the video-assisted monitoring system (VAMS) allowing for appropriate sediment penetration and avoiding any underestimations associated with sampling. For each transect, seven stations were designated from the littoral to bathyal depths (0, 25, 50, 100, 250, 500, 1,000 m). Five samples were collected at each station. The material was sieved through 0.3-mm sieves, preserved primarily in 4% formaldehyde solution, sorted, and finally transferred to 70% ethanol.
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FIGURE 1. Distribution of sampling stations along the Ghanaian coast.


The material will be deposited at the University Museum of Bergen (Norway).

Physical and chemical properties, including temperature, conductivity, and oxygen level (Seabird 911 CTD Plus and SBE 21 Seacat thermosalinographs were used) were measured at each station. Additionally, sediment samples were collected for further laboratory analysis of sediment structure, total organic matter (TOM) content, fluorescence, level of hydrocarbons, and toxic metals. Sediment grain size was determined by mixing the sediment with water and sieving it through a 0.063-mm sieve. Larger particles were then sieved through Endecott sieves. For calculations, we used the equations of Folk and Ward (1957) and Buchanan (1984). TOM was determined as the weight loss in a 2–3 g dried sample (1,058°C for 20 h) after 2 h of combustion at 4,808°C. Petroleum hydrocarbon content was determined using a gas chromatograph with a flame ionization detector (GC/FID) according to the Intergovernmental Oceanographic Commission, Manuals and Guides No. 11, UNESCO Intergovernmental Oceanographic Commission (1982). Metals (Ba, Cd, Cr, Cu, Pb, Zn) were analyzed via inductively coupled plasma-atomic emission spectrometry (ICP-AES), whereas mercury (Hg) was determined via cold vapor atomic emission spectrometry (CVAAS) after drying, sieving, and digestion (Jarvis and Jarvis, 1992; Elezz et al., 2018).



Data Analysis

Specimens were identified to the morphospecies level (Wägele, 2005). Mean values of abundance (± 1 SD) and mean values of species richness per sample were calculated for each station (25, 50, 100, 250, 500, and 1,000 m) to investigate trends in abundance and species richness along a depth gradient of the Ghanaian shelf and slope. The Kruskal–Wallis test was used to assess statistically significant differences in tanaidacean abundance and species richness between depths. Post hoc testing was performed using Dunn’s test with the software package Statistica 13. Species Chao 1 accumulation curve averaging over 999 permutations was created using the vegan package (vegan:specaccum; Oksanen et al., 2020) in R software (R Core Team, 2019).

The number of rare species recorded in the material was assessed. Singletons were defined as species represented by only one individual in the whole material. We have also calculated the number of unique species (species found in one sample only). Additionally, we have calculated the number of species common to a given depth zone and common to different transects. In addition, bathymetric distribution of each species and family was described.

Hierarchical agglomerative clustering based on Bray–Curtis formula was used to analyze the similarity between the samples via the group average method on transformed data (presence–absence). Similarity profile routine tests (SIMPROF) with a 1% significance were also applied (clustig:simprof, clustig:simprof.plot; Clarke et al., 2008; Whitaker and Christman, 2014).

The association between tanaidacean communities and all the collected environmental factors was done in R software (R Core Team, 2019). To transform environmental data for reducing biases associated with unequal ranges of some variables (for example barium and gravel), we used Yeo-Johnson power transformation from “caret” package (caret:preProcess() function; Kuhn, 2020). Further, canonical correspondence analysis (CCA) was performed using the cca function from the vegan package (Oksanen et al., 2020) with initial 21 variables (for the full list of variables see Supplementary Appendix 2). The anova.cca function from the vegan package (Oksanen et al., 2020) was used to determine the statistically significant factors in shaping diversity on each station. By using vif function from the car package (Fox and Weisberg, 2019), we assessed the degree of multicollinearity between analyzed variables. We compared the results with Pearson correlation matrix (corrplot:corrplot; Wei and Simko, 2017; Figure 2) to exclude strongly correlated variables (r > 0.68). Variables with the highest correlation and vif value, as well as those statistically insignificant, were excluded before another ordination analysis. Four variables were included in the final version of CCA.
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FIGURE 2. Pearson’s correlation matrix of environmental variables (A). Only four of the least correlated (r < 0.70) variables were used in the CCA analysis (B).





RESULTS

Eighty-seven species (646 individuals) representing 19 families were found in the analyzed material (Table 1). Four families (Akanthophoreidae Sieg, 1986; Anarthruridae Lang, 1971; Pseudotanaidae and Typhlotanaidae Sieg, 1984) were the most speciose with 10 or more species recorded. Apseudidae (209 individuals), Leptocheliidae (95 individuals), and Parapseudidae Guţu, 1981 (90 individuals) accounted for more than 60% of tanaidacean material.


TABLE 1. Total abundance and maximum abundance recorded in a single sample of each species, together with depth range in the studied material.

[image: Table 1]
The mean abundance of tanaidaceans from all collected samples was 0.03 ± 0.55 ind./0.1 m2. The frequency of occurrence in samples was also very low. Tanaidaceans were recorded in 113 out of 270 samples (42% of samples). Mean abundance decreased along the depth gradient up to 250 m stations (Figure 3). Then, abundance increased at 500 and 1,000 m (Figure 3), although there were no statistically significant differences between each depth zone (Kruskal–Wallis test, Dunn’s test). The material revealed large numbers of singletons and uniques, with 35 singletons (40% of all species) and 53 uniques found. Eighty-five species (98% of all species) had a total abundance lower than 10 individuals.
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FIGURE 3. Mean abundance at each sampled depth.


Mean species richness per sample (S) was greatest in the shallows (25–50 m) and on the slope (500–1,000 m). However, significant differences were only found between 50 and 250 m depth zones (Figure 4). The highest numbers of species were recorded at 500 and 1,000 m (33 and 34 species, respectively), and this area was also characterized by the highest number of species unique to those depth zones (Figure 5). Species accumulation curves did not reach the asymptotic level, which may suggest undersampling of the studied area (Figure 6). Low numbers of species were recorded despite a collection of five replicate samples at each station (Supplementary Appendix 3). The rarity and restricted distribution of taxa was also visible in the low number of species common to different depth zones (Table 2). Commonality of species between transects was also low, demonstrating a restricted spatial distribution of the majority of the species (Table 3).
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FIGURE 4. Mean species richness per sample (S) at each sampled depth.
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FIGURE 5. Total number of species recorded at each depth, together with the number of species unique to a given depth.
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FIGURE 6. Species accumulation curve with Chao 1.



TABLE 2. Number of species common to particular depths.
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TABLE 3. Number of species common to transects.
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Only one family of tanaidaceans (Pseudotanaidae) was distributed along a whole depth gradient. We have recorded two main groups of families, one associated with shallow shelf areas (Kalliapseudidae, Parapseudidae, Metapseudidae, Leptocheliidae, Nototanaidae Sieg, 1976, and Paratanaidae Lang, 1949) and the second associated with slope depths (Agathotanaidae Lang, 1971, Colletteidae Larsen and Wilson, 2002, and Paranarthurellidae) (Table 1 and Figure 7).
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FIGURE 7. Depth range of tanaidacean families recorded in the Gulf of Guinea.


Clustering analysis revealed five distinct groups supported by 1% SIMPROF (Figure 8) with a low similarity between each group (3–22%). The first group contained three stations from 250 m in which seven species were grouped within six families. This cluster was characterized by low oxygen concentration (1.4 ± 0.2). Group 2 comprised 6 stations, mostly from 500 m, and grouped 28 species within 9 families. High concentration of heavy metals such as barium (152.3 ± 115.6), chromium (60.2 ± 7.6), total hydrocarbons (13.3 ± 6.6), and organic matter (11.2 ± 3.7), as well as the domination of silty sediment were characteristic of these stations. Nine stations from the deepest sections (500–1,000 m) were grouped in cluster 3 which, in general, was characterized by a similar set of variables as cluster 2 with 31 species within 12 families. Stations from the shallowest sites were grouped as cluster 4. Twelve stations were characterized by the highest oxygen concentration (4.2 ± 0.2), temperature (24.7 ± 1.7), and the highest gravel content in the sediments (4.3 ± 6.4). Heavy metals reached the lowest concentration (e.g., barium 16.6 ± 8.3, nickel 13.3 ± 7.4), but elevated arsenic concentration (39.7 ± 55.0) at stations located at transect 4 (25 m: 106.84) and 8 (50 m: 186.78) were recorded. Despite this fact, tanaidaceans reached the highest abundance at stations located at 25 and 50 m depth. The last cluster grouped nine stations, mostly from 100 m. The group is characterized by the highest salinity (35.7 ± 0.1) and the lowest abundance of tanaidaceans.
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FIGURE 8. Dendrogram of samples for Bray Curtis similarity, square root transformed data, and group average grouping method with 1,000 iterations. (Spotted lines indicate the samples that cannot be significantly differentiated by SIMPROF).


Canonical correspondence analysis with four environmental variables: barium, oxygen concentration, salinity, and temperature revealed that species composition of tanaidaceans along the Ghanaian coast is depth-related rather than transect-specific or sediment particle size-specific (Figure 9 and Supplementary Appendix 4). All the four factors were statistically significant (Table 4). The ordination analysis clearly showed separation of each depth zone, except of 25–50 m stations which were grouped together. CCA axis 1 distinguishes the stations into two groups: the first is characterized by higher oxygen concentration at shallowest (25–50 m; mean: 4.21 ± 0.31) and the deepest stations (1,000 m; mean: 3.55 ± 0.29); and the second by a decreased oxygen level at stations at 250 m (mean: 1.53 ± 0.17) and 500 m (mean: 1.81 ± 0.30). CCA axis 2 divided stations based on a salinity, temperature, and barium gradient. Sites located at bathyal zone (500 m; mean: 87.92 ± 48.92 and 1,000 m; mean: 216.83 ± 78.56) were characterized by a higher barium concentration than those from the continental shelf (25–50 m; mean: 15.58 ± 9.44). Salinity was highest at 100 m stations and lowest at 1,000 m. Temperature decreased with depth reaching 27.49 ± 1.48 at 25 m and 14.19 ± 11.90 at 1,000 m.
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FIGURE 9. Canonical correspondence analysis (CCA) showing species composition differences on each sampling site with selected environmental factors as red arrows (barium, temperature, salinity, and oxygen). Sediment size is differentiated by the color of the points. In addition, to describe species composition along the depth gradient, depth zones were distinguished as ellipses with 0.95 confidence intervals. Only statistically significant variables were included into ordination analysis. See Supplementary Appendix 1 for a full list of factors.



TABLE 4. Value of variance influence factor and statistical significance of selected variables used in final version of canonical correspondence analysis.
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DISCUSSION


Diversity Patterns Along a Depth Gradient

Our study of tanaidacean diversity in the Gulf of Guinea revealed very high species richness. With a total of 87 species of which 84 appeared to be new for science, the number of species across the whole west coast of Africa now reached totals 164 (Jóźwiak et al., 2017). Our results may be attributed to the high sampling efforts across both the continental shelf and slope depths, as each was characterized by a distinct set of species.

Despite our quantitative sampling methodology collecting the fauna at localized scales, our results are similar to the results of earlier studies based on less precise epibenthic sledge (EBS) and other trawling devices that are indiscriminately designed to collect large number of taxa from large bottom areas. Cumulatively, we have sampled 27 m2 of seabed. Comparison of this sampling area with studies based on qualitative samplers, such as the KuramBio cruise where total area sampled using EBS equaled 53,709 m2 (Jóźwiak et al., 2020) or benthic sampling in the Ross Sea, where the area of only single EBS sample varied between 247 and 1,493 m2 (Pabis et al., 2015), shows the unique character of our results. Earlier studies, based mostly on a relatively small set of several EBS samples, also demonstrated high species richness of tanaidacea, for example, Ross Sea (72 species) (Pabis et al., 2015), Amundsen Sea (37 species), Scotia Sea (51 species) (Pabis et al., 2014), and region of the Kuril-Kamchatka Trench (48 species; Błażewicz-Paszkowycz et al., 2015), at significantly lesser spatial resolutions. The scale of the sampled area is crucial for all species richness assessments because it allows for the penetration of a larger number of habitats (Błażewicz et al., 2019a). Nevertheless, a large number of species new to science and a large number of singletons were visible in all earlier tanaidacean studies (Pabis et al., 2014, 2015; Błażewicz-Paszkowycz et al., 2015; Stępień et al., 2018, 2019; Błażewicz et al., 2019a; Jóźwiak et al., 2020), although not at the scale recorded in the Gulf of Guinea.

We have recorded a striking rarity of tanaidacean species along the coast of Ghana. Despite the high sampling effort and the replicated sampling scheme, which allows for penetration of larger areas of the bottom and minimizes undersampling of species (Somerfield and Clarke, 1997; Eleftheriou and McIntyre, 2005), 40% of the species were singletons, 98% of the species had total abundance lower than 10 individuals, and approximately half of the species were unique to specific samples. Similar results were observed in deep-sea tanaidacean assemblages from other basins, for example, from the Amundsen and Scotia Seas 85 species were recorded, with about 90% species new for science, and most of the species were found only in a single sample (uniques) (Pabis et al., 2015). Similarly, studies in CCFZ area revealed 98 tanaidacean species, out of which 47 of them were singletons while 57 were uniques (Błażewicz et al., 2019a). Recorded in our studies, values of singletons and rare species are much higher than the average values recorded for various macrofaunal taxa that are most often characterized by 30–35% share of singletons (Ellingsen et al., 2007). Moreover, an earlier analysis of sampling replicability at the same station in the studies of tanaidacean fauna did not show such a strong level of rarity on a small scale (Jóźwiak et al., 2020). Some species may, however, display locally higher abundances. Such patchy distribution was recorded for Apseudes sp. 4, where 44 of the 111 individuals of this species were found in one sample (Table 1).

Very steep species accumulation curves were also present for tanaidaceans in the classic deep-sea study of Grassle and Maciolek (1992). This study was based on 233 boxcorer samples (1,500–2,500-m depth range), collected off of the North American coast. Really high abundances of tanaidaceans were rarely recorded, with the majority found in the very shallow areas, and mostly comprised a single species (Bailey-Brock, 1984; Sheridan, 1997). In the deep-sea, relatively high abundances of these crustaceans have only been recorded in some more productive sites in the northeast Atlantic (Cosson et al., 1997).

A high number of singletons is not atypical for the deep-sea, although it is often difficult to assess if the large number of singletons is due to sampling effort and methodology, or if it reflects environmentally driven patterns (Rex and Etter, 2010). The deep-sea studies generally suffer from undersampling and are subject to huge bias in biodiversity inventories, assessments of rarity, and description of distribution patterns (Jóźwiak et al., 2020; Rex and Etter, 2010). A very high number of singletons accompanied by a high share of species new to science was also recorded for other groups of peracarid crustacean, namely cumaceans and isopods (e.g., Brandt et al., 2007; Stȩpień et al., 2021). Peracarid diversity from the Southern Ocean demonstrated another interesting pattern. The majority of species were recorded in a low number of samples, but the authors suggested that they are not rare, but instead, their distribution is highly patchy (Kaiser et al., 2007). The study, however, was based on only 19 EBS samples, and this problem requires further investigation. The patterns we observed in Ghana appear different due to the large number of samples collected and high degree of replication, yet they still yielded a very high number of singletons accompanied by a large number of samples without tanaidaceans.

Unfortunately, we cannot analyze functional diversity of tanaiadaceans due to the lack of comprehensive data about their biology. It has been suggested that the majority of taxa are likely detritus feeders and that their ecological diversity seems to be low (Błażewicz-Paszkowycz et al., 2012). Conversely, a taxonomic group characterized by such exceptionally high species richness must be an important element of ecosystem functioning, suggesting a complicated set of mutual interactions between various species and their habitats (Buhl-Mortensen et al., 2010). This is poignant in a marine ecosystem like the Ghanaian coast, where even core benthic taxa like polychaetes have a relatively low abundance (Sobczyk et al., 2021). A total of 87 species of tanaiadacea is a very high number, even compared to the 251 species of polychaetes recorded in the same material (Sobczyk et al., 2021), especially given that polychaetes belong to the most dominant benthic taxa, both in terms of abundance and diversity (Rouse and Pleijel, 2001). We might speculate that even if tanaidaceans are not the most important consumers, they may comprise a major component of trophic webs as prey for predatory polychaetes, decapods, or fishes (Balasubramanian et al., 1979; Nagelkerken and van der Velde, 2004; Larsen, 2005; Jumars et al., 2015). At the same time, predatory polychaetes like Goniadidae Kinberg, 1866; Glyceridae Grube, 1850 and Polynoidae Kinberg, 1856 are among the most important groups of benthic fauna on the coast of Ghana, especially in the shallower shelf sites (Sobczyk et al., 2021) along with a high diversity of decapods (Podwysocki et al., unpublished results).

Despite their small size, tanaidaceans may be important for bioturbation of the bottom sediments, especially in the surface layers, like in the case of shallow water Apseudomorpha (Larsen, 2005), which was the dominant element of fauna in our material. Rare and small organisms are typically a minor element of the sediment reworking processes. However, in the coast of Ghana, burrowing polychaetes, the most important biotubators, were highly diverse (71 species), yet their abundance and size were low (Sobczyk et al., 2021), potentially elevating the functional importance of other taxa. The mean total abundance of macrofauna in the same set of samples was relatively low, particularly on the lower shelf and slope (Pabis et al., 2020), making tanaidaceans a proportionally important element of those communities. Polychaete functional diversity also decreased from shelf to slope (Sobczyk et al., 2021), suggesting that the role of tanaidaceans in the benthic ecosystem may increase proportionally with depth. Our results are verified by studies from the Australian continental slope, where tanaidaceans were the second most abundant group of benthic macrofauna, after polychaetes, although their abundance remained relatively low with 561 individuals collected in c. 1000.1 m2 Smith–McIntyre grab samples (McCallum et al., 2015).

Our earlier results suggested that the Gulf of Guinea may have a high ecosystem resilience due to exceptionally high diversity (Sobczyk et al., 2021; Stȩpień et al., 2021). High diversity may allow for functional redundancy within the ecosystem where multiple species play the same role (Biggs et al., 2020). This observation might be crucial in the context of strong anthropopressure recorded in the Gulf of Guinea (Scheren et al., 2002), especially with ongoing industrialization and oil excavation (Scheren et al., 2002; Ukwe et al., 2003; Ayamdoo, 2016; Sobczyk et al., 2021). Our results revealed links between tanaidacean communities and changes in environmental factors, although multivariate analysis bias on a count of low abundances cannot be discounted (Reiss et al., 2015). The similarity level recorded in the cluster analysis was very low, and results of the CCA did not demonstrate a very strong pattern. Taking into account the above mentioned problems, these results have to be treated cautiously. Therefore, the possible use of tanaidacean communities as indicators of changes in benthic ecosystem in the Gulf of Guinea is doubtful despite their importance for overall biodiversity.

Depth was an important factor in structuring tanaidacean communities along the coast of Ghana. The clear separation of the slope samples, bottom area affected by larger concentrations of barium and hydrocarbons in the sediments, was not accompanied by a decrease in abundance or species richness, unlike Cumacea and Polychaeta (Sobczyk et al., 2021; Stȩpień et al., 2021). This is somewhat surprising since barium is known for its toxic influence on benthic fauna (Olsgard and Gray, 1995; Gomez-Gesteira et al., 2003; Stark et al., 2020), However, barium and other toxic metal concentrations were similar to the background levels according to the OSPAR and KLIF (Norwegian Pollution Authority) guidelines, and the general environmental status of investigated sites was good, with only some local pollution (Iversen et al., 2011; Pabis et al., 2020; Sobczyk et al., 2021). In the case of the Ghanaian coast, toxic metals originated from oil excavation and the dyeing industry (Scheren et al., 2002; Ayamdoo, 2016; Sobczyk et al., 2021). As such, we suggest that the higher diversity recorded on the slope (Figure 3) could be explained by the fact that bathyal is a major hot spot of benthic diversity in the Worlds Ocean (Danovaro et al., 2009). This pattern is supported by earlier studies of tanaidacean communities at slope depths (Pabis et al., 2014, 2015; Błażewicz-Paszkowycz et al., 2015). This may prove important for the stability of slope ecosystems in the Gulf of Guinea, where even an elevated level of pollutants might be compensated by the presence of a large number of species. Abundant and speciose communities were also recorded at shallow shelf sites characterized by higher oxygen contents and higher fluorescence. Both factors are very important for various benthic invertebrates (Levin and Sibuet, 2012), and thus it is not surprising that they exerted a positive influence on the tanaidacean communities.

Our results demonstrate that the analysis of rare and less abundant but highly speciose taxa, such as small peracarid crustaceans, should become an important element of future studies of marine benthic ecosystems. Some studies of particular species suggest that tanaidaceans may constitute good indicators of changes in environmental conditions (Ambrosio et al., 2014). However, the analysis of their communities might prove difficult as changes in community structure are hard to detect due to a high degree of rarity and their low abundance. Therefore, studies of such small size and rare taxonomic groups might require different sampling strategies and/or the use of more specialized sampling equipment.

It is important to consider that though we sampled c. 500 km of coastline during our study, we only recorded a very low number of tanaidacean species common to different transects. Deciphering range descriptions in the case of species that likely have a small population size, patchy distribution, and low abundance is difficult. Our results strongly suggest that the majority of tanaidaceans have very restricted spatial distribution, even at a moderate scale. The restricted vertical range of many species (Table 1 and Figure 4) is not surprising and is due mostly to affinities of tanaidacean families to given depth zones that are associated with their phylogeny, for example, phylogenetically young families have colonized the deep-sea relatively recently (Błażewicz-Paszkowycz et al., 2012).

High total species richness might be also a consequence of microhabitat diversity. Previous studies demonstrate strong affinities between bottom type or complexity of habitats and composition of tanaidacean fauna (Holdich and Bird, 1985; Siciński et al., 2012). Sediment grain size was not a significant factor in the CCA analysis, although grain size is likely an important factor for small crustaceans that are associated with soft bottom ecosystems (Błażewicz-Paszkowycz et al., 2012). Significant knowledge gaps remain as surrounding links between sediment character and composition of tanaidacean fauna, whereas interpretation of our results is difficult due to the low abundances encountered.

Life history characteristics of a given species may differ strongly with environmental conditions and habitat characteristics (Rumbold et al., 2015). Ellingsen et al. (2007) postulated links between habitat diversity and degree of rarity. This may hold for the Gulf of Guinea, an area characterized by highly dynamic environmental factors and diverse habitats (Brind’Amour et al., 2009; Buhl-Mortensen et al., 2017; Pabis et al., 2020). The small size and low dispersal potential of Tanaidacea (Larsen, 2005; Błażewicz-Paszkowycz et al., 2012) strongly influence their distribution patterns. Though we do not know the habitat requirements and environmental tolerance of the particular tanaiadacean species recorded in our study, habitat-specific species are considered to be rare (Ellingsen et al., 2007). In the case of organisms with a size that often does not exceed 2 or 3 mm, the scale of the potential microhabitat diversity might be significantly reduced compared with larger taxa characterized by higher mobility and the presence of planktonic larval stages.



Families Distribution Along a Depth Gradient

Material collected along the coast of Ghana has provided a unique opportunity to analyze changes in Tanaidacea composition along a depth gradient (25–1,000 m). This is the first study of this nature since Jakiel et al. (2018) exacted tanaidacean collection from Icelandic waters, and since Pabis et al. (2015) analysed material from the Ross Sea. The former study was, however, limited only to representatives of the family Pseudotanaidae, whereas the latter analyzed samples from completely different depths (365–3,490 m). The sampling effort in both of those studies was very low. The Tanaidacea recorded in the Gulf of Guinea showed a clear transition from taxa known as typically shallow-water (Leptocheliidae and Kalliapseudidae), through families with a wide bathymetric range (Pseudotanaidae and Apseudidae) to the true deep-sea forms (Paranarthrurellidae) (Błażewicz-Paszkowycz et al., 2012).

Fourteen out of the 22 known families of suborder Tanaidomorpha were found in the Gulf of Guinea. Leptocheliidae are generally described as tanaidaceans with well-developed functional eyes and inhabiting the shelf, although the genera Bathyleptochelia and Mesotanais have been previously recorded below shelf depths (Błażewicz-Paszkowycz et al., 2012). Earlier observations fully correspond with our results: Mesotanais sp. 1 was only found at stations from 100 to 250 m depth; non-Mesotanais Leptocheliidae were collected only at 25 and 50 m. Other tanaidomorphan families found on the shelf (50 m depth) in the Gulf of Guinea include Nototanaidae and Paratanaidae, which similar to Leptocheliidae, are considered shallow-water taxa, with some deep-sea exceptions. Leptocheliidae may be a polyphyletic group, which makes comparisons of their bathymetric range with wider studies doubtful and uncertain (Błażewicz-Paszkowycz et al., 2012). In contrast, the monophyly of Tanaissuidae Bird and Larsen, 2009 is well-supported (Bird and Larsen, 2009), but the family is mostly represented by shelf taxa and some single deep-water forms, like Bathytanaissus (Bird and Holdich, 1989). In our material, this family was recorded in a depth range between 50 and 100 m.

Members of the family Tanaopsidae Błażewicz-Paszkowycz and Bamber, 2012 were recorded in the Gulf of Guinea only from one sample taken at 250 m. This family is known to have a worldwide distribution and wide bathymetric range, from intertidal to over 3,000 m, which is likely explained by its polyphyletic nature (Błażewicz-Paszkowycz and Bamber, 2012).

We also found a group of tanaidomorphan families characterized by exceptionally wide depth ranges. For example, Akanthophoreidae (100–1,000 m in Gulf of Guinea) are generally well represented in the deep-sea worldwide, but found also on the shelf (Larsen and Araújo-Silva, 2014). Anarthruridae (250–1,000 m in the Gulf of Guinea) are a well-defined, cosmopolitan family recorded primarily in the deep-sea (Larsen, 2013), albeit with some shallow water representatives (Dojiri and Sieg, 1997). In our material, this family was only present at depths below the shelf, supporting the suggested deep-water origins of this group (Błażewicz-Paszkowycz et al., 2012). Pseudotanaidae is another family with worldwide distribution and with the highest diversity recorded in the deep sea, as well as enormous depth range, from intertidal to over 7,000 m (Jakiel et al., 2018). Intriguingly, this family can be morphologically and bathymetrically divided into shallow-water forms with functional eyes and blind, deep-sea forms (Błażewicz-Paszkowycz and Bamber, 2012). Our results support those observations, as Pseudotanaidae were recorded along a full depth range (25–1,000 m), with only two species characterized by the presence of eyes found at shallowest stations, and remaining eight blind species were collected in the deep water (Table 1). Typhlotanaidae is a family of possible deep-sea origin (Błażewicz-Paszkowycz et al., 2012), that also has representatives on the shelf depths (Błażewicz-Paszkowycz, 2007; Segadilha and Lavrado, 2018). In the Gulf of Guinea typhlotanaids were primarily recorded from deeper parts of the basin (250–1,000 m), but a single species—Typhlotanais sp. 5—was found also on the shelf (100 m). Tanaellidae Larsen and Wilson, 2002 likely have a deep-sea origin, but Blażewicz-Paszkowycz and Bamber (2012) found representatives of this family in the shallow waters of Bass Strait. This family was represented exclusively by deep-sea forms in our data, namely Araphura sp. 1 recorded at 250 m and Arhaphuroides sp. 1 found at 1,000 m.

Two other families representing the suborder Tanaidomorpha (Colletteidae and Leptognathiidae Sieg, 1976) have a relatively wide depth range in the Gulf of Guinea, but representatives of both families were recorded on the slope (from 500 to 1,000 m and from 250 to 10,000 m, respectively). Those two taxa comprised very important elements of deep-sea Tanaidacea communities analyzed in earlier studies (Pabis et al., 2014, 2015; Błażewicz-Paszkowycz et al., 2015). Though wider literature indicates shallow-water records of those families, they need to be treated cautiously because both groups are clearly polyphyletic (Bird and Larsen, 2009; Błażewicz-Paszkowycz et al., 2013). The problem is even more pronounced in Leptognathiidae because the family itself, as well as the type genus Leptognathia, were treated as a repository group for decades (Bird, 2007).

The family Agathotanaidae is almost exclusively a deep-sea group, with the majority of the records from below 1,000 m depth. Only single species were found at shallower sites, e.g., Agathotanais misakiensis and A. toyoshioae from 211 to 493 and 95 m depth, respectively (Kakui and Kohtsuka, 2015). In the Gulf of Guinea, five agathotanaid species were recorded, all of which were present at the deepest stations (500 and 1,000 m). Finally, the family Paranarhrurellidae, a group that was recorded twice in our material but only at the deepest stations (1,000 m), confirms the true deep-sea origin of this family. This matches the described range of this group, starting from the bathyal and ending at hadal depths (Błażewicz et al., 2019b).

Apseudomorpha were represented in the Gulf of Guinea by only four families and most of their records are from the shelf. This observation is in accordance with the general distributional patterns of this suborder, as only one from 12 known families of Apseudomorpha (family Gigantapseudidae Kudinova-Pasternak, 1978) is considered an exclusively deep-sea taxon. The family Kalliapseudidae was found in the Gulf of Guinea at the shallowest stations (25 and 50 m), aligning our results with other studies of this group. Kalliapseudids are generally characterized as shallow marine and estuarine tanaidaceans, mainly occurring at depths higher than 200 m (Drumm and Heard, 2011). At the same depths (25–50 m), we found representatives of another typically shallow-water tropical family, the Parapseudidae Guţu, 2008. The third apseudomorphan family, the Metapseudidae, were recorded slightly deeper, from 25 to 100 m, also in accordance with previous findings (Stȩpień and Blażewicz-Paszkowycz, 2013; Jóźwiak and Błażewicz, 2021). The last family recorded on the coast of Ghana are the Apseudidae and they have a very wide and disjunct bathymetrical range. These can be differentiated into two subfamilies: firstly the Apseudinae, that group primarily shallow-water taxa and some deep-sea exceptions; and secondly, the Leviapseudinae that are composed of exclusively deep-water forms (Błażewicz-Paszkowycz et al., 2012).




CONCLUDING REMARKS

The great diversity of Tanaidacea, Cumacea (Stȩpień et al., 2021), and Polychaeta (Sobczyk et al., 2021), encountered in benthic communities to date, make the Gulf of Guinea an area of particular interest for conservation strategies in the Atlantic. The Gulf of Guinea seems to be a great natural laboratory for studies of ecosystem resilience to changes associated with pollution and climate warming. Our study establishes the region as a good model for studies of Large Marine Ecosystem response to human pressure. As a region characterized by high benthic diversity, it provides an opportunity to study links between species richness, habitat diversity, and ecosystem stability. The high number of species new to science uncovered in our materials reveal a great potential for studies related to interactions between local and regional species pools. Our results from a relatively small part of the Ghanaian coast have increased the number of Tanaidacea known from the whole west coast of Africa by over 100%, from 80 to 164 species (Jóźwiak et al., 2017), demonstrating a great need of further taxonomic studies. It emphasizes the role of taxonomic expertise as a foundation for biodiversity inventories and ecological analysis, especially in the regions that were previously neglected in studies of benthic fauna. Currently, only four species from this collection were officially described (Jóźwiak et al., 2017), but next descriptions will follow this general inventory.

Rare or narrow range species belong to the most underestimated marine invertebrates (Higgs and Attrill, 2015), and studies of their diversity should be amongst the priorities of marine science. The steep species accumulation curve encountered despite the high sampling effort further necessitates a more comprehensive evaluation of the most appropriate sampling strategies in the future monitoring of this region. To facilitate a more comprehensive taxonomic analysis, we need not only a larger number of replicated samples (Hughes et al., 2021), but also the simultaneous use of various sampling methodologies (Jóźwiak et al., 2020). The analysis of sampling efficiency and replication schemes should be prioritized in future studies to better record novel species.

Tanaidaceans belong to the most underestimated groups of benthic organisms (Appeltans et al., 2012). Despite the increased taxonomic effort in recent years (Błażewicz-Paszkowycz et al., 2012), the number of recorded new species remains much higher than the number currently described. This problem is widespread in studies of other groups of peracarid crustaceans. Kaiser et al. (2009) found that in the Amundsen Sea, 96% of collected isopods were new to science, and a large majority of those taxa are yet to be described, as in tanaidacean studies (Pabis et al., 2014, 2015; Błażewicz-Paszkowycz et al., 2015; Stępień et al., 2018, 2019; Błażewicz et al., 2019a; Jóźwiak et al., 2020). These problems must be addressed with studies of both particular taxonomic groups and particular regions of the world. Without a comprehensive taxonomic analysis, it is impossible to deduce meaningful estimates of marine benthic diversity on a global scale or to analyze the problems associated with ecosystem functioning, conservation priorities, and management strategies (Costello et al., 2012; Higgs and Attrill, 2015; Costa et al., 2020).
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