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Diversity and Zonation of Benthic Amphipod Crustaceans Affected by the Mississippi Submarine Canyon in the Northern Gulf of Mexico
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Amphipod crustacean diversity and zonation are described from the large Mississippi Canyon that extends from the continental shelf across the entire continental margin. Benthic amphipods were sampled on four cruises from 2000 to 2004 from six locations in the Mississippi Canyon from depths of 480 through 2,750 m, and compared with five locations in a second transect on the open continental slope approximately 100 km west of the canyon to assess the canyon effect on the structure and composition of amphipod assemblages. Five replicates were collected from each location using 0.2 m–2 GOMEX box corer. Amphipods amounted to 40% of the total faunal abundance within the canyon compared to only 4% in the non-canyon samples. Of the seventy-two species (19 families) collected, 61 were encountered in the canyon compared to 38 on the non-canyon transect. The trough-like head of the canyon (480 m) supported high densities (4,446–26,933 ind./m2) of the filter feeding, tube dwelling ampeliscid amphipod (Ampelisca mississippiana), the highest densities sampled compared to any other single species, at any other location, either within or outside the canyon, reflecting extreme flux of organic detritus from the continental shelf. The dominance by this single species suppressed the within – habitat (alpha) diversity and evenness, compared to relatively high diversity within the 1,000–1,500 m depths interval both in and outside the canyon. The species richness and alpha diversity exhibited mid-depth maxima at ca. 1,100 m both in and out of the canyon. High species richness (61) over the entire length of the canyon is presumed to be a function of greater topographic complexity and intermittent mass wasting of sediment down the canyon axis. The absence of nestedness is attributed to the amphipod reproductive pattern that lacks dispersive larval stages and brooding comparatively small numbers of eggs in this taxon. Despite depressed diversity at the head of the canyon, the fact that the number of amphipod species in the Mississippi Canyon was 1.5 times their numbers on the adjacent slope suggests that this physiographic feature enriches geographic-scale species diversity.
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INTRODUCTION

The Mississippi Canyon is a prominent topographic feature that incises the continental margin in the north central Gulf of Mexico (GoM) (Shepard and Dill, 1966; Goodwin and Prior, 1989). Canyons are shelf incisions characterized by steep sides and complex topography, which are often associated with increased heterogeneity and distinctive hydrologic regimes (Dorschel et al., 2014). Canyons across geographic scales are distinguished by diverse and complex interacting attributes that may include hydrodynamic conditions, morphological features (Gage et al., 1995; Gunton et al., 2015), proximity to the coast and river system (Bernhardt et al., 2015) and quantity and quality of organic carbon flux (Rowe et al., 1982; Vetter and Dayton, 1998; Duineveld et al., 2001). The interactions between these factors determine distinct levels of canyon activity and varying capacity to transport sediments into the deep sea (Bernhardt et al., 2015). Active canyons, such as the Mississippi, funnel and channel massive amounts of sedimentary materials and particulate organic carbon (POC) derived from the shelf and river drainage basin to greater depths off the continental shelf (Bianchi et al., 2006; Ross et al., 2009). The presence of land derived plant material in the head of the Mississippi Canyon as well as at the abyssal plain below the canyon indicates that it is active conduit for sediments and other debris to the deep-sea (Wei et al., 2012). This high flux of organic carbon in canyons has been assumed to enhance faunal abundance and alter species composition (Rowe, 1971; Rowe et al., 1982; Gage and Tyler, 1991; Gage et al., 1995; Vetter and Dayton, 1998; Puig et al., 2014; Duffy et al., 2016; Fernandez-Arcaya et al., 2017). While high sedimentation in canyons favored colonization by some taxa, they smothered others (Cunha et al., 2011). Although submarine canyons are often reported to harbor distinct and dense faunal assemblages from the adjacent slope areas outside the canyon (Rowe, 1971; Ohta, 1983; Wei et al., 2010b; Oliver et al., 2020), some canyons exhibited depressed densities and insignificant differences from the nearby slope (Maurer et al., 1994; Duineveld et al., 2001; Liao et al., 2017). Inter-canyons variability have been associated with different functional feeding groups from dense masses of polychaetes, bivalves and crustaceans that alternate dominance across different canyons (Cunha et al., 2011; Gunton et al., 2015), but specific conditions underlying these patterns remains poorly understood (Gunton et al., 2015).

Although extensive studies of deep infaunal benthos have been published on the deep northern Gulf of Mexico, including the Mississippi and De Soto canyons (Rowe and Menzel, 1971; Pequegnat, 1983; Pequegnat et al., 1990; Gallaway et al., 2003; Wilson, 2008; Wei et al., 2010b; Carvalho et al., 2013 and others), amphipods remains largely unknown. Amphipods are ubiquitously distributed, even inhabiting the harsh and confining habitats of deep trenches (Dickinson and Carey, 1978; Cartes and Sorbe, 1999; Blankenship et al., 2006). The taxon, however, lacks a dispersive larval phase and thus exhibit a high habitat and niche specificity (Thomas, 1993). Absence of larval stage makes amphipods less susceptible to predators, have less depth and geographic range, and expose them to higher competition for resources (Pechenik, 1999). Therefore, we assume that amphipods offer a very different view of depth related patterns when compared with other taxon studied in the same area (Reish and Barnard, 1979). Amphipods from the northern Gulf of Mexico are only sporadically and fragmentally studied. Studies focused on the taxonomy of species of the littoral zone (Escobar-Briones and Winfield, 2003). The lack of studies on deep-water amphipods is mainly attributable to the absence of adequate sampling and to samples with a limited number of specimens (Cartes and Sorbe, 1999). Our aim has been to explore how the amphipod populations within this large topographic feature differ from amphipod populations outside the canyon. Univariate and multiscale approaches were used to determine which environmental variable best explains distribution patterns as a function of space or depth. We are testing the null hypothesis that the canyon has no effects on the structure and distribution patterns of amphipod assemblages as a function of space or depth. The total densities, diversities (alpha and gamma diversities) and zonation (beta diversity) are compared to illustrate the distinct and rather remarkable differences between the amphipod assemblages in the canyons versus elsewhere on the continental margin. Likewise, we also compared amphipod distribution with other benthic macrofaunal taxa within very similar habitats across the northern Gulf of Mexico (NGoM).



STUDY AREA

The topography of the continental margin of the deep GoM is extremely complex, with large areas of salt domes that are interspersed by basins between the domes (Balsam and Beeson, 2003; Davis, 2017). Seeps of methane nourish communities of reef-like assemblages of vestimentiferan worms, mussels and associated fauna (Brooks et al., 1987; Fisher et al., 2007; Cordes et al., 2009). Carbonate remnants of the seeps support slow growing, cold water coral species (Roberts et al., 2010). The steep Sigsbee and Florida Escarpments stretch around the perimeter of the NGoM and descend to the flat abyssal plain (Martin and Bouma, 1978), referred to as the Sigsbee Deep. The Mississippi Canyon (Transect MT, Figure 1) incises the continental shelf at the center of the NGoM and extends south to southeast across the continental margin into abyssal depths as the Mississippi Fan (MF), a thick wedge of sediments between the east and west NGoM escarpments. The canyon depths range from 50 m on the shelf immediately down into the broad Mississippi Trough, at 400–500 m; from there the canyon extends down the continental slope to over 2,700 m, with a width of about 8–16 km (Shepard and Dill, 1966; Ellwood et al., 2006). Sediments traveling down to the lower continental slope have created massive levees on each side of the channel at depths of 2,000 to almost 3,000 m. Ultimately, the down-canyon sediment has spread out over time to beyond the fan to form the remarkably flat Sigsbee Abyssal Plain at 3,500–3,750 m depth (Shepard, 1981; Davis, 2017). Our analyses extend to a depth of ca. 2,700 m inside and outside the canyon.
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FIGURE 1. Box core sampling locations along the Mississippi Canyon (MT1-MT6) and a parallel transect (C1–C14). Topographic data were derived from NOAA Geophysical Data Center.




MATERIALS AND METHODS


Sampling and Analysis of Benthic Amphipods

Benthic macrofauna, including amphipods, was sampled on five cruises from 2000 to 2004 from 11 locations in two transects in the NGoM. Five replicate cores were taken per station/location using the 0.2 m–2 GOMEX or Gray-O‘Hara box core (Boland and Rowe, 1991) deployed from the R.V. Gyre. Six locations (MT1 through MT6) from depths of 480 through 2,750 m represent the Mississippi Canyon (MT) habitat (Figure 1 and Supplementary Table 1). Five adjacent locations were selected from a parallel transect (C transect) as a comparable non-canyon transect to the west of the canyon transect from depth of 300 m through 2,900 m (Figure 1). The top 15 cm of sediment within the box, with a net surface area of 0.17 m–2, was sieved aboard ship through 300 micron sieves using the seawater floatation and sieving through a 300-micron sieve following the approach developed by Howard Sander’s group at the Woods Hole Oceanographic Institution (Rowe and Kennicutt, 2009). The water column samples were collected using the rosette sampler. Salinity was determined with A Guideline Model 8400B salinometer. Dissolved oxygen was measured using micro-Winkler technique. Nutrients (nitrate, nitrite, ammonia, urea, phosphate, and silicate were analyzed with a Technicon Autoanalyzer using standard colorimetric techniques. Two-liters of water were vacuum filtered on pre-weighed filters for total suspended particulate matter (TSPM). Another liter of water was filtered through 25-μm pre-combusted glass fiber filters (GFF) for determination of particulate organic carbon and nitrogen (POC and PON). For pigment analysis, a liter of water was filtered through 0.45 μm Millipore filters. All filters were carefully placed in combusted aluminum foil or plastic bags and properly stored for transport to shore-based laboratories for analysis.

The samples of fauna and any sediment retained with it were fixed in 10% formalin with filtered seawater and the vital stain Rose Bengal. On return to the laboratory, the formalin-Rose Bengal solution was changed to a 70% ethyl alcohol solution. Amphipods were identified to species using the taxonomic works of Barnard (1954a,b, 1960a,b, 1961, 1962, 1964, 1966, 1969, 1971), Mills (1963, 1964, 1965, 1967a,b, 1971), and Lincoln (1979). Individuals that appeared to be undescribed or that could not be identified to species with available resources were given species number designations for consistency between samples and sampling locations.



Measurements for Sea Floor Environmental Parameters

Sediment grain size, total organic carbon, trace metals and organic contaminants were measured in small sub cores taken from each replicate sample. The standard Folk settling method was used to determine sediment grain size (Folk, 1974). A Carlo Erba elemental analyzer was used to determine organic carbon and nitrogen. Dissolved organic carbon (DOC) was measured in pore water, which was collected from the sediment by centrifugation or pressure filtering, by a high-temperature combustion DOC analyzer. Organic and inorganic carbon were determined by standard LECO combustion. The anthropogenic trace organic carbon and polycyclic aromatic hydrocarbons (PAHs) were measured by NOAA Status and Trends methods (Denoux et al., 1998; Qian et al., 1998) using gas chromatography–mass spectrometry. For metal analysis, the upper 2 cm of subcores were sectioned with a teflon-coated spatula and kept stored frozen (−20°C) in a pre-cleaned plastic jars and stored frozen (−20°C). Samples are analyzed for a total of 27 trace metals, including Ba, Cd, Cr, Fe, Hg, Pb, and Zn, were measured (see Wade et al., 2008; Rowe and Kennicutt, 2009). Total suspended matter (TSPM mg l–1) and particulate organic carbon and nitrogen (POC μg.l–1, PON μg.l–1) were measured in the bottom 1–3 m of the water column. Chl-a in the surface water column was estimated from SeaWiFS satellite images. Export POC flux rates (mg C m–2 day–1) arriving the sea floor were estimated from an exponential decay equation based on satellite assessed primary production in Biggs et al. (2008).



Data Analysis


Univariate Methods

Two-way analysis of variance (using SPSS) was used to test the effect of “canyon” and “depth” on the amphipod total abundance. Before the analysis, data of amphipod abundances was transformed using (log N + 1) to meet the assumptions for normality and homogeneity of variance. Olmstead and Tukey’s test for association (Sokal and Rohlf, 2012) was used to measure the ecological representation of each amphipod family and species based on their abundance and frequency of occurrence. Shannon-Wiener diversity index (H’), and Pielou’s Index (Equitability) were calculated using Biodiversity Pro (McAleece et al., 1997) and Primer 6 (Warwick and Clarke, 1991; Clarke and Gorley, 2006). Two non-parametric estimators, Jacknife second order estimator (Burnham and Overton, 1979) and Chao second order estimator (Chao, 1987), were used to estimate the possible number of species present in the study area, had the sampling been more intense.



Multivariate Methods


Amphipod Zonation

The variations in the composition of the amphipod assemblages (bathymetric zonation or Beta diversity) in the canyon (MT) and the non-canyon (C transect) were classified by hierarchical cluster analysis based on Bray-Curtis similarity and the average group linkage method in R 2.15.1 (R Development Core Team, 2019). The mean amphipod species densities at each location were fourth-root transformed prior to the analyses to reduce the influence of over-dominance by numerically abundant species. Rare species (taxa present once at a single site and/or comprised <1% of the total amphipod abundance across all sites), were omitted prior to the analysis as they are arbitrarily distributed across sites and tend to disrupt ordination and clustering patterns (Clarke and Warwick, 2001). Presence/absence transformation was performed to test for indicator species for the two transects. Species presence/absence data were converted to Sorensen dissimilarities and then partitioned into the spatial turnover and nestedness components (Baselga, 2010). Correlations between dissimilarities and depth differences between sites were computed with a Mantel test with 999 permutations (Borcard et al., 2018).



Analysis of Environmental Variables

The abiotic characteristics of the habitats were evaluated using Principal Component Analysis (PCA). The variables included temperature, dissolved oxygen, polycyclic aromatic hydrocarbons (PAHs, without pyrelene), dissolved organic carbon (DOC), particulate organic carbon (POC), nitrate (NO3–), nitrite (NO2–), ammonium (NH4+), sediment grain size (% sand, % silt, and % clay) and a subset of trace metals.

All data were transformed prior to analysis to validate the assumption of normal distribution. The mean of each set of data dimension was subtracted from the total and this was divided by the standard deviation to produce dimensions with a mean equaling zero. Each data set of the environmental data was transformed, with the exception of grain size, which was normalized angularly, x1 = arcsin⁡(sqrt(x)), as recommended for ranges of 30–70% (Ahrens et al., 1990). An initial PCA of the 27 trace metals in the sediment was reduced to a subset that accounted for the highest variance in the main PCA.

Species composition (inter-station faunal resemblance) was regressed against the multivariate environmental data based on distance-based redundancy analysis (MdbRDA). A parsimonious dbRDA model was constructed using backward selection and AIC selection criteria (Akaike, 1973). Distance-based redundancy analysis (dbRDA) was then employed to visualize this parsimonious model through a principal coordinate ordination (PCO). Vector overlays based on multiple correlation coefficients show the direction and strength of environmental predictors on the dbRDA ordination axes. The analyses were performed using R 4.1.0 (R Core Team, 2020) and PRIMER 7.






RESULTS


Amphipod Abundance

Seventy-two species belonging to 19 families were identified across 11 locations in the study area. The number of species (Species richness, or gamma diversity) was higher in the canyon transect (61 species) than in the non-canyon habitats (38 species). The most abundant species was Ampelisca mississippiana, Soliman and Wicksten, 2007, that lives in tubes and create small hillocks that cover the sea floor like a carpet, dominated the head of the canyon (Table 1 and Figure 2). It represented about 89% of the total abundance, with an average abundance of 13,771 ± 6,087 ind.m–2 (Table 1). Ampelisca sp. was the second most abundant species there (average abundance of 1,225 ± 578 ind.m–2) and was characteristic for the canyon’s head, along with a third species (Ericthonius sp., 313 ± 364 ind.m–2), but the latter represented only 2% of the total amphipod abundance. Cephalophoxoides homilis (Barnard, 1960b) was the most abundant species in the canyon’s middle depths, with an average abundance of 550 ± 19 ind.m–2. Other species such as Leptocheirus sp. and Leptophoxoides molaris Barnard, 1962 were also abundant and characteristic for the canyon’s middle slope zone (Table 1). Haploops sp. was characteristic of the lower slope zone (77 ind.m–2).


TABLE 1. Abundance and % contribution of the abundant amphipods to the total abundance at each zone of the slope: The upper (336–500 m), middle (677–990 m), and Lower (>1,000 m) slope.
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FIGURE 2. Sea floor photograph in the trough-like head of the Mississippi Canyon, MT1 at 482 m depth. The sediment is mottled by abundant Ampelisca mississippiana tubes.


The non-canyon transect was characterized by a different group of amphipods: Byblis brachycephala Mills, 1971, Leptophoxus falcatus (G.O. Sars, 1883), Metaphoxus simplex (Spence Bate, 1857), Leptophoxoides molaris on the upper slope, Haploops sp., Pardaliscella boecki (Malm, 1870), and Cephalophoxoides homilis on the middle slope, and Haploops sp. and Rachotropis sp. on the lower slope. The densities of these species on the central transect were lower than those in the canyon at any given depth (Table 1).

The total amphipod abundance (mean ± SD) in the canyon was highest in the wide trough at its head at 480 m (15,880 ± 7,003 ind.m–2) and decreased with depth down to 11 ± 1 ind.m–2 at 2,745 m as indicated on a linear regression (Figure 3). The values in the canyon head were thus four and a half orders of magnitude above those in the canyon on the lower continental slope. Abundance also declined on the non-canyon transect, from a maximum of 314 ± 276 ind.m–2) [at 1,017 m (C7)] down to 16 ind.m–2 at the deepest locations (C12, C14, at 2,486–2,920 m, Table 2 and Figure 3).
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FIGURE 3. Plot of density (densities per square meter) against depth in the Mississippi Canyon (MT transect) and non-canyon (C for central).



TABLE 2. The Σamphipod abundance at different location at each transect from 2000 to 2004.
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The decline in abundance as a function of depth can be parameterized as follows:


d(densities)/d(depth) = −K (depth), where −K is the “decline rate” constant. The solution of this differential equation is,
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The rate of decline in Figure 3, as a function of depth, fit an exponential function where the predicted intercept at the shallowest depth was 17,133 ind./m2 and the rate of decline was −2.95 × (Depth). The intercept and the rate of loss were lower in the non-canyon data: the intercept on the non-canyon intercept was 173.3 and the “decay” rate was –0.8 × (Depth), compared to the canyon (Figure 3).

Amphipods accounted for 41% of the total abundance of all the other macrofaunal invertebrates (isopods, tanaids, cumaceans, bivalve mollusks, polychaetes, and nematodes) in the canyon but represented only 4% of the total community on the non-canyon transect (Figure 4A). The highest contribution by amphipods (90%) was in the canyon head at 480 m (MT1) (Figure 4B). The maximum amphipod contribution outside the canyon was about 10% of the total invertebrate community, and that was at 1,000 m (Figure 4B). The analysis of variance with the two factors (Depth and Canyon) indicated that the mean amphipod abundance significantly changed with depth (F = 99.076, P < 0.001) and significantly varied between canyon and non-canyon (F = 21.018, P < 0.001, Table 3). There was also significant interaction between the two factors (P < 0.001).


[image: image]

FIGURE 4. Percentage composition of the major faunal groups collected from the canyon and the non-canyon transect (A) and ratios of amphipods to the total macrofaunal densities at different sampling depth in the two transect (B).



TABLE 3. ANOVA for testing difference in amphipod abundance [Log (N + 1)].

[image: Table 3]
At the family level, the canyon and the open continental slope were very different (Supplementary Figure 1). Of the 19 families collected, the canyon was dominated by Ampeliscidae, followed by Phoxocephalidae, Ischyroceridae, and Aoridae. Lyssianassidae, Melitidae, Synopidae, and Oedicerotidae, along with several others were infrequent families (see Supplementary Figure 1). The Phoxocephalidae was predominant on the non-canyon transect, over the Oedicerotidae, Pardaliscidae, and Synopiidae. The Ampeliscidae, Aoridae and Melitidae occurred in minor numbers outside the canyon (Supplementary Figure 1). Analysis of similarity between the canyon and non-canyon (ANOSIM; R = 0.17, P = 0.001) (Supplementary Figure 2), indicated that the largest differences between canyon and non-canyon species were in the shallow locations with the depths between 500 and 1,000, followed by significant but less profound differences at the deeper locations (Supplementary Figure 2).



Bathymetric Zonation of Amphipod Species

Within the canyon, four assemblages, with little or no overlap, were identified, based on [the 4th root transformed] species abundance (Figure 5). The first group included the canyon head (MT1), with the highest amphipod abundance (Figure 5 and Supplementary Figure 2). There was only minor similarity between MT1 and other canyon or non-canyon locations. The other three canyon groups were located on the upper slope (676–1,000 m), the middle slope (1,077–1,450 m) and on the lower slope, seaward of the latter boundary (Figure 5 and Supplementary Figure 2). The third mid-slope assemblage (1,077–1,450 m) in the canyon was also similar to the group outside the canyon on the upper slope, both in abundance and species composition. The deepest lower-slope canyon group seaward of 1,450 m was characterized by low abundances (Figure 5 and Supplementary Figure 2).
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FIGURE 5. Two-way Cluster analysis using Bray-Curtis similarity between sampling locations (based on 4th root transformation) and for the top-20 most abundant amphipod species (based on presence/absence transformation) (A). The top-20 species accounted for ∼99% of total amphipod abundance. Color image shows the site-by-species matrix for the clustering. The x-axis indicates station name followed by water depth (m) at that location. The y-axis shows the species names. Color key indicates average amphipod abundance per sample (in 0.1725 m2). Geographic distribution of amphipod assemblages along the two transects (B). Symbols indicates assemblages with at least 40% Bray-Curtis similarity.


Cluster analysis of the top 20 most abundant species of both the canyon and non-canyon slope habitats suggests that there were five dissimilar groups (40% similarity or higher within the groups, Figure 5). The first region (Group A) included the canyon’s head (MT1), dominated by tubicolous species with limited bathymetric range (including Ampelisca mississippiana, Ampelisca sp., and Erichthonius sp.). The second group (B) included the middle canyon slope (MT2) dominated by Cephalophoxoides homilis and Leptophoxoides molaris. The third group (C) extended from the upper slope of the non-canyon (C1) down to ∼1,500 m, including both canyon (MT3 and MT4) and non-canyon sites (C7 and C14). This group was characterized by Haploops sp., Leptophoxus falcatus, Leptophoxoides molaris, Paraphoxus oculatus, Cephalophoxoides homilis, Metaphoxus simplex and Harpinia sp. It is also evident that Group C shared a number of species with MT2, at 1,000 m. The two deepest groups (D and E) separated into the non-canyon (C14 and C12) and Canyon habitats (MT5 and MT6). Haploops sp. and Parpano composturus were common in both groups; however, the species in Group D and E appear to be a subset of species from Group B and C (Figure 5).

The majority of amphipod species exhibited narrow depth ranges. More than 82.3% of the species had depth ranges of less than 1,000 m and more than 67.6% of species had depth ranges less than 500 m. Only three and four species had distributions extending from the upper (200–1,000 m) to lower canyon-slope (2,000–3,000 m) and from mid (1,000–2,000 m) to the lower canyon-slope (2,000–3,000 m), respectively (Figure 6A). On the contrary, sets of species that occurred at different minimum depths displayed considerable turnover. Sorensen dissimilarity partitioned among sites also supports strong depth-related patterns in which the total dissimilarity and species turnover correlated significantly with difference in depth between sampling sites (Mantel test, P < 0.05, Figure 6B). The spatial turnover of species contributed much more than nestedness in shaping the amphipods assemblage dissimilarities.
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FIGURE 6. Depth distribution of amphipod species and assemblage dissimilarity as a function of depth difference in the northern Gulf of Mexico. Reported are: (A) Vertical ranges (minimum and maximum depth occurrence) of amphipod species. The horizontal line shows the median depth of occurrence, (B) Sorensen dissimilarity and its turnover and nestedness components as functions of the depth difference between sampling sites.




α and β-Biodiversity Patterns

Generally, the rate of species accumulation was gradual across upper slope depths, rapid at mid-depths, and then gradual again on the lower slope. The rapid species accumulation occurred between depths of 677–1,000 m on both transects. More than 60% of the species collected on the two transects were encountered in the Mississippi Canyon in this depth zone (Figure 7).
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FIGURE 7. Observed species accumulation (Obs) (A), estimated species accumulation using Chao index (B), Jacknife index estimators (C) and comparison between the accumulations of amphipod species with depth in canyon (D) vs. non-canyon (E) transects.


The Chao and Jacknife estimator curves predicted that the number of species could be close to 100 (96 and 99 for Chao and Jacknife, respectively, Figures 7B,C) if sampling is more intensive. They also predicted that the highest replacement of species would be found between 677 and 1,401 m, with the addition of 65 species that represented about 65% of the total species. Clearly, species are added faster in the canyon than outside the canyon at intermediate depths (Figures 7D,E).

The Shannon diversity index (within habitat or alpha diversity) exhibited a prominent parabolic pattern on the canyon transect (R2 = 0.6, p < 0.001), with a less prominent pattern outside the canyon (R2 = 0.5, P = 0.001) (Figure 8). The maximum diversity for both was at about 1,100 m (Figure 8A). The Equitability was higher on the non-canyon transect than in the Mississippi Canyon (Figure 8B). There was no significant change in Equitability on the non-canyon transect with depth, while the lowest was at MT1 (Figure 8A) in the canyon head (Figure 8B). The MT1 value was extremely low due to high dominance of Ampelisca mississippiana, which represented 89% of the entire amphipod fauna. The dominance disappeared further offshore (MT2 to MT6), with the highest evenness at 1,000 m. The non-canyon transect mimicked the canyon transect, with the highest diversity at the same depth range (1,065 m); however, the non-canyon habitats had lower species diversity at the deepest depths, between 2,487 and 2,921 m (Figure 8B). Generally, the Canyon’s head had the lowest within-habitat species diversity in the whole area, while the mid depth at about 1,000 m (MT3 and C7) had the highest alpha or within-habitat diversity. Although the non-canyon central transect alpha diversity was generally higher than that in the Mississippi Canyon, a greater number of species (see above) characterized the latter.
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FIGURE 8. Variation of Shannon (alpha or within habitat) diversity (A) and evenness (B) of amphipod species on the canyon and non-canyon transects.




Amphipod Assemblages as a Function of Habitat Characteristics

Bottom water temperature across the 11 sampled locations ranged between 4.25 and 11.67°C, dissolved oxygen ranged between 2.46 and 5.54 mg/l (Supplementary Table 2). Sediment % clay ranged between 20 and 72% and % sand ranged between 2 and 64% (Supplementary Table 2). Principal Components Analysis (PCA) of an array of 22 environmental parameters has been utilized to identify the variables that explain most of the variation in density and diversity of the amphipod populations between locations (in or out of the canyon) (Supplementary Table 2). At first, the 27 metals have been reduced to four that account for most of the variance in the metals. A PCA for the 27 analyzed trace metals showed that the first principal component (PC1) accounted for about 68% of the total variance in the metals data: these were beryllium (Be), iron (Fe), chromium (Cr), and tin (Sn).

A PCA for the 22 environmental parameters showed that the three first components accounted for 80% of the total variance in the data set. Clay, the four metals (Fe, Cr, Sn, and Be) and % sand were important on the first principal component (PC1), which explained 52.7% of the variation (Figure 9). Percent sand was negatively correlated with PC1, while percent clay, the four metals (Be, Sn, Fe, and Cr) and the bottom water organics (carbon and nitrogen) were positively correlated with PC1, which can be interpreted as “organic-rich” “clay” deposits. Consequently, the high association with metals was in areas close to the head of the canyon, whereas high sand and low metals were in areas far from the canyon. These differences reflect the heterogeneity of the sediment. PC2 accounted for 13.9% of the total variance and it had high positive loading with NH4+, which may indicate high sediment community metabolism associated with high organic carbon flux (Figure 9). PC3 accounted for 9.1% of the total variance and had high positive loading by near bottom TSPM. We suggest this reflects a food source available for suspension feeders.


[image: image]

FIGURE 9. Principal components analysis of 22 environmental variables. Relative distances among samples show environmental ordination on the first PCA axis. Color-coding indicates the five faunal groups with at least 40% Bray-Curtis similarity among samples based on cluster analysis (Figure 5). Bubble sizes are proportional amphipod densities. Vectors are variable loading scores for PC1 vs. PC2 axis. The large circle indicates variable loading = 1.


Because of the peculiarly skewed density and diversity patterns within the canyon, PCA was also carried out with just the canyon’s environmental data. The first three components accounted for 93% of the total variance in the canyon’s data (Supplementary Table 4). Of these, PC1 accounted for 54% of the variance and had high positive loading with % clay, the metals (Fe, Cr, Sn, and Be) and near-bottom POC. It had high negative loading with sand, which we interpret to be a characteristic of enhanced flux of fine sediment-associated organic matter. PC2 accounted for 25% of the variance, with high positive loading with % organic nitrogen and high negative loading with C/N ratio, which we suggest is related to food quality. PC3 accounted for 14% of the variance and had high positive loading with near-bottom suspended materials, which indicate availability of food in suspension. A high correlation between PC3 and amphipod abundances in the canyon (R2 = 0.94, P < 0.001) suggests that high densities are affected by food supply and grain size.

A regression model predicting amphipod abundance as a function of PC1, PC2, PC3, and PC4 as predictors is significant:
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Abundance was significantly correlated with the estimated flux of chlorophyll to the sea floor (R2 = 0.73, P < 0.01) (Figure 10). Abundance can also be predicted as a function of carbon flux (POC) to the sea floor. Amphipods (Ind.m–2) = 4594 × Chl a flux – 502.854 (R2 = 0.7, p < 0.001). However, combining the Chl a to the total suspended matter (TSPM) to the model enhances its power (R2 = 0.97, P < 0.001); thus the predicted abundance of amphipods can be calculated as

[image: image]

Where Chl a flux is the amount of chlorophyll settling to deep water sediment and TSPM is the near-bottom suspended materials.
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FIGURE 10. Abundance of amphipod Log (N + 1) as a function of the adjusted chlorophyll as proxy to the flux to the sediment (BW Chl-a) (* MT1).





DISCUSSION


High Densities and Effects of the Canyon Habitat

Ampeliscid populations that are so dense that they “carpet” the sea floor is not unfamiliar in shallow water. However, they were unanticipated in the generally oligotrophic GoM and in deep water. The detected numbers for A. mississippiana (13,771 ± 6,087 ind.m–2) from the Mississippi canyon were similar to densities reported from shallow water (<50 m) (Soliman and Rowe, 2008). Most ampeliscid beds have been observed at high latitudes in extremely cold habitats (Conlan et al., 2018). In cold habitats (<0.5°C), the individuals can be several centimeters in length (Conlan et al., 2018); the GoM specimens were much smaller (Soliman and Rowe, 2008). Beds of tube dwelling amphipods usually occupy areas with strong bottom currents that maintains epi-benthic flow of suspended organic matter on which they feed (Demchenko et al., 2016). Mats can also be encountered at lower latitudes but in organic rich sediments, often being bathed by sewage outfalls (Rhoads et al., 1978; Gallagher and Keay, 1998). We presume that the A. mississippiana mat in the head of the canyon reflect similar conditions with an excessive input of POC, but offshore at the continental shelf margin.

The high abundances of A. mississippiana in the canyon head skewed all the measurements in the canyon habitat compared with the open slope. The densities were so high that they lower the apparent alpha diversity and evenness at the canyon head (MT1). That location by itself was an added “zone” in the depth-related zonation patterns. Without the A. mississippiana at the canyon head, the canyon would still be different because MT2 is still different from the non-canyon and the other canyon locations; the differences, however, would not be so profound.

The steep decline in benthic faunal abundance as a function of depth is a familiar paradigm that reflects the decline of the flux of labile organic matter to the ocean floor (Rowe, 1971, 1983; Rex et al., 2006; Wei et al., 2010a; Montagna et al., 2020). This trend, however, is not uniform and other dense communities are also common that are not necessarily attributed to high POC fluxes (Danovaro et al., 2003; Menot et al., 2010; Rex and Etter, 2010). Higher densities can be associated with elevated accumulation rates caused by topography or water mass (Vetter, 1994; Vetter and Dayton, 1998; Boetius et al., 2000; Brown et al., 2001; Aller et al., 2002). For example, organic carbon depo-centers can also include deep trenches (Rowe, 1983; Pusceddu et al., 2009; Wenzhöfer et al., 2016; Baudin et al., 2017). Because they often concentrate particulate organic matter, canyons are assumed to enhance benthic secondary production (Rowe et al., 1982; Gage and Tyler, 1991; McHugh et al., 1992; Gage et al., 1995; Vetter, 1998; Vetter and Dayton, 1998; Metaxas and Giffin, 2004; Soliman and Rowe, 2008). Similar depth-related patterns have been observed in previous studies on other taxa in the NGoM. For example, densities (or biomass) of macrofauna and meiofauna increased with organic matter but declined to depauperate levels at abyssal depths in the GoM (Baguley et al., 2006; Deming and Carpenter, 2008; Morse and Beazley, 2008; Rowe et al., 2008; Wilson, 2008; Stuart et al., 2016; Montagna et al., 2020). On the other hand, density of bacteria was not correlated to the sedimentary organic carbon indicating the role of other sources of labile carbon (Morse and Beazley, 2008).

Our total amphipod densities in the canyon head were similar to fauna at comparable depths off southern California (about 12,900 ind.m–2) (Vetter, 1998; Vetter and Dayton, 1998). The organic carbon within the sediment in the canyon head (MT1) was not particularly high (Supplementary Table 2), but the C/N ratio (3.6) was lower than the average for the Gulf of Mexico (C/N = 8) (Escobar-Briones and García-Villalobos, 2009), suggesting that the MT1 mud was rich in amino acids and proteins. The flux appears to be coming from vertical and lateral transport of particulate suspended matter from the Mississippi River system (Qian et al., 2003; Bianchi et al., 2006; Biggs et al., 2008). The shallow location (MT1) is thus a “hotspot” for secondary production and the resulting dominance by A. mississippiana reflects a response to high rates of detrital flux (Baguley et al., 2006; Soliman and Rowe, 2008; Conlan et al., 2015; Montagna et al., 2020). Some canyons, however, do not enhance densities (Houston and Haedrich, 1984; Marquiegui and Sorbe, 1999). Perhaps continuous disturbance such as sediment flushing or chronic impacts prevents recruitment (Rowe et al., 1982; Cartes and Sorbe, 1999; Cunha et al., 2011).

The lower slope canyon and non-canyon densities values were both low and not different; suggesting that delivery of detritus on the lower slope was not elevated either within or outside of the canyon due to distances from sources. However, the species composition in and out of the canyon were different (see below).



Amphipod Recurrent Assemblages

The more pronounced vertical, depth-related boundaries between groups of amphipod species in the Mississippi Canyon is related, we suggest, to the peculiar conditions in the canyon’s head (Group A) that supports the dominating populations of A. mississippiana: high concentrations of suspended organic matter and constant physical disturbance that would favor opportunists (Levin et al., 2001). A recent study estimated that about 70% of the sediments delivered to the Mississippi Canyon originated at the shelf from the river plume (Harris et al., 2020). A near-bottom current, storms and internal waves may maintain particles resuspension along the canyon’s floor (Ross et al., 2009; Gardner et al., 2017). Few organisms, such as tube builders, can withstand the shear of the current, which maintain available food in suspension (Demchenko et al., 2016).

The vertical zonation reflects variations in feeding strategies as resources decline with depth (Stora et al., 1999; Cartes et al., 2003; Wei and Rowe, 2006). Both the canyon and non-canyon assemblages between about 900 and 1,500 m (Group C) were characterized by the micro-predator, omnivorous Pardaliscidae and the predatory Phoxocephalidae. The Pardaliscidae are a deep-water family adapted to limited food and extended periods of starvation, with mouthparts that suggest they are predators (Tomikawa et al., 2021). Pardaliscids are powerful swimmers with piercing mouthparts (Lo Brutto et al., 2017). Phoxocephalids are a diverse amphipod family, with 13 genera adapted for burrowing (De Broyer et al., 2003; Chapman, 2007). They prey on meiofauna, polychaete larvae and nematodes (Guerra-García et al., 2014). Phoxocephalids occupied the widest depth range on the two transects because, we suggest, they are able to cope with variations in potential food that would limit suspension and deposit feeders.

The Melitidae and Aoridae are deposit feeders (Guerra-García et al., 2014) in the assemblage at intermediate depths. The deepest amphipod assemblages (Groups C and D on Figure 5) overlapped with the abundant tubicolous ampeliscid, Haploops sp., considered to be a deep-water genus with a wide biogeographic distribution (Bellan-Santini and Dauvin, 1997).

The burrowing phoxocephalids were absent in the trough-like canyon head because the highly variable habitat promoted dominance by the tube builder A. mississippiana. The dense numbers of tubicolous species are known to impede movement of mobile burrowing species (Wilson, 1991), and reduce the abundance of intermediate sized species (see Volkenborn et al., 2009).

The burrowing deposit feeders in the habitats we studied survive at mid-depths with diminished resources. The abrupt displacement on the upper continental slope compared with the lower slope was also observed in bivalves (Wei et al., 2020). The Eurisidae and Pardaliscidae are predominately supra-benthic, mobile predators (Cartes and Sorbe, 1999; Nyssen et al., 2002) that were present only at the lower slope depths along the non-canyon transect.



Alpha and Gamma Diversity Patterns

Offshore of the mid-depth species maximum (at 1,100 m) the diversity declined because fewer species can survive as food supplies dwindle (Rex, 1973), but the decline was not as steep. The mid-depth maximum of within-habitat diversity at 1,100 m depth has also been observed in other invertebrates in the GoM including Isopoda, Polychaeta, and bivalves (Wilson, 2008; Carvalho et al., 2013; Wei and Rowe, 2019; Wei et al., 2020), reinforcing our view that it is related to productivity gradients (Woolley et al., 2016).

This mid-depth maximum (MDM) has now been observed on a number of other continental margins (Rex, 1981, 1983; Allen and Sanders, 1996; Rex et al., 1997; Maciolek and Smith, 2009; Rex and Etter, 2010). The gulf MDM was more prominent in the canyon than on the central transect because of the dominance by A. mississippiana in the canyon head. Disturbances in the canyon head due to increased sedimentation, flushing events or due to chronic inputs of contaminants can reduce species richness and depress biodiversity (Wilson, 2008). The high dominance and low diversity may imply that the canyon head experiences stress. Ampelisca species is listed among the tolerant species that can survive in organically enriched environments and dense ampeliscid mats have been found associated with chronic anthropogenic disturbance (Rhoads et al., 1978; Alcolado, 1992; Paterson and Lambshead, 1995; Gage, 1997; Gardner et al., 2017). The extent to which a dense number of benthos-built tubes stabilize the muddy sediments and the structure of benthic communities has been contradictory. Tube-builders can stabilize sediment with enhanced binding by mucus secreted by associated organisms such as bacteria, whereas other species may destabilize the sediment (Eckman et al., 1981). The tubes enable them to obtain oxygen above the water-sediment interface protection against inward diffusion of toxic anions (Aller, 1982; Gallagher and Keay, 1998). The highest concentrations of polycyclic aromatic hydrocarbons (PAHs) in our sediment samples, as well as other anthropogenic trace metals, were in the canyon head and thus coincident with the dense A. mississippiana mats (Soliman and Wade, 2008; Wade et al., 2008). We attribute the high metals concentration in the sediments of the Mississippi Canyon to sediment fluxes originated from the shelf. However, levels of metals were within the ranges reported in the shelf of the NGoM (Wade et al., 2008).

Maximum species richness (gamma diversity) at about 1,100 m depth was comparable to that reported by to Mediterranean amphipods (Cartes and Sorbe, 1999), but somewhat shallower than that observed on other continental margins characterized by higher primary production. We suspect that the MDM is pushed deeper and further offshore as flux to the sea floor increased [as implied by Wei and Rowe (2019)].

We attribute the higher species richness in the canyon to the complexity of the canyon topography compared to the slope on the central transect (Figure 1). The canyon may also be subjected to intermittent mass wasting of sediment down the canyon axis. Santschi and Rowe (2008) estimated that sediment burial rates at MT3 (ca. 1,000 m depth) were about the same as those at MT6 (ca. 2.7 km depth), but the mean age of the sediments at the shallower canyon location was about 3–5 thousand years compared to about 16–27 thousand years at the deepest canyon site (MT6 at 2,700 m depth). The latter was a mixture of marine and terrestrial organic matter, which again implies that MT6 is subject to mass wasting events.

Nestedness, where the deep faunal species composition is a subset of shallow species, on the other hand, a condition documented for the polychaetes on the oligotrophic northwestern GoM margin (Stuart et al., 2016), was not observed in the amphipods. The deep amphipod species, on the other hand, were entirely different from the shallow assemblage, not just a winnowing portion of the species living in shallow habitats. We would attribute this difference to amphipods’ reproductive pattern, which lacks dispersive larval stages, and brooding relatively small numbers of eggs, as opposed to broadcasting large numbers, as is more common in the polychaete annelids.




CONCLUSION

The deep Mississippi submarine canyon harbored dense amphipods assemblages. Amphipod species richness and abundances in the canyon were significantly higher than the non-canyon slope. A dense mat of tube dwelling ampeliscids (A. mississippiana) were numerically (4,446–26,933 ind/m2) dominant in the trough-like head of the canyon. This dominance by filter feeders (A. mississippiana) was supported by high concentrations of particulate organic carbon in suspension from the adjacent continental shelf below the Mississippi River plume. A steep decline in abundance as a function of depth reflects a decline in sources of organic matter to the deep ocean floor, both within and outside the canyon. The observed unimodal alpha (within habitat) diversity at a depth of ca. 1,100 m support the widely recognized paradigm of mid-depth maximum (MDM) species richness. The canyon MDM was more pronounced than the MDM on the slope outside the canyon. The dominance by A. mississippiana depressed the alpha diversity value at the near-shore canyon head. Four groups of species were identified at specific depth intervals down the canyon axis. Functional feeding groups changed with depth in response to declining resources and sediment heterogeneity. The deeper canyon and the non-canyon slope included motile predators in low densities. Low nestedness is attributed to the lack of dispersive larval stages, and brooding relatively small numbers of eggs. The high species richness in the canyon suggests that the Mississippi Canyon enriches the regional species diversity. The observed low amphipod diversity on the slope might reflect a need for improved sampling coverage in future studies. Further studies to understand the dynamic of the ampeliscid mat and its role in the fish production and other ecological services is important.
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