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Abstract 36 
Aim: Despite growing knowledge on deep-sea benthic fauna, patterns of changes in species 37 
composition combining both bathymetric and latitudinal variation are still poorly known. In 38 
the first synthesis on the beta-diversity patterns of assemblages of hydroids across an entire 39 
ocean basin, our aim was to infer limits and gradients of species distribution along depth and 40 
latitude. 41 
Location: Atlantic Ocean and adjacent polar seas. 42 
Taxon: Hydrozoa. 43 
Methods: Hydroids from 50 to 5,330 m deep were studied primarily based on museum 44 
collections. Identifications were made by the authors, improving uniformity within the dataset 45 
by avoiding variations in taxonomic interpretation. Data totaled 3,699 records belonging to 432 46 
species, at 1,444 unique sites. Records were assigned to three depth strata (50–200 m, 201–47 
1,000 m, and 1,001–5,330 m) and 8 latitudinal bands of 20˚ each, totaling 24 sample areas. We 48 
conducted NMDS ordination, clustering, and PERMANOVA analyses of species compositions 49 
and abundances per area to examine differences and relationships in hydroid assemblages 50 
among areas.  51 
Results: Assemblages primarily differentiate between those to the north and south of 40˚S, 52 
regardless of depth, with southern ones separated between Patagonian and Antarctic. 53 
Northwards of 40˚S, assemblages differentiate gradually along both depth and latitude, 54 
although a faunal turnover occurs at 1,000 m deep. Also, assemblages at 1,001–5,330 m deep 55 
tend to be more similar to each other than assemblages at shallower strata, suggesting 56 
significant connectivity over great distances in the deep sea. We note the problem of largely 57 
unequal hydroid sampling in the Atlantic Ocean across depths and latitudes, especially in the 58 
southern hemisphere and below 1,000 m deep. 59 
Main conclusions: Assemblages of hydroids differentiate gradually along latitude and depth, 60 
with more rapid shifts in species composition occurring at 40°S, 60°S, and at 1,000 m deep. 61 
Greater similarity was found among deeper water assemblages. 62 
 63 
Keywords: Atlantic Ocean, deep-sea benthos, depth, faunal changes, Hydrozoa, latitude, 64 
marine biogeography, turnover 65 
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Introduction 67 
 68 

The geographical distribution of every species is shaped by evolutionary, ecological, 69 
and physiological processes, and when analyzed holistically over groups of species with 70 
overlapping ranges define global biogeographical patterns (Jablonski, Flessa, & Valentine, 71 
1985; Morrone, 2009; Valentine, 1973). Gradual or rapid shifts in species composition are a 72 
consequence of the evolutionary history of the species and may be caused by physical or 73 
environmental factors that impact dispersal and survival (Lomolino, Riddle, & Whittaker, 74 
2017; Valentine, 1973). Theoretically, physical variables such as topography, currents, water 75 
masses, heterogeneity in temperature and oxygen, or biological variables like food availability, 76 
operate as putative barriers controlling the distributions of marine invertebrates (Carney, 2005; 77 
Gooday et al., 2010; Levin et al., 2001; McClain & Hardy, 2010). At the population level, 78 
geographical distance may impair, even stop, gene flow among populations, gradually leading 79 
to faunal differentiation via speciation (McClain, Stegen, & Hurlbert, 2012; Postaire, Gélin, 80 
Bruggemann, Pratlong, & Magalon, 2017; Soininen, McDonald, & Hillebrand, 2007). 81 

Evolution in the deep sea points to an alternative general scenario. Barriers to dispersal 82 
are difficult to identify in deep-sea habitats, although they presumably could be inferred from 83 
patterns of geographical distributions of the species making up deep-sea communities 84 
(McClain & Hardy, 2010; McClain, Stegen, & Hurlbert, 2012; Van Dover, German, Speer, 85 
Parson, & Vrijenhoek, 2002; Zezina, 1997). Also, greater environmental homogeneity found 86 
at bathyal and abyssal depths would enlarge species’ geographic ranges, decreasing 87 
biogeographic differentiation (Zezina, 1997). Indeed, molecular analyses of numerous species 88 
suggest continuous gene flow along great distances in the deep sea (Dambach, Raupach, Leese, 89 
Schwarzer, & Engler, 2016; Eilertsen & Malaquias, 2015; Everett et al., 2016), even in 90 
disconnected and patchy ecosystems such as hydrothermal vents or cold seeps (Beedessee et 91 
al., 2013; Teixeira et al., 2013; De Groote, Hauquier, Vanreusel, & Derycke, 2017; Van Dover 92 
et al., 2002; Won, Young, Lutz, & Vrijenhoek, 2003). However, a general assumption of 93 
tenuous or non-existent barriers and presumed environmental homogeneity at the deep-sea 94 
floor favoring cosmopolitan distributions is contradicted in some cases, as indicated by limited 95 
gene flow among populations and metapopulations (LaBella, Van Dover, Jollivet, & 96 
Cunningham, 2017; Vrijenhoek, 2010), as well as highly endemic taxa restricted to abyssal 97 
depths and deep trenches (Vinogradova, 1979). 98 

Faunal turnover related to local scale habitat heterogeneity is pervasive in the deep-sea 99 
benthos (Judge & Barry, 2016; McClain & Barry, 2010; McClain, Nekola, Kuhnz, & Barry, 100 
2011; Vanreusel et al., 2010; Zeppilli, Bongiorni, Santos, & Vanreusel, 2014). At the regional 101 
scale, however, β-diversity is more influenced by environmental variations in temperature and 102 
particulate organic carbon (POC) flux to the seafloor (McClain & Rex, 2015; UNESCO, 2009; 103 
Watling, Guinotte, Clark, & Smith, 2013; Wei et al., 2010; Woolley et al., 2016), two key 104 
drivers that would structure communities along depth (Carney, 2005; Rex & Etter, 2010; Rex 105 
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et al., 2005). Indeed, faunal turnovers with depth are particularly common at the shelf break, 106 
around 1,000 m deep, and between 2,000 and 3,000 m deep, mostly correlated with temperature 107 
and food supply shifts, although specific boundaries may vary across regions and latitudes 108 
(reviewed in Carney, 2005). 109 

Knowledge on biogeographical patterns of deep-sea communities is scant when 110 
compared to terrestrial and coastal marine ecosystems (UNESCO, 2009; Watling, Guinotte, 111 
Clark, & Smith, 2013). Inferences are generally based on a single genus or species (e.g. 112 
Eilertsen & Malaquias, 2015; Rex, Stuart, Etter, & McClain, 2010). Few studies have 113 
investigated changes in faunal composition combining both depth and latitude. A study on 114 
protobranch bivalves in the Atlantic found greater species turnover along depth than between 115 
ocean basins, although changes were less marked at bathyal and abyssal depths than at the shelf 116 
break (Allen & Sanders, 1996). Similarly, assemblages of benthic molluscs in the Gulf of 117 
Mexico were found to be structured more by depth than by geographic distance, with greatest 118 
faunal changes occurring at the continental shelf break and at 3,000 m depth (Shantharam & 119 
Baco, 2020). Zonation of protobranchs along latitude was less clear at bathyal and abyssal 120 
depths, where cosmopolitan species are more frequent than at shallow depths (Allen & Sanders, 121 
1996). Biogeographical analysis of the ophiuroid fauna in the South Pacific, Indian, and 122 
Southern Ocean found that latitudinal changes in species composition were different at shelf 123 
and bathyal depths, and that the bathyal fauna gradually changes along latitude, with no clear 124 
biogeographical breaks (O’Hara, Rowden & Bax, 2011). 125 

For hydroids, there are only regional biogeographical syntheses, mostly focusing on 126 
shallow-water habitats (e.g. Antsulevich, 2015; Genzano, Giberto, Schejter, Bremec, & 127 
Meretta, 2009; Henry, Nizinski, & Ross, 2008; Miranda, Genzano, & Marques, 2015; Peña 128 
Cantero, Ferrer, & Miranda, 2017; Ronowicz, Kuklinski, & Mapstone, 2015). However, 129 
hydroids are broadly distributed both in shallow and deep-sea habitats (Calder, 1998; Gebruk, 130 
Chevaldonné, Shank, Lutz, & Vrijenhoek, 2000; Henry et al., 2008; Kramp, 1956), with great 131 
intra and interspecific variation across environments (review in Cunha, Maronna, & Marques, 132 
2016; Fernandez & Marques, 2018; Fernandez, Collins, Gittenberger, Roy, & Marques, 2020). 133 
Our aim in this study was to infer patterns of change in species composition of hydroids along 134 
depth and latitude in the deep Atlantic Ocean and adjacent polar seas. 135 
 136 
Material and Methods 137 
 138 
Study area and data collection 139 

 140 
Hydroids (Milleporidae, Stylasteridae and Limnomedusae excepted) from the Atlantic 141 

Ocean and adjacent Arctic and Antarctic seas, with geographic and depth data, from 50 to 5,330 142 
m deep, were studied primarily based on museum collections. Identifications were confirmed 143 
or made by the authors, improving the uniformity of taxonomic interpretation within the 144 
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dataset. Records were assigned to three depth strata comprising the lower continental shelf 145 
(50–200 m), the upper bathyal (201–1,000 m), and the lower bathyal and abyssal plains (1,001–146 
5,330 m) and 8 latitudinal bands of 20˚ each (61˚–80˚N, 41˚–60˚N, 21˚–40˚N, 0˚–20˚N, 0˚–147 
20˚S, 21˚–40˚S, 41˚–60˚S, and 61˚–80˚S), totaling 24 sample areas (Figure 1, Table 1). Six out 148 
of the 24 areas with 10 or less records were excluded from the analyses (viz., 201–1,000 m for 149 
61˚–80˚N and 0˚–20˚S; and 1,001–5,330 m for 61˚–80˚N, 0˚–20˚S, 41˚–60˚S, and 61˚–80˚S). 150 
Depth strata were chosen considering the decreasing number of records with increasing depth 151 
and previous hypotheses of faunal turnover at the continental shelf break (~200 m) and at the 152 
depth of the permanent thermocline (~1,000 m), where temperatures become nearly constant 153 
(Carney, 2005). Latitudinal bands encompass equidistant intervals. 154 
 155 
Data analyses 156 

 157 
Only taxa identified to species level were used in the analyses. Aplanulata indet.; 158 

Euphysora ?bigelowi Maas, 1905; Millardiana sp.; and Oceaniidae indet. were also included 159 
as unique species. We built individual-based rarefaction curves by permutation using 160 
‘rarecurve’ function in the ‘vegan’ package (Oksanen et al., 2017) to assess quality of 161 
samplings among areas. We calculated the Chao estimate of richness using the ‘estimateR’ 162 
function in areas with more than 200 records. 163 

Species compositions and abundances (i.e. number of records of each species) per area 164 
were used for multivariate analyses. Data were standardized by the total abundance of each 165 
area, dividing the abundance of each species by the total abundance in the area. Although not 166 
completely solving the problem of unequal sampling effort among areas, this standardization 167 
equalizes total abundances among areas while maintaining differences in species abundances 168 
within areas. Analyses were based on Bray-Curtis dissimilarities of the fourth-root transformed 169 
data, allowing both the most abundant and rarer species to exert some influence on the 170 
similarities between the areas. 171 

Non-metric multidimensional scaling (NMDS) ordination was carried out to examine 172 
gradual differences among areas, using the ‘metaMDS’ function of the ‘vegan’ package 173 
(Oksanen et al., 2017), with 100 random starts. The ‘metaMDS’ function rotates the final 174 
ordination configuration and scales it to center the origin to the average of principal 175 
components axes and to place the greatest variance of points in the first axis, although it is the 176 
relative positions of the points in the ordination that matters (Kreft & Jetz, 2010; Oksanen et 177 
al., 2017). 178 

We performed a hierarchical clustering analysis using UPGMA algorithm to investigate 179 
relationships in assemblages of hydroids among areas. The resulting clusters were tested for 180 
significance with a similarity profile analysis (1,000 permutations, 0.05 significance level), 181 
performed with ‘simprof’ function of the ‘clustsig’ package (Whitaker & Christman, 2014). 182 
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Statistical difference between areas was tested through a permutational multivariate 183 
analysis of variance (PERMANOVA; Anderson, 2001), using the ‘adonis’ function of the 184 
‘vegan’ package (Oksanen et al., 2017), with 999 permutations. Depth and latitude were 185 
considered as crossed factors to test for interaction between their effects on the composition of 186 
the assemblages. Because there is a significant interaction between factors, pairwise 187 
comparisons were performed separately for levels of latitude within each depth and for levels 188 
of depth within each latitude. Pairwise comparisons were implemented using the 189 
‘pairwise.perm.manova’ function of the ‘RVAideMemoire’ package (Hervé, 2019). 190 
PERMANOVA analyses were made using all sampled sites in each area, allowing comparisons 191 
of differences within and between areas. Each sample was characterized by unique coordinates 192 
and depth. The same standardization and transformation from previous analyses were used. All 193 
analyses were performed in R (R Core Team, 2017). 194 
 195 
Results 196 
 197 
General data 198 

 199 
The data analyzed totaled 3,699 records belonging to 432 unique species, at 1,444 200 

unique sites (see Appendix S1 in Supporting Information). Sampling is unequal among areas, 201 
with best sampled areas at latitudinal band of 21˚–40˚N, and depth strata of 50–200 m and 201–202 
1,000 m (Figures 1-2, Table 1). However, even these best sampled areas have rarefaction 203 
curves that are not approaching any obvious asymptotes, resulting in higher total richness 204 
estimates (Figure 2). In general, the 50–200 m and 201–1,000 m strata are better sampled than 205 
the 1,001–5,330 m stratum. The best sampled area for the 1,001–5,330 m stratum is also at the 206 
21˚–40˚N band. In this well-sampled band, highest richness is estimated to be in the 201–1,000 207 
m stratum, and lowest richness in the 1,001–5,330 m. The southern hemisphere is less well 208 
sampled than the northern hemisphere, except for the area at the 61˚–80˚S band and 201–1,000 209 
m stratum, corresponding to the Southern Ocean (Figures 1-2, Table 1). 210 
 211 
Species composition in relation to latitudinal bands and depth strata 212 

 213 
There is a significant interaction between depth and latitude (PERMANOVA, P = 214 

0.001), meaning that variation on species composition with depth is not the same at all latitudes 215 
and variation on species composition with latitude is not the same at all depth strata. The 216 
pairwise comparisons for each factor (depth and latitude) within each level of the other factor 217 
revealed significant differences between all pairs of assemblages, except for the 201–1,000 m 218 
and 1,001–5,300 m strata at latitude 21˚–40˚S and the 50–200 m and 201–1,000 m strata at 219 
latitude 61˚–80˚S (see Appendix S2 in Supporting Information). 220 
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NMDS ordination and cluster analysis indicate that species’ assemblages are primarily 221 
differentiated by those to the north and south of 40˚S, regardless of depth (Figure 3). This 222 
southernmost group is then separated into assemblages to the north of 60˚S (henceforth referred 223 
to as “Patagonian” assemblage) and to the south of 60˚S (henceforth “Antarctic” assemblage), 224 
coinciding with the limits of South American and Antarctic continents (Figures 1, 3). 225 

Northwards of 40˚S, NMDS ordination shows a gradual differentiation across depth 226 
strata, from shallow to deep, the shallower assemblages being more similar to the Patagonian 227 
and Antarctic assemblages than the deeper ones (Figure 3A). Assemblages at the 1,001–5,330 228 
m strata tend to be more similar to each other (except by the non-significant intrusion of the 229 
41˚–60˚N band, at 201–1,000 m stratum) than those in shallower strata, despite great latitudinal 230 
variation (Figure 3). Assemblages within 50–200 m and 201–1,000 m strata gradually 231 
differentiate along latitude (Figure 3A). Additionally, all assemblages at the 201–1,000 m strata 232 
significantly clustered with 50–200 m strata assemblages from the respective latitudinal bands, 233 
with the only exception at the 41˚-60˚N band, although equivalent similarity can also be 234 
observed for this band in the NMDS ordination (Figure 3). 235 
 236 
Discussion 237 
 238 

The distribution of deep-sea Atlantic hydroids is structured by both biogeographical 239 
limits and gradients across depth and latitude, probably reflecting historical and ecological 240 
factors at regional and local scales. Patterns emerged despite the unequal sampling among areas 241 
across the Atlantic Ocean. 242 
 243 
Species turnover 244 

 245 
Variation in species composition across the Atlantic Ocean occurs gradually but 246 

exhibits clear transitions by latitude and depth. The first clear separation is at latitude 40˚S, 247 
between southernmost (Patagonian and Antarctic) and northernmost areas (Figure 3). The 248 
southernmost cluster may be explained by the shared geological history of South America and 249 
Antarctica, subsequently isolated from each other after the formation of the Antarctic 250 
Circumpolar Current (Poulin, González-Wevar, Díaz, Gérard, & Hüne, 2014; Thomson, 2004). 251 
Biologically, this relationship is represented by the high endemicity of many Southern Ocean 252 
taxa (Brandt, De Broyer, Gooday, Hilbig, & Thomson, 2004; Brandt, De Broyer, et al., 2007; 253 
Brandt, Gooday, et al., 2007), including hydroids (Casares, Soto Àngel, & Peña Cantero, 2017; 254 
Marques & Peña Cantero, 2010; Miranda, Genzano, & Marques, 2015; Peña Cantero & García 255 
Carrascosa, 1999). This subsequent isolation is reflected in the pronounced differentiation 256 
between Antarctic and Patagonian assemblages. These assemblages, however, are more similar 257 
across depth than are assemblages at other latitudes. The Antarctic assemblages, in particular, 258 
were not significantly differentiated between the 50–200 m and 201–1,000 m strata. A similar 259 



 

 9 

pattern had been observed for ophiuroids in the Antarctic Peninsula, where turnover was 260 
detected between geographic regions, but not between depths of the continental shelf, a pattern 261 
that is probably related to the deeper continental shelf in the region (Ambroso, Böhmer, López-262 
González & Teixidó, 2016). 263 

Relationships among areas to the north of 40˚S are more complex, apparently less 264 
affected by isolation, and with environmental gradients appearing to play important roles in 265 
explaining species’ distributions. Assemblages in those areas gradually differentiate along the 266 
three depth strata (Figure 3A). This pattern may result from either species replacement (i.e. 267 
different species occurring at different depths) or limited depth ranges of the species. Indeed, 268 
most Atlantic hydroids have depth ranges that begin in shallow regions and extend into the 269 
deep; only a few are exclusively bathyal or abyssal (Fernandez & Marques, 2018). This 270 
suggests that the observed pattern results from the reduction of the range extensions limited by 271 
depth. Similar patterns have been observed in other taxa, indicating that populations are able 272 
to colonize the deep sea from shallower waters, but individuals are less likely to get established 273 
(Rex et al., 2005), probably because of the limited POC flux (Stuart et al., 2017). However, 274 
although there is a gradation in assemblage differentiation with depth, a more pronounced 275 
change in species composition occurs at 1,000 m, between the deeper (1,001–5,330 m stratum) 276 
and the shallower assemblages (50–200 m and 201–1,000 m strata) (Figure 3). This pattern 277 
corroborates a previous hypothesis of faunal turnover at ~1,000 m deep, suggested to be 278 
correlated to temperature shifts and limited dispersal across this barrier (Carney, 2005; Gage, 279 
Lamont, Kroeger, Paterson & Vecino, 2000), although turnover of starfish at ~1,100 m was 280 
attributed to variability in currents (Howell, Billett & Tyler, 2002). Turnover of hydroids at the 281 
shelf break (between 50–200 m and 201–1,000 m strata) was less pronounced, contrary to what 282 
has been observed for other benthic taxa (Allen & Sanders, 1996; Carney, 2005; Shantharam 283 
& Baco, 2020). Significant clustering between 50–200 m and 201–1,000 m strata at most 284 
latitudes (Figure 3B) supports interconnectivity between populations from 50 to 1,000 m deep. 285 
Interestingly, once this group is established (50–1,000 m), turnover in the assemblages is 286 
apparently driven by a latitudinal gradient, creating a somewhat gradual pattern of slightly 287 
different communities from north to south. Therefore, assemblages gradually differentiated 288 
across a combination of both depth and latitude (Figure 3). This pattern has never been 289 
described over such a large latitudinal scale before. 290 

Greater environmental homogeneity in the deep sea would allow for greater 291 
connectivity (Dambach, Raupach, Leese, Schwarzer, & Engler, 2016; Everett et al., 2016; 292 
Zezina, 1997). In this way, the deep species assemblages (1,001–5,330 m stratum) became 293 
unique, with deep-sea populations interconnected even if separated by great geographical 294 
distances (Figure 3). Similar patterns of more widely distributed species with increasing depth 295 
were previously observed for other taxa. For example, no latitudinal zonation in species 296 
composition was found for protobranchs at bathyal and abyssal depths (Allen & Sanders, 297 
1996). Also, ophiuroids are more widely distributed at bathyal depths than at the continental 298 
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shelf (O’Hara, Rowden & Bax, 2011), and deep-sea species of benthic foraminiferans have 299 
wider ranges than shallow-water species (Gooday & Jorissen, 2012). Our results are consistent 300 
with the hypothesis that hydroid propagules are generally able to disperse and establish 301 
populations over great distances in the deep sea. In turn, this general dispersal ability would be 302 
likely to reduce rates of speciation in the deep sea. In fact, lower proportions of fertile hydroids 303 
have been recorded for the deep-sea (Fernandez, Collins, Gittenberger, Roy, & Marques, 304 
2020), indicating that sexual reproduction is lower, which would also reinforce the tendency 305 
for slower rates of speciation.  306 

Unfortunately, there are no data in our analysis concerning the 1,001–5,330 m stratum 307 
south of 40˚S, but future data should reveal if assemblages in those areas are either more related 308 
to the Patagonian/Antarctic assemblages (i.e. driven by their common geological history) or to 309 
those in the 1,001– 5,330 m stratum (i.e. expressing connectivity of deep-sea populations along 310 
the Atlantic Ocean). Both possibilities have been reported for different taxa, and associated 311 
with different dispersal capabilities (Brandt et al., 2007b). 312 

Spatial variation in species composition may also be related to the ability of individuals 313 
to occupy specific niches, promoted by the presence of particular traits (Beauchard, Veríssimo, 314 
Queirós, & Herman, 2017; Bolam et al., 2017; Brun, Payne, & Kiørboe, 2016; Soininen, 315 
Lennon, & Hillebrand, 2007; Soininen, McDonald, & Hillebrand, 2007; Violle et al., 2007; 316 
Webb, Tyler, & Somerfield, 2009). The similarity between deep-sea assemblages and species 317 
turnover at 1,000 m may be related to the occurrence of species with specific traits that allow 318 
survival and reproduction in a food deprived environment with low population densities. For 319 
example, hydroids occurring deeper than 1,000 m are more frequently meroplanktonic, 320 
characterized by a medusa stage in the life cycle (Fernandez, Collins, Gittenberger, Roy, & 321 
Marques, 2020). Hydroids have varied life cycles related to medusa production and release, 322 
which are associated with different dispersal abilities. Medusa release increases gamete 323 
dispersal, potentially expanding geographical ranges, which are generally wider for 324 
meroplanktonic than for benthic species of hydrozoans (Gibbons, Buecher, Thibault-Botha, & 325 
Helm, 2010; Gibbons, Janson, Ismail, & Samaai, 2010). The proportion of hydroids colonizing 326 
soft substrates also increases below 1,000 m (Fernandez, Collins, Gittenberger, Roy, & 327 
Marques, 2020), likely related to the scarcity of hard substrata and the presence of muddy 328 
bottoms characteristic of the deep-sea. The ability to colonize a greater variety of substrata may 329 
help hydroids to occupy a greater number of environments, potentially expanding geographic 330 
ranges. The increased proportion of monoecious specimens below 1,000 m may facilitate 331 
sexual reproduction at the low population densities of the deep sea, although deep-sea hydroids 332 
were also found to be less frequently fertile, suggesting that sexual reproduction is rare 333 
(Fernandez, Collins, Gittenberger, Roy, & Marques, 2020). That said, hydroids exhibit a wide 334 
variety of modes of asexual reproduction (Gili & Hughes, 1995), which probably helps 335 
maintain populations in the deep sea. 336 
 337 
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Sampling effort and species richness 338 
 339 
Exhaustive data collection over such a large area is difficult to achieve. Available data 340 

are skewed toward continental margins, except for the Scotia Arc region and some samples at 341 
the Mid-Atlantic Ridge (Figure 2). There are important gaps in data coverage/knowledge 342 
(Figure 2, Table 1), with areas almost with no records, as in the Southern Hemisphere 1,000–343 
5,330 m stratum (Table 1), despite the Atlantic Ocean lying mostly at depths between 4,000 344 
and 5,000 m (Levin & Gooday, 2003). It is essential that these areas be better explored because 345 
deep-sea ecosystems are becoming more and more impacted by direct and indirect 346 
anthropogenic activities (Courtene-Jones, Quinn, Gary, & Mogg, 2017; Danovaro, Corinaldesi, 347 
Dell’Anno, & Snelgrove, 2017; Jones et al., 2017; Ramirez-Llodra et al., 2011). Increased 348 
sampling effort in the Northern Hemisphere may cause a biased notion of higher richness in 349 
those areas, although similar diversities are proposed to exist in both hemispheres for most taxa 350 
(Chaudhary, Saeedi, & Costello, 2017; Fernandez & Marques, 2017). The 21˚–40˚N band is 351 
the best sampled latitude reflecting historically greater sampling effort in the area for both sides 352 
of the Atlantic and in the Mid Atlantic Ridge region (e.g., Ansín Agís, Vervoort, & Ramil, 353 
2001; Medel & Vervoort, 1998, 2000; Nutting, 1900, 1904, 1915; Ramil & Vervoort, 1992; 354 
Ramil, Vervoort, & Ansín, 1998; Vervoort, 2006). Similarly, many Antarctic expeditions in 355 
the last decades have enhanced sampling in the area (61˚–80˚S), mostly in the 201–1,000 m 356 
stratum (e.g., Peña Cantero, 2008; Peña Cantero & García Carrascosa, 1995; Peña Cantero & 357 
Ramil, 2006; Peña Cantero, Svoboda, & Vervoort, 2004; Peña Cantero & Vervoort, 2003; Peña 358 
Cantero & Vervoort, 2009). Despite the unequal sampling, our data sample covers material for 359 
the region broadly, with the unique advantage of being taxonomically standardized for 360 
comparison purposes. Biogeographical patterns have strong internal coherence, although 361 
biases may exist. 362 

Species richness estimates could be adequately calculated for six areas. The 21˚–40˚N 363 
band is the only latitude where reasonable sampling exists along depth. The highest richness 364 
in the 201–1,000 stratum and low richness below 1,000 m deep corroborates previous findings 365 
of an increase in the number of species from the continental shelf towards the bathyal, reaching 366 
a peak at medium slope depths and subsequently declining towards the abyssal plains (Costello 367 
& Chaudhary, 2017; Etter & Grassle, 1992; Levin & Gage, 1998; McClain & Etter, 2005; Rex, 368 
1973, 1981; Sanders, 1968). For the three best sampled latitudes in the 50–200 m stratum, 369 
species richness was estimated to be lower in the 0˚–20˚N band than in more northern bands, 370 
corroborating, for this depth stratum, recent inferences of a dip in marine species richness near 371 
the equator (Chaudhary, Saeedi, & Costello, 2016). 372 
 373 
Conclusion 374 
 375 
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This study provides evidence that the composition of assemblages of hydroids in the 376 
deep Atlantic Ocean changes gradually but exhibits defined biogeographical limits along 377 
latitude and depth. Patterns suggest that both historical factors (i.e., related to the geological 378 
history of the Southern Ocean) and environmental gradients related to latitude and depth 379 
underlie most of the distributions. Deficient sampling in many areas of the Atlantic Ocean, 380 
especially at greater depths and in the Southern Atlantic, limits our findings and future 381 
observations will certainly improve resolution of the patterns we have uncovered. 382 
  383 
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Tables 384 
 385 
Table 1. Number of records and species studied by area of the Atlantic Ocean and adjacent 386 
polar seas, organized by depth strata and latitudinal bands. 387 
 50–200 m 201–1,000 m 1,001–5,330 m Total 
 records species  records species records species records 
61˚–80˚N 70 41 3 3 0 0 73 
41˚–60˚N 253 86 69 35 93 33 415 
21˚–40˚N 724 120 980 155 230 66 1934 
0˚–20˚N 269 56 116 52 39 28 424 
0˚–20˚S 39 15 1 1 1 1 41 
21˚–40˚S 63 24 37 21 25 9 125 
41˚–60˚S 66 26 55 31 9 6 130 
61˚–80˚S 109 45 462 77 2 1 573 
Total 1593  1723  399  3715 

  388 
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Figures 389 
 390 

 391 
Figure 1. Geographic distribution of the material studied in the 50–200 m (a), 201–1,000 m 392 
(b), and 1,001–5,330 m (c) depth strata of the Atlantic Ocean. Maps are divided into latitudinal 393 
bands according to the studied areas. Each point may contain more than one record of species. 394 
 395 

 396 
Figure 2. Individual-based rarefaction curves for the 18 studied areas of the Atlantic Ocean. 397 
Colors represent depth strata. Areas with more than 200 records are annotated with estimated 398 
richness (*). 399 
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 400 
Figure 3. NMDS ordination plot showing relationships in species composition among 401 
assemblages of hydroids for the 18 studied areas of the Atlantic Ocean (a) and dendrogram 402 
resulting from the hierarchical clustering analysis for the same data, with significant clusters 403 
resulting from similarity profile analysis in magenta (b). 404 
 405 
Data Availability Statement 406 

All the data used in the analyses are available in the Supporting Information file.   407 



 

 16 

References 408 
 409 
Allen, J. A., & Sanders, H. L. (1996). The zoogeography, diversity and origin of the deep-sea 410 

protobranch bivalves of the Atlantic: The epilogue. Progress in Oceanography, 38, 95–411 
153. 412 

Ambroso, S., Böhmer, A., López-González, P., & Teixidó, N. (2016). Ophiuroid biodiversity 413 
patterns along the Antarctic Peninsula. Polar Biology, 39, 881–895. 414 

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. 415 
Austral Ecology, 26, 32–46. 416 

Ansín Agís, J., Vervoort W., & Ramil, F. (2001). Atlantic Leptolida (Hydrozoa, Cnidaria) of 417 
the families Aglaopheniidae, Halopterididae, Kirchenpaueriidae and Plumulariidae 418 
collected during the CANCAP and Mauritania-II expeditions of the National Museum 419 
of Natural History, Leiden, the Netherlands. Zoologische Verhandelingen Leiden, 333, 420 
1–268. 421 

Antsulevich, A. E. (2015). Biogeographic and faunistic division of the Eurasian Polar Ocean 422 
based on distributions of Hydrozoa (Cnidaria). Journal of the Marine Biological 423 
Association of the United Kingdom, 95, 1533–1539. 424 

Beauchard, O., Veríssimo, H., Queirós, A. M., & Herman, P. M. J. (2017). The use of multiple 425 
biological traits in marine community ecology and its potential in ecological indicator 426 
development. Ecological Indicators, 76, 81–96. 427 

Beedessee, G., Watanabe, H., Ogura, T., Nemoto, S., Yahagi, T., Nakagawa, S., … Marie, D. 428 
E. P. (2013). High connectivity of animal populations in deep-sea hydrothermal vent 429 
fields in the central Indian ridge relevant to its geological setting. PLoS ONE, 8, e81570. 430 

Bolam, S. G., Garcia, C., Eggleton, J., Kenny, A. J., Buhl-Mortensen, L., Gonzalez-Mirelis, 431 
G., … Rijnsdorp, A. D. (2017). Differences in biological traits composition of benthic 432 
assemblages between unimpacted habitats. Marine Environmental Research, 126, 1–13. 433 

Brandt, A., De Broyer, C., De Mesel, I., Ellingsen, K. E., Gooday, A. J., Hilbig, B., … Tyler, 434 
P. A. (2007). The biodiversity of the deep Southern Ocean benthos. Philosophical 435 
Transactions of the Royal Society B, 362, 39–66. 436 

Brandt, A., De Broyer, C., Gooday, A. J., Hilbig, B., & Thomson, M. R. A. (2004). Introduction 437 
to ANDEEP (ANtarctic benthic DEEP-sea biodiversity: colonization history and recent 438 
community patterns) – a tribute to Howard L. Sanders. Deep-Sea Research II, 51, 1457–439 
1465. 440 

Brandt, A., Gooday, A. J., Brandão, S. N., Brix, S., Brökeland, W., Cedhagen, T., … Vanreusel, 441 
A. (2007). First insights into the biodiversity and biogeography of the Southern Ocean 442 
deep sea. Nature, 447, 307–311. 443 

Brun, P., Payne, M. R., & Kiørboe, T. (2016). Trait biogeography of marine copepods – an 444 
analysis across scales. Ecology Letters, 19, 1403–1413. 445 



 

 17 

Calder, D. R. (1998). Hydroid diversity and species composition along a gradient from shallow 446 
waters to deep sea around Bermuda. Deep-Sea Research I, 45, 1843–1860. 447 

Carney, R. S. (2005). Zonation of deep biota on continental margins. Oceanography and 448 
Marine Biology: An Annual Review, 43, 211–278. 449 

Casares, B. M., Soto Àngel, J. J., & Peña Cantero, A. L. (2017). Towards a better understanding 450 
of Southern Ocean biogeography: new evidence from benthic hydroids. Polar Biology, 451 
40, 1975–1988. 452 

Chaudhary, C., Saeedi, H., & Costello, M. J. (2016). Bimodality of latitudinal gradients in 453 
marine species richness. Trends in Ecology & Evolution, 31, 670–676. 454 

Chaudhary, C., Saeedi, H., & Costello, M. J. (2017). Marine species richness is bimodal with 455 
latitude: a reply to Fernandez & Marques. Trends in Ecology & Evolution, 32, 234–237.   456 

Costello, M. J., & Chaudhary, C. (2017). Marine biodiversity, biogeography, deep-sea 457 
gradients, and conservation. Current Biology, 27, R511–R527. 458 

Courtene-Jones, W., Quinn, B., Gary, S. F., & Mogg, A. O. M. (2017). Microplastic pollution 459 
identified in deep-sea water and ingested by benthic invertebrates in the Rockall Trough, 460 
North Atlantic Ocean. Environmental Pollution, 231, 271–280. 461 

Cunha, A. F., Maronna, M. M., & Marques, A. C. (2016). Variability on microevolutionary 462 
and macroevolutionary scales: a review on patterns of morphological variation in 463 
Cnidaria Medusozoa. Organisms Diversity & Evolution, 16, 431–442. 464 

Dambach, J., Raupach, M. J., Leese, F., Schwarzer, J., & Engler, J. O. (2016). Ocean currents 465 
determine functional connectivity in an Antarctic deep-sea shrimp. Marine Ecology, 37: 466 
1336–1344. 467 

Danovaro, R., Corinaldesi, C., Dell’Anno, A., & Snelgrove, P. (2017). The deep-sea under 468 
global change. Current Biology, 27, R461–R465. 469 

De Groote, A., Hauquier, F., Vanreusel, A., & Derycke, S. (2017). Population genetic structure 470 
in Sabatieria (Nematoda) reveals intermediary gene flow and admixture between distant 471 
cold seeps from the Mediterranean Sea. BMC Evolutionary Biology, 17, 154. 472 

Eilertsen, M. H., & Malaquias, M. A. E. (2015). Speciation in the dark: diversification and 473 
biogeography of the deep-sea gastropod genus Scaphander in the Atlantic Ocean. 474 
Journal of Biogeography, 42, 843–855. 475 

Etter, R. J., & Grassle, J. F. (1992). Patterns of species diversity in the deep sea as a function 476 
of sediment particle size diversity. Nature, 360, 576-78. 477 

Everett, M. V., Park, L. K., Berntson, E. A., Elz, A. E., Whitmire, C. E., Keller, A. A., & 478 
Clarke, M. E. (2016). Large-scale genotyping-by-sequencing indicates high levels of 479 
gene flow in the deep-sea octocoral Swiftia simplex (Nutting 1909) on the west coast of 480 
the United States. PLoS ONE, 11, e0165279. 481 

Fernandez, M. O., & Marques, A. C. (2017). Diversity of Diversities: A Response to 482 
Chaudhary, Saeedi, and Costello. Trends in Ecology & Evolution, 32, 232–234. 483 



 

 18 

Fernandez, M. O., & Marques, A. C. (2018). Combining bathymetry, latitude, and phylogeny 484 
to understand the distribution of deep Atlantic hydroids (Cnidaria). Deep-Sea Research 485 
Part I, 133, 39–48. 486 

Fernandez, M. O., Collins, A. G., Gittenberger, A., Roy, K., & Marques, A. C. (2020). Traits 487 
and depth: what do hydroids tell us about morphology and life-history strategies in the 488 
deep sea? Global Ecology and Biogeography, in press.  489 

Gage, J. D., Lamont, P. A., Kroeger, K., Paterson, G. L. J., & Vecino, J. L. G. (2000). Patterns 490 
in deep-sea macrobenthos at the continental margin: standing crop, diversity and faunal 491 
change on the continental slope off Scotland. Hydrobiologia, 440, 261–271. 492 

Gebruk, A. V., Chevaldonné, P., Shank, T., Lutz, R. A., & Vrijenhoek, R. C. (2000). Deep-sea 493 
hydrothermal vent communities of the Logatchev area (14°45′N, Mid-Atlantic Ridge): 494 
diverse biotopes and high biomass. Journal of the Marine Biological Association of the 495 
United Kingdom, 80, 383–393.  496 

Genzano, G. N., Giberto, D., Schejter, L., Bremec, C., & Meretta, P. (2009). Hydroid 497 
assemblages from the Southwestern Atlantic Ocean (34–42°S). Marine Ecology, 30, 33–498 
46. 499 

Gibbons, M. J., Buecher, E., Thibault-Botha, D., & Helm, R. R. (2010). Patterns in marine 500 
hydrozoan richness and biogeography around southern Africa: implications of life cycle 501 
strategy. Journal of Biogeography, 37, 606–616. 502 

Gibbons, M. J., Janson, L. A., Ismail, A., & Samaai, T. (2010). Life cycle strategy, species 503 
richness and distribution in marine Hydrozoa (Cnidaria: Medusozoa). Journal of 504 
Biogeography, 37, 441–448. 505 

Gili, J. M., & Hughes, R. G. (1995). The ecology of marine benthic hydroids. Oceanography 506 

and Marine Biology: an Annual Review, 33, 351–426.  507 

Gooday, A. J., Bett, B. J., Escobar, E., Ingole, B., Levin, L. A., Neira, C., … Sellanes, J. (2010). 508 
Habitat heterogeneity and its influence on benthic biodiversity in oxygen minimum 509 
zones. Marine Ecology, 31, 125–147. 510 

Gooday, A. J., & Jorissen, F. J. (2012). Benthic foraminiferal biogeography: controls on global 511 
distribution patterns in deep-water settings. Annual Review of Marine Science, 4, 237–512 
262. 513 

Henry, L. -A., Nizinski, M. S., & Ross, S. W. (2008). Occurrence and biogeography of 514 
hydroids (Cnidaria: Hydrozoa) from deep-water coral habitats off the southeastern 515 
United States. Deep-Sea Research I, 55, 788–800. 516 

Hervé, M. (2019). RVAideMemoire: Testing and Plotting Procedures for Biostatistics. R 517 
package version 0.9-73. 518 

Howell, K. L., Billett, D. S. M., & Tyler, P. A. (2002). Depth-related distribution and 519 
abundance of seastars (Echinodermata: Asteroidea) in the Porcupine Seabight and 520 
Porcupine Abyssal Plain, N.E. Atlantic. Deep-Sea Research I, 49, 1901–1920.  521 



 

 19 

Jablonski, D., Flessa, K. W., & Valentine, J. W. (1985). Biogeography and paleobiology. 522 
Paleobiology, 11, 75–90. 523 

Jones, D. O. B., Kaiser, S., Sweetman, A. K., Smith, C. R., Menot, L., Vink, A., … Clark, M. 524 
R. (2017). Biological responses to disturbance from simulated deep-sea polymetallic 525 
nodule mining. PLoS ONE, 12, e0171750. 526 

Judge, J., & Barry, J. P. (2016). Macroinvertebrate community assembly on deep-sea wood 527 
falls in Monterey Bay is strongly influenced by wood type. Ecology, 97, 3031–3043. 528 

Kramp, P. L. (1956). Hydroids from depths exceeding 6000 meters. Galathea Report, 2, 17–529 
20.  530 

Kreft, H., & Jetz, W. (2010). A framework for delineating biogeographical regions based on 531 
species distributions. Journal of Biogeography, 37, 2029–2053. 532 

LaBella, A. L., Van Dover, C. L., Jollivet, D.,  & Cunningham, C. W. (2017). Gene flow 533 
between Atlantic and Pacific Ocean basins in three lineages of deep-sea clams (Bivalvia: 534 
Vesicomyidae: Pliocardiinae) and subsequent limited gene flow within the Atlantic. 535 
Deep-Sea Research II, 137, 307–317. 536 

Levin, L. A., & Gage, J. D. (1998). Relationships between oxygen, organic matter and the 537 
diversity of bathyal macrofauna. Deep-Sea Research II, 45, 129–163. 538 

Levin, L. A., & Gooday, A. J. (2003). The deep Atlantic ocean. In P.A. Tyler (Ed.), Ecosystems 539 
of the Deep Oceans. Ecosystems of the World (Vol. 28, pp. 111–178). Amsterdam: 540 
Elsevier Science. 541 

Levin, L. A., Etter, R. J., Rex, M. A., Gooday, A. J., Smith, C. R., Pineda, J., … Pawson, D. 542 
(2001). Environmental influences on regional deep-sea species diversity. Annual Review 543 
of Ecology and Systematics, 32, 51–93. 544 

Lomolino, M. V., Riddle, B. R., & Whittaker, R. J. (2017). Biogeography: biological diversity 545 
across space and time (5th ed.). Sunderland, MA: Sinauer Associates, Inc. 546 

Marques, A. C., & Peña Cantero, A. L. (2010). Areas of endemism in the Antarctic – a case 547 
study of the benthic hydrozoan genus Oswaldella (Cnidaria, Kirchenpaueriidae). 548 
Journal of Biogeography, 37, 617–623. 549 

McClain, C. R., & Barry, J. P. (2010). Habitat heterogeneity, disturbance, and productivity 550 
work in concert to regulate biodiversity in deep submarine canyons. Ecology, 91, 964–551 
976. 552 

McClain, C. R., & Etter, R. J. (2005). Mid-domain models as predictors of species diversity 553 
patterns: bathymetric diversity gradients in the deep sea. Oikos, 109, 555–566. 554 

McClain, C. R., & Hardy, S. M. (2010). The dynamics of biogeographic ranges in the deep sea. 555 
Proceedings of the Royal Society B, 277, 3533–3546. 556 

McClain, C. R., & Rex, M. A. (2015). Toward a conceptual understanding of β-diversity in the 557 
deep-sea benthos. Annual Review of Ecology, Evolution, and Systematics, 46, 623–642. 558 

McClain, C. R., Nekola, J. C., Kuhnz, L., & Barry, J. P. (2011). Local-scale faunal turnover on 559 
the deep Pacific seafloor. Marine Ecology Progress Series, 422, 193–200. 560 



 

 20 

McClain, C. R., Stegen, J. C., & Hurlbert, A. H. (2012). Dispersal, environmental niches and 561 
oceanic-scale turnover in deep-sea bivalves. Proceedings of the Royal Society B, 279, 562 
1993–2002. 563 

Medel, M. D., & Vervoort, W. (1998). Atlantic Thyroscyphidae and Sertulariidae (Hydrozoa, 564 
Cnidaria) collected during the CANCAP and Mauritania-II expeditions of the National 565 
Museum of Natural History, Leiden, The Netherlands. Zoologische Verhandelingen 566 
Leiden, 320, 1–85. 567 

Medel, M. D., & Vervoort, W. (2000). Atlantic Haleciidae and Campanulariidae (Hydrozoa, 568 
Cnidaria) collected during the CANCAP and Mauritania-II expeditions of the National 569 
Museum of Natural History, Leiden, The Netherlands. Zoologische Verhandelingen 570 
Leiden, 330, 1–68. 571 

Miranda, T. P., Genzano, G. N., & Marques, A. C. (2015). Areas of endemism in the 572 
Southwestern Atlantic Ocean based on the distribution of benthic hydroids (Cnidaria: 573 
Hydrozoa). Zootaxa, 4033, 484–506. 574 

Morrone, J. J. (2009). Evolutionary Biogeography: an integrative approach with case studies. 575 
New York, NY: Columbia University Press. 576 

Nutting, C. C. (1900). American hydroids. Part I. The Plumularidae. Smithsonian Institution, 577 
United States National Museum Special Bulletin, 4, 1–285. 578 

Nutting, C. C. (1904). American hydroids. Part II. The Sertularidae. Smithsonian Institution, 579 
United States National Museum Special Bulletin, 4, 1– 325. 580 

Nutting, C. C. (1915). American hydroids. Part III. The Campanularidae and the 581 
Bonneviellidae. Smithsonian Institution, United States National Museum Special 582 
Bulletin, 4, 1–126. 583 

O’Hara, T. D., Rowden, A. A., & Bax, N. J. (2011). A southern hemisphere bathyal fauna is 584 
distributed in latitudinal bands. Current Biology, 21, 226–230. 585 

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., … Wagner, 586 
H. (2017). vegan: Community Ecology Package. R package version 2.4-4. 587 

Peña Cantero, A. L. (2008). Benthic hydroids (Cnidaria: Hydrozoa) from the Spanish Antarctic 588 
expedition Bentart 95. Polar Biology, 31, 451–464. 589 

Peña Cantero, A. L., & García Carrascosa, A. M. (1995). Hidrozoos bentónicos de la Campaña 590 
Antártida 8611. Publicaciones Especiales, Instituto Español de Oceanografía, 19, 1–591 
148. 592 

Peña Cantero, A. L., & García Carrascosa, A. M. (1999). Biogeographical distribution of the 593 
benthic thecate hydroids collected during the spanish “Antártida 8611” expedition and 594 
comparison between Antarctic and Magellan benthic hydroid faunas. Scientia Marina, 595 
63, 209–218. 596 

Peña Cantero, A. L., & Ramil, F. (2006). Benthic hydroids associated with volcanic structures 597 
from Bransfield Strait (Antarctica) collected by the Spanish Antarctic expedition 598 
GEBRAP96. Deep-Sea Research II, 53, 949–958. 599 



 

 21 

Peña Cantero, A. L., & Vervoort, W. (2003). Species of Staurotheca Allman, 1888 (Cnidaria: 600 
Hydrozoa: Sertulariidae) from US Antarctic expeditions, with the description of three 601 
new species. Journal of Natural History, 37, 2653–2722. 602 

Peña Cantero, A. L., & Vervoort, W. (2009). Benthic hydroids (Cnidaria: Hydrozoa) from the 603 
Bransfield Strait area (Antarctica) collected by Brazilian expeditions, with the 604 
description of a new species. Polar Biology, 32, 83–92. 605 

Peña Cantero, A. L., Ferrer, E. R., & Miranda, T. P. (2017). Species of Antarctoscyphus Peña 606 
Cantero, García Carrascosa and Vervoort, 1997 (Cnidaria: Hydrozoa: 607 
Symplectoscyphidae) collected by US Antarctic expeditions: biogeographic 608 
implications. Journal of Natural History, 51, 1437–1477. 609 

Peña Cantero, A. L., Svoboda, A., & Vervoort, W. (2004). Antarctic hydroids (Cnidaria, 610 
Hydrozoa) of the families Campanulinidae, Lafoeidae and Campanulariidae from 611 
recent Antarctic expeditions with R.V. Polarstern, with the description of a new species. 612 
Journal of Natural History, 38, 2269–2303. 613 

Postaire, B., Gélin, P., Bruggemann, J. H., Pratlong, M., & Magalon, H. (2017). Population 614 
differentiation or species formation across the Indian and the Pacific Oceans? An 615 
example from the brooding marine hydrozoan Macrorhynchia phoenicea. Ecology and 616 
Evolution, 7, 8170–8186. 617 

Poulin, E., González-Wevar, C., Díaz, A., Gérard, K., & Hüne, M. (2014). Divergence between 618 
Antarctic and South American marine invertebrates: What molecular biology tells us 619 
about Scotia Arc geodynamics and the intensification of the Antarctic Circumpolar 620 
Current. Global and Planetary Change, 123, 392–399. 621 

R Core Team. 2017. R: A Language and Environment for Statistical Computing. R Foundation 622 
for Statistical Computing, Vienna, Austria (http://www.R-project.org/. Accessed in 623 
05/07/2017). 624 

Ramil, F., & Vervoort, W. (1992). Report on the Hydroida collected by the “BALGIM” 625 
expedition in and around the Strait of Gibraltar. Zoologische Verhandelingen Leiden, 626 
277, 1–262. 627 

Ramil, F., Vervoort, W., & Ansín, J. A. (1998). Report on the Haleciidae and Plumularioidea 628 
(Cnidaria, Hydrozoa) collected by the French SEAMOUNT 1 Expedition. Zoologische 629 
Verhandelingen Leiden, 322, 1–42. 630 

Ramirez-Llodra, E., Tyler, P. A., Baker, M. C., Bergstad, O. A., Clark, M. R., Escobar, E., … 631 
Van Dover, C. L. (2011). Man and the last great wilderness: human impact on the deep 632 
sea. PLoS ONE, 6, e22588. 633 

Rex, M. A. (1973). Deep-sea species diversity: decreased gastropod diversity at abyssal depths. 634 
Science, 181, 1051–1053. 635 

Rex, M. A. (1981). Community structure in the deep-sea benthos. Annual Review of Ecology 636 
and Systematics, 12, 331–353. 637 



 

 22 

Rex, M. A., & Etter, R. J. (2010). Deep-sea biodiversity: pattern and scale. Cambridge, MA: 638 
Harvard University Press. 639 

Rex, M. A., McClain, C. R., Johnson, N. A., Etter, R. J., Allen, J. A.,  Bouchet, P., & Warén, 640 
A. (2005). A source-sink hypothesis for abyssal biodiversity. The American Naturalist, 641 
165, 163–178. 642 

Rex, M. A., Stuart, C. T., Etter, R. J.,  & McClain, C. R. (2010). Biogeography of the deep-sea 643 
gastropod Oocorys sulcata Fischer 1884. Journal of Conchology, 40, 287–290. 644 

Ronowicz, M., Kuklinski, P., & Mapstone, G. M. (2015). Trends in the diversity, distribution 645 
and life history strategy of Arctic Hydrozoa (Cnidaria). PLoS ONE, 10, e0120204. 646 

Sanders, H. L. (1968). Marine benthic diversity: a comparative study. American Naturalist, 647 
102, 243–282. 648 

Shantharam, A. K., & Baco, A. R. (2020). Biogeographic and bathymetric patterns of benthic 649 
molluscs in the Gulf of Mexico. Deep-Sea Research I, 155, 103167. 650 

Soininen, J., Lennon, J. J., & Hillebrand, H. (2007). A multivariate analysis of beta diversity 651 
across organisms and environments. Ecology, 88, 2830–2838.  652 

Soininen, J., McDonald, R., & Hillebrand, H. (2007). The distance decay of similarity in 653 
ecological communities. Ecography, 30, 3–12.  654 

Stuart, C. T., Brault, S., Rowe, G. T., Wei, C. -L., Wagstaff, M., McClain, C. R., & Rex, M. 655 
A. (2017). Nestedness and species replacement along bathymetric gradients in the deep 656 
sea reflect productivity: a test with polychaete assemblages in the oligotrophic north-657 
west Gulf of Mexico. Journal of Biogeography, 44, 548–555. 658 

Teixeira, S., Olu, K., Decker, C., Cunha, R. L., Fuchs, S., Hourdez, S., … Arnaud-Haond, S. 659 
(2013). High connectivity across the fragmented chemosynthetic ecosystems of the deep 660 
Atlantic Equatorial Belt: efficient dispersal mechanisms or questionable endemism? 661 
Molecular Ecology, 22, 4663–4680. 662 

Thomson, M. R. A. (2004). Geological and palaeoenvironmental history of the Scotia Sea 663 
region as a basis for biological interpretation. Deep-Sea Research II, 51, 1467–1487. 664 

UNESCO. (2009). Global Open Oceans and Deep Seabed (GOODS) – Biogeographic 665 
Classification. IOC Technical Series, 84. Paris: UNESCO-IOC.  666 

Valentine, J. W. (1973). Evolutionary paleoecology of the marine biosphere. New Jersey: 667 
Prentice-Hall, Inc. 668 

Van Dover, C. L., German, C. R., Speer, K. G., Parson, L. M., & Vrijenhoek, R. C. (2002). 669 
Evolution and biogeography of deep-sea vent and seep invertebrates. Science, 295, 1253–670 
1257. 671 

Vanreusel, A., Fonseca, G., Danovaro, R., Silva, M. C., Esteves, A. M., Ferrero, T., … Galeron, 672 
J. (2010). The contribution of deep-sea macrohabitat heterogeneity to global nematode 673 
diversity. Marine Ecology, 31, 6–20. 674 

Vervoort, W. (2006). Leptolida (Cnidaria: Hydrozoa) collected during the CANCAP and 675 
Mauritania-II expeditions of the National Museum of Natural History, Leiden, The 676 



 

 23 

Netherlands [Anthoathecata, various families of Leptothecata and addenda]. 677 
Zoologische Mededelingen, 80, 181–318. 678 

Vinogradova, N. G. (1979). The geographical distribution of the abyssal and hadal (ultra-679 
abyssal) fauna in relation to the vertical zonation of the ocean. Sarsia, 64, 41–50. 680 

Violle, C., Navas, M. L, Vile, D., Kazakou, E., Fortunel, C., Hummel, I., & Garnier, E. (2007). 681 
Let the concept of trait be functional! Oikos, 116, 882–892. 682 

Vrijenhoek, R. C. (2010). Genetic diversity and connectivity of deep-sea hydrothermal vent 683 
metapopulations. Molecular Ecology, 19, 4391–4411. 684 

Watling, L., Guinotte, J., Clark, M. R., & Smith, C. R. (2013). A proposed biogeography of 685 
the deep ocean floor. Progress in Oceanography, 111, 91–112.  686 

Webb, T. J., Tyler, E. H. M., & Somerfield, P. J. (2009). Life history mediates large-scale 687 
population ecology in marine benthic taxa. Marine Ecology Progress Series, 396, 293–688 
306. 689 

Wei, C. -L., Rowe, G. T., Hubbard, G. F., Scheltema, A. H., Wilson, G. D. F., Petrescu, I., … 690 
Wang, Y. (2010). Bathymetric zonation of deep-sea macrofauna in relation to export of 691 
surface phytoplankton production. Marine Ecology Progress Series, 399, 1–14. 692 

Whitaker, D., & Christman, M. (2014). clustsig: Significant Cluster Analysis. R package 693 
version 1.1. 694 

Won, Y., Young, C. R., Lutz, R. A., & Vrijenhoek, R. C. (2003). Dispersal barriers and 695 
isolation among deep-sea mussel populations (Mytilidae: Bathymodiolus) from eastern 696 
Pacific hydrothermal vents. Molecular Ecology, 12, 169–184. 697 

Woolley, S. N. C., Tittensor, D. P., Dunstan, P. K., Guillera-Arroita, G., Lahoz-Monfort, J. J., 698 
Wintle, B. A., … O’Hara, T. D. (2016). Deep-sea diversity patterns are shaped by energy 699 
availability. Nature, 533, 393–396. 700 

Zeppilli, D., Bongiorni, L., Santos, R. S., & Vanreusel, A. (2014). Changes in nematode 701 
communities in different physiographic sites of the condor seamount (north-east Atlantic 702 
Ocean) and adjacent sediments. PLoS ONE, 9, e115601. 703 

Zezina, O. N. (1997). Biogeography of the bathyal zone. Advances in Marine Biology, 32, 389–704 
426. 705 

 706 
Biosketches 707 
 708 
Marina O. Fernandez is a postdoctoral researcher at the University of São Paulo, Brazil, 709 
investigating the macroecology and biogeography of deep-sea hydroids. 710 
 711 
Allen G. Collins is a research zoologist with the National Systematics Lab of NOAA’s 712 
National Marine Fisheries Service and curator of Cnidaria and Porifera with the Smithsonian’s 713 
National Museum of Natural History. 714 
 715 



 

 24 

Antonio C. Marques is a professor at the University of São Paulo, Brazil, investigating marine 716 
biodiversity, evolution, and conservation. 717 
 718 
Author contributions: M.O.F. and A.C.M. designed the research. M.O.F. conducted the data 719 
collection, the analyses, and led the writing with significant contributions from A.G.C. and 720 
A.C.M.. 721 


