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Abstract
There are thousands of seeps in the deep ocean worldwide; howamgrquestions

remain about their contributions to global biodiversity and the surroundingsdeep-
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environment. In addition to being globally distributegkss provide several benefitshumans

such as unique habitats, organisms with novel genes, carbon regulation, etc. The purpose of this
study is todetermine if there are unique sewvpcrobenthic assemblagéy comparingeep and
non-seep envirgnments, amatifferentseep habitatsnal at different depths and locations.

Infaunal community composition, diversity, and abundance were exabmteden seep and
non-seep background habitats and antbnge seep habitats (i.e., microbial mats, tubeworms,

and soft:bottom seeps). Abundane&se higher at seep sites compared to background areas.
Abundance"and diversiglisodiffered among microbial mat, tubeworm, and soft-bottom seep
habitats. While seeontained different macrobenthic assemblagasonseep areas

infaunal communitiesvere also generally unique for each se¥priability was 75% greater

within communities near seeps compared to communities in background areas. Thus, high
variability in community structure characterized seep communities rathespbaific taxa.The

lack of similarity among seep sites supports the idea that there are no specific infauna that can be
used as indicators of seepage throughout the northern Gulf of Makieast at higher

taxonomicslevels.

I ntroductien

Hydrocarbon and brine seeps are dynamic, orgacticareas in an otherwise organic
poor deep sealhey occur where methane or reduced sulfur is released into pore waters, which
are forced towards the sediment surface via pressure gradients (Gage and Tayltevif96;
2005). Deep=sea seeps are found throughout the world’s oceans including the Paaific Ocea
Northern Atlantic, Gulf of Mexico, Mediterranean Sea, Arctic, and Northern IndiaarOc
(Sibuet and Olu, 1998, Levin, 2005). MacDonald et al. (2015) identified over 900 active seep
areas in the Gulf of Mexico. In general, an area of seepageoughly 2000 m in diametemnd
the majority.of seeps were in the northwest area of the basin.

Deepsea chemosynthetic systems are unique habitats for epifaunafauntain
organisms.te'grow and evolve in, important sources of deep-sea primary productivity, areas
where largeramounts of greenhouse gases are consumed, and biodiversity hotspsts (Ca
1994; Cordes et al., 2010b; Armstrong et al., 2012; Kiel, 2015)itaddaiself is often considered
a supporting ecosystem service (Farber et al., 2006; Armstrong et al., 2010), and hydrocarbon
seeps provide unique habitats for organisms to live. Severakdedjshes, such &ngspine
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thornyhead $ebastol obus altivelis) and Pacific dover solévijcrostomus pacificus), which may

be targets for deegpea fisheries, appear to congregate around seeps, which suggests they rely on
chemosynthetically-derived organic matter (Grupe et al., 2015). Also, due tordmext
conditions_at seeps, harvesting of organisms here will likely yield new pharmaceutical,
agriculturalbiotechnological, or cosmetic products (Glover and Smith, 2003t et al,

2010).

Seeps'support many chemosynthetic organisms and often contain highralesnafa
organisms'that'may be endemic, colonists, or vagrants (Carney, 1994; Barry et al., 1996;
reviewed by Sibuet and Olu, 1998; Levin, 2005). Large, symbiont-containing bivalve or
tubeworm_ epifauna dominate communities at many deedydrocarbon segfSibuet and Olu,
1998),while‘bacterial mats comprising the gerBexygiatoa can also be important structures
(Montagna andiSpies, 1985; Levin, 2005). There is a lack of knowledge on infaunal
communities associated with degga seeps (Sibuet and Olu, 1998; Levin, 2005; Levin and
Mendoza, 2007); however, studies have found higher densities (Robinson et al., 2004; Bourque
et al., 201#)ylower diversity (Levin et al. 2003; Bernardino et al., 2012), or lower dsrasitl
higher diversity (Guillon eal., 2017) at seeps compared to background areas depending on the
type/magnitude ofeepage.The low oxygen penetration in the sediments often leads to a larger
proportionsof the infaunal community being found in surface 20cm) sediments at microbial
mat seeps compared to background areas (Levin, 2005; Bourque et al., 2017). Clams and
tubeworms at seeps pump oxygen and sulfates into the sediments possibly allowingd infauna
communities'te,live deeper in the sediments where these megafauna are present (Levin, 2005;
Guillon et aly2017).

There is both spatial and temporal variabilisg@ciated with seeps (Juniper and Sibuet,
1987; Olu.et al., 1996, 1997; Sibuet and Olu, 198&)singseep habitat® besomeof the most
heterogeneous.environments found in the deep sea. Local temporal variations in hydrocarbon
releases can.occur over months or years making an accurate count of seep features difficult to
maintain (Lewvin, 2005) Spatial variability in fluid flow, geochemistry, substrate, and microbial
and megafaunal communities ocetiboth local (meters) and regional (kilometers to 100’s of
kilometers) scales (Cordes et al., 2010b¢mporal variabilityin fluid flow can coincide with
tidal or lunar cycles whileegional changes in methane and hydrocarbon releases may occur over
centuries or longefLevin, 2005). Porewater fluids structure microbial communities and
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epibenthic colonizers while colonizers influence the underlying microbedakar by
providing additional habitat and altering pavater chemistryCruaud et al.2015).

Seep communities follow a general pattern of succession, with chemosynthetic microbes
first colonizing new seeps. Bacterial mats comprising the ggeugsatoa can also be important
structures at.seeps (Montagna and Spies, 1985; Levin, 2883he seep ages, carbonate slowly
precipitates in.the sediments via microbial processes providing hard sufmstratessel and
tubeworm communities to settle, with tubeworms becoming more dominant as méikagse f
decrease (Bergquist et al., 2003; Cordes et al., 2003&/hile this succession can occur over
time, it can also take place over spatial scales with the center of the seep dominated by microbial
mats and mussels, clams, or tubeworms located more in the seep periphery whestgyore
hydrogensulfide concentrations are moderate (Fischer et al., 200.Bas been hypothesized
that the types of epibenthic colonizers found at a seep location may be used as t&m ofdiva
chemistry at the habitat (Cordes et al., 201®#gbitats associatealith microbial mats are often
found in areas with high methane releases and large concentrations of hydrogen sbkide in t
sedimentss(lzevin et al., 2003; Sahling et al., 2002 .séepsge, carbonates form, fluid fluxes
decreasgand bivalve or tubeworm epifauna begin to colonize and dominate seep communities
(Sibuetand,Olu, 199& evin et al., 2008

Thesdeep sea is a remote environment aredtd the expense, time, and labor required to
obtain and procesteepsea infaunatamples, rost data gathereoh seep ecology kia been
isolated tolarge megafaunal assemblages captured by submersible images (Sibuet and Olu,
1998; Levin;2005; Levin and Mendoza, 2007). Previous studies that have focused on infaunal
seep communities have mostly been isolatechtoar a few seep sites (Demopoulos et al., 2010;
Decker et'al., 2012; Plum et al., 2015; Bourque et al.,;2Bdiflon et al., 201)Y. The seep
studies that do examine several seeps often compare communities among seeps in different
ocean basins (Levin and Mendoza, 2007; Bernardino et al., 2012).

Theobjectiveofithe present study is to examine the effectsabfiralnydrocarbon seepage on
macrobenthic’infaunal communities in the desepGulf of Mexico by answering the following
guestionsI)Are communities different between seeps and background, soft-bottom habitats, 2)
Are macrobenthic communities associated with hydrocarbon seepage in the deep GoM different

among different types of seepéaterial and Methods
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Study Area

Sediment cores were catked near seep features in the northern Gulf of Mexico (GoM)
in 2009 and 2010 by the U.S. Geological Survey (USGS) aboard the R/V Ron Brown and in
2012 and 2013 aboard the R/V Falkor and R/V Endeavor, respectivehg Bgosystem
Impacts of Qil.and Gasputs to the Gulf (ECOGIG) consortiufdata DOI:
10.7266/N70R9MV?2).The ROV Jason was used to collect ROV cores for this stBdgpling
was opportunistic, with the focus of some cruises on seeps; however, cores collected for infaunal
analyses were ‘nabllected with anyletailedhypotheses in mindnly that infauna near
megafaunal communities would differ from background communitations included five
habitatswhichswere not chosen a priorsoftbottom hydrocarbon seeps, microbial mats,
tubewom communities, neaseep controls (within 20400 mbut outside the area containing
seepcharacteristic epifaufaand control conditions far from seeps (several km away). Stations
ranged from 137 m to 2601 m in depth; however, only one station was shallower than 500 m.
Five stations were represented by only one core per station (Table S1).
Because ofithe opportunistic nature of the seep collections and relative lack of nearby reference
stations, samples collected from 2000 - 2002 during the Deep Gulf of Mexico Benthos cruises
(DGoMB;*Rowe and Kennicutt, 2009) and in 2010 during the Deepwater Horizon (DWH)
Responsescruises (Montagna et al., 2013) were included in analyses as ad@i@épnealtdr
softbottom background control stations. Background stations were within 100 km and 100 m
depth of a station where seep samples were collected (Fig. 1 & Table S1). One to two stations
closest to gach,seep at similar depths were chosen for isamsabetween seep and background
communitiess

Sample Collections

Eleven seeps were sampled over the course of this statle(S). Samples collected
via remotely.operated vehicl® QV) were considered within the seep field if ROV footage
showed seep. structur@e., tubeworms, mussel beds, or microbial matt)in a few meters of
the core. _Samples collected via multicorer were considered within the seep field habitat if
hydrocarbonsvere visible in the sediment samées either a surface sheen when sieving the
sediment or black tarry substance) or if there was a hydrocarbon odor to the sampliesstf a
one core from a drop had visible oil or an odor then all cores collected in that drop were
considered representative of seep habitat. All multicore samples from seep communities were
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146  assignd the seep type of “soliettom seep.” Five stations represented general soft bottom
147  habitat in the deep GoM and were not located immediately adjacent to any seep activity
148  therefore, thewere considered representative of background condificaidd S).

149 Seep sdimentcores were collected via a pushcorer attachégetBOV Jason as well as
150  a shipdeployed multicoring device. Multicores had a diameter of 9.5 cm while ROY¥ batka
151  diameter 0f 6.35 cm. Cores were divided at various sediment depths aboard timelboat a

152  preservedin10% formalin or 95% ethanol. Samples collected in 2009 were divided into 6
153  sections (3'1;1-2,2-3,3-5,5-7, and 10 cm) while samples collected in 2010 were

154  divided into only 3 sections (0 - 2, 2 - 5, and 5 - 10 cm). Samples collected in 2012 and 2013
155  were divideddnto 4 vertical sections (0-1,1 - 3, 3 -5, and 5 - 10 Alhgediment was sieved
156  on a 300 pm mesh before sorting and taxa identification.

157 The DWH samplesvere collected using d@dcean Scieiific International Ltd. QSIL)

158  multicorer with 12 separate cores. Only stations collected in the non-edpamtes 4 and 5

159  (Montagna.et al., 2013) were includecbir analyses. Cores collected w&g5cnt in area

160 (10 cm diameterand 10 cm in depth. Three cores were collected for macrofaunal analysis from
161  each drop.* Ceres were divided into two sediment depthS éhd 5 - 10 cm), and each section
162  was preservedith the addition of 10% buffered formalirBamples were later siet on a 300
163  um meshseorted in the laboratoyyand identified to family level (Montagna et al., 2018he

164 DGoOMB samples were collected usia@209 cri (47 cm x 47 cm) GOMEX box corer. After
165  subcores Were removed, 1901%avhsediment remained for macrofaunal analysis. The top 15
166  cm of sediment were sieved onboardriediately after collection 0800 pum mesh, and all

167  material retained on the sieve was preserved with the addition of 10% bufferatifoivhile

168 DGoOMB sampls collected sediment 5 cm bel@VWH samples, it has been shown that little
169  information on benthic community structure is obtained below 10 cm in sediment depth

170  (Montagna.et.al., 2017)All specimens weresorted and identified to lowest taxonomic level by
171  various taxonomic laborates (Boland and Rowe, 1991).

172 Benthic Community Descriptions

173 All'polychaetes were identified to family level, while mollusks, crustaseand

174  oligochaetes were identifieto class or order level. tBer taxa (e.g., nemerteans, sipunculans,
175 echinoderms, etc.) were identified to phylum level. Polychaetes were the foaMsraimic

176  effort for this study because they dominated the samples collected, representing appsoximate
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two-thirds of all organisms found. Taxonomic level within this study is justifieduse

previous studies have found that data at the family level could be used to shoseadsmthic
community differences using multivariate techniques (Warwick, 198&ydaaswamy et al.,
2003). The lack of knowledge on desga species is additional justification for using higher
taxonomic levels. For example, only 40% (205 of 517) of polychaetes and 25% (31 of 124) of
amphipods.found in the DGoMB study (Rowe and Kennicutt, 2009) could be identified to the
species’evel'by taxonomic experts. Furthermore, Peterson et al. (1996) reviethed ben
responsesto'marine pollution and found macroinfaunal communities exhibiiatdpgeatterns

of response to contamination at high taxonomic levels, even at the phylum level.

Because of the difference in sample siae®ng thenulticores ROV pushcores and
box cores,‘abundances peTwere used in analyses rather than abundances per sample. All
abundances were converted tordimnces per fras follows: for multicoresollected during
seep cruiseabundane data veremultiplied by 141.0&ores/nf; for multicores collected during
DWH response cruises, abundance data were multiplied by d@&&n3; for ROV cores,
abundance-data were multiplied by 315c@ves/m, and for boxcores, abundance data were
multiplied by 5:2604ores/m. Seep samples were grouped into different depth and habitat
categoriess«in order to compare taxa among microbial mawiron, or soft-bottom seeps
transitiondeetween upper and lower slope communities has been found between 1300 and 1700 m
in the northern Gulf of Mexico (Cordes et al., 2007). Seep samples were grouped into the
following depth categories to capture upper slope, transition, and lower slope conmsnunitie
shallow (<4000 m, 4 seeps), intermediate (102060 m 5 seepy and deep (> 2000 m, 2
seeps), to examine similarities among seeps at various depths.

After seep communities were examined, comparisons were made between seep and
background habitatsAgain, b compare macrobenthic communities across several sampling
methods, the data had to firstdmnvertedo abundances pe’mAnalyses were limited to
taxonomic groups encountered and identified in DGoMB samples and thus excluded: Anthozoa,
Bivalvia, Decapoda, Echinodermata, Gastropoda, Nemertea, Ostracoda, ScaphopodaaSipunc
Tanaidaceay and Turbellaria. These taxa werevechtsomDWH samples and samples
collected during seep cruises when comparisons with DGoMB samples were performed.
Diversity was calculated using the rarefaction method because it is less sensitive to differences in
sample size (Simberloff, 1972), andsitwell known that diversity is positively correlated to
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208 sample area (Bunge and FitzpatritR93). Rarefaction curves were assumed to represent

209 communities only if they approached an asymptote, and rarefaction scores were used for

210 descriptive purposesNith larger sample areaaomes an increased probability of collecting rare

211 organisms, which are more easily missed by smaller samplers.

212 An examination of differences between seep and background stations was performed at
213  various sediment depths. Because DGoMB samples were collected to a depth ofifb roon

214  differentiation"among sediment depths, they were excluded from this andlizeiDWH

215  samples collectenh 2010 were only divided into 2 sections. To examine communities present in
216 the0-1,1-3,3-5cm of sediment, samples from 2009, 2012, and 2013 were used, representing
217 7 backgroundrand 17 seep samples. To examine the top 2 cm of sediment, samples from 2009
218 and 2010 were'used for a total of 5 background and 11 seep samples. Finally, all samples

219  collected for theseep study could be used to compare sedimefts atand5 — 10 cm depth, for

220  a total of 10 background and 2%pesamples. Abundances pérand community similarity

221 (via SIMPER analysis) were examined at each sediment depth.

222 Statistical Analyses

223 Because of the differences in methodology between seep and backDiii®GoMB

224  samples;taxa richnegsumber of taxa), diversity (N1 [Hill, 1973]), and evenn@$Pielou,

225  1969]) were onlystatisticallyanalyzed among seep communities. Univariate community

226 measures, which included abundance peasnwell as taxa diversity, richness, and evenness,

227  were analyzed usingROC GLM in SAS 9.4 (SAS, 2013). Aviay nested ANOVA with seep

228  type (micrgbialymat, tubeworm, sdibttom) nested within depth category (<1000, 1000 — 2000,
229 >2000 m) was‘used to test the seep dataset for differences among seep resdiitasds and

230 honwoscedasticity were not examined. Analyses were performed to describe community

231  compositions far the various seeps sampled using Primer v7. Rarefaction anayssed/éo

232 calculate and.compare diversity between boxcore and pushcore saMpligariate dispersion

233  (MVDISP).analysis was performed in Primierexamine the amount of dispersion (i.e.,

234 variability inseommunity compositiorgmong different seep habitats, where higher values equate
235 to higher levels of variability Individual verical sediment sections (01, 0—-3,0-5, and 5 -

236 10 cm) were also examined to determine if similarities or differences among habitats were

237  observed throughout the sedimeAnalysis of similarity (SIMPER) was used to determine the

238  similarity of coreswithin a seep as well as to identify taxa shared among cores in all seep
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habitats. The majority of results are descriptive in nature and thus havevalu@s associated
with them.

Total macrobenthic abundance vilae only univariate parametstatisticaly analyzed
for all samples using away nested ANOVA with habitat (seep, background) nested within
depth zone(<,1000 m, 1000 — 2000 m, > 2000 m) as variables. While cores collected within one
multicore drop.are considered pseudoreplicates, Montagna et al. (2017) found that moce varia
in macrobenthic abundance and richness was associated with cores within a deployment
comparedto'cores among replicate deployments. Thuss within a multicore deployment
were treated as replicatfes statistical analysed-or multivariate community analyses,
abundances were first standardized by sample using Primer software (@hGeréey, 2015)
to help remove effects of different sampling areas collected via boxcorers, multicorers, and ROV
cores, then they were squammt-transformedo help prevent changes in dominant taxa masking
changes in the rest of the community. A moetric multidimensional scaling (nMDS) plot was
createdn Primerusing the BrayCurtis resemblance matrix. Statiomere compared among
sampling gears, depth zones, and between seep and background locations. A similarity
percentages (SIMPER) analysisPrimerexamined which taxa were responsible for differences
among groups. An analysis of similarity (ANOSIM) testsifirst performed with habitat (seep
or backgreund) nested within depth categorfPirmer. However, due to the low amount of
replication of seeps in each depth category, there were not enough possible pernfttjtions
obtain test statistics. Thuslavay ANOSIM was performed testing differences between seep

and backgroeund communities.

Results

A total of 1421 organisms were collected from seven phyla during seep sampling cruises
between 2009.and 2013. Annelids, crustaceans, and mollusks were the dominant taxa found
representing.62%, 22%, and 14% of all the organisms found, respectively. Nemartkans a
sipunculids.each represented 1% of the total number of organisms, while only three ectgnode
and two cnidarians were found. A total of 35 pobete families were identified. The five most
abundant polychaete families were Chrysopetalidae, Cirratulidae, Donaéllétdaaonidae, and
Ampharetida€in descending order of abundance), which represented 33%totaherganisms
found. The two most abundant npalychaete taxa were tanaidacea cumacean
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270  crustaceans, representing 9% and 8% of all organisms collédtdiliscan bivalves and

271  gastropods each represented 5% of all organisms collected

272 M acr ofaunal community patter ns between seeps and background sediments

273 When samples from seep, DWH, and DGoMB cruises were examined, abundances were
274  higher at seeps compared to background sites and were highest at depths between 1000 and 2000
275 m (df = 90,,F =7.32, p < 0.0001). Due to the different sampling methods, diversity, evenness,
276  and richnéss'were not statistically analyzed while differences among specific sediment depths
277  were not statistically analyzed because of the differences in sample processirting

278  sectioning. Surface sediments-(Dcm) had similataxa richnes# seeps and background

279 sedimentss However, seep sediments had 2.5 timebtmelances (4635 Nfjras background

280 sediments'(1795 N/fp Similar patterns were observed in the tof2@cm of sedimentTable

281 1). Inthe 1 - 3icm fractions, seep macrofaunal abundances dropped to 1.7 times that of

282  background stations, while at 3 - 5 cm depth, abundances at background stations were 1.2 times
283  greater than seep sites. In the deepest sediment fractioh8 ¢Bn), seep macrofaunal

284  abundancesywere 1.2 times that of background. The largest differences in macrobenthic

285 communities'between seep and background stations were confined to the top 3 cm of sediment,
286  except forsmicrobial mat communitieggble ). Comparisons between abundance, diversity,

287  evennesssand richness were purely descriptive because differences in core sectioning among
288  sampling efforts prevented statistical tests.

289 Macrofaunal communities were significantly different at seep sites compared to

290 backgroundssites {vay ANOSIM, R = 0.48, P = 0.001), and presence or absence of seepage
291  explained nearly 50% of the dissimilarity among communities. Seep commuretiesearly

292  as similar(to background communities (31%) as they were to other seep conmsnuifitien

293  backgroundises from different years (2068002, 2009-2013) and from different collection

294  methods (boxcarer, multicorer, ROV core) were compared to seep sites, conswitiitie all

295  seep habitats were still 74% more variable (1.592) than background communities (Qr8i7) us

296  MVDISP. Variability was similar at seeps < 1000 m and seeps betweer R0TD m, but

297  MVDISP was,20- 30% lower at seeps > 2000 m (Table S2).

298 All taxa found at seeps were also collected in background sediments, except for the

299  polychaete Trocho@etidae, which had three specimens collected at seep DC673. However,

300 Paraonidae and Maldanidae explained more similarity within background comswtitie
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Dorvilleidae, Ampharetidae, Hesionidae, Nereididae, and Aplacophora explainedmitaety
within seep communities (Table 2). Likewise, Cumacea, Oligochaeta, and Sphaerodoridae were
only responsible for similarity within seep communities, while Glyceridae drun@ridae,
Nephtyidae, Onuphidae, Opheliidae, Pilargidae, Sabellidae, Sigalionidaegratelidae were
only responsible for similarity within background communities.

Background and seep communities were more similar to one another at shallow and
intermediate"depths (40% and 39%, respectively) compared to deeper depths (3286). Wit
either background or seep habitats, communities were most similar to each other at intermediate
depths (52% and 56%, respectively) and least similar at deeper locations (40% and 43%,
respectively) s#sThe polychaete families Spionidae (16% - 23%) and Paraoni#ae31%)
explained the most similarity within each depth range of background habitats. Spi@idéa)
explained the most similarity for seep communities > 2000 m in depth, followed by Paraonidae
(14%) and Oligochaeta (11%). However, shallow seep contimsimiere dominated by
Dorvilleidae (18%) and Cossuridae (15%), and seep communities at internusgitte were
dominatedrby*Cumacea (16%) and Hesionidae (10%). Different taxa were responsible for
similarity for each seep (Tablg.3

When gear type was amined in the MDS plot, all DGoMB samples (boxcores) were
clustered.close together near the center of the gfaghd). Samples collected during the DWH
response cruise (multicores) were also clustered together around the DGoMB samples but were
less tightly' grouped. Samples collected via ROV and multicorer during the seep cruises were
spread acrossithe entire MDS pleig; 2). Background stations collected with multiple
sampling devices and over the course of thirteen years were much more tigiedlin the
nMDS plot compared to stations collected near seeps with similar sampling devices over the
course of four years-(g. 2B).

M acr.ofaunal community descriptionsfor northern GoM seeps

When _examining only samples collected near seeps, the hierarchical model found
significant.différences in abundaricg (p-value = 0.0014)richnesgp-value = 0.0322), and
diversity (p-value = 0.0448) between macrobenthos found at microbial mat, tubeworm, or soft-
bottom seep communitieghile evenness was nstatistically different (pvalue = 0.1878).
Microbial mat communities had two to three times the abundances as tubeworm -dadtsoft

seep communitiesespectively, but approximately half of the diversity (Figs. 3AB. 3
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332  Richness, diversity, arevenness were all lowest in microbial mat communités. GA &Table

333 S2).

334 When examining diversity at individual seep sites, rarefaction curves begaeltoffeat

335 roughly 100 - 150 individuals (Fig. 4A). There also appeared to be two diffarefaction

336  patterns. Mierobial mats were the least diverse, approaching roughly 15 taxa amammaxi

337  while the remaining seeps approached roughly 20 — 25 taxa, although some sites did not reach an
338 asymptote(Fig-A). When all seeps were considered together, rarefasétiled around 40

339 taxa (Fig.4B)."All taxa found at mat seeps were also found in soft-bottom or tubewpsn see
340 However,only one Chrysopetalidae polychaete was found outside microbial mats. Theese of t
341 four communities with the higlseN/nf of Hesionidae and Gastropoda were found at microbial
342 mats, as werestwo of the four communities with the highest NffAmpharetidae.

343 Benthic abundance patterns throughout the sediment column wesigmiticantly

344  different among different seep habitats for any sediment section (0-1,0-3,3-5,0-5,0r5-10
345  cm) due to,high variability among and within seepgspite a lack of significant differences,

346  abundancesiinthe surface sediments%@m) of microbial mats (26,414 N#jrwere 3times

347 that of abundances in surface sediments of tubeworm (9,023 bifisoft-bottom seep habitats

348 (7,863 N/nf).. Abundances in deeper sediments (5 - 10 cm) of tubeworm habitats (1,685 N/m
349  were 5 times that of abundances in deeper sediments of miamwiigB16 N/rf) or soft-bottom

350 seep habitats (387 Nfin There was very little similarity within seep typesiow 5 cm in

351 sediment depth. Tanaidacea, Amphipoda, Bivalvia, and Aplacophora explained moréysimilar
352  in surface communities at sdfbttom seps compared to other seep habitats. Similarity at

353  microbial mats‘was caused almost exclusively by Cumacea, Ampharetidae, Dorvilleidae, and
354 Hesionidae. Similarity within tubeworm communities was largely due to Spionidae. Similarity
355 at background habitats was largely due to Cirratulidae, Paraonidae, Spionidaa|dawidde

356 (Table J.

357 There weraenineseep locations representedrbgre than one samplenabling statistical

358 analysisof cemmunity similarity among replicates. Similarities within these seeps ranged

359 from 26% t0'64%.Each seep habittypehad a similarityof 45 — 55%while all seeps combined
360 only had a similarity of 25%, illustrating that each seep and seep habitat had mizetygimi

361  within their communities than when seep communitiese canbined into one group (Table

362 2S). Seep communities differed as a function of depth. Taxa composition was veny simila
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363 between seep communities at shallow (< 1000 m) and intermediate (1000 — 2000 m(Fagpths

364 5). Deepseep (> 2000 mommunities were comprised of far fewer taxa than other seeps (

365 6). Seeps between 100@B00 m were more similar (57%) than shallower or deeper seeps

366  (43%); however, there were twice as many samples collected at intermediate depths. Deep seeps
367 were less variable than intermediate or shallow s@gdde S2. Only seven taxa were

368 responsible fn95% of the similarity in deepeep stations compared to 12 or 14 taxa in shallow

369  or intermediatedepths, respectively.

370  Discussion

371 Differences and similarities between seep and background communities

372 Maerofaunal abundances and community composition differed between seep and

373  background‘samples, consistent with the alternative hypothesis that macrobemiimanities

374  at seeps in theuf of Mexico are differenfrom communities in background, soft-bottom

375  sediments._Infaunal abundancesimere higher near seeps compared to background conditions ,
376  which isa similar result t@ther studies (Levin, 2005; Bernardino et al., 2012; Bourtak, e

377  2017). Abundances are often higher near seepgpared to background areasleeper waters

378 due to organiesenrichment via chemosynthetic processes atasethe lowamount ofsurface

379  derived organic matteeaching the deep seafldarbackground areas afidevin and Michener,

380 2002).

381 While community composition was different between seeps and background areas, all

382 taxa identified from seeps were also present in background sediments except for one polychaete.
383  Seep infaunarare genlyacomprised ofa subset obackground taxa, which are tolerant of high

384  hydrogen sulfide concentrations (Bernardino et al., 2012). Taxa that dominated in se¢p habita
385  but not background areas included the polychaete fsriilorvilleidae, Hesionidaand

386 Ampharetidae among otherBable 3. These polychaete taxa are often considered characteristic
387 of seep communities (Levin et al., 2003; Levin, 2005; Bernardino et al., 2012). High abundances
388  of dorvilleids.are often found at seeps with high methatesalfide fluxes where few other taxa

389  are present«(LLevin, 2005; Bernardino et al., 2012; Decker et al., 2012). The two miti&tbial

390 seeps weretthe only locations with a large abundance of the polychaete farydgp@ialidae,

391  while the crustacean Cumacea a0 abundant at microbial maté/hile little is known about

392  Chrysopetalidae ecologgome species of cumacedraveshown a preference for sulfide seeps

393  (Levin, 2005). Cumaceans were dominant taxa at several organicly enriched environments
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including methane seeps, kefmd whalefalls where sulphide concentrations are hidely
due to their opportunistic nature (Bernardino et al., 2012).

There did not appear to be specific taxa that were representative of seep communities
the northern Gulf of Mexico. However, this is most likely due in part to the c@xsedmic
resolutions.ef.the analysekven taxa that explained similarity among seeps, such as dorvilleids
and ampharetids, were absent at several seeps. Almost every seep eappeaeeld to have
different' dominant taxa regardless of whether the samples were collected from the same seep
habitat (micrebial mat, tubeworm assemblage, or soft bottoah)l¢ 3. Studies have shown
high species turnover (beta diversity) among diffeseefps, even within similar geographic
regions (Cerdes et al., 2010b; Bourque et al., 2017). This study found that macrobenthic
communities associated with seepage were more variable than communities associated with the
background, soft-bottom habitat.

Variability in macrofaunal communities associated with seeps

Most studies and statistical analyses attempting to measure ecological changes rely on
means of yariables such as abundance, diversityGtardical concentrations. While means are
easy and stightforward to use, variability within a specific habitat or impacted regimnncask
any differences observed among areas or treatment levels if large enough, and increased
variability-itself may be indicative of impacts of pollution (Warwick and k#ad 993,Green
and Montagna, 1996; Demopoulos et al., 2016). Schmalhausen’s law stategahesms
living under stressful conditions are more susceptible to any environmentgesh@ewontin
and Levinsy2000). Thereforeariance in the data may be icative of stressful conditions.

Seep habitatssare associated with low sediment oxygen content and high levelsinEroeth
hydrogen/sulfide (Levin, 2005; Bernardino et al., 2012). Low oxygen and high methane or
hydrogen sulfide causeepdo be more stressful environments for many animals than
background.areas and may leadhiwreasedsariability (Demopoulos et al., 2016). Warwick and
Clarke (1993) found that univariate measures of macrobenthic communities hadadcrea
variance atspolluted sitem®mpared to control sites.

A possiblecause of the variability of macrofaunal assemblages among seep locations was
the wide range in water depths of individual seeps. Macrobenthic community coonpatsiti
seeps in the Gulf of Mexico were different at different depllable S2 Fig. 6). Depth
generally has a negative relationship with food availability derived fromcauwaters and thus
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a negative relationship with macrofaunal densities (Pequegnat et al., 1990; RetegrDED).
At shallow seep sites, those still within or near the photic zone, seep communities often resemble
background communities. In shallow seep macrobenthic communities off the cBastaf
Barbara, CA, 90% of the individuals examined were taxa shared between seep and background
stationgDavis,and Spies, 1980). Some studies have suggested few species are shared among
upper and lower slope seep communities (Carney, 1994; Cordes et al., 2007). In the present
study, background and seep communities were more similar at depths shallower than 2000 m
indicating'that'even in the lower slqm@ganic matter is not as limiting #se deepest areas of
the GoM. | Food availability decreases with depth in background areas, but not ngcaissaril
seeps, wheresehemosynthesis providedalitianal food source. Chemosynthetic nutritional
pathways have been shown to contribute more to invertebrate diets at depparosepared to
shallower onegSahling et al., 2003; Levin, 2005; Levin et al., 2016). Seep communities <1000
m and 1000 — 2000 m in depth were more similar to one another thannetieéo communities
below 2000.m. Demopoulos et al. (2010) found macrofauna at seeps on the lower slope in the
GoM derived*60 — 100% of their food fraBeggiatoa mats.Therefore, as depihcreasesthe
differencein feod availability to communities associated with seeps and backgreaadilkely
increases+as well.

Anether likely source of variability among seep communities is the diffeliarmpare-
water fluids and thus initial food sources for origams at different seepdn this study sulfide
and methane concentrations were not measured, but epibenthic megafaunal cdigizers
microbial mats; tubeworms, and mussels) were noted. Many studies have found these
megafaunastesbe representative of sulfide and methane concentrations in the saeihégplbite
found (MacDonald et al., 1989; Levin et al., 2003; Cordes et al., 2010b; Guillon et al., 2017).
The seeps In this study represented several types of epibenthic communitiesxphaining
the large amount of variability in macrobenthic communities among seeps.

Seep Habitats

Macrebenthic communities were different among the different types of seeps examined
in this studys(i.e., microbial mat, tubeworm, and soft-bottom seeps) (Fig. 3A aBBhmay
be a function of many factors, including fluid flow, seep successional stag€amegja
communities, habitat suitabilitpr geochemical differencedVhen seepage begins in an area,
microbial matdorm and methanogenesis occurs, creating carbonates (Levin, 2005). As fluid
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flow from the sediment decreases and hard substrate begins to appear in the form of carbonates,
larger chemosynthetic organisms such as mussels and tubebegimgo coloniz¢he area

(Cordes et al., 2006). Previous studies Hauad microbial mat habitasupporting the highest
abundances of macrofauna compared to other seep habitats as well as background areas
(Robinson et.al., 2004; Levin et al., 2006; Bourque et al., 200 high abundancese

most likelydue 4o taxa tolerant to high sulfide conditions taking advantage of the large amount

of chemosynthetically derived organic matter reledSeadhling et al., 2002; Bernardino et al.,

2012).

Microbial mat seeps often have lanacrofaunal diversity compared to other seep or
background habitats (Sahling et al., 2002; Levin et al., 2003; Bernardino et al., 2012; Bourque et
al., 2017. ‘Microbial mats are found at seeps where hydrogen sulfide concentrations ace high,
when theras a gradient of seep habitats (e.g., microbial mats, mussel beds, tubeworm clusters)
radiating from a central seepage area, mats are often found near thexdmrecuid
concentrations are highest (Tryon and Brown, 2001; Levin, 2005). Macrobentimaucities
living underBeggiatoa mats exhibited low abundance and diversity, characteristic of disturbance
(Pearson andsRosenberg, 197B)icrobial mats themselves may be partly responsible for the
lower richness at these sites. A microbial film over the sediments may be difficult to burrow
through_ormake it more difficult for organisms living underneath to acquire oxyyéiie
thesestressful conditions generally reduce richness and diversity, they may not rigcessar
reduce abundances as illustrated in this study.

Altermative factors that may be influencing taxa richness and diversity include
successionalprocesses and epibenthictires. Seep epibenthic megafauna often exhibit
successional patterns at seeps over time with new, high flux seeps beinddniziecbby
microbial mats before decreases in seepage allow larger tubeworm and mussel communities to
thrive (Levin.etal., Q05). Thus, more macrobenthic taxa may be found in tubeworm habitats
compared.to.microbial mat habitats because organisms have had more time to colonize them.
Vestimentiferan tubeworms also uptake hydrogen sulfide from the sediment irotigir r
(Freytay etal.;,2001), which may make the sediments more hospitable to infauna. Tubeworms
slow water movement around them allowing for greater settlement of matarcliding

organic matter, from the water column to the sediment around them. The 3-diraknsion
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structure also providexdditional niches for different types of organisms (Cordes et al., 2007),
possibly explaining the increased number of taxa within the tubeassoctiated sediments.

Variability dueto Sampling M ethods

Communities exhibited different patterns between seep and background environments
and among.different depth zones in the nMDS plots, but there was a large confounding factor
when comparing samples across studies; the difference in sample areas. All DGoMB samples
were collected'with boxcorers, which had roughly 25 times the area of DWH sampletedolle
with multicorers. Multicorers had roughly twice the area of seep samples collected via ROV
cores. While background habitats were sampled over a much larger range of years and very
different sampling methods (i.e., boxcorer, multicorer, and ROV core) than seepshabitp
communities were still more variable theackground communities (Fig. 2). With DGoMB
grouped most tightly, followed bPWH samples, there appeared to be a strong relationship
between sampling area and variability among samplgs 2).

Montagna et al. (2017) compared benthic communities collected in the deep Gulf of
Mexico atthessame place and time by both a multicorer and boxcdney. found that the
boxcorer underestimated macrofaunal abundance by 3x while the multicorer ddi@tte
fewer taxasthan the boxcorer. Bow waves from the boxcorer may wash away small, surface
dwelling.animals during collections (Hulings and Gray, 1971). The washing and sieving of
samples on the boat deck during boxcorer operations may also be responsible for the loss of
organisms.(Montagna et al., 2017). However, Montagna et al. (2017) found that communities
collected viabexcorer and multicorer beétsame locations were very different, making
comparisons:between methods extremely difficult. In spite of these largedésramong
sampling methods, much more variability was associated with seep commumigasred to
sampling methadshighlighting the large amount of nability associated with seefBig. 2.
Conclusion

In the deep Gulf of Mexico, macrofaunal community structure and abundance were
different between seeamdbackgroundhabitats(Fig. 2, Table 2). Community structure,
abundancejrichness, and diversigrealsodifferent among different seep habitats (i.e.,
microbial mat, tubeworm, and soft-bottom sedp&). 3A & 3B). In fact, every seep seemed
have a different macrobenthic community although this may partly be an artifact a¢kre
replication All variability in background habitats associated with depth, time, location, and
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sampling method were masked by the large variability among seeps.itEBmpgars that eny

seeps inlte deep Gulf represent unique macrobenthic communities. Seeps have often been
thought of as extremely heterogeneous environments, representing wide ranges in depth,
chemical composition, fluid flux, geomorphology, age, and epibenthic megafaunal communities.
This study cenfirms their heterogeneity in the NortheaM.

There is‘a timely need for information on seep communities in the deep GoM.
Determining'baseline community structure at these seagde important for understanding
patterns of global biodiversitySomepolicies and non-governmental organizations may work to
conserve @s much biodiversity as possible, and seeps may be a rather large repository of this
diversity, espeeciallgonsideringheir small areaFurthereffort in collecting deegea organisms
as well agaxonomic work is needed to determine the amount of endemism present at seeps.
Given the high ‘amongite variability in seep infaunal communities observed in this studye
taxa may be preserved by protecting many smaller seeps compared torausmball of large
seeps.
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749 Figure 3. Box plots comparing seep types where diamonds represent means while lines through the
750  rectangles represent medians. A) Diversity (N1) and B) Abundance (N/m?) found at different seep types

751 (microbial mat, tubeworm, or soft-bottom seep).
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756  Figure 4 Rarefaction curves for A) each seep independently, where blue represebtgteait

757  seeps, yellow represents tubeworm seeps, and red represents microbial mat seeps, and for B) All
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758  seep samples combine@C = Green Canyon, TE = Taylor Energy, and DC = Desoto Canyon,
759  while OC was in Mississippi Cango
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Table 1. The ten taxa responsible for the most amount of similarity of macrobsmtincunities among all seeps. The % santy
of each seep habitat (BG = background, MM =rotital mat, SBS = soft-bottom seep, and TW = tubeworm) broken down by
dominanttaxa and different sediment depth,(0-3, 0-5, and 5-10 cm).

Depth, Habitat, % Similarity

0-1cm 0-3cm 0-5cm 5-10cm

BG MM SBS TW BG MM SBS TW BG MM SBS TW BG MM SBS TW
Taxa 40.3 49.6 28.7 0.0 47.5 61.3 319 35.6 43.7 52.8 343 382 14.7 0.0 7.2 0.0
Tanaidacea 38.5 27.5 7.8 247 7.9
Cumacea 5.7 20.7 5.3 2.5 39.8 5.0 34.8 5.9
Ampharetidae 25.7 20.4 22.2
Dorvilleidae 2.9 19.8 4.9 14 13.1 7.0 11.3 6.4 5.2
Cirratulidae 23.8 34 17.1 3.6 12.7 3.3 15
Paraonidae 8.6 1.6 20.1 7.7 17.3 6.9 6.4 73.5
Capitellidae 4.9 8.2 106 2.7 82.6
Spionidae 2.6 12.4 15.5 7.6 804 15.5 6.4 47.6 7.8
Hesionidae 30.4 14.6 22.3
Bivalvia 4.1 7.2 8.4 55 114
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Table2. Taxa making up 95% of the similarity of samples withirahpackground soft-bottom
communities and Ball natural hydrocarbon seep communities. Abbreviations: Adrek:
average abundanice’ at each habitat, Sim = average similasitiributed to each tax@o
Contribution=percent of overall similaritgach taxa accounts fand Curalative= cumulative

percent similarity.

A) Group Background, Average similarity 34.37%

Taxa Abundance Similarity % Contribution Cumulative
Spionidae 875.06 8.58 24.95 24.95
Paraonidae 679.31 8.19 23.84 48.79
Capitellidae 447.48 2.33 6.77 55.56
Maldanidaé 340.83 2.23 6.49 62.06
Cirratulidae 377.19 1.81 5.27 67.33
Syllidae 137.86 1.36 3.94 71.27
Isopoda 108.88 1.32 3.83 75.1
Cossuridae 434.79 1.04 3.03 78.13
Lumbrineridae 327.84 0.83 2.42 80.56
Amphipoda 783.02 0.8 2.33 82.89

B) Group.Seep, Average similarity 20.34%

Taxa Abundance Similarity % Contribution Cumulative
Spionidaé 505.5 4.99 24.53 24.53
Dorvilleidae 908.6 2.45 12.03 36.56
Cumacea 1403.63 1.88 9.25 45.82
Capitellidae 526.73 1.49 7.31 53.12
Ampharetidae 982.78 1.35 6.62 59.74
Paraonidae 561.66 1.33 6.56 66.3
Aplacophora 302.59 0.9 443 70.73
Hesionidae 488.57 0.86 4.25 74.98
Cirratulidae 975.53 0.83 4.07 79.05
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Table 3. Taxonomic composition of each seep site. Taxa in each phylum are ordered by abuodagoeatiest to least. \(ads
represent average abundance/fifi less than 5 organisms of a specific taxa were found throughout all seep sites, then those taxa were

not included.
Station, Year, Depth, and Replicates
TEOO1 GC354 GC232 GC246 GC415 GC6063 GC6002 GC6001 OC26 DC583 DC673
2013 2010 2013 2010 2013 2012 2012 2012 2012 2009 2010
137 567 575 834 1048 1180 1221 1263 1669 2449 2601
Taxa 1 3 1 2 2 2 3 2 3 3 3
Arthropoda
Tanaidacea 0 1895 423 474 1764 2751 0 3158 316 316 316
Cumacea 0 411 0 947 353 141 10105 158 95 0 0
Amphipoda 0 1800 0 0 212 705 0 632 0 0 0
Isopoda 0 0 141 316 564 0 0 0 95 95 221
Annelida
Chrysopetalidae 0 95 0 14999 0 0 726 0 0
Ampharetidae 1693 1800 0 5210 0 71 2305 0 0
Dorvilleidae 0 4516 1411 316 212 494 632 1737 0 95
Cirratulidae 141 726 141 474 0 212 0 9947 0 95 95
Paraonidae 423 2937 705 0 141 0 0 158 537 0 632
Capitellidae 141 2526 564 0 71 635 95 158 947 0 0
Spionidae 282 1263 705 0 141 0 0 0 632 853 1042
Cossuridae 0 3063 0 0 0 846 95 0 95 0 0
Hesionidae 0 632 141 1421 0 353 2116 158 0 0 0
Oligochaeta 0 537 705 0 71 0 0 0 0 0 726
Syllidae 0 411 0 158 0 494 0 158 0 95 316
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Acrocirridae 0 0 0 0 0 635 0 95 95 95
Maldanidae 0 95 0 0 0 141 0 0 726 0 0
Pilargidae 0 316 141 0 0 0 95 0 0 221 95
Nephtyidae 141 0 0 0 423 0 0 0 0
Nereididae 0 0 0 158 0 71 0 0 411 0
Sphaerodoridae 0 95 0 141 212 0 0 0 0
Sigalionidae 0 0 141 0 141 0 0 0 95 95 0
Trichobranchidae 0 0 141 0 0 141 0 158 95 0 0
Lumbrineridae 705 0 0 0 0 0 0 0 0 0
Mollusca
Gastropoda 0 0 0 10578 0 353 411 158 0 95
Bivalvia 141 853 141 5842 141 71 95 632 316 0 0
Aplacophora 282 726 141 0 353 1481 95 316 95 0 0
Nemertea 0 95 0 0 0 141 316 0 221 0 221
Total 4091 25167 5784 40892 4656 10652 17273 17525 5052 2431 4516
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