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Abstract

The impact of the Amazon River freshwater plume on planktonic cnidarians over neritic and
oceanic provinces is unknown. To provide further knowledge we took advantage of an
oceanographic cruise performed in October 2012 in the Western Atlantic off the North Bra-
zilian coast (8EN 51EWD3.5ES 37EW).A complex and dynamic system was observed, with
strong currents and eddies dispersing the plume over a large area. Our results show that the
Amazon River shapes marine habitats with a thin highly productive surface layer com-
pressed by a deeper oxygen minimum zone both over the shelf and in the open ocean. We
hypothesized that such habitat structure is particularly advantageous to planktonic cnidari-
ans, which have low metabolic rates, being able to survive in hypoxic zones, resulting in
high species richness and abundance. Over the shelf, distinctions were sharp and the area
under the influence of the plume presented a diverse assemblage occurring in large abun-
dance, while outside the plume, the hydromedusa Liriope tetraphylla was dominant and
occurred almost alone. Divergences in the oceanic province were less pronounced, but still
expressive being mostly related to the abundance of dominant species. We concluded that
Amazon River plume is a paramount physical feature that profoundly affects the dynamics
of the mesoscale habitat structure in the Western Equatorial Atlantic Ocean and that such
habitat structure is responsible for shaping planktonic cnidarian assemblages both in neritic
and oceanic provinces.

Introduction

In marineenvironmentsplanktoniccnidariansrespondto changesn physicalandbiogeo-
chemicalenvironmentsoverawiderangeof spatiotemporascalesGlobalcnidariandiversity,
distribution andabundancepatternsarecloselyrelatedto oceanographidynamicsandwater
massesndto climatepatterng1+3]. Currents,eddiesfronts of watermassegjpwellingand
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otherphysicaprocessesandrive their distribution atregionalscale$l,4+9].Finally,
responseto localchangedn the environment,suchaspreyavailabilityandwatertemperature
andsalinity, maydeterminespecie$ocaloccurrenceandabundancg10+12].

In the past,planktoniccnidarianswereoftensetasidein traditional zooplanktonstudies.
However their high feedingratesandsignificantrole aspredatorsin thetrophic web,associ-
atedwith largepopulationblooms which occurin thelife cyclesof manyspecieshavethe
potentialto control the pelagiccommunity andcollapsdisherieq13,14].Thereforejnterestin
pelagiccnidarianecologytheir responseto environmentalconditions,suchasbloomtrigger
mechanismsandtheir role in ecosystenfunctioning aspredatorsand preyfor highertropic
leveldncreasedn recentdecade§l4+17].However knowledgeon the ecologyof planktonic
cnidariangis still scarcen low latitude systemsuchasthe WesternEquatorialAtlantic Ocean.

Asawesterrboundarycurrentsystemastrongcurrent,the North BrazilCurrent (NBC)
flowscoastwardn this region[18,19].Suchfeatureresultsin intrusionsof oligotrophicoce-
anicwatersandassociateglanktoniccnidarianfaunaoverthe continentalshelfin otherwest-
ernboundarysystem$20,21].Despitethe oligotrophicscenaridoroughtby the NBC, the
AmazonRiverdischargesipto 2.4 10°m3?* of freshwate approximately20%of global
freshwaterun-off) with organicmatter,nutrientsand sedimentoverthearea[22,23].The
Amazondischargecreatesa surfaceplume (AmazonRiverplume, hereaftelARP) of low-salin-
ity, high nutrients,and suspendednddissolvednaterialshat reacheshousandf kilome-
tersin the EquatorialandNorth Atlantic and CaribbearSed24+26]with stronginfluenceon
ecologicaprocessed.helargedischargef nutrientsenhancegrimary productionandphyto-
planktonconcentrationand possiblythe wholemarinecommunity by abottom-up effect,as
observedvith planktonicdecapod$27,28].Thelow salinity brackishenvironmentmayaffect
the spatialdistribution of marineanimalssuchasplanktoniccnidarianswhich usuallyare
associatewith specificenvironmentalsalineconditionsandwatermasse$s,9,29,30]Addi-
tionally, bellowthe plume,low oxygenlevelsareobservediuethe high ratesof sinking organic
mattermineralization[31,32].

Freshwaterun-off from smallriversareknownto affectthe structureof planktoniccnidar-
ian assemblag@ coastabreag33+39]wherespeciefiavedistinct responseto the salinity
gradient.In the WesternEquatorialAtlantic, the ARPextenddar offshoreandits influenceon
planktoniccnidariandistribution andabundancenayoccurthousandf kilometersaway
from theriver mouth. However effectsof suchmajor river plumeson cnidarianswerenever
specificallyevaluatedin this study,weinvestigatehe hypothesisccordingto which unlike
otherwesternboundarycurrentsystemsthe ecologicaprocessemducedby the spreadf the
ARP . drive the structureof planktoniccnidarianassemblagésoth overthe shelfand offshore.
Forthat purposeweusedacomprehensiveetof datacollectedrom neritic and oceanigrov-
incesin the WesternEquatorialAtlantic, both insideand outsidethe influenceof the ARP,in
orderto understandhe responsef the planktoniccnidarianassemblagi® this uniquephysi-
calandbiogeochemicatnvironment.

Materials and methods
Studyarea

Thestudyareawasalongthe North Braziliancontinentalshelfbetweerthe AmazonandOya-
pok river mouthsandin EquatorialAtlantic oceaniovatersyangingbetweerBEN51EWand
3.5E37EWFig 1). In theareathe continentalshelfreachesip to 300km wide andthe shelf
breakoccursaround120m depth[40,41].Thelargefreshwatedischargef the AmazonRiver
create@n extensivesurfaceplume.Strongoceancurrents,eddieswind fieldsandhigh tidal
variationin the North Braziliancontinentalshelfandadjacenbceaniovatersshapehe
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Fig 1. Geographiclocation of the study areain the North Brazilian continental shelfand adjacentWestern
Equatorial Atlantic Ocean,showingthe sampledstations.

https://cbi.org/10.1371djurnal.por.0290667.¢01L

dispersionof the ARP,resultingin ahighly dynamicsystemwith high spatialandtemporal
variability[41+44].Threegenerabpatternsoccurin the spreadof the ARPthroughouttheyear.
From Januaryto April, the ARPflowscontinuouslynorthwestalongthe Braziliancoastcarried
mainly by NE winds.From April to July,the ARPreacheshe Caribbearregiondueto the
higherdischargeNBC transportand SEwinds. Finally,from Augustto Decemberwhenwind
fieldsareweakertheretroflection(i.e.achangen theflow direction) of the NBC,around5
and 10ENgisperseshe ARPto the eastfeedingthe North EquatorialCounterCurrent
[NECC;43,45] During this periodthe plumethat canexceed.(’ km?, reachingongitudesto
the eastasfar as25EW46].

Sampling

Datawereobtainedduring the oceanographicruise [ll, aboardtheresearch
vesseNHo. Cruzeirodo SulbH38 (DHN/Brazilian Navy).It wasperformedin 9+31O0ctober
2012 the periodwhenmostof the ARPis retroflexedandtransportedeastwardy the NECC
[43,45].Zooplanktonwassampledat 44 stationsin obliquehauls,usingBongonetswith 120
and300 m meshand0.3and0.6m mouth diameter respectivelyTowswereperformedat
approximately2 knotsfrom nearbottom to surfaceon the continentalshelf,andfrom 200m
to thesurfacean the openoceanNetswerefitted with aflowmeter(Hydro-Bios)to estimate
thefiltered volume.Samplesverefixed with 4%formaldehydéebufferedwith sodiumtetrabo-
rate(0.5gL™Y). Currentspeedanddirectionswererecordedalongall thetrack of the shipby a
TeledyneRD OceanSurveyorADCP.Datafrom thefirst 100m of thewatercolumnwereinte-
gratedeach30km alongthetrack. Salinity,temperaturg EC) density( ,), dissolvecbxygen
(mgL™") andfluorescenceerticalprofileswereobtainedat stationswherezooplanktorwas
sampledwith a SeabirdSBE25 SealoggeCTD profiler [47].
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In laboratory wholezooplanktonsamplesvereanalyzedinder stereomicroscopand spec-
imenswereidentified [mainly following 48,49]and counted.A generataxonomicoverviewof
planktoniccnidariansof the areawaspreviouslyreported[50]. Abundancesverestandardized
in numberof individualsper 100m™ for medusaendnumberof coloniesper 100m for
siphonophorestor calycophoranghe numberof anterior nectophoresvasusedfor estimat-
ing the polygastricstageabundanceand eudoxidbractsfor the eudoxidstageabundancde.g.
30,51]For physonectandthe calycophoran , numberof colonieswere
roughlyestimatedoy dividing the numberof nectophoresy 10[52]. Wetweightfrom 120 m
meshsamplegincluding cnidarians)measuredy gravimetryafterremovingthe excessvater
with blotted paper[53] wereusedasanindirect estimatorof zooplanktonbiomasgmostly
copepodsgladoceransandothercrustaceans).

Data analysis

The ARPwasdelimitedby theisohalineof 35anddensity<22 ( ). Tropical SurfacaVater
(TSW)and SouthAtlantic CentralWater (SACW)massesveredelimitedby the isobarof 24.5
( 1) [43,54,55]Cyclonicandanticycloniceddiesvererespectivelydentified by negativeand
positivesedevelsanomaliesn daily L4 satellitedata,measuredy multi-satellitealtimetry
observation®verGlobalOceanproducedby SSALTO/DUACSnddistributedby European
Union CopernicusMarine Servicdnformation. Dominant currentin eachstationwasdeter-
mined by the overalldirection observedn the ADCP dataand classifiedasNBC, retroflection
area(RETRO)andNECC.

Theabundancespeciesichnessandstructureof the planktoniccnidarianassemblageas
statisticallysimilarin sampledgrom netswith 120and300 m meshe$56]. Thus,wemerged
thedatafrom both meshedor statisticabnalysisStationl, the wasthe only spotsampled
insidetheriver estuaryandwasexcludedrom the dataanalysisFor statisticatestsabundance
datawastransformedby log (x+1). Analyse®of Variance(ANOVA) wereperformedto testfor
differencesn abundancef the mostabundantplanktoniccnidarianspeciesaccordingto the
province(neritic and oceanicandinfluenceof the ARP.Tukeypost-hoctestwasusedto iden-
tify the domainsthat differedwhenANOVA wassignificant.Spatialpatternsin planktonic
cnidarianassemblagabundancevereidentified by ahierarchicaklusteranalysigBray-Curtis
similarity matrix). A Similarity PercentagéSIMPER)analysisvasperformedin orderto iden-
tify keyspeciesindtheir contribution to similarity within the groupsdefinedin the cluster
analysis.

To identify associationbetweerrepresentativplanktoniccnidariantaxa(specie®ccur-
ring in morethan 21 stationsand speciesvith high abundanceén fewstations)andthe physi-
calenvironment,aconstrainedrdination analysisvasperformed.DetrendedCanonical
Correspondencénalysis(DCCA) revealedasmalllengthof environmentalgradienty<3),
indicatingthatalinearmethodwasappropriate andthusRedundancyAnalysis(RDA) was
selected57]. Mesoscalghysicalprocessewereincludedasdummy categoricaéxplanatory
variablegneritic and oceanichabitats presencef ARP,predominantcurrent, presencef
cyclonicandanticycloniceddies)Zooplanktonbiomasdrom netswith 120 m (consideredhs
food availabilityfor planktoniccnidarians) maximumvalueof fluorescencéasa proxy of bio-
logicalproductivity), maximumvalueof dissolvedxygenandsurfacgemperatureandsalinity
wereincludedascontinuousexplanatorywariablesMonte Carlotestwasusedto testthe sig-
nificanceof thefirst andall canonicalaxegogethef57].

Environmentalandbiologicaldistribution mapswereproducedin Qgis3.2.1 Clusterand
SIMPERanalysisvereperformedin Primerv.6+ PERMANOVA.DCCA andRDA wereper-
formedin CANOCOA4.5.
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Results
Environmental background

Thesouthernpart of the studiedarea(reaching3EN)wasdominatedby the North Brazilian
Current (NBC), flowing westand coastwardsAround 5EN(station10),the NBC wasretro-
flexednorthwards wherefastercurrentsoccurred.In the north of the studyareafrom 7.5EN,
46EW(station15)to 4EN 38EWstation28) the North EquatorialCounterCurrent (NECC),
flowing eastpredominatedFig 2a).One cycloniceddy,causingsurfacedivergencepccurred
nearthe mouth of the AmazonRiverandstations4,5 and 6 weresampledunderits influence.
Stations8,13,14,17,18weresampledindertheinfluenceof threeanticycloniceddiesand
surfaceconvergencérig 2b). Although anothercycloniceddyoccurredin the westsideof the
studyareajt wasalreadydissipatedn the daythosestationsweresampled.

Overthe continentalshelf,surfacavatersof stations8 and 9 wereinfluencedby the ARP
resultingin salinitieshelow35in thefirst 8 m of the watercolumn (Figs2cand3a).In the oce-
anicprovince,stationsl5to 24wereinfluencedby the ARP,wherethe 35isohalineranged
from 14m depthatstation21to 59m depthat station19.Outsidethe ARP,surfacesalinity
wasaround36in all stations(Fig 2c¢).

Coastaburfacevaterswereslightlywarmerthan adjacenbceanicareasreaching28.5EC.
In oceaniovaters surfacaemperatureoscillatedmainly with latitudewith highertempera-
turesin north of the studyareareaching29.8EFig 2d). Colderwaters(<18EC)occurred
commonlyaround120m depth,belowa strongthermocline howevelintrusionsin the upper
layerswereobservedt stations21to 24 wereit reachedip to 60m depth.Distinctly, closeto
the continentalslopewarm surfacewvatertransposealownto 150m depth(Fig 3b). These
upwellingand downwellingfeaturegeflectthe complexcirculation systerrin the area.Follow-
ing thetemperatureandsalinity gradientsthreewatermassesvereobservedn thefirst 200
m, ARPwaters( < 22),TropicalSurfacaVaters(TSW)( 1 betweer22and24.5)and South
Atlantic CentralWaters(SACW)( > 24.5;Figs2eand3c).

Fluorescencwashigherin the surfacdayerof neritic stationsinfluencedby the ARP,reach-
ing 2.7(Fig 2g).A smallincrementin fluorescencavasalsoobservedearthe bottom at station
5,whichwasundertheinfluenceof acold corecycloniceddy.In the openoceanadeepfluo-
rescencenaximumlayerwasobservedn the boundarybetweenT SWand SACW(Fig 3d).
High zooplanktonbiomassoccurredin the neritic areaunderinfluenceof the ARPandin the
regionof the cold corecycloniceddy,no clearspatialpatternswereobservedn other stations
(Fig 2h). Dissolvedbxygenwassteadyin the surfacdayeroverthe entire studyarealn deeper
waterspothin neritic andoceanizonesundertheinfluenceof the ARP,an oxygenminimum
layer(<3 mg.") wasobservedetweerb0and200m depth(Figs2fand 3e).

Speciezomposition
A total of 91taxaof planktoniccnidarianswerecollected Tablel), correspondingo 2 scypho-
medusae41hydromedusaand48siphonophoreskurthermore manyunidentifiedcerinula,
ephyraeandathorybialarvalformswerecollected. wasthe mostfrequent
medusabeingpresentn 88.5%of the samplesll overthe studyareafollowedby
(78.2%)ynd (41.4%) Amongsiphonophoresthe mostfre-

guentwere (88.5%), (80.5%),
(78.2%), na (75.9%), (74.7%)and (75.6%;
Tablel).

alsodominatedin abundancerepresentingt6%of allmedusaeOther
representativenedusaevere (28.8%)and . (15.6%)Among
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Fig2. (a) Surfacecurrentsvectorsandindicatars of the predominantcurrentin the area(NBC = North Brazilian
Current;RETRO= North BrazilianCurrentretroflecion; NECC= North Equatoral CounterCurrent).(b) Sedevel
anomalesandindicatorsof cyclonicandanticyclont eddies(c) Seasurfacesalinityandestimatedpositionof 35
isohalinedelimitating the AmazonRiverplume(ARP)andtropical surfacevater(TSW).(d) Seasurfaceaemperature
(e) Surfacadensity(f) Surfacelissolvedxygen(g) Surfacdluorescenceh) Totalzooplanktonbiomasdoundin the
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first 200m of thewatercolumn (meanof sampleollectedwvith 120and300 m meshnets).All collectecdataare
from October2012.

https://abi.org/10.1371djurnal.por.0290667.902

siphonophores, wasthe mostabundant(19.1%)followedby .
(18.2%),. (12.5%),. (10.8%)nd ! (10.6%).

Spatialdistribution patterns

Totalmedusaabundancevashigherand morevariableoverthe continentalshelf ranging
from 1.4to 1710ind. 100m™ (891.7 1161.3n average)in this province while medusaspecies
richnesswashigherin the stationsinfluencedby the ARP,high abundancesccurredin sta-
tionsboth insideandoutsideof the ARP.In oceaniovatershighestmedusaabundance
occurredat stationdocatedin the areainfluencedby the ARPandspeciesichnessvassimilar
bothinsideandoutsidetheinfluenceof ARP(Fig 4).

Thehydromedusa. waswidespreaall overthe sampledcareaHowever the
specieslominatedwith significanthigherabundance¢rig 5; Table2) the neritic stationsout-
sidethe ARP.Its presencavasalsoconstantalthoughlessabundant,n theretroflectionarea
andin theNECC.Lowercatche®ccurredin mostoceanicstationsundertheinfluenceof the
NBC. . , and occurredin largeabundances
andalmostexclusivelyn neritic stationsunderinfluenceof the ARP.
occurredin highabundancendexclusivehat stationl,insidetheestuary.. was
thedominantmedusahroughmostof the oceanichabitat. . wasalsorepresenta-
tivein theopenoceanusuallyin lowerdensities. sp.land
occurredscatteredn low abundancesll overthe area(Fig 5).

Siphonophorespeciesichnessand overallabundanceveremore constantandtypically
highin oceanicstationswhereit averaged 9.1 3.8speciesnd193.8 107.7nd. 100m™,
respectivelyDifferently, overthe continentalshelf siphonophorespeciesichnessvasconsid-
erablylower,typically<5 (3.6 3.4in average)andtheywereabsenttstations2 and4. Abun-
dancesn neritic stationsalsotendedto belower,but veryhigh abundancdup to 3381.3nd.
100m™) occurredat station9 (Fig 4).

and . ! occurredin highabundancendalmostexclusively
in neritic stationsundertheinfluenceof the ARP.Althoughwidespreac&ndabundantall over
thearea,. abundancevassignificantlyhigherin the oceanicstationsundertheinflu-

enceof the ARP(Fig 6; Table2). Alsowidespreadbut with lowerdensities,
weremoreabundantin stationsundertheinfluenceof the ARPor nearits bound-
ariesbothin the neritic (significantfor both speciesand oceanichabitats(significantfor .

, Fig6;Table2).All otherabundantsiphonophore®ccurredexclusivelyat oceanicsta-
tionsandthe neritic station45,locatednearthe shelfbreak(Fig 6). No clearspatialpatterns
wereobservedn the proportion of eudoxidand polygastricstage®f calycophoran
siphonophores.

Assemblagestructure

The clusteranalysiglepictedthreemain groupswith low resemblancéo eachother (Fig 7).

GroupA, with 39.7%similarity, includedthe neritic stationswithout influenceof the ARP,

with the exceptiorof the station45. The groupwasrepresentednainly by . in

high abundance€Table3). Thetwo neritic stationsunderinfluenceof the ARPbelongedo

Group B.With anaverageaimilarity of 69.5%this groupwasmainly represented. ,
, ! and . (Table3).
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Fig 3. Verticalprofilesandcontoursof (a) Salinity tracedline is the position of 35isohalinedelimitatingthe AmazonRiver
plume.(b) Temperature(c) Density.(d) Fluorescencée) DissolvedxygenUpperbarsindicatethe main mesoscalprocesses
obseredin theareaAll collecteddataarefrom October2012.

https:/Hoi.org/10.13¥/journal.pon€290667.g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0290667 August 25, 2023 8/25



PLOS ONE

Amazon River plume habitats shape planktonic cnidarian assemblages in the Western Atlantic

Tablel. Basicstatisticsof planktonic cnidarian speciesrom neritic and oceanicprovincesin the WesternEquatorial Atlantic Oceanoff North Brazil. Meanabun-
dance(ind. 100m3) per stationandstandarddeviation rangeof abundancandfrequengy of occurrence(f; consideriry both provincesn = 87 samples)Speciesre
sortedby frequeng of occurrene. In all caseshoth meshesverepooled.

Species Neritic Oceanic f
Mean SD Rangeof non-zero Mean SD Rangeof non-zero
abundanes abundanes
Siphonophaes

(Eschschitz, 1825) 19.7 61.4 0.6+263.3 50.6 81.4 2.8+471.4 88.5
(Quoy & Gaimard 1833) 3.1 8.33 1.6+30.5 19.7 14.3 1.8+73.09 80.5
(Eschscholtz1829) 8.6 334 22.9+148.8 37.7 35.6 3+161.9 78.1
(Otto, 1823) 2.1 5.98 0.8+22.9 8.6 8.3 0.9+40.5 75.9
(DelleChiaje,1844) 3.3 6.85 0.9+28.7 25 29 0.1+13.5 74.7
(Huxley,1859) 1 294 0.8£11.4 34.1 40.1 0.3+214.6 73.6

" (Huxley,1859) 1.9 7.67 2.9+34.3 7 123 0.3+92.7 69

(Lens& vanRiemsdijk,1908) 7.4 28.35 22.9+125.9 7.6 8.3 0.2+33.4 69
(Bigelow,1911) 1.7 7.68 34.3+34.3 13.3 21.3 0.7+123.1 60.9
Chambso& Eysenhardt1821 72.1 187.61 0.7+768.7 1.7 29 0.3+15.2 57.5

! Eschschltz, 1825 04 171 7.6+7.6 11 14 0.1+6.8 54
(Gegenbar, 1854) - - 09 15 0.1+7 37.9
! (Huxley,1859) - - 15 0.1+5.9 36.8
(Moser,1917) 04 1.6 1.56+7.2 1.7 0.3+7.6 34.5
(Sars]1846) - - 0.6 1.2 0.3+6.7 29.9
(Sars1846) - - 0.8 1.4 0.4+5.4 29.9
(Haeckel 1888) - - 0.5 0.9 0.3+3.9 27.6
(Leloup,1934) - - 1 23 0.3+14.9 25.3
(Claus,1879) 0.7 2.37 3.6£10.2 05 1.2 0.5+7.4 25.3
(Forssk 1,1776) - - 0.3 0.7 0.1+2.8 18.4
sp. - - 0.3 0.8 0.4+3.5 14.9
(Vogt, 1852) - - 0.2 05 0.4+1.9 14.9

(Chun, 1886) - - 0.2 0.7 0.1+3.4 115

spp. - - 0.2 0.8 0.6+4.6 8

! (Will, 1844) 95.7 282.9 70.04+118.4 0.2 1.3 1.9+9.1 8
(Forssk |, 1775) 0.1 04 1.6+1.6 0.1 0.7 0.4+4.7 6.9

# Bigelow,1911 - - 0.1 05 0.6+2.5 6.9
(Chun, 1888) - - 0.1 0.5 0.5+2.4 6.9

Quoy& Gaimard,1827 207.1 589.1 152.8+222.1 0.1 0.2 1.4+1.4 5.7

sp. - - 0.1 05 0.1+4.2 4.6

| Totton, 1941 - - 0.1 0.1 0.4+0.6 4.6

$% (Bigelow,1911) - - 0.1 0.3 0.3+1.6 4.6
sp. - - 0.1 0.2 0.1+1.1 3.4
Quoy& Gaimard,1827 - - 0.1 0.3 0.8+1.6 3.4

! % Kélliker, 1853 - - 0.1 0.3 1.2+15 3.4
(Keferstein& Ehlers,1860) - - 0.1 0.2 0.5+1.5 3.4

Totton, 1941 - - 0.1 0.9 0.7+6.5 3.4

[ Huxley,1859 - - 0.1 0.3 0.9+1.9 3.4

! (Milne Edwards1841) - - 0.1 0.3 0.5+2.1 2.3
(Lens& vanRiemsdik, 1908) - - 0.1 0.1 0.3+0.3 2.3

$  (Haeckel1888) - - 0.1 0.28 2.3+2.3 1.1
(Chun,1897) - - 0.1 0.76 6.24+6.2 1.1

Totton, 1941 - - 01 1 8.2+8.2 1.1
( )
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Tablel. (Continued)

Species Neritic Oceanic f
Mean SD Rangeof non-zero Mean SD Rangeof non-zero
abundanes abundanes
Totton, 1954 - - 0.1 0.2 1.9+1.9 1.1
Forssk 1,1775 - - 0.1 0.3 2.5+2.4 1.1
# sp. - - 0.1 0.1 1.2+1.2 1.1
& ' deBlainville,1830 - - 0.1 0.1 0.1+0.1 1.1
Hydromedusae
(Chamissa Eysenlardt, 1821) 322.1 582.2 2.8+2199.6 9.2 146 0.3499.3 88.5
P&on & Lesueur1810 10.3 31.3 11.6+125.9 33 37.6 0.1+192.7 78.2
Gegenhur,1857 - - 25 4 0.2+16.7 41.4
# ' Gegenbaur]857 0.6 2.6 11.5+11.4 11 19 0.1+7.9 35.6
(Quoy& Gaimard 1833) 0.6 1.7 1.6+7.2 1.1 2 0.5+9.3 34.5
sp.1 04 1.7 7.6+£7.6 05 1 0.3+5.5 29.9
$$ (Hartlaub,1914) 04 1.7 7.6x7.6 04 15 0.6+10.6 12.6
spp. 05 1.2 3.5£3.5 0.1 04 0.5+1.9 11.5
McCrady; 1859 5.6 17.2 4.8+75.4 0.1 0.7 0.5+4.5 9.2
Kramp,1959 25 7.7 2.4+34.3 0.1 0.5 1+3 8
McCrady,1859 222.7 646.7 3.6+2701.3 0.2 15 12+12.0 6.9
Hartlaub, 1894 0.6 2.4 1.5+£10.5 0.1 04 0.9+2.27 5.7
Kramp, 1959 - - 0.1 0.2 0.4+1.07 4.6
& spp. - - 0.1 0.2 0.9+1.2 3.4
$ $ Kramp,1948 - - 0.1 0.1 1+2.7 3.4
TosettoNeumanndeit o & NogueiraJunior, | 9.6 39.3 4.8+176 - - 3.4
2020
Anthomedusisp.1 - - 0.1 0.6 1.7+4.7 2.3
Anthomedus sp.3 - - 0.1 0.7 1.945.1 2.3
spp. 0.1 0.14 0.6+0.6 0.1 0.2 1.9+1.9 2.3
TosettoNeumannLeit o & NogueiraJunior, 13.4 455 76.4+192.6 - - 2.3
2020
Levenellidasp. - - 0.1 0.2 0.5+1.7 2.3
(Mayer,1900) 0.2 0.8 0.8+3.6 - - 2.3
Bougainvilidae sp 29 10.0 14.9+43.1 - - 2.3
( sp. 3.1 138 0.6+61.8 - - 2.3
Haeckel1879 - - 0.1 0.1 0.4+0.6 2.3
& $ | PhAon& Lesueur1810 - - 0.1 0.2 1.9+1.9 11
L. Agassiz1862 0.1 0.2 0.8+£0.8 - - 1.1
Anthomedusisp.2 - - 0.1 0.2 1.9+1.9 1.1
Anthomedusisp.4 - - 0.1 0.3 2.242.2 1.1
(Allman, 1863) - - 0.1 0.1 0.5+0.5 1.1
Campanteriidaesp. - - 0.1 0.3 2.5+25 1.1
Corynidaesp. - - 0.1 0.1 0.5+0.5 1.1
sp.2 - - 0.1 0.1 0.9+0.9 1.1
(Mayer,1900) 0.2 0.8 3.5£3.5 - - 1.1
Hydromedisaesp. - - 0.1 0.1 0.6+0.6 1.1
(Forbes& Goodsir,1853) 1.1 51 22.9422.9 - - 1.1
Haeckel 1879 0.1 04 1.6+1.6 - - 1.1
( % Kramp,1955 0.2 0.7 3.2£3.2 - - 1.1
( ! (Vannucé & SoaredMoreira, 1966) 0.2 0.8 3.5+3.5 - - 1.1
)
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Tablel. (Continued)

Species
( sp.
Haeckel 1879
Scyphomelusae
Kélliker, 1853
Jarms1990
Other

Cerinulalarvae
Ephyradarvae
Athorybialarvae

https://da.org/10.137 1§urnal.pon®290667.t001

Neritic Oceanic f
Mean SD Rangeof non-zero Mean SD Rangeof non-zero
abundanes abundanes

0.1 04 1.59+1.6 - 1.1
0.1 0.3 2.8+2.8 1.1

0.6 2.3 1.49+10.3 0.3 0.7 0.3+3.3 20.7
0.1 0.2 1.7+1.7 1.1

8.9 19.7 1.49+82.6 0.4 0.9 0.2+4.6 29.9

05 15 1.43+6.1 0.1 0.3 0.4+1.8 8
0.1 0.6 0.3+4.9 2

Group C, thatoccurredmainlyin oceanicstations encompassethreesubgroupsandtwo
outliers.StationsA5and 10werelocatednearthe shelforeakand consideredutliers.Sub-
groupClclusteredstations34to 38,locatedin the southeasterportion of the studyarea(Fig
7). 1t wasmainly representedby . , and . anddiffered
from otheroceaniaggroupsby thelow occurrencesf . and . (Fig6; Table2).
Thesimilarity within the groupwas69.2% SubgroupC2includedtheremainingoceanicsta-
tions outsidethe influenceof the ARP.With anaverageimilarity of 69.5%,. ,

and . werethe main representativef this subgroup(Fig 7; Table3). Except
for station17and22placedn subgroupC2,all oceanicstationsundertheinfluenceof the
ARPandstations25and26locatednearits limit wereincludedin subgroupC3(Fig7;
Table3),with 69.3%of similarity. This subgroupwasmainly representedby high abundances
of . , and .

Responseto mesoscal@rocessesnd environmental gradients

Thefirst two axesf the RDA explainedb4.9%of planktoniccnidarianspecievariance
(Table4). TheMonte Carlotestshowedhatthefirst (F-ratio= 18.3,P-value= 0.002)andall
canonicalxegogether(F-ratio = 6.3,P-value= 0.002)weresignificant.Axis 1 (37.8%of vari-
ance)wasmainly relatedto the oceanic/neritiqgradient.Zooplanktonbiomassand cold-core
cycloniceddiesverepositivelyrelatedto this axis.The secondaxis(17%of variance)wasnega-
tively relatedto surfacesalinityand cycloniceddiesand positivelyrelatedto the ARP fluores-
cenceandzooplanktonbiomassAxes3 and4 explainedogetherdesshan 10%of species
varianceandwerenot consideredFig 8; Table4).

Most oceanicspeciesverecloselyrelatedto the left portion of the first axiswith fewrelation
with axis2, whichrepresentedhe ARPandsurfacesalinitygradient reflectingtheir wide dis-
tribution overthe oceanigorovinceandlow effectof the ARPon their distribution. Otheroce-
anicspeciessuchas . , and#." correlatedwith both the negative
portion of axis1 andthe positiveportion of axis2, indicatingtheir higherabundanceén the
oceanieenvironmentunderinfluenceof the ARP (Fig 8).

and . werecloserelatedwith the positivepor-
tion of axistwo, |nd|cat|ngthe|r preferencdor the low salinityenvironmentof the ARPiIn
both oceanicandneritic habitats. , . and. )
correlatedwith the positiveportionsof axesl and 2, reﬂectmgthelr highabundancem
neritic stationsunderthe ARPinfluence wherethe higherprimary productionandfood avail-
ability occurred. waspositivelyrelatedto thefirst axis,asaresultof its large
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Fig 4. Geographt distribution of speciesichnessandtotal abundanceof hydromedusaeand siphonophoresfound in the top 200m of the water
column (meanof samplescollectedwith 120and 300 m meshnets)in October2012.

https://doi.org/10.371/journal pne.029066 g004

abundanceverthe continentalshelfboth insideand outsidethe ARPandin the cold-core
cycloniceddy(Fig 8).

Discussion

Our resultsshowthatthe AmazonRiverPlumedrivesphysicaland ecologicaprocessethat
affectthedistribution andabundancef planktoniccnidariansboth overthe continentalshelf
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Fig 5. Geographt distribution and abundanceof the dominant hydromedusaefound in the top 200m of the water column (meanof samples
collectedwith 120and 300 m meshnets)in October2012.Speciearesortedaccordingto total abundance

https://dbi.org/10.137/journal.pon®290667.9005

andin the openoceanin the WesternEquatorialAtlantic Ocean Although our studywas
focusedn cnidarians analogouffectsareexpectedo the wholeplanktoniccommunity [e.g.
28]. Overthe continentalshelf weobserved stronginfluenceof the ARPin thewestof the
studydomain.Thisisthe zonewherethe NBCis retroflectedto the north, spreadinghe ARP
overthe entirelengthof the shelf[58]. In addition to the freshwateinput loweringsalinity,
the ARPdischarges massiveamountof nutrients,organicmatterand sedimentg§24], boost-
ing the primary production. Consequentlyhighertrophic levelsjncluding planktoniccnidari-
ansbenefitfrom the higherfood availabilityderivedfrom bottom-up processes.
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Table2. Resultsof the analysk of variancetesting differencesin the abundanceof representdive planktonic cnidarian speciesamongneritic and oceanicprovinces
inside (ARP) and outside (Out ARP) the influence of the Amazon River Plume and Tukey post-hoctest. Signifi@antp-valueg< 0.05)arein bold. DifferentLetters

indicatesignificantpair-wisedifferenceamongareasn the Tukeytest.Speciearesortedaccordingto total abundance.

Species F p Neritic Oceanic

Out ARP ARP Out ARP ARP

7.92 0.000 a b c c

311.87 0.000 a b a a

318.16 0.000 a b a a

15.35 0.000 a a b c

19.26 0.000 a a b b

13.89 0.000 a a b b

19.07 0.000 a a b c

! 110.53 0.000 a b a a

12.21 0.000 a b a a

17.41 0.000 a a b b

9.94 0.000 a a b c

3.81 0.017 a a b b

10.93 0.000 a a b b

5.23 0.004 a a b b

7.68 0.000 a b c d

https://da.org/10.137 1§urnal.pon®290667.t002

Overthe continentalshelf the ARPwasrestrictedto the surfacdayer.Belowlied anoxygen
minimum layer likely in consequencef the high ratesof organicmatterthat sink andfuel
microbial respiration[59]. Thesdeaturescompressethe bulk of productivity in the ARP,
both verticallyand horizontally(Fig 9). Althoughwith the obliquetrawlsperformedin our
study,wecouldnot infer the exactverticalposition of the hugeamountof cnidariansobserved
in the areaof influenceof the ARPandits relationwith the oxygenminimum layer,such
three-dimensionahabitatconfigurationseemsparticularlybeneficiafor cnidarians While
cnidariansusuallyarenot restrictedby oxygenconcentrationduetheir low metabolicdemand,
low oxygenlevelscompresshe suitablehabitatfor fish and other predatorswith highermeta-
bolic demandto thethin surfacdayer[32,60£62]In addition,in thisthin productivelayerthe
waterhaslow visibility dueto the sedimentrunoff andsuspendegarticulatematter.Cnidari-
ans,which arenot visualfeedersganoutcompetevisualpredatorsand,duetheir fastrepro-
duction, proliferatein largepopulationblooms[63+65].Thus,in the habitatshapedy the
ARP,weobservedhe highestabundancef planktoniccnidariansand high speciesichness
for both hydromedusa@andsiphonophoresSuchhugeabundancesarein generahigherthan
the observedverthe continentalshelfin othertropical systemslongthe WesternAtlantic
[21,66]andthe maximaobservedn high productivescenariossuchasupwellingandriver
runoff, in otherwesterrboundarysystem$20,67].

In relationto the biodiversityin this systemamongseveraspecieshat wereabundantover
the continentalshelfunderinfluenceof the ARP,the hydromedusae , .
and . , andthesiphonophores. and . ! occurredalmostexclu-
sivelywithin this habitat. . wasrecentlydescribedrom the studyarea[68], perhaps
beinganendemicrepresentativef the ARPfauna. . ! and . aretypical
coastalvaterspeciedn the WesternAtlantic [5,21,39,69}thereforeits absencén the remain-
ing habitatsof the studyareaareexpectedDistinctly, . and . havebeen
reportedwith contrastingnichesin differentworks.In someof them,similarto our results,
theywerereportedascoastalvaterspecie$33,35,70,71and othersashigh salineoceanicspe-
cies[30,72].Suchdifferencesanrepresenintraspecificvariability or evencryptic species.
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Fig 6. Geographt distribution and abundanceof the dominant siphonophoresfound in the top 200m of the water column (meanof 120
and 300 m meshes)n October2012. Excepfor . Speciearesortedaccordingto total abundance.

https://doi.0g/10.137 1Hurnal.pon®290667.g006
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Fig 7. Clusteranalysisdendogramindicating five groupsof stationswith similar planktonic cnidarian
communitiesin the WesternEquatorial Atlantic Ocean.

https://cbi.org/10.1371djurnal.por.0290667.907
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Table3. Resultsof Similarity Percentag analysis(SIMPER),showingthe relative contribution of planktonic cni-
darian speciesn the formation of the groupsdefinedin the Clusteranalysis.

Species A B C1 Cc2 C3
- - 5.2 4.2 4.4
- - 11.9 6.9 4.6
! - - - 2.1 2
- - 11.2 9.9 10.7
- - 17.1 10.1 7.9
: - - - - 2.1
- - 18.8 13.4 8.2
- 6.8 - - -
- - 10.8 9.9 13.1
8.1 115 - - -
- 16.3 - - -
- - - 10.8 11.2
- - 11.3 7.7 -
Cerinulalarvae - 10.1 - - -
- - - - 2.7
84.1 5.7 5 5.2 5.1
! - 14.6 - - -
- 6.7 - 2.4 3.2
- 21.3 - - -
# - - - - 21
- - - 1.8 1.9
- - - - 1.6
- - - - 2.6
- - - 6.2 4.9
- - - - 2.3

https://abi.org/10.1371djurnal.por.0290667.t0B

In the portion of the continentalshelfoutsidetheinfluenceof the ARP,asatypicalwestern

boundarysystemwherestrongcoastwarcturrentscarryoligotrophicoceaniovatersoverthe
shelf weobservedigh salinity oligotrophicwatersall alongits extensionlnder suchcondi-
tions, characteristicallpceanicspeciesvereexpectedo bepresentanddominantoverthe
continentalshelf[20,21].Instead the holoplanktonichydromedusa. dominated
almostaloneandwith quite high abundancewhile only occasionatatche®f otherspecies
wereobserved.. isabundantandwidelydistributedin neritic habitatsof the West-
ern Atlantic [5,21,39,66,73However,unlike our resultsmoststudiesreportedthe specie€o-
occurringwith otherdominantspeciesn both purelycoastahssemblagesd/or coastahnd
openoceammixedassemblage$he continentalshelfoutsidethe Amazonbasinis generally
widerandmore complexwith severakddiesjnternalwavesandhigh tide amplitude thanthe
remaining TropicalWesternAtlantic [19,58,74]Suchcharacteristicarelikely behindthe pro-
cessedifferencingthe cnidarianassemblageetweerthe Amazonianshelfoutsidetheinflu-
enceof the ARPandotheranalogousystems.

In the openoceanweobservedheinfluenceof the ARPalongthe NECC,whichis derived
from the NBCretroflexionand seasonallgpreadshe ARPto the CentralAtlantic [43]. Dis-
tinctly from the continentalshelf,in this systemwedid not observecontrastingdifferencesn
surfacefluorescencehencomparingto the remainingopenoceanHowever similar to the
continentalshelf weindeedobservedin oxygenminimum layerbelowthe ARPwaters
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Table4. Summaryof the Redundarcy Analysis(RDA) performed betweenthe cnidarian assemblagand environ-
mental explanatay variablesfrom the WesternEquatorial Atlantic Ocean.

Axis 1 Axis 2
Eigenvales 0.378 0.17
Species-enmonment correlatons 0.912 0.95
Cumulative variance(%):
Of specieslata 37.8 54.9
Of species-evironmentrelationslips 54.1 78.5
Correlations of explanabry variables:
Neritic province 0.8967 -0.1822
Oceanigorovince -0.8967 0.1822
AmazonRiverPlume -0.005 0.6031
North BrazilCurrert 0.4703 -0.3454
North Equatorida CounterCurrent -0.4377 0.3145
Anticyclonic eddy 0.0142 0.283
Cycloniceddy 0.529 -0.476
Seasurfaceemperatue -0.0872 0.2824
Seasurfacesalinity -0.1898 -0.8106
DissolvedOxygen -0.4794 0.4573
Fluoresence 0.2873 0.7395
Zooplankon Biomass 0.5882 0.3632

https://abi.org/10.1371djurnal.por.0290667.t00

(50~100m depth).In accordancethe differencesn the oceaniacnidarianassemblagaside
andoutsidetheinfluenceof the ARPwerelesgpreeminentthanthe observedverthe conti-
nentalshelf,but still notable. The samespeciesveredominantandasimilar numberof species
wasobservedn the openoceaninsideandoutsidethe influenceof the ARP.Most of thesespe-
ciesareholoplanktonic,andwithout abenthicpolypoid stageshat couldrequiresubstrateor
settlementn their life cycle[75,76],theyareableto dispersdreely. Thustheyaretypically
presentin tropical oceaniovatersfrom the WesternAtlantic [21,77].Apparently the low
salinityobservednsidethe oceanicARP,did not restrictedthedistribution of thesedominant
specieshere.However sinceour obliquezooplanktonsamplesvereperformedfrom 200
metersdepthto surfaceandthelow salinity ARPwatersdid not exceedbOmetersdepth,spe-
ciesintolerantto lowersalinity could bedistributedbelowthe ARP.A studyconsideringstrati-
fied sampless necessarto clarify thisissueproperly.ln anycasesomeof thesespeciesnay
beoccasionallyoundin low salinitiesinsideestuariesn the WesternAtlantic [78+80].
Despitethe absencef exclusivalominantspeciegjifferencesn speciesbundancevere
perceptiblebetweerthe habitatsinsideand outsidethe ARPin the openoceanAlthoughwe
did observedtrongdifferencesn fluorescenceetweerboth habitatswhichis anindicator of
primary productivity, higherbiomassf cyanobacterigprimary producers)81] andtotal zoo-
plankton (food for cnidarians)wereobservedilongthe oceaniaegionunderinfluenceof the
ARP.Suchdifferencesalongthe food web,the habitatcompressiortausedy the oxygenmini-
mum zonebellowthe ARPandthe reducedsalinity (Fig 9) arelikely responsibldor the differ-
enceswweobservedn the planktoniccnidarianassemblagabundancén the openocean.

Conclusions

Thiswasthefirst detailedsurveyon the cnidarianassemblagstructurefrom amajor river
plumereachingmesoscaldimensionsdn neritic and oceanigrovinces Our resultsshowed
thatthe freshwaternutrientsand sedimentrunoff of the AmazonRivershape$abitatswith a
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Fig 8. Redundancyanalysisrelating dominant planktonic cnidarian speciego environmental gradients and mesoscal@rocesse the Western
Equataial Atlantic Ocean.. * , . * .. * , . * .. *
*

. . * . * . * " . *
. A 1, T , L 1
* #.‘ * # ' . * . * . + * Spl . *

, . oo , . , oo I, ARP=Presencef Amazon
RiverPlume , NBC = North BrazilianCurrent, NECC= North EquatorialCounterarrrent, Eddy+ = Anticydonic eddy,Eddyb = Cycloniceddy,SST= Sea

surfacegemperatureSS$: Seasurfacesalinity, DO = DissolvedbxygenFlu = Fluorescene,Zoo= Zooplankbn Biomass.

https://abi.org/10.137/Aournal.pon®290667.g008
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Fig 9. Schematiaepresatation of the AmazonRiver Plume (ARP) and associted oxygenminimum zone(OMZ) and effectsof habitat structure on
planktonic cnidarian assemblagem the Equatorial WesternAtlantic Ocean.

https://dbi.org/10.137/journal.pon®290667.g009

thin surfacehighly productivesystemcompressedy a deepetoxygenminimum zoneboth
overthe continentalshelfandin the openoceann the WesternEquatorialAtlantic Ocean.
We hypothesizedhat suchhabitatstructureis particularlyadvantageouw planktoniccnidar-
ians,which havelow metabolicratesandareableto survivein hypoxiczonesresultingin high
speciesichnessandabundanceAs expectedthe WesternEquatorialAtlantic Oceanunder
theinfluenceof the ARPrevealedicomplexsystemwith manyphysicalandbiogeochemical
processesccurringsimultaneouslyThis complexitywasreflectedn the structureof cnidarian
assemblage.
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