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Abstract

In the past two decades, repeated discoveries of numerous geometric earthworks in interflu-
vial regions of Amazonia have shed new light onto the territorial extent and the long-term
impact of pre-Columbian populations on contemporary landscapes. In particular, the recent
development of LIDAR imagery has accelerated the discovery of earthworks in densely for-
ested hinterlands throughout the Amazon basin and the Guiana Shield. This study aimed to
evaluate the extent and landscape-scale spatial variations of pre-Columbian disturbances at
three ring ditch sites in the French Guiana hinterland. We carried out extensive soil surveys
along approximately 1 km-long transects spanning from ring ditches through the surrounding
landscapes, and drawn upon multiple indicators, including archaeological artifacts, macro-
and micro-charcoals, soil colorimetry, and physicochemical properties to retrace the pre-
Columbian history of these sites in terms of occupation periods, anthropogenic soil alteration,
and ancient land use. Our results revealed a perennial occupation of these sites over long
periods ranging from the 5th and 15th centuries CE, with local enrichments in chemical indi-
cators (Corg, N, Mg, K, Ca) both within the enclosures of ring ditches and in the surrounding
landscapes. Physicochemical properties variations were accompanied by variations in soil
colorimetry, with darker soils within the enclosure of ring ditches in terra-firme areas. Interest-
ingly however, soil properties did not meet all the characteristics of the so-called Amazonian
Dark Earths, thus advocating a paradigm shift towards a better integration of Amazonian
Brown Earths into the definition of anthropogenic soils in Amazonia. Soil disturbances were
also associated to local enrichments in macro- and micro-charcoals that support in situ fire
management that could be attributed to forest clearance and/or slash-and-burn cultivation.
Taken together, our results support the idea that pre-Columbian societies made extensive
use of their landscapes in the interfluvial regions of the French Guiana hinterlands.

Introduction

Coveringmorethan5,500,00&m? the Amazonrainforestis oneof the largestropical forests
in theworld. Despiteincreasingattentionto its extraordinarybiodiversity the Amazon
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rainforestremainslargelyunexploredand haslong beenconsideredy environmental
researcherasan undisturbed pristineforest.From anotherpoint of view,archaeological
researcthasshednewlight on pre-Columbianoccupationin Amazoniasuggestindigh pop-
ulation densityandlong-termimpacton soiland vegetationThis recentparadigmshift is
accompaniedby hot debate®vertheterritorial extentof pre-Columbiansocietiestheir long-
termimpacton contemporarywild landscapeandunderlyingland-usestrategie$l, 2].

Theterritorial extentof pre-Columbiansocietiesn Amazonia

Geometricearthworksrepresenbnethe mostmeaningfulproxy of the territorial extentof
pre-CE1492societiesn AmazoniaHowever theyareoftenhiddenbelowthe forestcover,
and,until recently theyweremostlydiscoveredy pedestriarsurveysn easilyaccessible
areasThislongfueledtheideathat pre-Columbiansocietiesettledmainly alongmajor rivers
andcoastabread3], whichrepresentiveryrestrictedfraction of the Amazonregion.How-
ever both extensivaleforestatiorandfastdevelopmenbf airboneimagerytechnologiege.g.,
LiDAR) in remote,denselyforestedareaasacceleratethe discoveryof numerousearth-
worksall overtheregion,thusarguingfor areconsideratiorof the pre-Columbianpopulation
densityboth in the Amazonfloodplainsandin interfluvial ( ) forestg4+6].On the
southernrim of the Amazon,geometricearthworksareorganizednto complexand continu-
ousnetworks[4, 7, 8]. PEssinenetal.[9] reviewedhe distribution of earthworksin the Brazil-
ian stateof Acre (westernAmazonia) totalling about200sitesoveraregionmorethan 250km
acrossln 2022 Premersetal. [5] mappedmonumentalsettlementsn a savanna-foreshosaic
in LlanosdesMojos (Bolivia,westernAmazonia) arguingfor aregiondenselyandcontinu-
ouslypopulated Otherauthors,on the contrary,arguedthathumanoccupationwasheteroge-
neousin westernAmazoniaFor exampleMcMichaeletal.[10] surveyed5sitesovera
surfaceof 3,000,008m? in central(Brazil)andwesternAmazonia(from Peruto Bolivia)and
detectednly sparseevidenceof humanimpactsin interfluvial forests Thedistribution of
earthworkss not restrictedto the Amazonbasin(thatis, theregiondrainedby the Amazon
River).In FrenchGuiana(Guianashield,northeastAmazonia)fing ditchesarefound
throughoutthe hinterlandandtheyarelocallynamed®MontagneCouronnées®(abbreviated
aMC?). In the 1990sabout50sitesof ring ditcheswerealreadyidentified[11]. Someof them
havebeenthe subjectof dedicatedarchaeologicadr paleoenvironmentalesearci12+15],
while manyothershavebeendiscoverednorerecentlythrough preventivearchaeologyppera-
tions[16] or mappingoperationsn managedr protectedareas.

Geometricearthworks:Temporality and functions

Radiocarbordatessuggesthat geometricearthworkswerebuilt oververylong periodsof
time, varyingbetweerregionsandsitesfrom thefirst millennium to the declineof pre-Colum-
biansocietiesseeS1Table.Earlierperiodsof ring ditch constructiondatingbackto BCE1600
weredetectedn the Acre,Brazil[17], while occupationprior to ring ditch constructionhas
alsobeensuggesteth someregionssuchasLlanosde Mojos, Bolivia[18]. Geometricearth-
worksareof variousformsandsizesAlthoughtheir exactfunction remainsuncertain,two
kinds of architectural-functiorcategorieseento standout: ceremoniacenterson oneside
andfortified villageson the other[4, 9]. Ceremoniakenterssuchasgeoglyphsoundin the
Acre,arecharacterizedby almostperfectgeometriformsand symmetrycombiningdifferent
shapegcircles,squareshexagonesjiparseeramicdepositsthe presencef votiveartifacts,
andno alterationof soils[17]. On the contrary,ring ditch sitesarecommonlyattributedto for-
tified (i.e.,palisadedyillagesasedn their asymmetricalbirregulaly shapedbenclosures,
high-densityof ceramicsandsoilsenrichedin organicmatterandburning depositgi.e.,
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charcoals)suggestinggermanenthabitation.Ringditchesareoftenattributedto Arawak
speakerdyut determiningthe exactearthbuildersis hard dueto thelinguisticandcultural
diversityin Amazonia[4, 6, 19]. Although geographicallgistant,thering ditchesof the Gui-
anashieldsharegeometridfeaturedike thosefoundin the Amazonbasin.Theyarecalled
“kalanaapele(i.e., Kalana'sincientvillages'in Way pi oral traditions,amysteriouscultural
groupthatlivedin FrenchGuianauntil the 18thcentury.ln 1982 GrenandandDreyfus
recountedthe storyof aWay pi chiefwho mentionsKalanavillages: ,

[20]. Thelasttracesof the Kalana(alsonamed Carannedy Europeansarefoundin French
nationalarchivesoverseathat relateawar betweerEuropeanandthe Kalanain 1703+1704
[21,22] who probablydisappearedoonafterwards.

Environmental impact of pre-Columbian societiesand land use

Thelong-termimpactsof pre-Columbianoccupationextendbeyondthe merepresencef
geometricearthworks Both belowandabovegroundfeaturegprovideinformation on the
extentof humanimpactandland usestrategiesAbove-groundmodernvegetatiorhelpsto
understanchow pre-Columbiansocietiedivedin their environmentin termsof subsistence
andmanagementf naturalresources-or examplespatialvariationsin present-dayegeta-
tion thatarecorrelatedwith pre-Columbianoccupationareinterpretedasevidenceof ancient
landscap@nanagementor plantcultivation[23, 24]. Suchvegetatiorturnoveris commonly
interpretedas domesticatethndscapeg$25] or “culturalforests[7, 26], wheresecondaryor-
estgeplacecprimary forestsin 1989 W. Bale [26] hasestimatecthat more than 11%of Bra-
zilian forestawereanthropogenicln the samevein,someusefulplanttaxaand
crop speciesiresignificantlymoreabundantin forestareascontainingevidenceof pre-
Columbianoccupationsuchasring ditch sitescomparedo supposediynaturalforestareas
without evidenceof humanoccupation27+29].Theseobservationgrealsosupportedby pal-
ynologicalrecordswhich revealthe presencef major crops(e.g. maize squashmanioc)dur-
ing periodsof humanoccupationof ring ditch siteq[18]. Basedn the abundancef charcoal,
paleoenvironmentalesearcthasdocumentedepeatedire activityin Amazoniathroughthe
HoloceneBecauseaturalfiresarerarein Amazoniajt iscommonlyadmittedthatthe pres-
enceof charcoaln palaeoecologica¢cordscanbeattributedto anthropogenidourning [30],
althoughfiresin evergreeriorestsprobablyresultfrom acloseinteractionbetweerhuman
activityand naturalclimatevariations(seasonalitand EI-Nin  climateoscillation);drier peri-
odsbeingmorefavorablgo burning [31]. Howeverwhetherburning activitywasassociated
with large-scal@eforestatioris unclearand shouldbeconsideredn light of natural,climate-
drivenvegetatiordynamicsin thering ditch regionof Llamosde Mojos (Bolivia), pre-Colum-
bian earthbuildersmayhavefirst settledin preexistingsavannatheymaintainedopen
throughslash-and-burrduring late-Holocendorestexpansior32]. The declineof pre-
Columbianpopulationswascharacterizedby adecreasé burning activity ~600+50@B.P.
(i.e.,CE1350+1450dndassociatedith forestexpansior{18]. A similar hypothesisasbeen
proposedn the Acre,wherethe earthworkswereprobablybuilt in bambooforestsOnly local-
izedforestclearancewerecarriedout without involving substantiatleforestatior{33]. Soll
propertiesmayalsoprovideinterestinginformation on the extentof anthropogenidistur-
bancesn contemporaryandscapedn Brazil,pre-Columbiansettiementarecommonlyasso-
ciatedwith the so-calledAmazonianDark Earths ADEs(i.e.,” ", whichare
acknowledgea@shighly fertile soils.Patche®f ADEsarefrequentalongthe AmazonRiver
andits tributaries[34] but theyarerare,or still undiscoveredn moredistantregionsand
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hinterlands[1]. Model-basedgredictionssuggesthat only 3.2%o0f Amazonianforestsmight
bepropicefor formation [35]. Theyfurther confirm thatthe distanceo riversisan
important predictor,the occurrenceof beingmore probablewithin 10km of a
river. ADEssoilsareoften consideredasanthropogenicsoilsformedby the addition of inor-
ganicandorganicdebris(e.g. bonespbiomassvastesexcrementsandburning activity [36,
37].Indeed ADEsarecommonlyenrichedin organicmatterand nutrients[37, 38]. Evenif
theanthropogeniorigin of ADEsis still debated37+40],it iscommonlyadmittedthatlong-
term landscapenanagemenélterssoil characteristic$o varyingdegrees;angingfrom soils
with slightto moderateanthropogenianodifications(i.e.,” ', [41£43])to anthro-
pogenicsoilsor “anthrosolstontainingstronganthropogenianodifications(i.e.,” .

However soil propertiesin interfluvial pre-Columbiansiteslesspropitiousto
formation havebeenlessdocumentedFurthermore the specifidocationof FrenchGuianain
northeastAmazoniaalsoquestionghe extentof soil alterationsat pre-Columbiansites and
empiricaldataareprofoundlylacking.

Thering ditchesof the Guianashieldhavebeenpoorly studiedcomparedo thoseof the
Amazonbasin thusconstitutinga considerablé&nowledgegap.Whetherring ditcheslocated
in the Guianashieldareassociatewith anthropogenicsoil alterationsand/or burning activi-
tiesremainspoorly known. Furthermore the extentof spatialvariationsin anthropogenidais-
turbanceswithin forestlandscapesurroundingring ditcheshasrarelybeenassessedhis
knowledgemayhaveimportantimplicationsin termsof ecosystemesilienceandsustainable
landuse.

In this study,weinvestigatedhe landscape-scabxtentand spatialvariationsof pre-
Columbiananthropogenidisturbancestthreering ditch sitesin FrenchGuiana.We carried
out acontinuous standardizedoil samplingalongapproximatelyl km-long transectghat
extendacrosging ditch enclosuresind surroundingforestlandscapedi/e built uponaninte-
gratedmethodologythat combinesoil and charcoalhnalyseso addresshe following
questions:

- Whatwerethe occupationperiodsof the sitesDo theseperiodscoincidewith previously
documentecperiodsof ring ditch constructionin Amazonia?

- Do contemporanyforestlandscapesurroundingring ditchescontainevidenceof long-term
pre-ColumbiandisturbancesPiow doesthe spatialdistribution of anthropogenidistur-
bancewaryin forestlandscapesurroundingring ditches?

- Do soil propertiesmeetthe characteristicef AmazonianDark Earths?

- Do soil propertiesinform ancientland useandlandscap@nanagement?

Materials & methods
Studyareaandring ditch sites

FrenchGuianaliesto the easiof the Guianashield(northeastAmazonia)a 1.7-billion-year-
old Precambriarcratoncharacterizedby a softreliefalternatingbetweeriow hills andslopes
on ferralsol(i.e., ) andfloodedlowlands(i.e.,bottomlands)on hydromorphicgley-
sols FrenchGuianais locatedin the GuiananLowlandMoist Forestecoregionbioregion
NT21;ecoregiomb5accordingto OneEarth:https://www.oneearth.org/ecoregis/guianan-
lowland-moist-forests/andis coveredby approximately97%of the evergreeAmazonrain-
forest.This highly diverserainforestgrowsin the Af climateaccordingto the K&ppenbGeiger
classificatiorf44,45],whichis markedby anannualrainfall rangingbetweer2000and 4000
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mm/year,awetseasorthat extenddrom Decembeto July(interspersedvith a’little summer’
in March) andanaveragannualtemperatureof 26ECThis studyfocusedn threering
ditchesin the FrenchGuianahinterland:MC87,NouraguegNOUR), and Mont Galbao
(GALB).Thesesitesaredistributedalongrainfall and altitude gradientsrangingfrom ~2700to
~3700mm/yr (Fig 1).

MC87. MC87islocatedin the Kouroua Riverwatershed4.0572038EN52.0863977EE,
WGS84) Fig 1. The siteoccupieghe top of oneof manypalaeoproterozoibedrockhills of the
zone(alt: 85m AMSL) andis surroundedby waterwaysandbottomlandg14]. Thelocalrain-
fall atthis siteapproache8800mm/year.A previousarchaeologicadnd micromorphological
surveyhasbeencarriedout on this site,providing backgroundnformation [14]. The2 m deep
by 2+3m wideditch is locatedon thetop of a hill andencirclesanareaof almostl ha.Radio-
carbonanalyseslatedthe pre-ColumbianoccupationbetweernCE500and CE1100.No
humanoccupationhasbeenreportedatthis siteduring the colonialperiod.Despiteaforest
exploitationroadto the eastof thering ditch, the sitehasbeensparedccontemporaryogging
operationsandhadbeenimpactedby economicactivitiesonly atthe easterrend of the tran-
sect(i.e.,thelastpit "C20'in Fig1).

Nouragues(NOUR). TheNouraguesitelieson theflattenedsummitof aprecambrian
graniteplateauin the watersheaf the Arata River(4.0790943EN52.6713032ER/GS84),
Fig 1. Theclimateatthis siteis slightlylesshumid thanat MC87,with 3200+3406nm annual
rainfall. Thesiteislocatedin the CNRSResearcl$tationwithin the NouraguedNatural
Reserveafully protectedareasincel995.This stationhasbeenthe subjectof numerouseco-
logicalandarchaeologicakesearctprojects;jncluding the LONGTIME project[46]. This
ditch studiedhereis locatedin the zonenamed grandplateauandis madeup of ashallow,
partiallyclosedditch 0.5to 1 m deepand2 m wide (Fig 1). Today,only anarcof acirclecurved
overaroundonehundredmetersis still visiblethrough LIDAR. Radiocarbordating of the
ditchedsiteindicateoccupationbetweenCE650and CE 1550[15]. An Amerindianpresence
in theregionwasnoteduntil the end of the 18thcentury:the “Nouraguesdr *Norak' Tupé
speaker§20].

Mont Galbao(GALB). TheMont Galbacsiteislocatedon aflat part of the eponymous
mountainrange within the metamorphicchainInipi-Camopi (3.5958754EN53.2924755EE,
WGS84)Fig 1. Thisarealiesupstreamof the Makwali Riverwatershedndis part of the pro-
tectedareaof the FrenchNationalPark(PAG).In 2020,adozenring ditcheswerediscovered
throughaLiDAR mappingoperationorderedby the PAG.Thestudiedring ditch isanellip-
soidalandextendsamorethan 300m longand130wide. It isup to 3 m deepwith aflattened
outeredgein its southernsection Dueto the remotenessf this site,whichis not deservedy
publictransportsandis only accessiblby helicopter,no archaeologicaxcavationsr radio-
carbondatinghavebeencarriedout on the sitebeforethe presentstudy.

Samplingdesignand soil sampling

This studycomplieswith localand EuropearregulationsArchaeologicasurveysvereautho-
rized by prefectoraldecisionnE2022+78f 12 SeptembeR022(Principal Investigatoriouise
BrousseaudperationsVlanagerMarc Tes#. Theacces$o the FrenchNational Park Parc
Amazoniende Guyanefor scientificpurposesvasauthorizedby authorizationsnE1187+28af
23SeptembeR022andnE2023+008f 13February2023.In accordancevith the Commission
DelegatedRegulation(EU) 2019/82%f 14March 2019 theimport of non-Europearsoil sam-
plesinto the EuropeariJnion territory for physicochemicadnalysesvasauthorizedby an
Official Authorization Letterof 27 July2023 Additional information regardingthe ethical,
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Fig 1. Location of study sitesand samplingdesign.The LIDAR Digital TerrainModel (DTM) of MC87wasprovidedby the
NationalForestOffice (Office NationaldesFor ts, ONF). TheLIDAR DTM of NOUR wasprovidedby LONGTIME project.
TheLiDAR DTM of GALBwasprovidedby the ParcAmazaien de Guyang(PAG).

https://doiorg/10.1371furnal.pon®298714.g001
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cultural,andscientificconsiderationspecificto inclusivityin globalresearchsincludedin
the S2File.

At eachstudysite,we performeda continuousand standardizedoil samplingalong
approximatelyl km-long transectghat extendedhroughthering ditch hill (RH) andthe sur-
rounding forestlandscapevith little or no evidenceof pre-Columbiandisturbance(i.e.,no
earthwork,absencef or fewshardsandcharcoalsn treefallmounds)(Fig 1). For eachtran-
sectthe soilsweresampledevery50meterswith anauger(pits named:Cstart,C1,C2,etc.).
Additional pits werealsosampledwithin the ditchedenclosurgpits named:RH1,RH2,RH3,
RH4)andon anadjacentill (pitsnamed:AH1, AH2). For eachpit, 5 cm-thick soilsamples
werecollectedrom the surfacg0-5cm)to adepthof 120cm (115-120cm)i.e.,atotal of 24
sampleger pit. However giventhe absencef archaeologicalrtifactsin deepsampleswe
focusedn thefirst 60centimetersn thefollowing analyses.

Soilanalyses

Archaeologicalartifacts, sootsand macrocharcoals. Thebulk soil samplesveredriedin
anoven(50EC)weighedandsieved<5 mm) to removerootsandstonesandextractarchaeo-
logicalartifacts(i.e.,ceramicshardsyand macroscopicharcoal> 5mm). Macroscopichar-
coals(~2+5mm) andsootswereextractedby handfrom the sievedraction. Giventhe
reducedvolumeof dry soil obtainedevery5 cm, the presencef archaeologicalrtifacts,soots,
andmacrocharcoals/asevaluatedsdiscretevariabledi.e.,presence/absenaencoded 1/0").

Colorimetry. Thecolor of the soilsamplesvasmeasuredisingaPANTONECAPSURE
colorimeterimplementedwith the Munsellcolor chart. Eachsamplevassubjectedo five con-
secutivemeasures$o determinethe dominantcolor. The samplesverethen separatedhto two
differentfractions:a 100+20@ fraction wasreservedor physico-chemicanalysisThe
remainingfraction waskeptfor evaluationof microcharcoahbundance.

Microcharcoalabundance. Theabundancef microcharcoal§160 mb2 mm) waseval-
uatedevery5 cmfrom 0to 60cm on 8to 9 pitsin areasteachstudysite,for a
total of 300microcharcoabamplecounts.To deflocculatehe clays2.5cm?® of soilwasexposed
to Sodiumhexametaphosphatt 40g/L andincubatedduring 12hourswith anorbital shaker.
Thesamplesverethensieved<160 m) anddriedin anovenat50ECor 12hours[47].
Microcharcoalsverecountedusinga Zeissstereamicroscopeat 40xmagnification.

Wetestedwhethermicrocharcoalvariedbetweersites(MC87,NOUR, GALB),landscape-
scaldocalization(i.e.,ring ditch enclosureandditch, ring ditch hilltops andslopesadjacent
hills) anddepththrougha Generalized.inearModel (GLM) usingR version3.5.1.GLM was
encodedusingthefunctions gim()'and "drop1()',with "Site', Localizationand Depth'as
explanatoryariablesand “Microcharcoatount' asresponsevariable(Microcharcoalcount~
Site+ Localizationt+ Depth).

Physico-chemistry. Foreachpit, physicochemicanalysesverecarriedout on onesam-
pleeveryl0cm betweerb cm and60cm depthin ,  totaling6 samplegper pit: 510
cm;15+20cm; 25+30cm; 35+40cm; 45+50cm; 55+60cm. In the bottomlandsdry soil samples
werealwayswvellbelow100g dueto important waterloggingTo remedythis, wepooledsur-
facesamplesip to 20cmandtheneverylOcm up to 60cm depth,thustotaling5 samplegper
pit: 0£20cm; 20+30cm; 30+40cm; 40+50cm; 50+60cm.

A total of 410physicochemicadamplesveresentfor analysigo the SADEHaboratory
(Aspach-Le-Bag;rance)whichis accreditedor theimport of non-Europearsoils.A total of
12 soil propertieswereevaluatedincluding granulometry(i.e.,particlesizedistribution) and
chemicalproperties(pH, majorandminor elements)Tablel synthesizethe methodsused
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Tablel. Soil properties, abbrevations and methods.

Property

Granulomety (i.e.,particle-sizalistribution)
pH

Total Carbon

Organiccarbon

Total carbonategi.e.carbonaes,mainly CaCQ)
Total Nitrogen

Phosphous (P,0s)

Potassiun(K,0), Magnesium(MgO)
Calcium(CaO)
Sodium(exchangableNa,O)

Aluminum (exchangable)

https://da.org/10.1371¢urnal.pon®298714.t001

Abbreviation Method Standard

PSD Pipettemethad without decarbonation NFX31+107

pH H,0 extraction(pH20) NFENISO10390
Ctot Dry combustionmethod NF1SO10694
Corg

Cinorg Volumetric method NFENI1SO10693
Ntot Dumasmethod NF1SO13878

P Olsenmethod NF1SO11263

K Inductively coupledplasma-abmic emissionspectranetry (ICP-AES) | NFX31+108

Mg

Ca

Na

Al Molar KCl extractionand ICP-AES NA

andstandardswhenapplicableThe amountof soil carbonate¢Cinorg) wasnull in all soil
samplesandwasexcludedrom our analyses.

Wetestedwhethersoil propertiesvariedbetweersoil types(ferralsolshydromorphicgley-
sols)throughGeneralized.inearModels(GLM) usingR version3.5.1(Model 1: Soilproperty
~ Soiltype).We alsotestedwhetherthe physicochemicagbropertiesof the soilsvar-
ied betweerstudysites(MC87,NOUR, GALB),landscape-scalecalization(i.e.ring ditch
enclosureandditch, hilltops and slopeof thering ditch, adjacentills) anddepth(Model 2:
Soilproperty~ Site+ Localizationt Depth). The GLMswereencodedusingthe functions
“gim()'and "drop1()',with the differentsoil propertiesasresponseariablesThe GLMswere
completedby principal componentanalyse$PCAs)with packagesade4and FactoMineRto
visualizevariationsin soil propertiesacrosssoil types studysitesandlocalizationin amultidi-
mensionakpacevith dimensions.

Compositeindex of anthropogenicdisturbances. To quantifythe extentof landscape-
scaleanthropogenidisturbanceswedeveloped compositandexbasedn the acquireddata.
Thisindexwasdesignedo integrateinformation providedby the presencef artifacts(ceram-
ics,macrocharcoalsoots) soil physicochemicgbropertiesandsoil colorin asingle unidi-
mensionalmetric (seeS1File).

Radiocarbondating

At eachstudysite,10macroscopicharcoalg> 10mg)wereselectedor radiocarbondating,
totaling30macrocharcoaldMacrocharcoalsvereselectedrom pits within or closeto thering
ditch enclosureat depthshetweerD and45 centimetersRadiocarbordatingwasperformed
bythe CIRAM Radiocarboriaboratory(Martillac, France).The calibrationwasperformed
usingthe OxCal4.4program[48] with the IntCal20calibrationcurve[49].

Results
Radiocarbondating

Radiocarbordatesobtainedfrom the threestudysitesspanfrom the mid-Holoceneto the end
of the pre-Columbianperiod;see-ig 2 and S2Table At MC87,five calibrateddatesobtained

from the pits RH2(30+35),C4(5+£10,10+15)and C5(10+1535+40)werespreadoveraperiod
rangingfrom 662to 945CE.Four datespbtainedfrom the pits RH1(0+5,10+15)andC2 (15+
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Fig 2. Radiocarbondaterangesobtainedfrom the three study sitesat 95.4%probability. Lowerpane:all datesupperpanedatesposteriorto 430
CE.Radiocarba dataareprovidedin S2Table.Thegreenandredrectanglerepresenthetwo maintime intervalsin which 95%of our radiocarbon

datesaregrouped(excludingoldestdatesBCEdisplayedn thelowerpaneonly).

https://da.org/10.1371durnal.pon®298714.g0D
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20,40+45)werespreadoveraperiodrangingfrom 1214to 1398CE.Oneintermediatedate
from RH2 (25+30)wasdatedbetweerf93and 1155CE. At NOUR and GALB, radiocarbon
datesshowthreeandfour different(non-overlapping)chronologicaperiods At NOUR, one
oldestdatewasobtainedfrom the pit C12(30+35)anddatedbetwee230and3982BCE.The
nine other dateswvereposteriorto 430CE,with two non-overlappingsub-periodscharcoals
from C11(20+2525+3035+40)C15(15+2020+25)and C17(10+15)spannecveraperiod
from 430CEto 976CE,while datesobtainedfrom C13(10+15,15+20)and C15(5+10)
spannedveraperiodfrom 1296to 1446CE At GALB,radiocarbondatingrevealecamore
complexchronology.Oneancientdatecalibratedat 7739+ 7588 CEwasobtainedfrom C7
(40+45) Two othercontemporaryancientdatesrangingfrom 2894to 2585BCE ,were
obtainedfrom RH4 (15+20)and C11(20+25) The severotherdateswverepost-600CE.As at
NOUR, two non-overlappingsubperiodemergedthreedatesdrom pits C3(5+10)andC12
(20+£2530+35)angedbetweer666and891CE,while thefour datesfrom C10(10+£15,15+20,
20+2525+30)coverthe period 1326+149CE.

Archaeologicalartifacts, sootsand macrocharcoals

Soilsamplingrevealedhe presencef ceramicshardsmacroscopicharcoalsandsootsfig 3.
At thethreestudysitesthe presencef artifactswasmostlyconcentratedn areas,
while noneor fewartifactswerefoundin the bottomlands.

At MC87,ceramicshardswerefoundin 8 samplesrom pitswithin the enclosureof the
ring ditch (pits C1,RH1,C2) or closeto theditch (pit C3).In thesepits, the proportion of sam-
plescontainingceramicshardsvariedbetweerB.3%and 36.3%S1Fig. At NOUR, no ceramic
shardswverefound during soil sampling At GALB,threesamplegrom thering ditch enclosure
(pits C9and C6) containedceramicshardsin addition, aninspectionof soil retainedwithin
therootsof fallentreesrevealedhe presencef ceramicswithin thering ditch enclosuresit
thethreesites.

In thethreesitesmacrocharcoaland sootswerefound in mostof the pits, both
in thering ditch andin adjacentills. However the highestproportionsof samplegontaining
charcoalsand/or sootswerefound in pits from thering ditches,S1Fig.

At MC87,atotal of 48 soil samplesrom 12 pits containedmacrocharcoaland 27 samples
from 13pits containedsoots(out of 291soil samplesrom 25pits). The highestproportionsof
samplegontainingmacrocharcoaland sootswerefound in the pits RH2 (66.67%of the sam-
plesin the pit) and C2 (50%of the samplesn the pit), respectivelywhich wereboth within the
ring ditch enclosureSecondarpeaksverealsodetectedn pits C5(58.3%of the sampleson-
taining macrocharcoaldnd C6 (41.67%of the samplesontainingsoots) which werelocated
on the slopeof thering ditch hill. Macrocharcoapeakswverealsoidentified on the slopeof the
adjacentill at C14andC15(41.67%of the samplegontainingmacrocharcoalswhile the
proportion of sootswasequalor below25%(C16).Thetotal proportion of samplesontaining
macrocharcoaleas28.8%in thering ditch enclosureandditch (out of 59 samplespits C1to
C3,RH1andRH2),25.0%in thering ditch hilltop andslopeoutsidethe enclosurgout of 60
samplespits Cstart,C4to C7),and 13.3%in the adjacentill (out of 120samplespits C13to
C20,AH1 and AH2). Theproportion of samplegontainingsootswasl7.0%within the enclo-
sureof thering ditch, 11.7%on the hilltop andslopeof thering ditch outsidethe enclosure,
and8.3%in the pits of the adjacentill. Severapits containedneithermacrocharcoalsor
sootsC7 (bottom of the slopeof thering ditch), C8to C12(bottomland),AH1, AH2 andC19
(adjacentilltop).

At NOUR, atotal of 66 soil samplegrom 21 pits containedmacrocharcoaland40samples
from 16 pits containedsoots(out of 296soil samplesrom 25pits). The highestproportionsof
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Fig 3. Spatialdistribution of soil colorsand archaeobgicalartifacts alongthe transectsin the three study sites.

https://doi.org/1A.371/journal pne.0298714003
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samplegontainingmacrocharcoala/erefoundin pits C10and C12(75%and 66,7%of sam-
plesin eachpit, respectively)while the highestproportion of samplesontainingsootswas
foundin pit C9 (50%of samplesn the pit). Theseahreepits werelocatedon thering ditch:
C12waslocatedat the outeredgeof the ditch, and C10and C9werelocatedon the plateau
andslopeof thering ditch, outsidethe enclosureSecondaryeakf macrocharcoal&33.3%)
andsoots(41.6%)wereobservedn pit C23thatis locatedon the adjacentill. Thetotal pro-
portion of samplegontainingmacrocharcoal&as40.0%n the pits of the enclosureand ditch
(out of 60samplespits C12to C15andRH3),19.4%in the pits of the plateauand slopeoutside
theditch (out of 180samplespits C16to C200n the north faceof the plateauandC2to C11
on the southfaceof the plateauandslope),3.1%in the pits of the bottomland(out of 32sam-
ples;pits C1,Cstartand C24),and 25.0%in the pits of the adjacentill (out of 24 samplespits
C22and C23).Surprisingly thetotal proportion of samplegontainingsootswashigherin the
pits of the adjacentill (29.2%of samplesjhanin the pits of the bottomland(18.8%)the pla-
teauandslopesf thering ditch (12.8%)andthe enclosureandditch (6.7%).

At GALB,20soilsampledgrom 9 pits containedmacrocharcoaland42samplegrom 16
pits containedsoots(out of 248soil sampledrom 21 pits). The highestproportionsof samples
containingmacrocharcoalserefoundin C10(33.3%)RH4 (25%),C11(25%)and C3(25%).
Cl0andRH4werelocatedwithin thering ditch enclosurewhile C11and C3werelocatedon
the slopesandtop of thering ditch. The highestproportionsof samplesontainingsootswere
foundin pit C4(41.7%)C10(33.3%)RH4(33.3%)and C12(33.3%)PitsC4,C10andRH4
werelocatedwithin the enclosurewhile C12waslocatedon thering ditch slope Theglobal
proportion of samplegontainingmacrocharcoale/as8.33%n the pits of thering ditch enclo-
sure(out of 96 samplespits C4to C10andRH4),10.0%n the pits of thetop andslopesf the
ring ditch (out of 120samplespits C11to C14,Cstart,C1to C3andC15to C16),and0%in
thebottomlandandadjacenslope(out of 20and 12samplespits C17and C18in the bottom-
landand C19on theadjacenslope).Thetotal proportion of sample€ontainingsootswas
22.9%in the enclosurepits, 16.7%in the pits of thering ditch plateauand slopesand 0%in
thebottomlandandadjacentill.

Soil colorimetry

Soilcolorimetry showeddifferentcolorimetricrangeetweerbottomlandsand

areaswhile soilsfrom ring ditchesandadjacentills havesimilar color rangesHowever slight
colorvariationsweredetectedn the depthof soil profilesfrom thering ditchesto the adjacent
hills.

In bottomlandsgleysokolorsvariedfrom dark brown (e.g.2.5YR2.5/25YR3/2,7.5YR
3/2,2.5Y4/2) onthesurfaceo light gray(e.g.2.5Y 7/2,5Y 7/2) on thedepth.At NOUR, one
pit (C24)locatedin aseasonallyaterloggedreawasdominatedby yellowishbrown (10 YR
5/6,10YR5/4,10YR4/4).

In areassoil colorsrangedfrom strongbrown (e.g.,7.5YR4/6;7.5YR5/6) to
yellowishbrown (e.g.10YR4/4;10YR5/4). At MC87,the dominantcolorswerebrown (7.5
YR 4/4) anddark yellowishbrown (10 YR 4/4). Dark-coloredsoilswerefound on the surface
of the hilltops asrevealedy the colorsreddishbrown (2.5YR 3/4) anddark brown (7.5YR 3/
2),from the Cstartto C3pitsin thering ditch (6 pits) and C13to C190n the adjacentill (8
pits). However thesedark soilswerethickerin thering ditch wheretwo pits showeddeepdark
soilsthat extendedrom the surfaceto 30and 35cm (pits C2and RH2), while the thicknessof
dark soilsdid not exceed®0cmin depth(pit C18)in theadjacenhill. Thesoil colorsin pit 20
showedliscontinuousdark soilsat depthsof 0+5cm, 20+25cm and 35+40cm in depth,prob-
ablydueto asoildisturbancecausedy recentforestlogging.At NOUR, the dominantcolor
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wasdark yellowishbrown (10 YR 4/4) on the plateauf thering (pits C20to C10),whilethe
soil profilesbecamegraduallydominatedby brown (7.5YR 4/4) at the top of the slope(pits C8
andC9)andstrongbrown (7.5YR 4/6) on the slope(from pit C9to C2)andon the adjacent
hill (C22andC23).At GALB,the soil profilesweredominatedby strongbrown (7.5YR 4/6,
7.5YR5/6). The surfacesoilsof the westfaceof thering ditch enclosureveredominatedby
darkyellowishbrown (10 YR 4/4) up to 30cm deep(pits C10to C7and RH4). This colorwas
alsofound on the surfacehorizon (0+5cm deep)of the easterrfaceof the enclosurgpits C4
andC5)andthetop of thering ditch (C2,C1,Cstart,C15,C16).

Microcharcoal counts

Microcharcoalcountsvariedsignificantlybetweerstudysites(p-value< 2.2 10°), localiza-
tionswithin thelandscapé¢p-value= 4.6 10°), anddepths(p-value= 2.5 10%?), S2Fig.As
expectedthe microcharcoatoncentrationwaslowerin deepsamplebetweerB5and60cm
thanin uppersampledetweerthe surfaceand 30cm, with atransitionat 30+35cm deep.
MC87 hadthe highestoverallmicrocharcoakoncentrationand GALB the lowestmicrochar-
coalconcentration Siteeffectremainedsignificantwhenconsideringmicrocharcoatountsof
thering ditchesonly, i.e.afterremovalof the adjacentills andtesting  Site'and "Depth'effects
only: ! (p-value=3.47 10'). At thelandscapecale,
microcharcoatoncentratiorwassignificantlyhigherwithin thering ditch enclosureshanon
thering ditch plateausindslopesand on adjacentills.

At MCB87,0nepit locatedwithin the enclosureof thering ditch (pit C2) showedparticularly
high microcharcoatoncentrationsywhosecountsvariedbetweer655and 1230in thefirst 30
cm (Fig4). Microcharcoalcountsin this pit wereabove250in the entire soil profile, with a
peakat5+10cmdeep.In the other pits,the microcharcoabbundancevasalmostalways
below500anddecreaseth soil profilesto lesghan 100at depthsbetweer25+30cm (pit C17)
and45+50cm (pitsRH1,C15,C19).

At NOUR, the spatialdistribution of microcharcoatountswasconsistenwith theland-
scape-scalgositionof pits, i.e.,highestpeaksf microcharcoalsverefound within (C15,C13)
or closeto (C10,C7)thering ditch enclosurgFig 4). Four pits locatedwithin theenclosure
(pits C15and C13),0n the plateau(C10)andslope(C7) of thering ditch showedstrongvaria-
tionswithin soil profiles.Microcharcoalcountsin thesepits variedbetweernl27(C10)and 323
(C15)from the surfaceo 30cm, andbetweer29(C15)and 354(C10)below30cmdeep Pits
Cl3andC1l5hadapeakat 15+20cm (abundance= 303and323),C7hadapeakat 20+25cm
(abundance= 305)and C10at 30+35cm (abundance= 354).0Other pits (C20,C17,C4and
C23)showlowermicrocharcoabbundancdalmostalwayselow200)andflatter curvesOnly
themostextremepit of the adjacentill (C22)exhibitedanintermediatepatternof microchar-
coalconcentrationwith two peaksat 15+20cm and20+25m (abundance= 211and 213,
respectivelypndmicrocharcoatountsbelow200in othersamples.

At GALB,pitslocatedon the hilltop of thering ditch (C9,C7,C5,C1)showedmicrochar-
coalcountsbetweerb9(C7)and217(C7) from the surfaceup to 30cm deepandbetweerl9
(C7)and207(C5) below30cm deepwith higherconcentrationdetweerl5+20cm (C7,
count=217)and35+40cm (C5,count= 207).Thesepits alsoshoweda plateauof 150to 200
microcharcoal®ver30to 40centimetersfrom the surface Exceptfor C13,the pitslocatedon
theslopeof thering ditch (C11landC16)andon theadjacenslope(C19)hadmicrocharcoal
countsbelow150with only slightvariationsin soil profiles.Only pit C13hadanirregularpro-
file, with two peaksat 10+£15cm (count=239)and 25+30cm (count= 191),while samples
below30cm deephadlow microcharcoatoncentrationgcounts< 60).
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Fig 4. Microcharcoalabundanceevaluatel from soil volumesof 2.5cm?®.

https://doiorg/10.1371furnal.pon®298714.9g004
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Fig 5. PrincipalComponern AnalysegPCAs)illustratingvariationsin soil propertiesbetweersoiltypes(upperpane)andbetween
landscapescaldocalizatonsin areaglowerpane).For GALB,the dry masof surfacesamples (above30cm)were
unfortunatdy insufficientfor particlesizeanalysisGroupingby studysiteis providedin S3Fig.

https://doiorg/10.1371furnal.pon®298714.9g005

Physico-chemistry

SoilpropertiesdifferedbetweerhydromorphicgleysolandferralsolgFig 5, upperpane).
Granulometryandeightchemicalpropertiesvariedsignificantlybetweersoil typesata 1%
threshold,S3Table Ferralsolsontainedsignificantlymore clayswhile hydromorphicsoils
containedsignificantlymore coarsesilt, total silt, and sand.Only fine silt wasnot significant
betweersoil types Hydromorphic soilscontainedsignificantlymore nutrients (Corg, Ntot, K,
Mg, Ca,Na) andhadahigherpH. Only PandAl did not varysignificantlybetweersoil types.
In , soil propertiesvariedsignificantlybetweerstudysites)andscape-scalecali-
zation,anddepthrange All propertiesvariedsignificantlyacrosslepthrangesata 1%
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threshold exceptoarsesilt, which showedsignificantvariationsat 5%threshold,andP,
whichdid not varysignificantly.Significantdifferenceetweerstudysitesweredetectedor
clay,sand,Corg,Mg andAl ata 1%threshold,andfor P ata5%threshold.Soilpropertiesalso
variedsignificantlybetweerthe landscape-scaf@sition of the pits (Fig 5, lowerpane,S3
Tableand S5Fig). Pitslocatedon the hills of ring ditches(within and outsidethe enclosure)
containedsignificantlymore claysNtot, Mg andK thanadjacentills ata 1%threshold.The
enclosuresf thering ditchesalsocontainedsignificantlymore Corgand Cathanthering
ditch slopesandthe adjacentill ata 1%threshold.Variationsin Al andpH werepoorly sig-
nificant. Al wasslightlyhigherin the slopesf thering ditchesthanin theenclosuresr adja-
centhills, while pH wasslightlyhigherin adjacentills ata5%threshold.

Extent of anthropogenicdisturbances

The compositendex quantifiedthe extentof anthropogenidisturbanceshroughamultiple
proxy approachthatintegratedartifacts(ceramicshardsmacrocharcoalsoots) chemical
indicators,andsoil color. Variationsin anthropogenidisturbancesvithin studysitestendto
increasdrom adjacentills to the enclosureof ring ditches(Fig 6; S6:S&igs).It is alsoimpor-
tantto notethatthisindexwaslessvariablebetweerB0and 60 cm depththan betweerD and
30cm depthwherevariationsacrosdandscape-scalecalizationand pits weremore pro-
nounced At GALBandMC87,anthropogenidisturbancesverehigherwithin thering ditch
enclosureshanoutsidethe enclosuresindadjacentills. At NOUR, variationsin anthropo-
genicdisturbancesverelessgpronounced andthe compositeéndextendsto graduallydecrease
from the enclosureof thering ditch to the adjacentill.

Discussion

This studyprovidesan extensivemulti-proxy overviewof anthropogenidaisturbancesn for-
estlandscapesurroundingring ditch sitesin FrenchGuiana By exploringmultiple indicators,
including archaeologicalrtifacts,soil color,and physicochemicgbroperties pur studypro-
videsoneof thefirst landscape-scalpatializatiorof long-termanthropogenidisturbances,
not only within the enclosureof ring ditches put in the extendedsurroundinglandscape.

Occupationperiods

Our differentcohortsof radiocarbondatessuggestwo main periodsof occupationthatwere
coherentbetweerstudysitesoneperiod extendingfrom the 5" to the 13" century(430CED
976CE)andonefrom the 13" to the 15" century(1214CED1490CE).Althoughwedid not
carryout ataxonomicidentification of the macrocharcoalselectedor radiocarbondating,we
datedacohortof ten charcoalger sitefrom differentpits and depthto getalargerangeof
datesandavoiddatingthe sameplant. The consistencyf datesobtainedbetweerthethree
studysitesmadeusconfidentaboutthe periodsof occupation.Theseperiodsareconsistent
with previousradiocarbondatingreportedat thesesites For exampleBrancieretal.[14]
reportedoccupationperiodsbetweerb00and 1100CE at MC87,while the datesobtainedin
our studyat this siterangedbetweer662and 1398CE.At NouraguesBodinetal.[15]
reportedradiocarbondatesbetweer688and 1630CE from thering ditch of the “‘grandplateau’
(named'site9' in Bodin etal. suppl.file), while the main periodsof occupationat this site
extendechetweert30and 1446CEin the presentstudy.In two sites(GALBandNOUR),
occupationperiodswerediscontinuousgchoingthe bimodaldistribution of radiocarbon
dateseportedby Bodinetal.[15] at Nouraguesandby M. Mestre[50] atanotherring ditch
sitelocatedalongthe Oyapockriver in easterrFrenchGuiana.This suggestatransitional
abandonmenbf the sitesfolloweda populationre-expansioror reestablishmerdgeveral
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Fig 6. Compositeindex of anthropogeric disturbancesat MC87,NOUR and GALB betweer0 and 30cm deep.
https://abi.org/10.1371durnal.por.0298714.906
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centuriedater. Theradiocarbondatesobtainedin this studyarealsoconsistentvith previous
knowledgeon the AmazonianscaleWhile the earliestracesof geometricearthworkconstruc-
tion found in WestAmazoniadatebackto the 1to the 2" millennium BCE[6, 17], most
studiesreportedthatthe occupationof earthworksspreadrom thefirst millennium CE[5] to
veryrecentperiods[4, 7,9, 18,32], sometimesfterthe EuropeanContact[4, 7], seeS1Table.

Alongsidethe cohortof CommonEradatesweretrievedfour surprisinglyold dates
betweerthe 8" andthe 3" millennium BCE(7739to 2585BCE,i.e.approximatel\9.7to 4.5
kaB.P.)atthe sitesof Nouraguesind Mont Galbaowhosenterpretationis uncertain.Indeed,
mostcharcoabndgeochemicastudieshighlighttherarity of naturalfiresin Amazonrainfor-
eststhuspostulatingthat charcoalsanbeattributedto humanactivities[51+53].However,
Amazoniaexperience@drier periodduring the earlyto mid-Holocene Cordeiroetal. [54]
proposedwo periodsof droughtin South-EasAmazoniabetweerll.8kaand4.75kaB.P.
(with amaximumbetweer¥.6kaand4.75kaB.P.) while Mayleand Power[51] suggestethat
thedry periodextendedetweerB kaand4 kaB.P.in lowlandAmazonialn FrenchGuiana,
Charles-Dominiqueetal.[55] highlightedinstance®f paleo-fireverthe periods10000+
8000B.P.and6000+4008.P. well beforethe earliesiccupationof FrenchGuianathat are
estimatecht 6200B.P .at site PlateawlesMines'in westernFrenchGuiana([56], p. 135).
Althoughthe anthropogeniamrigin of theseancientdatescannotberuled out, aclimatic origin
remainsmore probable In-depthinvestigationof paleovegetatiorsnd paleofiresn French
Guianaarenecessario determinethe naturalor anthropogeniarigin of theseancient
charcoals.

Landscape-scalgpatial anthropogenicdisturbances

Pre-Columbiarsocietiehiadextendedmpactson forestlandscapei thethreestudysites,
not only within ring ditch enclosure$ut alsoon the surroundingterritory. The composite
indexdevelopeds apowerfultool to capturemulti-proxy anthropogenidisturbancesn our
vastand continuousstudyareasAs expectedthe compositeéndexhadslightlyhighervalues
betweerD and30cm depththanin deepersoil levelswheretheindexvaluesverelowerand
globallymore homogeneousThisis consistentvith apreviousstudyby Satiroetal.[57] who
shownthatthe differencedetweerAmazonianDark Earthsandadjacensoilswerehigherin
thefirst 30cm basedn micronutrient availability.In our study,pre-Columbiandisturbances
werestrongerin the enclosuresf thering ditches Howeverour resultsatthreeindependent
studysitesindicatethat anthropogenidisturbancesverenot limited to the enclosuresf ring
ditches Interestingly the compositandexrevealecacommontrend betweerthethreesites,
decreasindrom ring ditch enclosureso slopesandadjacentills. This observatioris notably
supportedby soil color variationsandthe presencef macrocharcoalddoweverdark-colored
soilswerealwayghinner on the adjacentills than on thering ditches At MC87,thecolors
7.5YR3/2and2.5YR 3/4 extendedacrosshefirst 35cm while thesesoil colorsweredetected
overthefirst 20cmon theadjacentill. At NOUR,thecolor 10YR4/4 extendedacrosghe
entire profile on thering ditch andwasdetectednly betweerthe surfaceand5to 15cmon
theadjacenhill. At GALB,the color 10 YR 4/4wasfound up to 30cmin thering ditch enclo-
sureanddetectedn the surfacesamplg(0£5)in the adjacentill. Similarly,enrichmentsn
microcharcoalsveredetectecdhot only within ring ditch enclosure$ut alsoon severapitsin
ring ditch slopesandadjacentills. Contraryto areasbottomlandscontainno or
scarcarchaeologicartifacts Neverthelesghis lackof evidencaloesnot precludethatthese
areasnayhavebeencirculationzonesandacces$o keyresourcesiot found in
suchaswater,hydrophilic plants(e.g." ) andgleysols.
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Our resultscorroboratepreviousstudiescarriedout in FrenchGuianaand Amazonia,
which alsosupportthe extensivaiseof forestlandscapeby pre-Columbiansocietieskor
exampleBodinetal.[15] suggestethatanthropogenidisturbancesffectedorestrecoloni-
zationon the adjacentill atthering ditch siteof SautParad locatedabout8 km from NOUR
site.In the Brazilianstateof Acre,Watling etal.[33] proposedhatthejoint increasen palm
phytolithsandmicrocharcoals$n soil profilesat both geoglyphsitesand surroundingsareas
(3.5km apart)is an expressiorof anoverallincreasen humanland use.Robinsonetal.[58]
revealedhe existencef anthropogenidrown andblacksoilsnearditchedsitesin northern
Bolivia.Our resultsarethereforein line with recentfindingsthatinterfluvial regionsweresub-
jectedto pre-Columbiansocio-environmentatlynamics At aregionalscale IDAR analyses
revealedhat pre-Columbiansocietiehadacomplexspatialorganizationwherepolitical, set-
tlement,andagriculturalsiteswerelinked by causewaynetworksoverareasf severahundred
km?[4, 7]. Througha continuousand standardizedsamplingdesign our studyintroducesa
complementanapproacho assesne-scaleanthropogenidisturbancedn thelandscapes
surroundingring ditches.

Moving beyondthe ADE paradigm

Thesoil propertieswithin thering ditch enclosureslid not meetanthrosolcriteriaand cannot
beconsiderecasADE (i.e. ). Accordingto the World Referenc®ase
for SoilResourcefs9], ananthrosolis formedby long andintensiveagriculturaluse It is
definedasasoilwith apretic horizonthickerthan50cm, whichitselfis definedasadark hori-
zon(Munsellcolorvalue 4 andachroma 3) enrichedin Corg,P,Ca,andMg with charcoal
and/or archaeologicartifacts:shardslithic instrumentsbonegq37,38,43,60+63].Thesoils
of thering ditch enclosuresevealednrichmentsn artifacts,Corg,andnutrients(Ca,Mg, K)
overthefirst 30to 35centimetersonly, andthe darkesthorizonsweredark reddishbrown (2.5
YR 3/4)to dark yellowishbrown (10 YR 4/4) with Munsellvalueshetweer8 and4 anda
chromaof 4.

Neverthelessoil propertiesrevealeda significantanthropogenidnfluencecomparedo
adjacensoils.The concentration®f Corg (betweerl1.5and 177g/Kg), Ca(betweerD.0land
0.78g/Kg),and Mg (betweer0.001and0.085g/Kg) werelowerthanthosecommonlyfound
in ADESs[58,62+64]but higherthanthoseof adjacensoilsin our studysitesIndeed,soil
modification by humanactivitiesis amultidirectionalandgradualprocesshatleadso various
trajectoriesand degreesf soil transformation.Soilpropertiesin the presentstudyarecompa-
rableto the propertiesof “transitional'soils,alsoknown as’ AmazoniarBrown Earths'(ABES)
or formerly” [58]. For example ABEscanexhibitcolorsrangingfrom dark
brown (7.5YR 3/2) to yellowishbrown (10 YR 5/6),and concentrationof Ca(0.2to 0.7g/Kg)
andMg (0.04to 0.09g/Kg) thatarecomparabldo the concentrationgound in our study[38,
58,62]. Thisis alsoconsistentith the observationdy Brancieretal.[14] who argued pased
on micromorphologyandthe abundancef anthropogeniartifacts thatthe soilsin MC87
werecloserto ' thanto® Although Costaetal.[62] proposedhat
) ' istheresultof ADE degradationRobinsonetal.[58] arguethat thesetwo soil
typesaretheresultof distinct processedriven by differentmanagemenof resourcesind
spaceMoreover regionaldifferencedetweerthe AmazonbasinbwheremostADEsare
foundband the GuianaShield,andbetweerfluvial andinterfluvial regionsbwhereADEsare
rareBshouldbetakenwith cautionasthe pedogenesigrocessemaydiffer. The specifidoca-
tion of our studysitesin interfluvial areaf the Guianashieldarguedor abetterconsideration
of thisregionin our understandingof the long-terminfluenceof humanactivitieson soil
propertiesandpedogenesis Amazonia.
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Land-useand landscapemanagementat ring ditch sites

Bothlong periodsof occupationartifactsand soil propertiesarguein favorof perennialsettle-
ments.Indeed,soilsfrom ring ditchescontainedthe highestoccurrenceof macro-andmicro-
charcoalsgeramicshardsandsignificantenrichmentsan chemicaindicators(Corg,Ntot, Ca,
Mg, K). Suchpatternsarefrequentat pre-Columbiansitesandareinterpretedasevidenceof
earlydomesticoccupation4, 62,65,66] and canunveilancientland useandmanagement.
For exampleceramicshardsverealmostexclusivelydetectedwithin ring ditch enclosuresand
ditches suggestindnousingareasTheoverallhigherconcentrationof N, K and Cawithin the
ring ditchestraduceahighersoil fertility. High concentration®f nutrientsat pre-Columbian
sitesarecommonlyattributedto anaccumulationof organicwaste®f animalandplantorigin
[62,67], possiblyreinforcedby plantashamendment$68]. The presentstudyalsorevealed
the presenc®f macro-andmicrocharcoalén thethreestudyareasThesenewresultsarecon-
sistentwith the previousstudyby Brancieretal.[14] that providedevidenceof burnedsoils
within the enclosureof MC87.Thefrequencyof fire indicatorsin archaeologicaandpaleoen-
vironmentalrecordsis commonlyinterpretedasa markerof fire managemenin Amazonia
[69, 70]. For Watling etal.[33], charcoabparticledargerthan 100£125m aremorelikely to
resultfrom alocalor supralocafire signal,andthoselargerthan250 m correspondo
burning. Thereforethe abundancef macrocharcoalbetweer? and5 mm foundin our
studythussuggest fire managementDifferencesn microcharcoaktoncentrations
betweermits alongthe transecthioweversuggesthat not all areasveresubjectedo the same
fire regime Kinematictransportmodelsand empiricalmeta-analysesuggesthat microchar-
coals(>150 m) couldbetransportedup to fifty kilometersin the caseof naturalfires[71,72].
Intensive Jarge-scalbuman-inducediresthroughoutring ditch territoriesshouldhave
homogenizednicrocharcoakignalsacrossits. Instead burning wasmorelikely alocalpro-
cessn smallpatchyareaghan anextensiveracticeaffectingvastareaskire management
mayhaveservedifferentdomestic(e.g forestclearanceand/or agriculturalpurposeghatare
not necessarilynutually exclusiveFor example Arroyo-Kalin [68] suggestthat microchar-
coalconcentrationsn anthropogenicsoilscanbeinterpretedasevidenceof highly localized
slash-and-burrcultivation.Bodinetal.[15] point out, howeverthat anthracologicatieposits
alonecannotbeusedto decidewhethercharcoais of agriculturalor domesticorigin. Indeed,
archaeobotanicalndisotopic(d**C) analysesrenecessarto investigatehe extentof forest
clearanceandto deeperour understandingof pre-ColumbianlandscapenanagementAt
NOUR,Bodinetal.[15] suggestebasedn anthracologicahssemblagdhat humanactivities
favoreda secondaryegetatiorcomposedf pioneerand heliophilictaxa,thussuggestindor-
estopeningsduring occupationperiods.ConverselyWatling etal.[33] suggestethat the
landscapesmainedrelativelyclosed(i.e. anthropogenidorests’during the occupation
basecbn phytolith assemblagemdd**C.

Althoughit isimpossibleo concludeaboutthe usesof pre-Columbianlandscapeatring
ditch sites,our studycorroborateghe hypothesiof ‘domestidandscape$24], wherehuman
occupationhadextendedandlong-termimpactson contemporaryforestlandscapesither
directly (through plant cultivationfor food and/or materialproduction) or indirectly (through
landscap@nanagement)Nonethelesshe presenttudypaveshewayto in-depthinvestiga-
tions of both contemporaryandancientvegetatiorto tacklethe purposef landscapenan-
agemenatring ditch sitesof FrenchGuiana.

Conclusion

Takentogether our resultssupporttheideathat pre-Columbiansocietiesnadeextensiveise
of their landscapei the FrenchGuianahinterlands leavinglastingtracesof their activitiesin
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the soilsof ring ditch sitesandtheir surroundingterritories.Soilsurveygevealednthropo-
genicalterationcorroboratedby localenrichmentsn chemicalndicators,darkersoils,and
abundantmacro-andmicrocharcoalswhoseoverallintensitydecreaseffom ring ditch
enclosureso surroundingareasFurthermore detectecanthropogenicoilsdo not meetthe
characteristicef 2AmazonianDark Earths® , thusarguingfor aninclusiveconsid-
erationof 2AmazonianBrown Earths®asAmazoniananthrosolsFinally, further investigation
of ancientvegetatiorthrough phytolith andisotopeanalysess essentialo deeperour under-
standingof the exactland usesandaimsof landscapenanagemenatring ditch sites.
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betweenlandscape-scalocalizationsin areaswithin eachstudy site.1:Ring
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