
�>���G �A�/�, �?���H�@�y�9�d�R�8�d�y�k

�?�i�i�T�b�,�f�f�?���H�X�B�M�`���2�X�7�`�f�?���H�@�y�9�d�R�8�d�y�k�p�R

�a�m�#�K�B�i�i�2�/ �Q�M �R �P�+�i �k�y�k�9

�>���G �B�b �� �K�m�H�i�B�@�/�B�b�+�B�T�H�B�M���`�v �Q�T�2�M ���+�+�2�b�b
���`�+�?�B�p�2 �7�Q�` �i�?�2 �/�2�T�Q�b�B�i ���M�/ �/�B�b�b�2�K�B�M���i�B�Q�M �Q�7 �b�+�B�@
�2�M�i�B�}�+ �`�2�b�2���`�+�? �/�Q�+�m�K�2�M�i�b�- �r�?�2�i�?�2�` �i�?�2�v ���`�2 �T�m�#�@
�H�B�b�?�2�/ �Q�` �M�Q�i�X �h�?�2 �/�Q�+�m�K�2�M�i�b �K���v �+�Q�K�2 �7�`�Q�K
�i�2���+�?�B�M�; ���M�/ �`�2�b�2���`�+�? �B�M�b�i�B�i�m�i�B�Q�M�b �B�M �6�`���M�+�2 �Q�`
���#�`�Q���/�- �Q�` �7�`�Q�K �T�m�#�H�B�+ �Q�` �T�`�B�p���i�2 �`�2�b�2���`�+�? �+�2�M�i�2�`�b�X

�G�ö���`�+�?�B�p�2 �Q�m�p�2�`�i�2 �T�H�m�`�B�/�B�b�+�B�T�H�B�M���B�`�2�>���G�- �2�b�i
�/�2�b�i�B�M�û�2 ���m �/�û�T�¬�i �2�i �¨ �H�� �/�B�z�m�b�B�Q�M �/�2 �/�Q�+�m�K�2�M�i�b
�b�+�B�2�M�i�B�}�[�m�2�b �/�2 �M�B�p�2���m �`�2�+�?�2�`�+�?�2�- �T�m�#�H�B�û�b �Q�m �M�Q�M�-
�û�K���M���M�i �/�2�b �û�i���#�H�B�b�b�2�K�2�M�i�b �/�ö�2�M�b�2�B�;�M�2�K�2�M�i �2�i �/�2
�`�2�+�?�2�`�+�?�2 �7�`���M�Ï���B�b �Q�m �û�i�`���M�;�2�`�b�- �/�2�b �H���#�Q�`���i�Q�B�`�2�b
�T�m�#�H�B�+�b �Q�m �T�`�B�p�û�b�X

�.�B�b�i�`�B�#�m�i�2�/ �m�M�/�2�` �� �*�`�2���i�B�p�2 �*�Q�K�K�Q�M�b ���i�i�`�B�#�m�i�B�Q�M �9�X�y �A�M�i�2�`�M���i�B�Q�M���H �G�B�+�2�M�b�2

�G���M�/�b�+���T�2�@�b�+���H�2 �b�T���i�B���H �p���`�B���i�B�Q�M�b �Q�7 �T�`�2�@�*�Q�H�m�K�#�B���M
���M�i�?�`�Q�T�Q�;�2�M�B�+ �/�B�b�i�m�`�#���M�+�2�b ���i �i�?�`�2�2 �`�B�M�; �/�B�i�+�? �b�B�i�2�b �B�M

�6�`�2�M�+�? �:�m�B���M��
�J���`�+ �h�2�b�i�û�- �C�m�H�B�2�M �1�M�;�2�H�- �E�2�p�B�M �J���#�Q�#�2�i�- �J�B�+�F���2�H �J�2�b�i�`�2�- �G�Q�m�B�b�2 �"�`�Q�m�b�b�2���m

�h�Q �+�B�i�2 �i�?�B�b �p�2�`�b�B�Q�M�,

�J���`�+ �h�2�b�i�û�- �C�m�H�B�2�M �1�M�;�2�H�- �E�2�p�B�M �J���#�Q�#�2�i�- �J�B�+�F���2�H �J�2�b�i�`�2�- �G�Q�m�B�b�2 �"�`�Q�m�b�b�2���m�X �G���M�/�b�+���T�2�@�b�+���H�2 �b�T���i�B���H
�p���`�B���i�B�Q�M�b �Q�7 �T�`�2�@�*�Q�H�m�K�#�B���M ���M�i�?�`�Q�T�Q�;�2�M�B�+ �/�B�b�i�m�`�#���M�+�2�b ���i �i�?�`�2�2 �`�B�M�; �/�B�i�+�? �b�B�i�2�b �B�M �6�`�2�M�+�? �:�m�B���M���X
�S�G�Q�a �P�L�1�- �k�y�k�9�- �R�N �U�N�V�- �T�T�X�2�y�k�N�3�d�R�9�X ���R�y�X�R�j�d�R�f�D�Q�m�`�M���H�X�T�Q�M�2�X�y�k�N�3�d�R�9���X ���?���H�@�y�9�d�R�8�d�y�k��

https://hal.inrae.fr/hal-04715702v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


RESEARCH ARTICLE

Landscape-scale spatial variations of pre-
Columbian anthropogenic disturbances at
three ring ditch sites in French Guiana
Marc TesteÂID

1��, Julien Engel 1, Kevin Mabobet 1, Mickael Mestre 2, Louise Brousseau ID
1

1 AMAP, CIRAD, CNRS, INRAE, IRD, Montpellier University, Montpellier, France, 2 French National
Institute for Preventive Archaeological Research (INRAP), Matoury, France

� marc.teste@ird.fr

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
Coveringmorethan5,500,000km2, theAmazonrainforestisoneof thelargesttropicalforests
in theworld.Despiteincreasingattentionto its extraordinarybiodiversity,theAmazon
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rainforestremainslargelyunexploredandhaslongbeenconsideredbyenvironmental
researchersasanundisturbed,pristineforest.Fromanotherpoint of view,archaeological
researchhasshednewlight on pre-Columbianoccupationin Amazonia,suggestinghighpop-
ulationdensityandlong-termimpacton soilandvegetation.Thisrecentparadigmshift is
accompaniedbyhot debatesovertheterritorial extentof pre-Columbiansocieties,their long-
term impacton contemporarywild landscapesandunderlyingland-usestrategies[1, 2].

The territorial extentof pre-Columbiansocietiesin Amazonia
Geometricearthworksrepresentonethemostmeaningfulproxyof theterritorial extentof
pre-CE1492societiesin Amazonia.However,theyareoftenhiddenbelowtheforestcover,
and,until recently,theyweremostlydiscoveredbypedestriansurveysin easilyaccessible
areas.This longfueledtheideathatpre-Columbiansocietiessettledmainlyalongmajor rivers
andcoastalareas[3], whichrepresentaveryrestrictedfractionof theAmazonregion.How-
ever,bothextensivedeforestationandfastdevelopmentof airboneimagerytechnologies(e.g.,
LiDAR) in remote,denselyforestedareashasacceleratedthediscoveryof numerousearth-
worksall overtheregion,thusarguingfor areconsiderationof thepre-Columbianpopulation
densityboth in theAmazonfloodplainsandin interfluvial (�����������) forests[4±6].On the
southernrim of theAmazon,geometricearthworksareorganizedinto complexandcontinu-
ousnetworks[4, 7,8]. PaÈrssinenetal.[9] reviewedthedistribution of earthworksin theBrazil-
ian stateof Acre(westernAmazonia),totallingabout200sitesoveraregionmorethan250km
across.In 2022,PruÈmersetal.[5] mappedmonumentalsettlementsin asavanna-forestmosaic
in LlanosdesMojos(Bolivia,westernAmazonia),arguingfor aregiondenselyandcontinu-
ouslypopulated.Otherauthors,on thecontrary,arguedthathumanoccupationwasheteroge-
neousin westernAmazonia.Forexample,McMichaeletal.[10] surveyed55sitesovera
surfaceof 3,000,000km2 in central(Brazil)andwesternAmazonia(from Peruto Bolivia)and
detectedonly sparseevidenceof humanimpactsin interfluvial forests.Thedistribution of
earthworksisnot restrictedto theAmazonbasin(that is,theregiondrainedby theAmazon
River).In FrenchGuiana(Guianashield,northeastAmazonia),ring ditchesarefound
throughoutthehinterlandandtheyarelocallynamedªMontagneCouronneÂesº(abbreviated
ªMCº). In the1990s,about50sitesof ring ditcheswerealreadyidentified[11]. Someof them
havebeenthesubjectof dedicatedarchaeologicalor paleoenvironmentalresearch[12±15],
whilemanyothershavebeendiscoveredmorerecentlythroughpreventivearchaeologyopera-
tions[16] or mappingoperationsin managedor protectedareas.

Geometricearthworks:Temporality and functions
Radiocarbondatessuggestthatgeometricearthworkswerebuilt oververylongperiodsof
time,varyingbetweenregionsandsitesfrom thefirst millennium to thedeclineof pre-Colum-
biansocieties,seeS1Table.Earlierperiodsof ring ditch constructiondatingbackto BCE1600
weredetectedin theAcre,Brazil[17], whileoccupationprior to ring ditch constructionhas
alsobeensuggestedin someregionssuchasLlanosdeMojos,Bolivia[18]. Geometricearth-
worksareof variousformsandsizes.Althoughtheir exactfunction remainsuncertain,two
kindsof architectural-functioncategoriesseemto standout:ceremonialcenterson oneside
andfortified villageson theother[4, 9]. Ceremonialcenters,suchasgeoglyphsfound in the
Acre,arecharacterizedbyalmostperfectgeometricformsandsymmetrycombiningdifferent
shapes(circles,squares,hexagones),sparseceramicdeposits,thepresenceof votiveartifacts,
andno alterationof soils[17]. On thecontrary,ring ditch sitesarecommonlyattributedto for-
tified (i.e.,palisaded)villagesbasedon their asymmetricalÐirregularly shapedÐenclosures,
high-densityof ceramics,andsoilsenrichedin organicmatterandburning deposits(i.e.,
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charcoals),suggestingpermanenthabitation.Ringditchesareoftenattributedto Arawak
speakers,but determiningtheexactearthbuildersisharddueto thelinguisticandcultural
diversityin Amazonia[4, 6,19].Althoughgeographicallydistant,thering ditchesof theGui-
anashieldsharegeometricfeatureslike thosefound in theAmazonbasin.Theyarecalled
`kalanatapele'(i.e.,`Kalana'sancientvillages')in Way�pi oral traditions,amysteriouscultural
groupthat livedin FrenchGuianauntil the18thcentury.In 1982,GrenandandDreyfus
recountedthestoryof aWay�pi chiefwhomentionsKalanavillages:	
���
���
� ��� ������,
����� ���� ���� ������. 
��� �
��� �������� ���� ���� ��������� ���� ������� ��� ������ ����
��� ��� ����� ����. 
�� ������ ��� ������� ���� ������. 
���� ��� ��� ��� ���� ���� ��� ����.�
[20]. Thelasttracesof theKalana(alsonamed`Carannes'byEuropeans)arefound in French
nationalarchivesoverseasthat relateawarbetweenEuropeansandtheKalanain 1703±1704
[21,22]whoprobablydisappearedsoonafterwards.

Environmental impact of pre-Columbiansocietiesand land use
Thelong-termimpactsof pre-Columbianoccupationextendbeyondthemerepresenceof
geometricearthworks.Bothbelowandabovegroundfeaturesprovideinformation on the
extentof humanimpactandlandusestrategies.Above-ground,modernvegetationhelpsto
understandhowpre-Columbiansocietieslivedin their environmentin termsof subsistence
andmanagementof naturalresources.Forexample,spatialvariationsin present-dayvegeta-
tion thatarecorrelatedwith pre-Columbianoccupationareinterpretedasevidenceof ancient
landscapemanagementfor plantcultivation[23,24].Suchvegetationturnoveriscommonly
interpretedas`domesticatedlandscapes'[25] or `culturalforests'[7, 26],wheresecondaryfor-
estsreplacedprimary forests.In 1989,W. BaleÂe[26] hasestimatedthatmorethan11%of Bra-
zilian ����������� forestswereanthropogenic.In thesamevein,someusefulplant taxaand
cropspeciesaresignificantlymoreabundantin forestareascontainingevidenceof pre-
Columbianoccupation,suchasring ditch sites,comparedto supposedlynaturalforestareas
without evidenceof humanoccupation[27±29].Theseobservationsarealsosupportedbypal-
ynologicalrecords,whichrevealthepresenceof majorcrops(e.g.,maize,squash,manioc)dur-
ing periodsof humanoccupationof ring ditch sites[18]. Basedon theabundanceof charcoal,
paleoenvironmentalresearchhasdocumentedrepeatedfire activityin Amazoniathroughthe
Holocene.Becausenaturalfiresarerarein Amazonia,it is commonlyadmittedthat thepres-
enceof charcoalin palaeoecologicalrecordscanbeattributedto anthropogenicburning [30],
althoughfiresin evergreenforestsprobablyresultfrom acloseinteractionbetweenhuman
activityandnaturalclimatevariations(seasonalityandEl-Nin� climateoscillation);drier peri-
odsbeingmorefavorableto burning [31]. However,whetherburning activitywasassociated
with large-scaledeforestationisunclearandshouldbeconsideredin light of natural,climate-
drivenvegetationdynamics.In thering ditch regionof LlamosdeMojos(Bolivia),pre-Colum-
bianearthbuildersmayhavefirst settledin preexistingsavannastheymaintainedopen
throughslash-and-burnduring late-Holoceneforestexpansion[32]. Thedeclineof pre-
Columbianpopulationswascharacterizedbyadecreasein burning activity~600±500B.P.
(i.e.,CE1350±1450)andassociatedwith forestexpansion[18]. A similarhypothesishasbeen
proposedin theAcre,wheretheearthworkswereprobablybuilt in bambooforests.Only local-
izedforestclearanceswerecarriedout without involvingsubstantialdeforestation[33]. Soil
propertiesmayalsoprovideinterestinginformation on theextentof anthropogenicdistur-
bancesin contemporarylandscapes.In Brazil,pre-Columbiansettlementsarecommonlyasso-
ciatedwith theso-calledAmazonianDark Earths,ADEs(i.e.,`����� �����'), whichare
acknowledgedashighly fertilesoils.Patchesof ADEsarefrequentalongtheAmazonRiver
andits tributaries[34] but theyarerare,or still undiscoveredin moredistantregionsand
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hinterlands[1]. Model-basedpredictionssuggestthatonly 3.2%of Amazonianforestsmight
bepropicefor ����� ����� formation [35]. Theyfurther confirm that thedistanceto riversisan
important predictor,theoccurrenceof ����� ����� beingmoreprobablewithin 10km of a
river.ADEssoilsareoftenconsideredasanthropogenicsoilsformedby theadditionof inor-
ganicandorganicdebris(e.g.,bones,biomasswastes,excrements)andburning activity[36,
37].Indeed,ADEsarecommonlyenrichedin organicmatterandnutrients[37,38].Evenif
theanthropogenicorigin of ADEsisstill debated[37±40],it iscommonlyadmittedthat long-
term landscapemanagementalterssoilcharacteristicsto varyingdegrees,rangingfrom soils
with slightto moderateanthropogenicmodifications(i.e.,`����� �
����', [41±43])to anthro-
pogenicsoilsor `anthrosols'containingstronganthropogenicmodifications(i.e.,`����� �����').

However,soilpropertiesin interfluvial pre-Columbiansiteslesspropitiousto ����� �����
formationhavebeenlessdocumented.Furthermore,thespecificlocationof FrenchGuianain
northeastAmazoniaalsoquestionstheextentof soilalterationsatpre-Columbiansites,and
empiricaldataareprofoundlylacking.

Thering ditchesof theGuianashieldhavebeenpoorlystudiedcomparedto thoseof the
Amazonbasin,thusconstitutingaconsiderableknowledgegap.Whetherring ditcheslocated
in theGuianashieldareassociatedwith anthropogenicsoilalterationsand/orburning activi-
tiesremainspoorlyknown.Furthermore,theextentof spatialvariationsin anthropogenicdis-
turbanceswithin forestlandscapessurroundingring ditcheshasrarelybeenassessed.This
knowledgemayhaveimportant implicationsin termsof ecosystemresilienceandsustainable
landuse.

In thisstudy,weinvestigatedthelandscape-scaleextentandspatialvariationsof pre-
Columbiananthropogenicdisturbancesat threering ditch sitesin FrenchGuiana.Wecarried
out acontinuous,standardizedsoilsamplingalongapproximately1 km-long transectsthat
extendacrossring ditch enclosuresandsurroundingforestlandscapes.Webuilt uponaninte-
gratedmethodologythatcombinesoilandcharcoalanalysesto addressthefollowing
questions:

· Whatweretheoccupationperiodsof thesites?Do theseperiodscoincidewith previously
documentedperiodsof ring ditch constructionin Amazonia?

· Do contemporaryforestlandscapessurroundingring ditchescontainevidenceof long-term
pre-Columbiandisturbances?How doesthespatialdistribution of anthropogenicdistur-
bancesvaryin forestlandscapessurroundingring ditches?

· Do soilpropertiesmeetthecharacteristicsof AmazonianDark Earths?

· Do soilpropertiesinform ancientlanduseandlandscapemanagement?

Materials & methods

Studyareaand ring ditch sites
FrenchGuianaliesto theeastof theGuianashield(northeastAmazonia),a1.7-billion-year-
old Precambriancratoncharacterizedbyasoftreliefalternatingbetweenlow hills andslopes
on ferralsol(i.e.,�����������) andfloodedlowlands(i.e.,bottomlands)on hydromorphicgley-
sols.FrenchGuianais locatedin theGuiananLowlandMoist Forestsecoregion(bioregion
NT21;ecoregion465accordingto OneEarth:https://www.oneearth.org/ecoregions/guianan-
lowland-moist-forests/)andiscoveredbyapproximately97%of theevergreenAmazonrain-
forest.Thishighlydiverserainforestgrowsin theAf climateaccordingto theKoÈppenÐGeiger
classification[44,45],which ismarkedbyanannualrainfall rangingbetween2000and4000
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mm/year,awetseasonthatextendsfrom Decemberto July(interspersedwith a`little summer'
in March)andanaverageannualtemperatureof 26ÊC.Thisstudyfocusedon threering
ditchesin theFrenchGuianahinterland:MC87,Nouragues(NOUR),andMont Galbao
(GALB).Thesesitesaredistributedalongrainfall andaltitudegradientsrangingfrom ~2700to
~3700mm/yr (Fig1).

MC87. MC87is locatedin theKouroua�Riverwatershed(4.0572038ÊN;-52.0863977ÊE,
WGS84),Fig1.Thesiteoccupiesthetop of oneof manypalaeoproterozoicbedrockhills of the
zone(alt:85m AMSL)andissurroundedbywaterwaysandbottomlands[14]. Thelocalrain-
fall at thissiteapproaches3800mm/year.A previousarchaeologicalandmicromorphological
surveyhasbeencarriedout on thissite,providingbackgroundinformation [14]. The2m deep
by2±3m wideditch is locatedon thetop of ahill andencirclesanareaof almost1 ha.Radio-
carbonanalysesdatedthepre-ColumbianoccupationbetweenCE500andCE1100.No
humanoccupationhasbeenreportedat thissiteduring thecolonialperiod.Despiteaforest
exploitationroadto theeastof thering ditch, thesitehasbeensparedcontemporarylogging
operationsandhadbeenimpactedbyeconomicactivitiesonly at theeasternendof thetran-
sect(i.e.,thelastpit `C20'in Fig1).

Nouragues(NOUR). TheNouraguessitelieson theflattenedsummitof aprecambrian
graniteplateauin thewatershedof theArata�River(4.0790943ÊN;-52.6713032ÊE,WGS84),
Fig1.Theclimateat thissiteisslightlylesshumid thanatMC87,with 3200±3400mm annual
rainfall.Thesiteis locatedin theCNRSResearchStationwithin theNouraguesNatural
Reserve,afully protectedareasince1995.Thisstationhasbeenthesubjectof numerouseco-
logicalandarchaeologicalresearchprojects,including theLONGTIME project[46]. This
ditch studiedhereis locatedin thezonenamed`grandplateau'andismadeup of ashallow,
partiallyclosedditch 0.5to 1m deepand2m wide(Fig1).Today,only anarcof acirclecurved
overaroundonehundredmetersisstill visiblethroughLiDAR. Radiocarbondatingof the
ditchedsiteindicateoccupationbetweenCE650andCE1550[15]. An Amerindianpresence
in theregionwasnoteduntil theendof the18thcentury:the`Nouragues'or `Norak'TupõÁ
speakers[20].

Mont Galbao(GALB). TheMont Galbaositeis locatedon aflat partof theeponymous
mountainrange,within themetamorphicchainInipi-Camopi (3.5958754ÊN;-53.2924755ÊE,
WGS84),Fig1.Thisarealiesupstreamof theMakwaliRiverwatershedandispartof thepro-
tectedareaof theFrenchNationalPark(PAG).In 2020,adozenring ditcheswerediscovered
throughaLiDAR mappingoperationorderedby thePAG.Thestudiedring ditch isanellip-
soidalandextendsmorethan300m longand130wide.It isup to 3 m deepwith aflattened
outeredgein its southernsection.Dueto theremotenessof thissite,whichisnot deservedby
public transportsandisonly accessiblebyhelicopter,no archaeologicalexcavationsor radio-
carbondatinghavebeencarriedout on thesitebeforethepresentstudy.

Samplingdesignandsoil sampling
Thisstudycomplieswith localandEuropeanregulations.Archaeologicalsurveyswereautho-
rizedbyprefectoraldecisionnÊ2022±73of 12September2022(PrincipalInvestigator:Louise
Brousseau;OperationsManager:MarcTesteÂ). Theaccessto theFrenchNationalPark`Parc
AmazoniendeGuyane'for scientificpurposeswasauthorizedbyauthorizationsnÊ1187±22of
23September2022andnÊ2023±003of 13February2023.In accordancewith theCommission
DelegatedRegulation(EU) 2019/829of 14March2019,theimport of non-Europeansoilsam-
plesinto theEuropeanUnion territory for physicochemicalanalyseswasauthorizedbyan
Official AuthorizationLetterof 27July2023.Additional information regardingtheethical,
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Fig 1. Location of studysitesandsamplingdesign.TheLiDAR Digital TerrainModel(DTM) of MC87wasprovidedby the
NationalForestOffice(OfficeNationaldesFor�ts, ONF).TheLiDAR DTM of NOURwasprovidedbyLONGTIME project.
TheLiDAR DTM of GALBwasprovidedby theParcAmazoniendeGuyane(PAG).

https://doi.org/10.1371/journal.pone.0298714.g001
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cultural,andscientificconsiderationsspecificto inclusivityin globalresearchis includedin
theS2File.

At eachstudysite,weperformedacontinuousandstandardizedsoilsamplingalong
approximately1 km-longtransectsthatextendedthroughthering ditch hill (RH) andthesur-
roundingforestlandscapewith little or no evidenceof pre-Columbiandisturbance(i.e.,no
earthwork,absenceof or fewshardsandcharcoalsin treefallmounds)(Fig1).Foreachtran-
sect,thesoilsweresampledevery50meterswith anauger(pitsnamed:Cstart,C1,C2,etc.).
Additional pitswerealsosampledwithin theditchedenclosure(pitsnamed:RH1,RH2,RH3,
RH4)andon anadjacenthill (pitsnamed:AH1, AH2). Foreachpit, 5cm-thicksoilsamples
werecollectedfrom thesurface(0-5cm)to adepthof 120cm(115-120cm),i.e.,atotalof 24
samplesperpit. However,giventheabsenceof archaeologicalartifactsin deepsamples,we
focusedon thefirst 60centimetersin thefollowinganalyses.

Soil analyses
Archaeologicalartifacts, sootsandmacrocharcoals. Thebulk soilsamplesweredried in

anoven(50ÊC),weighedandsieved(<5 mm) to removerootsandstonesandextractarchaeo-
logicalartifacts(i.e.,ceramicshards)andmacroscopiccharcoal(> 5mm).Macroscopicchar-
coals(~2±5mm) andsootswereextractedbyhandfrom thesievedfraction.Giventhe
reducedvolumeof dry soilobtainedevery5 cm,thepresenceof archaeologicalartifacts,soots,
andmacrocharcoalswasevaluatedasdiscretevariables(i.e.,presence/absence,encoded̀1/0').

Colorimetry. Thecolorof thesoilsampleswasmeasuredusingaPANTONECAPSURE
colorimeterimplementedwith theMunsellcolorchart.Eachsamplewassubjectedto fivecon-
secutivemeasuresto determinethedominantcolor.Thesampleswerethenseparatedinto two
differentfractions:a100±200g fractionwasreservedfor physico-chemicalanalysis.The
remainingfractionwaskeptfor evaluationof microcharcoalabundance.

Microcharcoalabundance. Theabundanceof microcharcoals(160�mÐ2 mm) waseval-
uatedevery5cm from 0 to 60cmon 8 to 9 pits in ����������� areasateachstudysite,for a
totalof 300microcharcoalsamplecounts.To deflocculatetheclays,2.5cm3 of soilwasexposed
to Sodiumhexametaphosphateat40g/L andincubatedduring 12hourswith anorbital shaker.
Thesampleswerethensieved(<160 �m) anddried in anovenat50ÊCfor 12hours[47].
MicrocharcoalswerecountedusingaZeissstereomicroscopeat40xmagnification.

Wetestedwhethermicrocharcoalvariedbetweensites(MC87,NOUR,GALB),landscape-
scalelocalization(i.e.,ring ditch enclosureandditch, ring ditch hilltopsandslopes,adjacent
hills) anddepththroughaGeneralizedLinearModel (GLM) usingRversion3.5.1.GLM was
encodedusingthefunctions`glm()'and`drop1()',with `Site',̀ Localization'and`Depth'as
explanatoryvariables,and`Microcharcoalcount'asresponsevariable(Microcharcoalcount~
Site+ Localization+ Depth).

Physico-chemistry. Foreachpit, physicochemicalanalyseswerecarriedout on onesam-
pleevery10cmbetween5 cmand60cmdepthin �����������, totaling6 samplesperpit: 5±10
cm;15±20cm;25±30cm;35±40cm;45±50cm;55±60cm.In thebottomlands,dry soilsamples
werealwayswellbelow100gdueto important waterlogging.To remedythis,wepooledsur-
facesamplesup to 20cmandthenevery10cmup to 60cmdepth,thustotaling5 samplesper
pit: 0±20cm;20±30cm;30±40cm;40±50cm;50±60cm.

A totalof 410physicochemicalsamplesweresentfor analysisto theSADEFlaboratory
(Aspach-Le-Bas,France),whichisaccreditedfor theimport of non-Europeansoils.A totalof
12soilpropertieswereevaluated,includinggranulometry(i.e.,particlesizedistribution) and
chemicalproperties(pH, majorandminor elements).Table1 synthesizesthemethodsused
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andstandards,whenapplicable.Theamountof soilcarbonates(Cinorg) wasnull in all soil
samplesandwasexcludedfrom our analyses.

Wetestedwhethersoilpropertiesvariedbetweensoil types(ferralsols,hydromorphicgley-
sols)throughGeneralizedLinearModels(GLM) usingRversion3.5.1(Model1:Soilproperty
~ Soiltype).Wealsotestedwhetherthephysicochemicalpropertiesof the����������� soilsvar-
iedbetweenstudysites(MC87,NOUR,GALB),landscape-scalelocalization(i.e.ring ditch
enclosureandditch,hilltopsandslopesof thering ditch,adjacenthills) anddepth(Model2:
Soilproperty~ Site+ Localization+ Depth).TheGLMswereencodedusingthefunctions
`glm()'and`drop1()',with thedifferentsoilpropertiesasresponsevariables.TheGLMswere
completedbyprincipalcomponentanalyses(PCAs)with packages̀ade4'and`FactoMineR'to
visualizevariationsin soilpropertiesacrosssoil types,studysitesandlocalizationin amultidi-
mensionalspacewith ��������� dimensions.

Compositeindex of anthropogenicdisturbances. To quantifytheextentof landscape-
scaleanthropogenicdisturbances,wedevelopedacompositeindexbasedon theacquireddata.
This indexwasdesignedto integrateinformation providedby thepresenceof artifacts(ceram-
ics,macrocharcoals,soots),soilphysicochemicalpropertiesandsoilcolor in asingle,unidi-
mensional,metric (seeS1File).

Radiocarbondating
At eachstudysite,10macroscopiccharcoals(> 10mg)wereselectedfor radiocarbondating,
totaling30macrocharcoals.Macrocharcoalswereselectedfrom pitswithin or closeto thering
ditch enclosure,atdepthsbetween0 and45centimeters.Radiocarbondatingwasperformed
by theCIRAM RadiocarbonLaboratory(Martillac,France).Thecalibrationwasperformed
usingtheOxCal4.4program[48] with theIntCal20calibrationcurve[49].

Results

Radiocarbondating
Radiocarbondatesobtainedfrom thethreestudysitesspanfrom themid-Holoceneto theend
of thepre-Columbianperiod;seeFig2 andS2Table.At MC87,fivecalibrateddatesobtained
from thepitsRH2(30±35),C4(5±10,10±15)andC5(10±15,35±40)werespreadoveraperiod
rangingfrom 662to 945CE.Fourdates,obtainedfrom thepitsRH1(0±5,10±15)andC2(15±

Table1. Soil properties, abbreviations andmethods.

Property Abbreviation Method Standard

Granulometry (i.e.,particle-sizedistribution) PSD Pipettemethod without decarbonation NFX 31±107

pH pH H2O extraction(pHH20) NF EN ISO10390

TotalCarbon Ctot Dry combustionmethod NF ISO10694

Organiccarbon Corg

Totalcarbonates(i.e.carbonates,mainlyCaCO3) Cinorg Volumetric method NF EN ISO10693

TotalNitrogen Ntot Dumasmethod NF ISO13878

Phosphorus(P2O5) P Olsenmethod NF ISO11263

Potassium(K2O), Magnesium(MgO) K Inductivelycoupledplasma-atomic emissionspectrometry(ICP-AES) NFX 31±108

Calcium(CaO) Mg

Sodium(exchangeableNa2O) Ca

Na

Aluminum (exchangeable) Al Molar KCl extractionandICP-AES NA

https://doi.org/10.1371/journal.pone.0298714.t001
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Fig 2. Radiocarbondaterangesobtainedfrom the threestudysitesat 95.4%probability. Lowerpane:all dates,upperpane:datesposteriorto 430
CE.Radiocarbon dataareprovidedin S2Table.Thegreenandredrectanglesrepresentthetwo main time intervalsin which95%of our radiocarbon
datesaregrouped(excludingoldestdatesBCEdisplayedin thelowerpaneonly).

https://doi.org/10.1371/journal.pone.0298714.g002
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20,40±45),werespreadoveraperiodrangingfrom 1214to 1398CE.Oneintermediatedate
from RH2(25±30)wasdatedbetween993and1155CE.At NOURandGALB,radiocarbon
datesshowthreeandfour different(non-overlapping)chronologicalperiods.At NOUR,one
oldestdatewasobtainedfrom thepit C12(30±35)anddatedbetween4230and3982BCE.The
nineotherdateswereposteriorto 430CE,with two non-overlappingsub-periods:charcoals
from C11(20±25,25±30,35±40),C15(15±20,20±25)andC17(10±15)spannedoveraperiod
from 430CEto 976CE,whiledatesobtainedfrom C13(10±15,15±20)andC15(5±10)
spannedoveraperiodfrom 1296to 1446CEAt GALB,radiocarbondatingrevealedamore
complexchronology.Oneancientdatecalibratedat7739±7588BCEwasobtainedfrom C7
(40±45).Two othercontemporaryancientdates,rangingfrom 2894to 2585BCE,were
obtainedfrom RH4(15±20)andC11(20±25).Thesevenotherdateswerepost-600CE.Asat
NOUR,two non-overlappingsubperiodsemerged:threedatesfrom pitsC3(5±10)andC12
(20±25,30±35)rangedbetween666and891CE,while thefour datesfrom C10(10±15,15±20,
20±25,25±30)covertheperiod1326±1490CE.

Archaeologicalartifacts, sootsandmacrocharcoals
Soilsamplingrevealedthepresenceof ceramicshards,macroscopiccharcoals,andsoots,Fig3.
At thethreestudysites,thepresenceof artifactswasmostlyconcentratedin ����������� areas,
whilenoneor fewartifactswerefound in thebottomlands.

At MC87,ceramicshardswerefound in 8 samplesfrom pitswithin theenclosureof the
ring ditch (pitsC1,RH1,C2)or closeto theditch (pit C3).In thesepits,theproportion of sam-
plescontainingceramicshardsvariedbetween8.3%and36.3%,S1Fig.At NOUR,no ceramic
shardswerefoundduring soilsampling.At GALB,threesamplesfrom thering ditch enclosure
(pitsC9andC6)containedceramicshards.In addition,aninspectionof soil retainedwithin
therootsof fallentreesrevealedthepresenceof ceramicswithin thering ditch enclosuresat
thethreesites.

In thethreesites,macrocharcoalsandsootswerefound in mostof the����������� pits,both
in thering ditch andin adjacenthills.However,thehighestproportionsof samplescontaining
charcoalsand/orsootswerefound in pits from thering ditches,S1Fig.

At MC87,atotalof 48soilsamplesfrom 12pitscontainedmacrocharcoalsand27samples
from 13pitscontainedsoots(out of 291soilsamplesfrom 25pits).Thehighestproportionsof
samplescontainingmacrocharcoalsandsootswerefound in thepitsRH2(66.67%of thesam-
plesin thepit) andC2(50%of thesamplesin thepit), respectively,whichwerebothwithin the
ring ditch enclosure.Secondarypeakswerealsodetectedin pitsC5(58.3%of thesamplescon-
tainingmacrocharcoals)andC6(41.67%of thesamplescontainingsoots),whichwerelocated
on theslopeof thering ditch hill. Macrocharcoalpeakswerealsoidentifiedon theslopeof the
adjacenthill atC14andC15(41.67%of thesamplescontainingmacrocharcoals),while the
proportion of sootswasequalor below25%(C16).Thetotalproportion of samplescontaining
macrocharcoalswas28.8%in thering ditch enclosureandditch (out of 59samples;pitsC1to
C3,RH1andRH2),25.0%in thering ditch hilltop andslopeoutsidetheenclosure(out of 60
samples;pitsCstart,C4to C7),and13.3%in theadjacenthill (out of 120samples;pitsC13to
C20,AH1 andAH2). Theproportion of samplescontainingsootswas17.0%within theenclo-
sureof thering ditch,11.7%on thehilltop andslopeof thering ditch outsidetheenclosure,
and8.3%in thepitsof theadjacenthill. Severalpitscontainedneithermacrocharcoalsnor
soots:C7(bottomof theslopeof thering ditch),C8to C12(bottomland),AH1, AH2 andC19
(adjacenthilltop).

At NOUR,atotalof 66soilsamplesfrom 21pitscontainedmacrocharcoalsand40samples
from 16pitscontainedsoots(out of 296soilsamplesfrom 25pits).Thehighestproportionsof
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Fig 3. Spatialdistribution of soil colorsandarchaeologicalartifacts alongthe transectsin the threestudysites.

https://doi.org/10.1371/journal.pone.0298714.g003
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samplescontainingmacrocharcoalswerefound in pitsC10andC12(75%and66,7%of sam-
plesin eachpit, respectively),while thehighestproportion of samplescontainingsootswas
found in pit C9(50%of samplesin thepit). Thesethreepitswerelocatedon thering ditch:
C12waslocatedat theouteredgeof theditch,andC10andC9werelocatedon theplateau
andslopeof thering ditch,outsidetheenclosure.Secondarypeaksof macrocharcoals(33.3%)
andsoots(41.6%)wereobservedin pit C23that is locatedon theadjacenthill. Thetotalpro-
portion of samplescontainingmacrocharcoalswas40.0%in thepitsof theenclosureandditch
(out of 60samples;pitsC12to C15andRH3),19.4%in thepitsof theplateauandslopeoutside
theditch (out of 180samples;pitsC16to C20on thenorth faceof theplateau,andC2to C11
on thesouthfaceof theplateauandslope),3.1%in thepitsof thebottomland(out of 32sam-
ples;pitsC1,CstartandC24),and25.0%in thepitsof theadjacenthill (out of 24samples;pits
C22andC23).Surprisingly,thetotalproportion of samplescontainingsootswashigherin the
pitsof theadjacenthill (29.2%of samples)thanin thepitsof thebottomland(18.8%),thepla-
teauandslopesof thering ditch (12.8%)andtheenclosureandditch (6.7%).

At GALB,20soilsamplesfrom 9 pitscontainedmacrocharcoalsand42samplesfrom 16
pitscontainedsoots(out of 248soilsamplesfrom 21pits).Thehighestproportionsof samples
containingmacrocharcoalswerefound in C10(33.3%),RH4(25%),C11(25%)andC3(25%).
C10andRH4werelocatedwithin thering ditch enclosure,whileC11andC3werelocatedon
theslopesandtop of thering ditch.Thehighestproportionsof samplescontainingsootswere
found in pit C4(41.7%),C10(33.3%),RH4(33.3%)andC12(33.3%).PitsC4,C10andRH4
werelocatedwithin theenclosure,whileC12waslocatedon thering ditch slope.Theglobal
proportion of samplescontainingmacrocharcoalswas8.33%in thepitsof thering ditch enclo-
sure(out of 96samples;pitsC4to C10andRH4),10.0%in thepitsof thetop andslopesof the
ring ditch (out of 120samples;pitsC11to C14,Cstart,C1to C3andC15to C16),and0%in
thebottomlandandadjacentslope(out of 20and12samples;pitsC17andC18in thebottom-
landandC19on theadjacentslope).Thetotalproportion of samplescontainingsootswas
22.9%in theenclosurepits,16.7%in thepitsof thering ditch plateauandslopes,and0%in
thebottomlandandadjacenthill.

Soil colorimetry
Soilcolorimetryshoweddifferentcolorimetricrangesbetweenbottomlandsand�����������
areas,whilesoilsfrom ring ditchesandadjacenthills havesimilarcolor ranges.However,slight
colorvariationsweredetectedin thedepthof soilprofilesfrom thering ditchesto theadjacent
hills.

In bottomlands,gleysolcolorsvariedfrom darkbrown(e.g.,2.5YR2.5/2,5 YR3/2,7.5YR
3/2,2.5Y4/2)on thesurfaceto light gray(e.g.,2.5Y 7/2,5 Y 7/2)on thedepth.At NOUR,one
pit (C24)locatedin aseasonallywaterloggedareawasdominatedbyyellowishbrown(10YR
5/6,10YR5/4,10YR4/4).

In ����������� areas,soilcolorsrangedfrom strongbrown(e.g.,7.5YR4/6;7.5YR5/6) to
yellowishbrown(e.g.,10YR4/4;10YR5/4).At MC87,thedominantcolorswerebrown(7.5
YR4/4)anddarkyellowishbrown(10YR4/4).Dark-coloredsoilswerefoundon thesurface
of thehilltopsasrevealedby thecolorsreddishbrown(2.5YR3/4)anddarkbrown(7.5YR3/
2), from theCstartto C3pits in thering ditch (6 pits)andC13to C19on theadjacenthill (8
pits).However,thesedarksoilswerethicker in thering ditch wheretwo pitsshoweddeepdark
soilsthatextendedfrom thesurfaceto 30and35cm (pitsC2andRH2),while thethicknessof
darksoilsdid not exceed20cm in depth(pit C18)in theadjacenthill. Thesoilcolorsin pit 20
showeddiscontinuousdarksoilsatdepthsof 0±5cm,20±25cmand35±40cmin depth,prob-
ablydueto asoildisturbancecausedby recentforestlogging.At NOUR,thedominantcolor
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wasdarkyellowishbrown(10YR4/4)on theplateauof thering (pitsC20to C10),while the
soilprofilesbecamegraduallydominatedbybrown(7.5YR4/4)at thetop of theslope(pitsC8
andC9)andstrongbrown(7.5YR4/6)on theslope(from pit C9to C2)andon theadjacent
hill (C22andC23).At GALB,thesoilprofilesweredominatedbystrongbrown(7.5YR4/6,
7.5YR5/6).Thesurfacesoilsof thewestfaceof thering ditch enclosureweredominatedby
darkyellowishbrown(10YR4/4)up to 30cmdeep(pitsC10to C7andRH4).Thiscolorwas
alsofoundon thesurfacehorizon(0±5cmdeep)of theeasternfaceof theenclosure(pitsC4
andC5)andthetop of thering ditch (C2,C1,Cstart,C15,C16).

Microcharcoalcounts
Microcharcoalcountsvariedsignificantlybetweenstudysites(p-value< 2.2� 10�16 ), localiza-
tionswithin thelandscape(p-value= 4.6� 10�9 ), anddepths(p-value= 2.5� 10�12 ), S2Fig.As
expected,themicrocharcoalconcentrationwaslowerin deepsamplesbetween35and60cm
thanin uppersamplesbetweenthesurfaceand30cm,with atransitionat30±35cmdeep.
MC87hadthehighestoverallmicrocharcoalconcentrationandGALBthelowestmicrochar-
coalconcentration.Siteeffectremainedsignificantwhenconsideringmicrocharcoalcountsof
thering ditchesonly, i.e.afterremovalof theadjacenthills andtesting`Site'and`Depth'effects
only: ������������� ��
�� � ����  !���� (p-value= 3.47� 10�11 ). At thelandscapescale,
microcharcoalconcentrationwassignificantlyhigherwithin thering ditch enclosuresthanon
thering ditch plateausandslopesandon adjacenthills.

At MC87,onepit locatedwithin theenclosureof thering ditch (pit C2)showedparticularly
highmicrocharcoalconcentrations,whosecountsvariedbetween655and1230in thefirst 30
cm(Fig4).Microcharcoalcountsin thispit wereabove250in theentiresoilprofile,with a
peakat5±10cmdeep.In theotherpits,themicrocharcoalabundancewasalmostalways
below500anddecreasedin soilprofilesto lessthan100atdepthsbetween25±30cm(pit C17)
and45±50cm(pitsRH1,C15,C19).

At NOUR,thespatialdistribution of microcharcoalcountswasconsistentwith theland-
scape-scalepositionof pits,i.e.,highestpeaksof microcharcoalswerefoundwithin (C15,C13)
or closeto (C10,C7)thering ditch enclosure(Fig4).Fourpits locatedwithin theenclosure
(pitsC15andC13),on theplateau(C10)andslope(C7)of thering ditch showedstrongvaria-
tionswithin soilprofiles.Microcharcoalcountsin thesepitsvariedbetween127(C10)and323
(C15)from thesurfaceto 30cm,andbetween29(C15)and354(C10)below30cmdeep.Pits
C13andC15hadapeakat15±20cm(abundance= 303and323),C7hadapeakat20±25cm
(abundance= 305)andC10at30±35cm(abundance= 354).Otherpits (C20,C17,C4and
C23)showlowermicrocharcoalabundance(almostalwaysbelow200)andflattercurves.Only
themostextremepit of theadjacenthill (C22)exhibitedanintermediatepatternof microchar-
coalconcentration,with two peaksat15±20cmand20±25cm(abundance= 211and213,
respectively)andmicrocharcoalcountsbelow200in othersamples.

At GALB,pits locatedon thehilltop of thering ditch (C9,C7,C5,C1)showedmicrochar-
coalcountsbetween59(C7)and217(C7)from thesurfaceup to 30cm deepandbetween19
(C7)and207(C5)below30cmdeep,with higherconcentrationsbetween15±20cm(C7,
count= 217)and35±40cm(C5,count= 207).Thesepitsalsoshowedaplateauof 150to 200
microcharcoalsover30to 40centimetersfrom thesurface.Exceptfor C13,thepits locatedon
theslopeof thering ditch (C11andC16)andon theadjacentslope(C19)hadmicrocharcoal
countsbelow150with only slightvariationsin soilprofiles.Only pit C13hadanirregularpro-
file,with two peaksat10±15cm(count= 239)and25±30cm(count= 191),whilesamples
below30cmdeephadlow microcharcoalconcentrations(counts< 60).
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Fig 4. Microcharcoalabundanceevaluated from soil volumesof 2.5cm3.

https://doi.org/10.1371/journal.pone.0298714.g004
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Physico-chemistry
Soilpropertiesdifferedbetweenhydromorphicgleysolsandferralsols(Fig5,upperpane).
Granulometryandeightchemicalpropertiesvariedsignificantlybetweensoil typesata1%
threshold,S3Table.Ferralsolscontainedsignificantlymoreclayswhilehydromorphicsoils
containedsignificantlymorecoarsesilt, total silt, andsand.Only fine silt wasnot significant
betweensoil types.Hydromorphicsoilscontainedsignificantlymorenutrients(Corg,Ntot, K,
Mg, Ca,Na)andhadahigherpH. Only PandAl did not varysignificantlybetweensoil types.

In �����������, soilpropertiesvariedsignificantlybetweenstudysites,landscape-scalelocali-
zation,anddepthrange.All propertiesvariedsignificantlyacrossdepthrangesata1%

Fig 5. PrincipalComponent Analyses(PCAs)illustratingvariationsin soilpropertiesbetweensoil types(upperpane)andbetween
landscape-scalelocalizationsin ����������� areas(lowerpane).ForGALB,thedry massof surfacesamples(above30cm)were
unfortunately insufficient for particlesizeanalysis.Groupingbystudysiteisprovidedin S3Fig.

https://doi.org/10.1371/journal.pone.0298714.g005
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threshold,exceptcoarsesilt,whichshowedsignificantvariationsat5%threshold,andP,
whichdid not varysignificantly.Significantdifferencesbetweenstudysitesweredetectedfor
clay,sand,Corg,Mg andAl ata1%threshold,andfor Pata5%threshold.Soilpropertiesalso
variedsignificantlybetweenthelandscape-scalepositionof thepits (Fig5, lowerpane,S3
TableandS5Fig).Pitslocatedon thehills of ring ditches(within andoutsidetheenclosure)
containedsignificantlymoreclays,Ntot, Mg andK thanadjacenthills ata1%threshold.The
enclosuresof thering ditchesalsocontainedsignificantlymoreCorgandCathanthering
ditch slopesandtheadjacenthill ata1%threshold.Variationsin Al andpH werepoorlysig-
nificant.Al wasslightlyhigherin theslopesof thering ditchesthanin theenclosuresor adja-
centhills,whilepH wasslightlyhigherin adjacenthills ata5%threshold.

Extentof anthropogenicdisturbances
Thecompositeindexquantifiedtheextentof anthropogenicdisturbancesthroughamultiple
proxyapproachthat integratedartifacts(ceramicshards,macrocharcoals,soots),chemical
indicators,andsoilcolor.Variationsin anthropogenicdisturbanceswithin studysitestendto
increasefrom adjacenthills to theenclosureof ring ditches(Fig6;S6±S8Figs).It isalsoimpor-
tant to notethat this indexwaslessvariablebetween30and60cmdepththanbetween0and
30cmdepthwherevariationsacrosslandscape-scalelocalizationandpitsweremorepro-
nounced.At GALBandMC87,anthropogenicdisturbanceswerehigherwithin thering ditch
enclosuresthanoutsidetheenclosuresandadjacenthills.At NOUR,variationsin anthropo-
genicdisturbanceswerelesspronounced,andthecompositeindextendsto graduallydecrease
from theenclosureof thering ditch to theadjacenthill.

Discussion
Thisstudyprovidesanextensive,multi-proxy overviewof anthropogenicdisturbancesin for-
estlandscapessurroundingring ditch sitesin FrenchGuiana.Byexploringmultiple indicators,
includingarchaeologicalartifacts,soilcolor,andphysicochemicalproperties,our studypro-
videsoneof thefirst landscape-scalespatializationof long-termanthropogenicdisturbances,
not only within theenclosureof ring ditches,but in theextendedsurroundinglandscape.

Occupationperiods
Our differentcohortsof radiocarbondatessuggesttwo mainperiodsof occupationthatwere
coherentbetweenstudysites:oneperiodextendingfrom the5th to the10th century(430CEÐ
976CE)andonefrom the13th to the15th century(1214CEÐ1490CE).Althoughwedid not
carryout ataxonomicidentificationof themacrocharcoalsselectedfor radiocarbondating,we
datedacohortof tencharcoalspersitefrom differentpitsanddepthto getalargerangeof
datesandavoiddatingthesameplant.Theconsistencyof datesobtainedbetweenthethree
studysitesmadeusconfidentabouttheperiodsof occupation.Theseperiodsareconsistent
with previousradiocarbondatingreportedat thesesites.Forexample,Brancieretal.[14]
reportedoccupationperiodsbetween500and1100CEatMC87,while thedatesobtainedin
our studyat thissiterangedbetween662and1398CE.At Nouragues,Bodinetal.[15]
reportedradiocarbondatesbetween688and1630CEfrom thering ditch of the`grandplateau'
(named`site9' in Bodinetal.suppl.file),while themainperiodsof occupationat thissite
extendedbetween430and1446CEin thepresentstudy.In two sites(GALBandNOUR),
occupationperiodswerediscontinuous,echoingthebimodaldistribution of radiocarbon
datesreportedbyBodinetal.[15] atNouraguesandbyM. Mestre[50] atanotherring ditch
sitelocatedalongtheOyapockriver in easternFrenchGuiana.Thissuggestsatransitional
abandonmentof thesitesfollowedapopulationre-expansionor reestablishmentseveral
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Fig 6. Compositeindexof anthropogenic disturbancesat MC87,NOUR andGALB between0 and30cm deep.

https://doi.org/10.1371/journal.pone.0298714.g006
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centurieslater.Theradiocarbondatesobtainedin thisstudyarealsoconsistentwith previous
knowledgeon theAmazonianscale.While theearliesttracesof geometricearthworkconstruc-
tion found in WestAmazoniadatebackto the1st to the2nd millennium BCE[6, 17],most
studiesreportedthat theoccupationof earthworksspreadfrom thefirst millennium CE[5] to
veryrecentperiods[4, 7,9,18,32],sometimesaftertheEuropeanContact[4, 7], seeS1Table.

Alongsidethecohortof CommonEradates,weretrievedfour surprisinglyold dates
betweenthe8th andthe3rd millennium BCE(7739to 2585BCE,i.e.approximately9.7to 4.5
kaB.P.)at thesitesof NouraguesandMont Galbao,whoseinterpretationisuncertain.Indeed,
mostcharcoalandgeochemicalstudieshighlight therarity of naturalfiresin Amazonrainfor-
ests,thuspostulatingthatcharcoalscanbeattributedto humanactivities[51±53].However,
Amazoniaexperiencedadrier periodduring theearlyto mid-Holocene.Cordeiroetal.[54]
proposedtwo periodsof droughtin South-EastAmazoniabetween11.8kaand4.75kaB.P.
(with amaximumbetween7.6kaand4.75kaB.P.),whileMayleandPower[51] suggestedthat
thedry periodextendedbetween8 kaand4 kaB.P.in lowlandAmazonia.In FrenchGuiana,
Charles-Dominiqueetal.[55] highlightedinstancesof paleo-firesovertheperiods10000±
8000B.P.and6000±4000B.P.,wellbeforetheearliestoccupationsof FrenchGuianathatare
estimatedat6200B.P.atsite`PlateaudesMines' in westernFrenchGuiana([56], p.135).
Althoughtheanthropogenicorigin of theseancientdatescannotberuledout,aclimaticorigin
remainsmoreprobable.In-depth investigationsof paleovegetationsandpaleofiresin French
Guianaarenecessaryto determinethenaturalor anthropogenicorigin of theseancient
charcoals.

Landscape-scalespatialanthropogenicdisturbances
Pre-Columbiansocietieshadextendedimpactson forestlandscapesin thethreestudysites,
not only within ring ditch enclosuresbut alsoon thesurroundingterritory. Thecomposite
indexdevelopedisapowerfultool to capturemulti-proxy anthropogenicdisturbancesin our
vastandcontinuousstudyareas.Asexpected,thecompositeindexhadslightlyhighervalues
between0 and30cmdepththanin deepersoil levels,wheretheindexvalueswerelowerand
globallymorehomogeneous.This isconsistentwith apreviousstudybySatiroetal.[57] who
shownthat thedifferencesbetweenAmazonianDark Earthsandadjacentsoilswerehigherin
thefirst 30cmbasedon micronutrient availability.In our study,pre-Columbiandisturbances
werestrongerin theenclosuresof thering ditches.However,our resultsat threeindependent
studysitesindicatethatanthropogenicdisturbanceswerenot limited to theenclosuresof ring
ditches.Interestingly,thecompositeindexrevealedacommontrendbetweenthethreesites,
decreasingfrom ring ditch enclosuresto slopesandadjacenthills.Thisobservationisnotably
supportedbysoilcolorvariationsandthepresenceof macrocharcoals.However,dark-colored
soilswerealwaysthinner on theadjacenthills thanon thering ditches.At MC87,thecolors
7.5YR3/2and2.5YR3/4extendedacrossthefirst 35cmwhile thesesoilcolorsweredetected
overthefirst 20cmon theadjacenthill. At NOUR,thecolor10YR4/4extendedacrossthe
entireprofile on thering ditch andwasdetectedonly betweenthesurfaceand5 to 15cmon
theadjacenthill. At GALB,thecolor10YR4/4wasfoundup to 30cm in thering ditch enclo-
sureanddetectedon thesurfacesample(0±5)in theadjacenthill. Similarly,enrichmentsin
microcharcoalsweredetectednot only within ring ditch enclosuresbut alsoon severalpits in
ring ditch slopesandadjacenthills.Contraryto ����������� areas,bottomlandscontainno or
scarcearchaeologicalartifacts.Nevertheless,this lackof evidencedoesnot precludethat these
areasmayhavebeencirculationzonesandaccessto keyresourcesnot found in �����������
suchaswater,hydrophilicplants(e.g."
����� ��������) andgleysols.
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Our resultscorroboratepreviousstudiescarriedout in FrenchGuianaandAmazonia,
whichalsosupporttheextensiveuseof forestlandscapesbypre-Columbiansocieties.For
example,Bodinetal.[15] suggestedthatanthropogenicdisturbancesaffectedforestrecoloni-
zationon theadjacenthill at thering ditch siteof SautParareÂ, locatedabout8 km from NOUR
site.In theBrazilianstateof Acre,Watlingetal.[33] proposedthat thejoint increasein palm
phytolithsandmicrocharcoalsin soilprofilesatbothgeoglyphsitesandsurroundingsareas
(3.5km apart)isanexpressionof anoverallincreasein humanlanduse.Robinsonetal.[58]
revealedtheexistenceof anthropogenicbrownandblacksoilsnearditchedsitesin northern
Bolivia.Our resultsarethereforein line with recentfindingsthat interfluvial regionsweresub-
jectedto pre-Columbiansocio-environmentaldynamics.At aregionalscale,LIDAR analyses
revealedthatpre-Columbiansocietieshadacomplexspatialorganizationwherepolitical,set-
tlement,andagriculturalsiteswerelinked bycausewaynetworksoverareasof severalhundred
km2 [4, 7]. Throughacontinuousandstandardizedsamplingdesign,our studyintroducesa
complementaryapproachto assessfine-scaleanthropogenicdisturbancesin thelandscapes
surroundingring ditches.

Moving beyondthe ADE paradigm
Thesoilpropertieswithin thering ditch enclosuresdid not meetanthrosolcriteriaandcannot
beconsideredasADE ����
 ������� (i.e.�����������). Accordingto theWorld ReferenceBase
for SoilResources[59], ananthrosolis formedby longandintensiveagriculturaluse.It is
definedasasoilwith apretichorizonthicker than50cm,which itselfisdefinedasadarkhori-
zon(Munsellcolorvalue�4 andachroma�3) enrichedin Corg,P,Ca,andMg with charcoal
and/orarchaeologicalartifacts:shards,lithic instruments,bones[37,38,43,60±63].Thesoils
of thering ditch enclosuresrevealedenrichmentsin artifacts,Corg,andnutrients(Ca,Mg, K)
overthefirst 30to 35centimetersonly,andthedarkesthorizonsweredarkreddishbrown(2.5
YR3/4) to darkyellowishbrown(10YR4/4)with Munsellvaluesbetween3and4anda
chromaof 4.

Nevertheless,soilpropertiesrevealedasignificantanthropogenicinfluencecomparedto
adjacentsoils.Theconcentrationsof Corg(between11.5and177g/Kg),Ca(between0.01and
0.78g/Kg),andMg (between0.001and0.085g/Kg)werelowerthanthosecommonlyfound
in ADEs[58,62±64]but higherthanthoseof adjacentsoilsin our studysites.Indeed,soil
modificationbyhumanactivitiesisamultidirectionalandgradualprocessthat leadsto various
trajectoriesanddegreesof soil transformation.Soilpropertiesin thepresentstudyarecompa-
rableto thepropertiesof `transitional'soils,alsoknownas`AmazonianBrownEarths'(ABEs)
or formerly `����� �
����� [58]. Forexample,ABEscanexhibitcolorsrangingfrom dark
brown(7.5YR3/2) to yellowishbrown(10YR5/6),andconcentrationsof Ca(0.2to 0.7g/Kg)
andMg (0.04to 0.09g/Kg) thatarecomparableto theconcentrationsfound in our study[38,
58,62].This isalsoconsistentwith theobservationsbyBrancieretal.[14] whoargued,based
on micromorphologyandtheabundanceof anthropogenicartifacts,that thesoilsin MC87
werecloserto `����� �
����' thanto `����� �����'. AlthoughCostaetal.[62] proposedthat
`����� �
����' is theresultof ADE degradation,Robinsonetal.[58] arguethat thesetwo soil
typesaretheresultof distinctprocessesdrivenbydifferentmanagementof resourcesand
space.Moreover,regionaldifferencesbetweentheAmazonbasinÐwheremostADEsare
foundÐand theGuianaShield,andbetweenfluvial andinterfluvial regionsÐwhereADEsare
rareÐshouldbetakenwith cautionasthepedogenesisprocessesmaydiffer.Thespecificloca-
tion of our studysitesin interfluvialareasof theGuianashieldarguesfor abetterconsideration
of this regionin our understandingof thelong-terminfluenceof humanactivitieson soil
propertiesandpedogenesisin Amazonia.
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Land-useand landscapemanagementat ring ditch sites
Bothlongperiodsof occupation,artifactsandsoilpropertiesarguein favorof perennialsettle-
ments.Indeed,soilsfrom ring ditchescontainedthehighestoccurrenceof macro-andmicro-
charcoals,ceramicshards,andsignificantenrichmentsin chemicalindicators(Corg,Ntot, Ca,
Mg, K). Suchpatternsarefrequentatpre-Columbiansitesandareinterpretedasevidenceof
earlydomesticoccupation[4, 62,65,66]andcanunveilancientlanduseandmanagement.
Forexample,ceramicshardswerealmostexclusivelydetectedwithin ring ditch enclosuresand
ditches,suggestinghousingareas.Theoverallhigherconcentrationsof N, K andCawithin the
ring ditchestraduceahighersoil fertility. High concentrationsof nutrientsatpre-Columbian
sitesarecommonlyattributedto anaccumulationof organicwastesof animalandplantorigin
[62,67],possiblyreinforcedbyplantashamendments[68]. Thepresentstudyalsorevealed
thepresenceof macro-andmicrocharcoalsin thethreestudyareas.Thesenewresultsarecon-
sistentwith thepreviousstudybyBrancieretal.[14] thatprovidedevidenceof burnedsoils
within theenclosureof MC87.Thefrequencyof fire indicatorsin archaeologicalandpaleoen-
vironmentalrecordsiscommonlyinterpretedasamarkerof fire managementin Amazonia
[69,70].ForWatlingetal.[33], charcoalparticleslargerthan100±125�m aremorelikely to
resultfrom alocalor supralocalfire signal,andthoselargerthan250�m correspondto ������

burning.Therefore,theabundanceof macrocharcoalsbetween2 and5 mm found in our
studythussuggest������
 fire management.Differencesin microcharcoalconcentrations
betweenpitsalongthetransectshoweversuggestthatnot all areasweresubjectedto thesame
fire regime.Kinematictransportmodelsandempiricalmeta-analysessuggestthatmicrochar-
coals(>150�m) couldbetransportedup to fifty kilometersin thecaseof naturalfires[71,72].
Intensive,large-scalehuman-inducedfiresthroughoutring ditch territoriesshouldhave
homogenizedmicrocharcoalsignalsacrosspits.Instead,burning wasmorelikely alocalpro-
cessin smallpatchyareasthananextensivepracticeaffectingvastareas.Firemanagement
mayhaveserveddifferentdomestic(e.g.forestclearance)and/oragriculturalpurposesthatare
not necessarilymutuallyexclusive.Forexample,Arroyo-Kalin [68] suggeststhatmicrochar-
coalconcentrationsin anthropogenicsoilscanbeinterpretedasevidenceof highly localized
slash-and-burncultivation.Bodinetal.[15] point out,however,thatanthracologicaldeposits
alonecannotbeusedto decidewhethercharcoalisof agriculturalor domesticorigin. Indeed,
archaeobotanicalandisotopic(d13C) analysesarenecessaryto investigatetheextentof forest
clearance,andto deepenour understandingof pre-Columbianlandscapemanagement.At
NOUR,Bodinetal.[15] suggestedbasedon anthracologicalassemblagesthathumanactivities
favoredasecondaryvegetationcomposedof pioneerandheliophilictaxa,thussuggestingfor-
estopeningsduring occupationperiods.Conversely,Watlingetal.[33] suggestedthat the
landscapesremainedrelativelyclosed(i.e.`anthropogenicforests')during theoccupation
basedon phytolith assemblagesandd13C.

Althoughit is impossibleto concludeabouttheusesof pre-Columbianlandscapesat ring
ditch sites,our studycorroboratesthehypothesisof `domesticlandscapes'[24], wherehuman
occupationhadextendedandlong-termimpactson contemporaryforestlandscapes,either
directly(throughplantcultivationfor foodand/ormaterialproduction)or indirectly (through
landscapemanagement).Nonetheless,thepresentstudypavesthewayto in-depthinvestiga-
tionsof bothcontemporaryandancientvegetationto tacklethepurposesof landscapeman-
agementat ring ditch sitesof FrenchGuiana.

Conclusion
Takentogether,our resultssupporttheideathatpre-Columbiansocietiesmadeextensiveuse
of their landscapesin theFrenchGuianahinterlands,leavinglastingtracesof their activitiesin
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thesoilsof ring ditch sitesandtheir surroundingterritories.Soilsurveysrevealedanthropo-
genicalterationcorroboratedby localenrichmentsin chemicalindicators,darkersoils,and
abundantmacro-andmicrocharcoals,whoseoverallintensitydecreasedfrom ring ditch
enclosuresto surroundingareas.Furthermore,detectedanthropogenicsoilsdo not meetthe
characteristicsof ªAmazonianDark Earthsº����
 �������, thusarguingfor aninclusiveconsid-
erationof ªAmazonianBrownEarthsºasAmazoniananthrosols.Finally,further investigation
of ancientvegetationthroughphytolith andisotopeanalysesisessentialto deepenour under-
standingof theexactlandusesandaimsof landscapemanagementat ring ditch sites.
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S1Fig.Proportion of samplesper pit containing ceramicshards(red triangles),macro-
charcoals(graysquares),andsoots(blackcircles).
(TIF)

S2Fig.Distribution of microcharcoalabundanceacrosssites(GALB, MC87,NOUR), land-
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S3Fig.Principal componentanalyses(PCAs)illustrating variations in soil properties
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(TIF)

S4Fig.Principal componentanalyses(PCAs)illustrating variations in soil properties
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ditch enclosureandditch;2:Ringditch plateauandslopes;3:Adjacenthill.
(TIF)

S5Fig.Distribution of averagedvaluesof physicochemicalpropertiesaccordingto study
sites,localizations,anddepth of soil samples.Averagedvaluesarecalculatedfor eachdepth
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(TIF)

S6Fig.Compositeindex of anthropogenicdisturbancesat MC87.Entiresoilprofile (upper
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(TIF)

S7Fig.Compositeindex of anthropogenicdisturbancesat NOUR. Entiresoilprofile (upper
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(TIF)

S8Fig.Compositeindex of anthropogenicdisturbancesat GALB. Entiresoilprofile (upper
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