


conditions likely caused degradation of the vegetation into garrigue, as seen in the area of

the Argive Plain today.

Introduction

ThePeloponnese(Fig1A) isakeyregionfor thestudyof thelong-terminteractionbetween
humansocietiesandtheenvironment[1±3].Thelandscapesof thepeninsulahavebeen
formedthroughtectonicactivitiesandfluvial erosionanddepositionof sediments,in combi-
nationwith sealevelvariationsandclimatechanges[4±6].Contemporaryvegetationisdefined
byhighvariabilitydueto alargevariationin parameterssuchasgeomorphology,soil typeand
hydrology,in combinationwith gradientsof temperatureandprecipitationacrossthepenin-
sula.Moreover,thePeloponnese,andsouthernGreecein general,hasbeenstronglyaffected
byhumanactivitiessinceat leasttheBronzeAge,whichcontributedto createculturalregions
surpassingenvironmentaldifferences[2, 3].

In thispapertheroleof palynologyin investigatingnaturalandhuman-forcedchangesof
pastenvironmentsisstressed.Althoughpollenanalysisprovidesrelativelylocalvegetationhis-
tories,thesehistoriesoftenrecordhuman-environmentaldynamicson regionalandsuper-
regionalscales,asbroadlyshownin theMediterranean[7±11].Wefocuson themid-lateHolo-
cenevegetationof theArgivePlainin thenortheasternPeloponnese(from 4760BP/2810BCE
to present).Thecatchmentareaof thecoredsedimentbasinÐhenceour studyareaÐcovers
thelowlandsof theArgivePlainproper,aswellasthesurroundingfoothillsanduplands(Fig
1B).Therich evidencefor intensehumanoccupation,whichalteredthelandscapefrom the
Neolithic to thepresent,hasspurredseveralstudieson localpalaeoenvironmentalchanges.In
particular,thesepreviousstudieshavefocusedon theroleof geomorphologicalchangesand
vegetationdynamicsin relationto socio-economicdevelopmentthroughouttheHolocene
[12±19].However,significantmethodologicaladvancementwithin paleoenvironmentalsci-
encesduring thelasttwo decades,provideexpandedpossibilitiesfor adetailedstudyof the
relationshipbetweenpalaeoclimaticfluctuationsandtheevolutionof thelocalplantecosys-
tem.In thisstudy,our specificaimsare(i) to presentahigh-resolutionrecordof pastvegeta-
tion changein theareaof theArgivePlain,and(ii) comparepollendatawith complementary
archaeological,historical,climatic,andpalaeoenvironmentalproxiesatalocalandregional
scale.

Study area

Geomorphology and hydrology of the Argive Plain

TheArgivePlain(Fig1B)is locatedat thecarbonatebasinof theGulf of Argosandissur-
roundedbyhills formedbykarstifiedlimestoneswith steepslopesrising to 400±700m [18].
ThemainstreamsaretheInachosRiver,flowing in thecentralplainanddrying out during
summer,andtheErasinosRiverto thewest,which isperennial.

Theplain,surroundedbyhighlandmassifsto theeastandwest,canbedividedinto differ-
entgeomorphologicalzones:ahorseshoe-shapedlowlandextendsto thenorth from 25to 100
m a.s.l.,consistingof Pleistocenealluvialfans;in thecoastalportion from Argosto Nafplio (E)
andLerna(W) thegradationto theseaisextremelylow (0±25m a.s.l.)andthesediment
depositsaremostlyrepresentedbyHolocenealluvia[18]. Mostof themarestreamflooddepos-
its andoverbankloamsderivedfrom therunning watersoriginatingin thehighlandswhich
causeextensivebut infrequentfloodingevents.
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Thegeomorphologyof theareahasthusbeenshapedmainlyby fluvial processes,along
with thetransgressionandregressionof theseadueto coastalaccretionduring theHolocene.
Themaximumtransgressionof thesea,i.e.by theGulf of Argos,hasbeendatedto before5500
BP,atwhichtime aportion of theeasterncoastalplainwassubmerged[18,19].Thesouth-
westernportion wasinsteadoccupiedbyLakeLerna(Fig1B):afreshwaterbasinpermanently
suppliedby theErasinosRiverandseparatedfrom theseabyabeachbarrier formedatca.
8300BP[17,18].At ca.6500BPthelakereachedmodernArgosandcoveredanareaof 4.2

Fig 1. Study area in the Peloponnese (Greece) highlighting the Argive Plain with ancient Lake Lerna and its climatic data, as well as the location of sites

for the investigated periods. (a)Locationof LakeLernaandotherPeloponnesiansitesmentionedin thepaper.Dotsstandfor palaeoenvironmentalrecords,
diamondsfor palaeoclimaticones.;(b) Detailof theArgivePlainwith theformer lakeandcoringsite.Themainarchaeologicalandhistorical sitesareshown;
(c) Monthly meantemperature(ÊC)andprecipitation (mm) valuesrecordedin Argosduring theperiod1980±2010[32]; (d) Chronology of themain
archaeologicalandhistoricalperiodsin Greece(from [2]).

https://doi.org/10.1371/journal.pone.0271548.g001
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km2 with awaterdepthof about7 m [12,20].Betweenca.5000±4000BPtheeasternpartof
thelakebasinwasfilled becauseof accretionof sedimentscarriedby theInachosRiver,
whereasthewesternpart survivedasashallowwaterbody[17]. Apart from theErasinosRiver,
thewaterregimeof thelakewasmainlydeterminedby thecoastalspringsof LernaandAmy-
moni (Fig1B),aswellasbysomelow-dischargingstreamsfrom theeasternslopesof theArte-
misioMountains.A smallwetland,floodedduring therainy seasons,is theonly presenttrace
of theformerLakeLerna.

Thecoringsitechosenfor thisstudyis locatedin thesouthernmostpartof theareaof the
ancientlake(Fig1B).Sedimentationrateandpollendepositioncanvaryto ahighdegreein
thesekindsof shallowwetenvironmentscloseto rivers,wherethewatertableandsediment
inflow commonlyfluctuate(e.g.[21±23]).During phasesof localfenconditionsmarshytaxa
canbeover-representedin pollenrecordswhile lakeconditionsgenerallybetterreflecttheveg-
etationin alargerarea.In arelativelyopenenvironment,suchastheArgivePlain,wewould
expectthepollenrecordfrom thecoringsiteto mainly reflectthevegetationon theArgive
Plainincluding theslopesof thesurroundingmountains.

Vegetation

Thevegetationof theregionincludesavarietyof plantcommunitiesasgenerallydescribedfor
Greece[24,25].In thehighlands,mountainbroadleavedandconiferousforestsprevail;Abies
cephalonica Loudon, endemicin thecentralandsouthernPeloponnese,ismainlypresentin
associationwith Pinus nigra J. F.Arnold ([26]; seealsothemodernpollendataprovidedby
[13] and[27]). In theuplandvalleysandhill slopesthethermophilousmixeddeciduousforest
dominates.Theallianceof deciduousQuercus L.,Ostrya carpinifolia Scop.andCarpinus orien-
talis Mill. prevails,but Mediterraneanspeciesalsooccur(Pistacia terebinthus L.,Phillyrea lati-
folia L.,Prunus mahaleb L.).Thelowlandsarecoveredby theMediterraneansclerophyllous
vegetationwhichbelongsto theevergreenforestof oaks(Quercus coccifera L.,Q. ilex L.) and
bypines(Pinus brutia Ten.,P. halepensis Mill.,P. pinea L.).SincetheArgivePlainhasbeen
stronglyshapedbyhumanactivities,oneof themaindegradedenvironmentsis thephrygana,
whichisasemi-shrubheathlandof garriguetype[28]. More opennaturalcommunitiesare
characterisedbyOlea europaea L.,Pistacia lentiscus L. andCeratonia siliqua L. in association
with sclerophyllousshrubs(Phillyrea latifolia L.,Myrtus communis L.,Rhamnus alaternus L.,
Pistacia terebinthus L.) [25]. Thehygrophilousvegetationof thewetlandsmainlyconsistof
Phragmites australis (Cav.) Steud. andArundo donax L.,whereastreesonly occurin fewiso-
latedpatches(i.e.Eucalyptus L’Hér, Salix L.,Populus L.,Cupressus L.).Perennial(e.g.Typha
latifolia L.) andfloating(Cladium mariscus (L.) Pohl.,Nymphaea L.) macrophytesgrowin
pondsandarereplacedbyhalophytesat theInachosRivermouth,whereTamarix L. iswide-
spread[28].

Two pollenstudieshavepreviouslybeenpublishedfrom LakeLerna.Themostcomprehen-
siveoneis thatof Jahns[13], presentingacontinuouspollenrecordof thelast5000years.The
authordescribesavegetationhistorythatbeginswith amixeddeciduousoakwoodlandgrow-
ing in theuplandsandanopenMediterraneanforestconsistingofQuercus ilex L./Q. coccifera
L. dominatingtheplain,wheretherewereseveralpre-existinghumansettlements.Thereafter,
thedeciduousforestbecamedenserat loweraltitudes,replacingtheevergreenvegetation.This
is followedbyadecreaseof thedeciduousoakwoodsasaresultof woodclearancefor cultiva-
tion andpasture.Jahns[13] suggeststhat thereductionof forestcoverbyhumanactivity
favouredanexpansionof Pinus andanincreaseof sclerophyllousplants.Very recently,Kos-
keridouandcolleagues[29] haveanalysedsomepollensamplesfrom acoretakenalmost1km
SWof our sequence,in astudywherethemainaimwasto reconstructtheevolutionof the
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coastalwetlandatLerna.Theabsenceof feasibleradiocarbondates,however,prevented
authorsfrom building anage-depthmodel.Localhygrophilousplantsprevailoverthesur-
roundingvegetation,whichismainly representedbypinesanddeciduousoaks.Moreover,no
majorvegetationchangeshavebeenhighlighted,apartfrom theincreasedpresenceof Plantago
lanceolata in theuppermostlevelssuggestinganthropogenicdisturbance.

Jahns'recordfrom LakeLernahasbeenwidelyusedasoneof thekeypollenrecordsfrom
thePeloponneseandcontributedto thereconstructionof human-environmentdynamicsin
thePeloponnesein recentsyntheses[1±3].Otherpollenrecordsfrom thenortheasternPelo-
ponnesehavebeenpublishedby [27,30].In addition,alimited numberof pollenrecordsexist
from otherareasof thePeloponneseandadjacentregions(Fig1A). In thestudywewill com-
paresomeof thesedatawith our newrecordfrom LakeLerna.

Climate

Theregionalclimateis typicalof theeasternMediterraneanwith hot,dry summersandmild,
wetwinters[31]. MostannualprecipitationfallsbetweenNovemberandMarchandthewater
balance(evapotranspiration/precipitation)isnegativebetweenApril andOctober(Fig1C).
Themeanannualprecipitationis383mm andthemeanannualtemperatureis17ÊC,with
meanmonthly temperaturesrangingfrom 28ÊCin Julyto 8ÊCin January(datafrom Argosfor
theperiod1980±2010;[32]).

Theclimateof thePeloponneseis influencedbyAtlantic circulationpatternsmodulatedby
bothMediterraneanandlocalair-masssystems[33]. Thepeninsulais locatedin theintermedi-
atepositionbetweenthehigh latitudes,dominatedby theSiberianHigh, theNorth Atlantic
Oscillation(NAO) andtheNorth Sea±CaspianPattern(NCP),andthelow latitudeswith the
SubtropicalHigh andthemonsoonalsystems[34]. Moreover,themountainridgesstretching
from North to Southin thePeloponneseblockwesterlyair massesandcausedrier andrela-
tivelycoolerconditionson thenortheasternsideof thepeninsula[35]. Despitetherelatively
stablesummerregime,extremeconditionsandheavyrainfall eventsareoccasionallyinduced
by theincomingcoolair from higherlatitudesduring anticyclonicepisodes[36,37].

A numberof palaeoclimaticrecordsareavailablefrom thePeloponnese,basedon geochem-
icalproxiesfrom palaeolakesedimentsandcavespeleothems(Fig1A).Thetotality of therec-
ordsfrom thePeloponneseoutlinesacomplex,andnot alwaysconsistent,climatological
patternthat is likely dueto acombinationof chronologicalprecision,geographicalandtopo-
graphicaldifferencesandthespecificsof thesampleenvironment.Thecomplementarityof the
differentproxiesisnot yetfully understoodanddifferencesandsimilaritieswill beoutlinedin
thefollowingdiscussion,highlightingthelocalisotopic(δD23) recordfrom LakeLerna[34] in
relationto otherAegeanandEasternMediterraneanpalaeoclimaterecords.

Human occupation

TheArgivePlainhasbeenakeyareafor our understandingof ancientsocietiesin Greece
acrosstheages.Theareawasintensivelyoccupiedfrom at leasttheEarlyBronzeAge(for abso-
lutechronologies,seeFig1D) anddifferentsocio-economicdevelopmentsthroughtimesare
testifiedbysomeof themostnotablearchaeologicalsitesin theregion(Fig1B).A numberof
settlementsareknownfrom thevicinity of ancientLakeLerna,suchasLerna(ca.3.5km SW
of thecoringlocation)andKephalariMagoula(ca.2 km NW of thecoringlocationandby the
shoreof ancientLakeLerna),andArgos(ca.6km N of thecoringlocation,by theInachos
River)whichwereall occupiedduring mostof theBronzeAge[38]. Themorewell-known
LateBronzeAgepalatialcentresatMycenaeandTirynsoccupiedtheeasternpartof theplain.
TheEarlyandLateBronzeAgewereperiodsof prosperityandhighhumanactivity,during
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whichthenumberof identifiedsettlementsincreasedalsobeyondthecoreareas,asevidenced
by theresultsof theBerbati-LimnesArchaeologicalSurveyconductedin anenclosedvalley
anduplandsimmediatelyadjacentto theArgivePlain[39]. On thecontrary,thelateEarly
BronzeAgeandtheMiddle BronzeAgeweremarkedbyareductionof thenumberof sites,
but theArgiveplain remainedacentreof activityalsoduring theseperiods.Theendof the
LateBronzeAgepalatialperiodalsocoincidedwith asignificantdeclineof humanactivityon
theplain.Fromtheendof theEarlyIron Age,however,thecity-state(polis) of Argosbecame
increasinglydominantandby theearlyClassicalperiodseemsto havecontrolledtheentire
ArgivePlain[40,41].In thisperiod,theareaagainbecamedenselyoccupiedincludingasmall
settlementatLernaitself[42]. In both theHellenisticandRomanperiod,Argoscontinuedto
actasasignificantregionalcentreandexcavationscarriedout in themoderntown have
revealedextensiveremainsrelatingto urbanactivityin theseperiods[43±45].During theLate
Antiquity theimportanceof Argosisstill confirmedby theintensebuilding activityandevi-
denceof humanoccupationisalsoattestedthroughtheplain [46±48].Fromtheseventhto the
ninth century,oftencalledtheByzantineDark Ages,thearchaeologicalfindingsseemto indi-
cateastrongreductionin thepopulationalthoughArgoscontinuedto beoccupied[47]. After
there-establishmentof Byzantinepowerin theBalkans,thesignificanceof ArgosandNafplio
asimportant commercialspotsof theregionincreased[49,50].A pictureof growthandpros-
perity isvisiblethroughouttheplain in thisperiod:theagriculturalexpansionandintensifica-
tion of therural landscapeisdemonstratedbyresultsof theBerbati-LimnesArchaeological
Survey[51]. After thecomingof theLatinsandthereorganizationof landin thePeloponnese
during theFrankishandthefirst Venetianperiod,economicactivitiescontinuedandtherural
developmentintensified[49,51,52].Thesparsityof populationinformation in Byzantinehis-
toricalsourceshindersusin followingcloselythedemographictrendsof theperiod[53]. In
1397YakubPashacapturedArgosanddeported,accordingto aVenetiandocument[54], up
to fourteenthousand±thirtythousand,accordingto aByzantinehistorian[55]±of its inhabi-
tantsto AsiaMinor. In 1463,theArgivesenteredinto anagreementwith SultanMehmedII,
accordingto whichtheyweredeportedto Istanbul[56]. Thesourcesremainsilenton thesta-
tusof thetown until 1479,whentheOttoman-VenetiantreatyratifiedOttomanrule.These
losseswerecounterbalancedduring thePax Ottomana. Accordingto four detailedandhith-
ertounpublishedOttomantaxationcadastersof thesixteenthcentury,theArgivePlainwas
dominatedby two urbancentres(ArgosandNafplio) andcontained10identifiedvillagesand
50farms,whosepopulationreachedits peakin theearly1570s.Theearliestproperpopulation
censusandcadastralsurveyof theareawascarriedout by theVenetianauthoritiesin 1700and
attestsanoteworthydemographicgrowthandtheemergenceof newsettlements[57±59].
RightaftertheGreekWar of Independence,theExpédition scientifique de Morée conducteda
surveyof theentirePeloponnesein 1829[60], whichwasthenfollowedbyregularcensuses
commissionedby thenascentGreekstate.On thebasisof theserecords,weobservedemo-
graphicstabilisationin thefirst halfof thenineteenthcenturyandincreasein thesecondone
[61].

Materials and methods

Sediment sequence and age-depth model

Thesedimentcoreobtainedfrom theancientlake(37Ê34'57.66"N, 22Ê43'57.60"E,1 m a.s.l.)
hasatotal lengthof 5 m. Thecoringwasperformedusingahand-operatedRussianpeatcorer.
Thesequencewasdividedinto lithologicalunitson thebasisof changesin colour,boundaries
andinternalstructureof sediments(Fig2) andtheamountof organiccontent(TOC).More
detailsaboutthecoringandtheTOCanalysiscanbefound in [34].
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Thecorecoversthelast5000years.Theage-depthmodelwaspreviouslypublishedby [34]
andwasbasedon 6 AMSradiocarbondatesof plant remainsand2 datesof organic-richsedi-
ment.For thisstudyit hasbeenupdatedusingthenewcalibrationcurveIntCal20[62]. The
newage-depthmodelhasbeenprovidedusingtheClamRpackage(v4.1.1)[63] andit was
usedfor all datapresentedin thestudy(Fig2).

Pollen analysis

Theanalysisof pollengrainsandNon-PollenPalynomorphs(NPPs)hasbeencarriedout on
84sedimentsamples.Amongthem,atotalof 64sampleshavebeenincludedin theresults,tak-
ing into considerationtheminimum countpersampleof 200pollengrainsand50NPPs.The
meansamplingresolutionis6cmandthemeanchronologicalresolutionis76years.A known
amountof dry sediment(2.8±14g) for eachsamplewaschemicallyprocessedwith alternating
treatmentof HCl (37%),HF (40%)andhot NaOH (10%)([64], modified) in orderto remove

Fig 2. Sedimentological and chronological sequence of the study core from ancient Lake Lerna (Peloponnese, Greece). (left) Sedimentsuccessionand
(right) age-depthmodel,built with Clam4.1.1R-package(linearinterpolation; [63]) andbasedon 8 radiocarbonages(calibratedwith IntCal20;[62]). Results
of radiocarbondatinghavebeenpreviouslypublished by [34].

https://doi.org/10.1371/journal.pone.0271548.g002
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mineralandorganicmatterfrom thesediments.Lycopodium sporeswereaddedto estimate
pollen,NPPandcharcoalconcentrations[65]. Theidentificationof pollenmorphologyis
basedon identificationliterature[64,66±70]andreferencepollencollections.Following[71],
pollengrainsofQuercus speciesaregroupedinto:Quercus robur typeincludingall deciduous
oaks,Quercus cerris typegroupingthesemi-evergreenoaksplustheevergreenQ. suber and
Quercus ilex typewhereonly evergreenspeciesareincluded.Pinus refersboth to theMediter-
raneanandmontanespecies.AmongPoaceae,cerealshavebeenidentifiedfollowing [64,72]
andtheyaresplit in Avena/Triticum,Hordeum groupandSecale, besidesthosepollengrains
whosedeteriorationpreventedtheidentification(Cerealiatype).Cichorieaeincludeonly pol-
lenof theEuropeantribe of Asteraceaewith fenestratepollengrains[73]. Theidentificationof
NPPsisbasedon specificpublications([74±86];for theacronymssee[87]).

Thepercentagevalueshavebeencalculatedon differentpollensumsdependingon the
group.Thebasicpollensumincludesall theterrestrialspermatophyteswith theexceptionof
Cyperaceae.Otherpollen,spore,andNPPpercentages(Cyperaceae,macrophytesor aquatic
plants,indeterminablegrains,ferns,greenalgae,fungi,andall theothers)havebeencalculated
asthesumsof terrestrialspermatophytesand,in turn, eachgroupof consideredpalynomorphs
[88]. Theconcentrationvalueshavebeencalculatedperweightunit of sediment(pollen
grains-NPPremains/g;hencep-NPP/g).Theinflux valueshavebeenobtainedfrom thecon-
centrationvalueson thebasisof thesedimentationratesasinferredfrom theage-depthmodel
(pollengrains-NPPremains/cm2 year;hencep-NPP/cm2y; [88]). Polleninflux data(i.e.the
amountof pollengrainsincorporatedannuallyperunit of sediment)isanestimationof the
plantbiomass.

Thepollendiagramshavebeenplottedagainstdepthandtime scalesusingtheTILIA pro-
gram[89]. All ArborealPollen(AP) andNon-ArborealPollen(NAP) taxawith values>2%of
thebasicpollensumhavebeenconsideredin theCONISSclusteranalysis[89]. TheOJC(Cas-
tanea, Juglans,Olea) groupisbasedon [90], API (AnthropogenicPollenIndicators:Artemisia,
Centaurea, Cerealiatype,Avena/Triticum,Hordeum group,Secale, Cichorieae,Plantago
undiff.,Plantago lanceolata type,Urtica) follows[91] andPI (PastoralIndicators:Asteroideae,
Galium, Ranunculaceae)isadaptedfrom [92].

With theaim to studypastfire activitycharcoalparticleshavebeenidentifiedandcounted
in thepollenslides.Thecharcoalparticleshavebeensortedin threedimensionalclasses
accordingto thesizeof their shortestaxis.Interpretationof thecharcoaldataisaccordingto
[93,94]wherefragmentsof 10±50μm representregionalfire, fragmentsof 50±125μm indicate
fire occurredat landscape/regionalscaleandfragmentsof morethan125μm representevi-
denceof localfire. Charcoalinflux data(charcoals/cm2 year,hencec/cm2y) isbasedon con-
centrationvalues(charcoals/g;hencec/g)andisanestimateof theburnt biomass.

Results

Pollengrainpreservationisvariableandthenumberof indeterminablegrains(brokenor
degraded)spansfrom lessthan1%to 18%.Themeancountof terrestrialspermatophytes,
Cyperaceaeexcluded,is215pollengrains/sample.Pollenconcentrationsarelow andrange
from 421(at94cmÐ990calyr BP)to 34,400(at132cmÐ1580calyr BP)p/g.A totalof 125
pollentaxahasbeenidentified,including48arboreal,57herbaceousand20aquatictaxa.NAP
prevailsup to 84%of thepollensum.Percentage,concentration,andinflux valuesof selected
taxaareplottedin Figs3 and4.

Themeancountof NPPsis939.Among65taxarecognized,aselectionbasedon their eco-
logicalvalueisprovidedin Figs5 and6.Concentrationsof selectedNPPsvarybetween18(at
94cmÐ990calyr BP)and11,200(at21cmÐ110calyr BP)NPP/g.
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Sevenpollenzonesandsub-zones,namedfrom LPAZ1a(bottom) to LPAZ3 (top),are
described.PollenzonationwasdeterminedbyCONISSclusteranalysisandvisualinspection.
Agesareexpressedin calendaryearsBPandtheestimationis roundedup to thenearest10
years.

Fig 3. Results of pollen analysis of the study core from ancient Lake Lerna (Peloponnese, Greece). Pollenpercentagediagramof arborealandnon-arboreal
selectedtaxa.Curvemagnification4x.

https://doi.org/10.1371/journal.pone.0271548.g003
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LPAZ 1: 486–202 cm, ca. 4760–2240 BP (2810–290 BCE)

LPAZ 1a: 486–374 cm, ca. 4760–3980 BP (2810–2030 BCE). Thesub-zonecorresponds
to theEarlyBronzeAgeandischaracterisedby theprogressivedecreaseof AP.Concentration
is low but increasesup to 15,600p/g in thesecondpart.Thenumberof pollentaxavariesfrom
29to 41.ArborealtaxaaredominatedbyQuercus robur type(8±34%)andQuercus cerris type
(2±15%).Quercus ilex type(2±8%)andEricaceae(0±5%)havethehighestvaluesamongMedi-
terraneantreesandshrubs,whereasAbies (max4%)andFagus (max2%)representmontane
vegetation.Pinus ispresentbut neverexceeds10%.Amongarborealsynanthropictaxa,Olea is
presentfrom thebottomsamplewith low percentagevalues(0±2%),whereaspollengrainsof
Juglans andVitis aresporadic(max1%).HerbsaredominatedbyAsteroideae(6±23%)and

Fig 4. Results of pollen analysis of the study core from ancient Lake Lerna (Peloponnese, Greece). (a)Pollenconcentration and(b) influx diagramsof
selectedarborealandnon-arborealtaxa.

https://doi.org/10.1371/journal.pone.0271548.g004
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Poaceae(1±23%).Cerealpollenispresentfrom thebottomsampleandshowsadecreasing
trend(Avena/Triticum: max2%,Hordeum group:max2%,Secale: max1%).At theendof the
sub-zonePlantago undiff. hasapeakreachingthehighestvalueof thecore(35%).

Macrophytesarealsopresent,amongtheseTypha angustifolia type(max5%)prevails.
Nonethelessthesub-zoneischaracterisedby thehighestpresenceof fernswithin thecore
(monoletespores,2±52%)andbygreenalgae,amongwhichBotryococcus hasthehighestvalue
(35%).AmongNPPs,Pleospora andUstilago (max2%)arepresent;apeakofGlomus (6%)is
attestedatca.4120BP.Concentrationandinflux valuesof charcoalfragmentsarequitelow
(7,800±42,500c/gand1,700±9,0002c/cm2 y respectively)andthefractionof fragmentslarger
than125μm isabsent.

LPAZ 1b: 373–259 cm, ca. 3980–2740 BP (2030–790 BCE). Thissub-zonecorresponds
to thebeginningof theMiddle BronzeAgeuntil theEarlyIron Age.Thedecreaseof APcon-
tinues,reachingthesecondlowestvalueof thesequence(19%)atca.3310BP.After that,AP
valuesincreaseagain.Thepollenconcentrationandinflux vary(1,200±22,400p/g and233±
6,100p/cm2 y respectively),with asignificantincreaseatca.2950BP.Theidentifiedterrestrial
spermatophytescountfrom 23to 46taxa.Quercus robur type(max22%)andQuercus cerris
type(max12%)remainthepredominanttaxa.Apart from Quercus ilex type(1±7%),theMedi-
terraneanvegetationis representedbyshrubssuchasJuniperus (max4%),Phillyrea (max2%)
andPistacia (max2%).Olea (max7%)andVitis (max2%)slightlyincreasein thesecondpart
of thesub-zone.NAP ismostlydominatedbyPoaceae(4±37%)whileCichorieaehavean
abruptpeak(44%)atca.3310BP.Cerealsalmostdisappearin thefirst partof thesub-zone,
whereasin thesecondpart thepresenceofHordeum group(max3%)isaccompaniedbyother
herbaceoussynanthropictaxa(Apiaceae,Centaurea, Polygonum aviculare type,Sanguisorba
minor type).

AmongmacrophytesTypha angustifolia typeincreasesup to 28%,aswellasPotamogeton
(11%)and,especiallyat theendof thesub-zone,Nymphea (36%).Fernsreducesignificantly,
in contrastto greenalgae.Glomus (0±11%)alsoincreasesafterca.3310BP,evenif themost
abundantNPPof thissub-zoneisHdV-128(2±50%).Concentrationandinflux valuesof

Fig 5. Results of pollen analysis of the study core from ancient Lake Lerna (Peloponnese, Greece). Pollenpercentagediagramof selectedaquaticandNPP
taxa.Curvemagnification4x.

https://doi.org/10.1371/journal.pone.0271548.g005
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charcoalremainlow in thelowerpartof thesub-zone(434±72,700c/gand63±15,400c/cm2 y
respectively)andincreaseafter3310BP,whenthefractionlargerthan125μm isalsopresent.

LPAZ 1c: 258–204 cm, ca. 2740–2240 BP (790–290 BCE). Thesub-zonecoverstheend
of theEarlyIron Ageto theEarlyHellenisticperiodandischaracterisedbyarapiddecreaseof
AP(up to 30%).Thepollenconcentration,asinflux, isverylow but increasesup to 7,100p/g
afterca.2450BP.Thenumberof terrestrialspermatophytesvariesfrom 31to 47.Pollenfrom
thermophiloustreesalmostdisappears,whereasMediterraneanforesttaxaincreaseslightly
thanksto theenhancedpresenceof Phillyrea (max6%)togetherwith Quercus ilex type(max
6%).ThemontanetaxaaremostlyrepresentedbyAbies (max5%)andBetula (max1%),
whereasPinus increasesup to 22%atca.2450BP.Amongcultivatedtrees,onlyOlea reaches
valuesabove2%.Theappearanceof Tamarix (0±2%)amongriverineplantsisnoteworthy.
ThepredominantherbaceoustaxaarePoaceae(10±37%)and,afterca.2450calyr BP,also
Cichorieae(up to 31%).Plantago (1±7%)mainlyaccompaniesthefrequencyof Cichorieae.
Cerealpollendisappearsafterca.2450BP.

Fig 6. Results of pollen analysis of the study core from ancient Lake Lerna (Peloponnese, Greece). (a)Pollenconcentration and(b) influx diagramsof
selectedaquaticandNPPtaxaandcharcoals.

https://doi.org/10.1371/journal.pone.0271548.g006
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Typha angustifolia typeprevails(2±19%),whereasNymphea decreasesmarkedlyand
reachesonly 1%.Fernsporesarewidelypresentwhilegreenalgaealmostdisappearafterca.
2450BP;amongfungi,Glomus prevailsafterca.2620BP(1±15%).Thesmallestcharcoalfrag-
mentshavelow concentrationandinflux values(764±14,200c/gand154±3300c/cm2 y respec-
tively)but increaseafterca.2450BP.Theamountof indeterminablepollengrainsreachesthe
highestvalueof thediagram(18%).

LPAZ 2: 203–42 cm, ca. 2240–270 BP (290 BCE-1680 CE)

LPAZ 2a: 203–191 cm, ca. 2240–2120 BP (290–170 BCE). Thesub-zoneis represented
byonly two sedimentsamplesandshowsthehighestAPpercentagevalues(87±89%)together
with someof thelowestpollenconcentrationvalues(571±646p/g) of thediagram.Thetotal
polleninflux tendsto zero.Thenumberof pollentaxais thelowestof thediagram(14).Arbo-
realtaxaaremainly representedbyPinus (53±55%)andAbies (20±28%),theherbonesby
Cichorieae(max8%).Macrophytespercentagevaluesarelow (max7%),in contrastto the
amountof triletespores(6±7%)andapeakof greenalgae(Zygospores:35%).No fungal
remainsarepresent.Charcoalconcentrationandinflux tendto zeroandthenumberof inde-
terminablepollengrainsreachesthelowestvalueof thediagram(<1%).

LPAZ 2b: 190–101 cm, ca. 2120–1130 BP (170 BCE-820 CE). Thesub-zone,representing
theLateHellenisticto theEarlyByzantineperiod,ischaracterizedbyAPvs.NAP oscillations.
Totalpollenconcentrationandinflux (34,400p/g and126±17,500p/cm2 y respectively)havethe
highestpeaksof thediagramatca.1580BP.Thenumberof identifiedterrestrialspermatophytes
are23±38taxa.ThemostabundantarborealtaxonisPinus (1±40%).AlthoughQuercus robur
type(6±20%)andQuercus cerris type(1±9%)expand,thenumberof thermophiloustaxa
reduces.Quercus ilex typeandJuniperus prevailamongMediterraneantaxa(reachingboth6%),
whereasBetula (max1%)ispresentamongmontanetreesin thesecondpartof thesub-zone.
Betweenca.1840and1480BPOlea reachesthehighestvalueof 23%andJuglans appears(max
2%).NAPshowsthedominanceof Poaceaereachingthehighestvalue(71%).Amongother
herbs,cerealsandsynanthropictaxaaremostlyrepresented:Artemisia, Asteroideae,Centaurea,
Galium,Plantago undiff.,Plantago lanceolata typeandRanunculaceae(max15%).

Hydrophilousplantsalsoincreasebetweenca.1840and1480BP(Typha angustifolia type:
3±33%,Typha latifolia type:0±20%).Frombottomto top levelfernsreduce,greenalgae
increaseandGlomus oscillates(0±19%).AmongtheotherNPPs,HdV-150(0±27%)andHdV-
128(0±50%)prevailwhilePodospora (33%)andUstilago (14%)haveapeakatca.1920BP.
Concentrationandinflux valuesof charcoalsabruptlyincreasein thesecondpartof thesub-
zone(10,300±395,300c/gand2,100±200,700c/cm2 y respectively):thefraction10±50μm
reachesthehighestpeaksandthelargeroneincreases.

LPAZ -2c: 100–42 cm, ca. 1130–270 BP (820–1680 CE). Thedecreaseof APup to the
lowestpercentagevalue(16%)characterisesthesub-zonespanningfrom theLateMiddle Ages
to theOttomanperiod.Thepollenconcentrationspansfrom 442p/g atca.990BP(i.e.the
lowestvalueof thediagram)to 11,500p/g in thesucceedinglevel.Thenumberof terrestrial
spermatophytesvariesfrom 22to 42.Pinus showssignificantoscillations(1±31%)andther-
mophiloustaxadecrease(Quercus robur type:max7%,Quercus cerris type:max3%).Worth
mentioningis theexpansionof Betula (max4%)andthepresenceof Fagus (max1%)among
themontanevegetation.Olea stronglydecreasesbutCastanea andJuglans arenowattested.
NAP isdominatedbyPoaceae(21±54%)whileCichorieaevaluesincreasewithin thesub-zone
(3±24%).

Amongmacrophytestheincreaseof Typha angustifolia type(max55%)andTypha latifolia
type(max44%)characterizesthefirst partof thesub-zone,whereasAlisma (max9%)expands
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in thesecondpart.Apart from thecontinuousincreaseof greenalgae,Glomus presentsoscil-
latingpeaks(max44%)andPodospora (max11%)isattesteduntil ca.450BP.HdV-150is the
mostabundantNPP.In thesub-zonethehighestpeakin concentrationof thesmallestchar-
coalfragments(436,600c/g) is foundatca.330BP;thefraction50±125μm alsoincreases.

LPAZ 3: 41–0 cm, ca. 270 BP-present

TheuppermostpollenzoneshowsincreasingAPvaluesuntil ca.110BP.Totalpollenconcen-
tration andinflux arelow (702±4,000p/g and89±609p/cm2 y respectively)andthetotalnum-
berof pollentaxavariesfrom 17to 30.Pinus reachesthehighestpercentagevalueof the
diagram(60%).Thermophiloustaxaprogressivelydecreaseup to 2%andMediterranean
shrubsexpand(Phillyrea: max9%,Juniperus: max7%).NAP ismainlycharacterisedby the
exponentialgrowthof Cichorieae(8±48%).

Thereductionof Typha angustifolia type(1±25%),Alisma (0±11%)andTypha latifolia type
(0±5%)amonghydrophiloustaxaisaccompaniedby theexponentialincreaseofGlomus (0±
48%),Coniochaeta cf. ligniaria (0±35%)andConidia (0±42%).Theconcentrationandinflux
valuesof charcoalfragmentsconstantlyincrease(7,200±254,100c/gand906±35,200c/cm2 y
respectively)andthehighestpeaksof thefractionlargerthan125μm arefound.

Interpretation and discussion

The Early Bronze Age (5150–4000 BP)

TheLernasequencestartsduring themid-Holocenewith aprevalenceof pollenindicating
thermophilousvegetation,representingthemixeddeciduousoakwoodlandof thePeloponne-
sianuplands(Fig7). It wasdominatedbydeciduousQuercus togetherwith otherthermophi-
loustreesuntil ca.4300BP.Thehighdegreeof forestcovermight berelatedto increased
moistureasalsotestifiedin theMavri Tryparecordfrom 4700to 4400BP[95] aswellasin the
AegeanSeafor theperiod5400±4300BP[96,97]andin thesouthernMediterraneanfor
5000±4600BP[98]. Thiswetphaseinterruptedthegeneralaridity trendreportedfor the
wholeBalkans,basedon acompilationof severalpalaeoclimaterecordsfrom theBalkanpen-
insulaandtheAegeanSea[99]. PollenofQuercus ilex typeandEricaceaerepresentsvegetation
of thelowlands,wheretheopenMediterraneanforestin associationwith shrublandswaswide-
spread.Montanetaxaarepresent(Abies, Fagus) andreferto thealtitudinal forest,whichnowa-
daysisspreadon thehighestmountainsto thenorth andeastof thestudyareaandismainly
composedofAbies cephalonica andPinus nigra. Notably,thePeloponneseisoutsidethepres-
ent-daynaturaldistribution of Fagus, whosefindingsaresporadicin our core(Fig3).

Thelithologicalsequenceshowspeatydepositsat theverybottomof thecorecombined
with thehighestTOC values(Figs2 and7).At thesametime,highsedimentationrateis
inferredfrom theage-depthmodelandlow pollenconcentrationsareattested.Althoughthe
presenceof Botryococcus remainsindicatesdepositionalsettingsaffectedby freshwater[100],
thecontemporaryscarceamountof otheraquaticplantsandtheabundanceof Cyperaceae
showsthat thispartof thebasinwasafenwith marshvegetation(Fig4).Thesameenviron-
mentalconditionsareattestedca.1 km SWof our coringsitebypaleoenvironmentaldataof
[29] but differ from thevegetationreconstructionprovidedby thepreviousstudyof Jahns
([13] andFig8).Thissuggestslocalconditionswhichwerenot widespreadthroughoutthe
ancientlake.Nowadaysafenispresentin thestudyarea.

Cerealsarepresentin highamountsfrom thebottomto ca.4190BP(Fig7).Theyarelow
pollen-producersandtheir abundancetestifiesthewideextentof cultivatedfieldsin theplain,
probablypertainingto nearbyancientsettlements,suchastheEarlyBronzeAgesettlementsof
KephalariMagoula,situatedby theshoreof LakeLerna,andArgosalongtheInachosRiver
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[101].An overallhighhumanpressurein theArgivePlainis testifiedbyarchaeologicalevi-
denceconfirming thegrowthof socio-economiccomplexityduring theEarlyBronzeAgeII
period(ca.2650±2200BCE/4600-4150BP),not only atnearbyLernaandTirynsbut acrossthe
wholeof southernGreece[38]. Otherprimary anthropogenictaxa,includingOlea andJuglans,
attesttheroleof cultivationin thelocaleconomy(seethearchaeobotanicalassemblageat
Lernain [102,103]),confirming theearlystepsof managementandcultivationin thePelopon-
nesethatarearguedto havestartedin theEarlyBronzeAge(from ca.5200BP)[104±106].In
this framework,thelow frequencyofOlea pollenasalreadyattestedby [13] (Fig8),compared
to otherrecordsof thePeloponnese(e.g.Kleonai;[30]) andAttica (e.g.ElefsisBay;[107,108])
(Fig9),couldbetied to thescarcityof availablelandsfor olivegrowthsinceour recordshows
thatat leastpartsof theArgivePlainwasmainlyusedfor thecultivationof cerealsat that time
(Fig3). It isworth noting thatasimilar low amountof olivepollengrainshasbeenrecordedat
LakeLernain thecoringsiteof [29]. Coprophilousandcarbonicolousfungi togetherwith
charcoalfragmentsindicatestronghumanpressure.Moreover,thepresenceof cropfieldsis
confirmedby theoccurrenceofUstilago, aparasiticfungusconnectedto cerealsthatmayhave
benefittedfrom thewetenvironment[109±111](Fig5).

Fromca.4190to 3980BP,correspondingto thefinal centuriesof theEarlyBronzeAge,a
newphaseof sedimentationin thispartof thebasinisattestedby thedepositionof gyttjasedi-
ments(Fig2),andthepollenandNPPconcentrationandinflux fluctuate(Figs4and6).The
stablehydrogenisotope(δD23) recordfrom theLakeLernasedimentsrevealsthat theArgive

Fig 7. Comparison between pollen and geochemical data of the study core from ancient Lerna, Peloponnese

(Greece). Pollenpercentagediagramof ecologicalgroupsandotherindicators(OJC,API,PI; see§3.2),plottedagainst
ageandalignedwith geochemicaldata[34].Formoredetailson thestablehydrogen isotopeanalysisreferto the
originalpublication.Montane:Abies,Betula, Fagus,Picea; Thermophilous:Buxus,Carpinus betulus,Corylus, Fraxinus
excelsior type,Hedera,Ostrya/Carpinus orientalis,Quercus robur type,Quercus cerris type,Tilia,Ulmus;
Mediterranean:Cistus, Fraxinus ornus, Pistacia,Phillyrea,Quercus ilex type,Rhamnus. Wetlandphasesat thecoring
siteandlandscapechangesin theArgivePlainaresummarisedhere.

https://doi.org/10.1371/journal.pone.0271548.g007

Fig 8. Comparison between pollen data of the two sediment cores available from ancient Lerna, Peloponnese (Greece). Pollenpercentagediagramof
selectedtaxafrom thepresentstudycore(red)andfrom [13] (black),plottedagainstdepthandalignedwith sedimentdata.Thedashedlinesmark thealluvial
eventtestifiedbypeaksof Pinus pollen(andAbies) in bothcores.Thegreysquareshowstheportion of thesequenceswheredifferencesin Olea peakssuggesta
differentsedimentation ratebetweenthetwo cores.

https://doi.org/10.1371/journal.pone.0271548.g008
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Plainwascharacterisedbyavariableprecipitationregimefrom ca.4600to 3900BP,with alast-
ing dry phasethatstartedatca.4120BPandcorrelatedwith theonsetof anarid phasein the
ElefsisBay(SaronicGulf; [96]) (Fig7;detailsaboutmethodsof theisotopicanalysiscanbe
found in [34]). Dry phasesarealsoidentifiedin thestableoxygenisotoperecordsfrom Mavri
TrypaCave(from ca.4400BP)andAlepotrypaCave(from ca.4200BP)[95,112].Manyrec-
ordsfrom theEasternMediterraneangenerallyshowmorearid conditionsin theinterval
from approx.4300to 3800BPalthoughtherearelocalvariations[113].Despitetheevidenceof
lowerprecipitationduring this time periodour sedimentrecordindicatesashift to deeper
waterconditionsatour coringsite,asseenbydecreaseof peatyelementsin thegyttja.Thepol-
lendepositionincreases,fernsalmostdisappearafterreachingapeakin concentrationand
sedgevegetationstartsto expandasshownby influx values.All thisevidenceseemsto suggest
that therewasavegetationshift at thecoringsitelinked to aprogressivelyincreasedwater
table.Speciesof Poaceae,however,cangrowin differentenvironmentsandcouldrepresent
eitheralacustrinevegetationbeltof Phragmites (commonreed)andotherhygrophilous
grassesor dry meadowsandgrasslands(Fig7). In thisportion of thesequencePoaceaearein
agreementwith theincreaseof Asteroideaeaswellasof Plantago, agroupof herbscharacteris-
tic of footpathandruderalcommunities[114]whosepollenreachesapeakatca.3980BP
(2030BCE)(Fig3).Thecounterintuitivenatureof anexpandinglakeduring drier climatic
conditionsseemsto indicatehumanmanagement.

Thesettlementsof LernaandKephalariMagoulacontinuedto beoccupiedduring this
periodbut thevaluesof cerealpollendecreasesuggestingacontractionof cerealfieldsin the
vicinity of thecoringsite.A reductionof activitycoincideswith ageneralreductionof site
numbersin thePeloponnesefrom thelateEarlyBronzeAge[3]. Settlementsremainedgener-
allysmallin size,andit is reasonableto supposethat theArgivePlainwascharacterizedby less
intensivelanduse,mainly focusedon grazingactivities,asattestedby thepeakof API repre-
sentedbyPlantago.

The Middle and Late Bronze Age (4000–3150 BP)

An increaseof humidity isvisiblein theδD23recordfrom ca.3900BP.Speleothemdataof the
Peloponnesealsoindicateawetterphasefrom thelaterphasesof theMiddle BronzeAge,as
evidencedin theMavri TrypaCave(ca.3800±3550BP;[95]) andin AlepotrypaCave(3900±
3700BP;[112]).In thepollenrecordCyperaceaeincreaseagainstartingfrom ca.3860BP
while thermophiloustreesprevailin theuplandsuntil ca.3720BP.Despitethesewettercondi-
tions,thereisanoveralldeclinein APat thesametime asPoaceaeandPI increaseuntil ca.
3600BP.This indicatesthatpasturelandsexpandedat theexpenseof theMediterraneanforest
in thelowlandsshapingthelandscapeof theArgivePlainstartingfrom theMiddle BronzeAge
(Fig7).

Thefirst halfof theLateBronzeAge,from ca.3600to 3310BP(correspondingto 1650±
1360BCE),ischaracterisedbywetterconditionsboth locallyin LernaasindicatedbyδD23

record(especiallyca.3400±3200BP)andin thePeloponnese,North Aegean,andAnatolia[95,
115±117].Despitethesegenerallywetterconditions,uplandthermophilousvegetationdeclines
significantly,accompaniedby theincreaseof Mediterraneantaxain thelowlands(Fig7).A
cleardeclinein AP isgenerallyattestedin southernGreecefrom 3600to 3400BP[3]. The
expansionof Mediterraneanshrubsat theexpenseof thermophilouswoodlands,asaresultof

Fig 9. Comparison between pollen sequences from the Peloponnese and southern Greece. Pollenpercentage
diagramof selectedtaxafrom ancientLakeLerna(presentstudy),Vravronwetland[2, 130,188],ElefsisBay[96,107],
Kotihi lagoon[2, 121].ForAPI groupsee§3.2.

https://doi.org/10.1371/journal.pone.0271548.g009
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theintensiveuseof thelandscapefor economicactivities,isalsoindicatedbyotherpalynologi-
calrecordsfrom thePeloponnese(e.g.Akovitika,Aliki lagoon,KiladhaBay,Kleonai,Kotihi
lagoon;[30,118±121]aswellasfrom Messolonghiin theGulf of Corinth (e.g.Klisovalagoon;
[122]).Thesechangescorrelatewith aperiodof socio-economicexpansionin theArgivePlain
during theLateBronzeAge,with significantactivitiesatLernaandArgosandwith theemerg-
ing palatialcentresof MycenaeandTiryns takingaleadingrole[123,124].Apart from the
slightincreaseof cerealpollen,thehighestpercentagevaluesof PI confirm theroleof human
communitiesin openingup thelandscape.Humanimpacton thevegetationisalsoindicated
by theincreasedpresenceof manyherbsassociatedwith humanactivitiesotherthanAPI (e.g.
Apiaceae,Brassicaceae,Caryophyllaceae)(Fig7).Theseplantscanbefound in pasturesand
fieldsbrowsedor cultivatedfor fodder[125],whereanimaldungisabundant.Significantly
coprophilousfungi arepresentin this time interval,andthecombinedevidencesuggeststhat
theplainwasdevotedto agro-pastoralactivities(seealso[126]).Thedramaticincreaseof
Cichorieae(44%)amongAPI atca.3310BP,probablyreferredto aneventof surfacerunoff
during heavyrainfall,confirmsastrongcomponentof herdingpractices(Fig3),which isalso
consistentwith textualrecordsof large-scalesheepherdingto providewool for palatiallyorga-
nisedtextileproduction[127].After 3310BPtheOJCcurvestartsto increasedueto thespread
ofOlea and,to alesserextent,of Juglans confirming theexpansionof treecultivationandsug-
gestingtheonsetof olivegrovestowardsthesecondhalfof theLateBronzeAge(Fig7). It is
worth mentioningthepeakofOlea around3150BP(1200BCE).Dueto theuncertaintyof the
chronology,thesamplecoverstwo centuriesfrom 3254to 3050BP.Thistime frameisone
hundredyearsbeforeaswellasafterthedestructionof thepalacesandthebreakdownof the
palatialeconomiesatca.1200BCE.GiventheearlieronsetofOlea cultivation,thescaleof the
palatialeconomiesandtheroleof oliveoil on palatialdocumentation[128],it seemslikely that
thepeakshouldbepositionedduring thefinal phaseof thepalatialperiod,indicatingsignifi-
cantolivecultivationon theArgivePlainat thetime.Nonetheless,theanthropogenicfootprint
for treecropsduring theMycenaeanperiodisquiteweakatLakeLerna,both in thisand
Jahns'record[13], if consideringthearchaeologicalevidencefrom theArgivePlainitselfand,
morein general,from southernGreece(Fig8).At Tiryns thestudyof archaeobotanical
remainspointedout thewell-establishedexploitationof olivetrees[16]. In southwesternPelo-
ponnesethepollenrecordof Gialovalagoon,closeto theimportant palatialcentreof Pylos,
showsthat theincreasein Olea pollenstartsduring theLateBronzeAgeandsuggeststhe
expansionof cultivatedtreesin thecoastalplain [129].Consideringall thisevidence,it is feasi-
blethat theimportant but weaksignalof olivecultivationatLernaduring this time originates
from alesswidespreaddistribution of olivegrovesin theArgivePlain(cf. [2]). A similar trend
in Olea expansionis recordedat thecoastalwetlandof Vravron in Attica,wherethenearby
settlementexponentiallygrewduring Mycenaeantimesbut aclearsignalfor cultivationstarted
afterthisperiod[130].

Fromca.3310to 3150BP(1360±1200BCE)thereisanabruptincreasein themacrophytes,
mainlyTypha angustifolia type,togetherwith NPPsgrowingin shallowwater.δD23values
revealclimaticinstabilitywith increasinghumidity afterashortperiodof dry conditionsand
TOCalsoincreases(Fig7). In thesedimentsuccessionthisperiodis representedbygyttjawith
areducedpresenceof siltymineralstransportedwith othersedimentsby flowingwater(Fig2).
Theexpansionof aquatictaxarevealsthat thewaterdepthin thecoringsiteincreased.Theevi-
dencefor changesin sedimentationandlakeproductivity,in particular,seemsto suggestthe
reductionof flow dynamicfrom thetributariesof theancientlake.Large-scalemodifications
thatcouldhavealteredthefreshwaterflow areknownfor theArgivelandscapeduring Myce-
naeantimes,suchastheconstructionof agriculturalterraces(to expandcultivabilityand
securewateravailabilityon slopingground),thereroutingof ariver nearTirynsandbuilding
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of damsatMycenaeandTiryns [131].Thelatterlargeprojectsin theeasternpartof theplain
showtheability of theMycenaeansocietiesto regulatewater,andthehydrologicalcircum-
stancesnotedin thepresentstudycouldindicatethatMycenaeanmanagementof thewestern
plain,andperhapsof LakeLernaitself,mayhavebeenmoreadvancedthanwhatiscurrently
known.Regardlessof thecause,theappearanceof macrophytesbetweenthelacustrinevegeta-
tion testifiesto alocalpalaeoenvironmentalchangethatmodifiedthecharacterof thewetland
until moderntimes.

The end of the Late Bronze Age and the Early Iron Age (3150–2650 BP)

TheLernaδD23valuesindicatewetterconditionsfrom theendof theBronzeAgeandduring
theEarlyIron Age,asalsorecordedin somePeloponnesianrecords[132±134]andin North
Aegean[117].However,otherPeloponnesianandEasternMediterraneanrecordsshowa
stronglyoscillatingpatternwith generallydrier conditionsinterruptedbyabrief wetperiod
between3000±2900BP[112,116],ca.2800BP[135],andca.2800and2650BP[136],or
insteadasignificantarid and/orcoldphasethroughoutthisperiod[115,133,137].After a
declineof macrophytesatca.3040±2950BP(1090±1000BCE),thepollendiagramprofilesa
pronouncedpeakof aquaticplantsaround2880±2740BP(930±790BCE),primarily repre-
sentedbyNymphaea (waterlilies) (Fig5).Nymphaeaceaeareleaf-floatingplantsfrom stagnant
environmentstypicalof pondsandcanalswherethewatercolumnisbeyond1.5m of height
[25]. Therapidspreadof theseplantssuggestsdeeperwaterconditionsand,consequently,the
growingsizeof thelake.Thischangemayclearlyhavebeendrivenby increasedprecipitation
asrecordedby theδD23record.Giventheinconsistencybetweenthedry trendattestedby the
regionalclimaterecordsandthelocalwetconditions,otherdriverscannotbeexcludedsuchas
humanactivitieschangingtheflow dynamicsinto thelakeandcreatingpermanentwatercon-
ditions.Asfar asweknow,suchevidencehasnot beenarchaeologicallyconfirmedfor this
period.

At ca.3090±2620BP(1140±670BCE)theincreaseof thermophilousandmontanetreepol-
lentestifiesto anewexpansionof deciduousmixedandaltitudinal forests(Fig7).Thisrefores-
tation couldbelinked to wetterconditionsaswellasto lowerlevelsof humanactivityduring
thepost-palatialperiodandtheEarlyIron Age[39]. Thepresenceof Betula in thepollencatch-
mentareaof LakeLernaisnoteworthy(Fig3) beingalreadyattestedin theJanhs'record[13].
Its distribution is limited todayto themountainsof northeasternandcentralGreece[138].
Nowadays,onlyB. pendula (silverbirch) ispresentin Greecebeingmoretolerantthanthe
otherspeciesin termsof temperatureandhumidity [139,140],evenif its southernlimit
appearsto besetby thesummerdrought[141].During theHoloceneandsincerecenttimes
Betula occuredsparselyin pollendiagramsfrom thesouthernBalkans(e.g.ElatiaMire, Ioan-
nina,LakeDojran,LakeOhrid, LakePrespa,LakeSkodra,Livaditis;[11,142±147]).Its attes-
tation in centralGreece(e.g.Klisovalagoon,LakeKopais,LakeStymphalia;[122,148,149])
confirmsthat theregionis thesoutheasternmostboundaryof theexpansionof birch in
Europe.It ispossiblethatsomeuplandvalleysof thePeloponnesecouldhaveplayedaroleof
refugiafor Betula andpossiblyothertemperatetreesin theotherwisewarmMediterranean
region[150].

Archaic, Classical and Hellenistic period (2650–2096 BP)

A progressivedeclineof thermophiloustaxaandtheconcurrentincreaseof Mediterranean
treepollenarerecordedbetweenca.2620and2240BP(670±290BCE),from theArchaicto
theearlyHellenisticperiod.Cyperaceaepercentagesandconcentrationvaluesalsodecrease
from ca.2740BP.At thesametime arid conditionsaresuggestedby theδD23recordfrom ca.
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2590BPonwards(Fig7).A similarclimatictrend is recordedbysomeregionallacustrinerec-
ords[134,151]andin North Aegean[117],but otherrecordsfrom thePeloponneseandsouth-
westernAnatoliasuggesttheprevalenceof wetterconditionsafterca.2450BP(500BCE;[95,
112,116,133]).Evenif climatecouldhaveinfluencedthevegetationdevelopmentof the
ArgivePlain,theforestdeclinecouldalsobelikely explainedthroughincreasinghumanpres-
sureon thelandscape(seetheLateBronzeAge,above),evidentnot leastthrougharchaeolog-
ical field surveyscarriedout in northeasternPeloponnese[152±154].Mediterraneanplants
might havedominatedastheresultof landdegradationwhichcausedtheexpansionof ever-
greenshrublands(seePhillyrea; Fig3).

API showageneralincrease(Fig7):cereals,whichshowacontinuouscurvesincetheEarly
Iron Age,reachapeakaround2450BPcorrespondingto aperiodof populationexpansionin
northeasternPeloponneseaswellasof continuoushabitationatLerna[2, 42,154].Thecon-
currentoccurrenceof weeds(e.g.Polygonum aviculare type;Fig3) andtheparasiticfungus
Ustilago (Fig5) confirmsthepresenceof cropfieldsin theareaduring theArchaicperiod.
After ca.2450BP,theincreaseof CichorieaeandPlantago, aswellasthepresenceof Poaceae,
suggesttheprevalenceof pasturelands.Suchchangesmayreflectchangingpatternsof landuse
connectedwith theLernasettlement,whichcontinuedto flourish throughouttheClassical
andEarlyHellenisticperiod[42]. At thesametime,Argosbecameamoredominantpolitical
forcein theregionandmayhaveinfluencedagradualchangeawayfrom subsistencecultiva-
tion sincethelocalfarmingseemsto havebeenmoreintegratedwithin anewregionaleco-
nomic framework.Theslightlyhigherpercentagesof theOJCgroupwould fit suchapicture
quitewell,but alsopossiblymatchesabroadershift towardsolivecultivationduring thelate
ArchaicandClassicalperiodin Greece[3, 118,119,121,130,155](for theeconomicback-
groundsee[1]) (Figs7and9).During thisperiod,thepreviouspalynologicalstudy[13] shows
themain increasein Olea pollenof theentiresequence(Fig8) andhasbeeninterpretedasan
attestationof thedevelopmentof arboriculturein thestudyarea.Thisdifferencecanbe
addressedto thedifferentlocationof thecoringsites.On theotherhand,acritical evaluation
of theradiocarbondatesfrom thebulk samplesof LakeLernashouldbedone.Althoughany
ageoffsetbetweendateson bulk andthoseon plantmacrofossilshasnot beenchecked,the
impactof ahardwatereffecton theclaysedimentsof thelakeisevidentfrom aradiocarbon
agereversalshownby [34] and,morerecently,from thechronologicalissuesstressedby [29].
Theorganic-richsedimentsinsteadhaveshownto bein properstratigraphicorderwithin the
sequence.In themiddlesectionof theJahns'coreanagereversaloccurredaswellandthe
inversedatefrom claywasexcluded(seep.191of [13]). Consideringthevalidity of theage-
depthmodelof [13], wemayarguethatalowersedimentationratemight haveplayedarole in
thepreviouscorelocationproducingadifferenttiming for theexpansionof olivecultivation
in comparisonwith our record,whoseOlea peakisca.1000yearslater(see§5.5).Theappear-
anceofCastanea around2360BP(410BCE)correspondsto theeconomicexploitationof such
plant in Greece,traditionallydatedto theEarlyIron Ageandincreasedfrom 500BCE[1, 156]
(Fig3).

SincePinus pollenincreasesfrom theendof theEarlyIron Ageonwards,wecanarguethat
theopeningup of oakwoodlandsandtheintensificationof landuseattestedin our record
contributedto thespreadof pinewoods.Thisprogressivereplacementhasalreadybeen
observedin previouspollendatafrom LakeLerna[13] (Fig8).Moreover,severalpalynological
sequencesfrom thePeloponnese(e.g.KiladhaBay,Kleonai,Kotihi lagoon;[30,118,121])and
Attica (e.g.Marathon;[21]) havestressedtheexpansionof coastalpinewoodsfrom ca.3000
BP(Fig9).Theslightlyhighersedimentationrateinferredfrom theage-depthmodel,thecon-
tinually decreasingpolleninflux from ca.2740BP,andtheincreaseof erosionindicatorsallow
usto hypothesizethat thesedimentinfill increasedin thebasin(Figs2,4and5).Suchaprocess
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wasprobablydueto continuedepisodesof erosioncausedby thecombinationof potential
localaridity with theexpandinglanduse[157,158].Thedownwashof sedimentsinto thelake
culminatedaround2360BP,whenthepeakof Cichorieaeconcentration,accompaniedpri-
marily byPoaceae,atteststo thetransportof pollenfrom pasturesandmeadows(Fig4).The
sameinterpretationmaybeappliedto theamountof degradedandindeterminablepollen
grains(up to 18%).Indeed,mostwidespreadaretheincrementalcolluvialdepositsalongthe
foothillsof thepeninsulafrom north to south[15,159].Interestingly,asimilarhighsediment
accumulationrateis recordedin thisperiodatLakeKournas(Crete)evenif thelakeeutrophi-
cationherepostulatedby increasingof algalremainsisnot attestedatLakeLerna[126].The
renewedspreadof Typha angustifolia typein our sitecanhint atsomechangesof thewater
environmentandit maybeseenasaresultof halophytichabitats,astestifiedby theappearance
of Tamarix amongriverineplants(Fig3).

Still within theHellenisticperiod,however,from ca.2200to 2120BP(250±170BCE)the
highestAPpercentagesarerecorded,producedbyadramaticincreasein Pinus andAbies,
whileall theothertaxadisappearwith theexceptionof somegrainsof Cichorieae(Fig7).The
drop of pollenvariability isconfirmedby thetotalpollenconcentration(Fig4) andcorre-
spondsto alithologicalphaseof pureclaysediments,without anygyttjaor silty propertiesas
in theotherlayersof theLernacore(Fig2).Theinput of materialfrom theErasinosRiver
wouldhavemainly transportedpollenof pineandfir from theArgiveandArcadianmountains
on thewest,ratherthanfrom thelocalenvironment.In addition,thepollenmorphologyof
bisaccategrains(Pinus andAbies), aswellasof Cichorieae[160],wouldhaveresultedin the
selectivepreservationof pollentaxa.A similarbut lessabruptpeakof pineandfir pollenin
correspondencewith claysedimentsisalsopresentin theprevioussequencefrom Lerna
around2200BP(Fig8).Suchevidence,possiblyreferringto thesameeventin both thecores,
mostlikely marksanerosionalevent:aflood might havemovedsedimentsfrom degraded
areas,especiallyon thehighlands.Analogousdatafor pinewasinterpretedasadepositional
effectin themid-Holocenerecordof theKlisovalagoon(westernGreece;[122]).

Thiserosionaleventcoincidesin time with aseveredry peakin theδD23recordatca.2200
BP,afterwhichrelativelyhigherhumidity isestablishedalthoughconditionsgenerally
remaineddrier comparedto otherpartsof record(Fig7).Drier conditionsaround2200BP,
followedbyclimatic instability,areattestedbysomepalaeoclimateproxiesfrom thesurround-
ing mountainousareas[133]andfrom North Aegean[117],while in otherPeloponnesianand
EasternMediterraneanrecordsoverallwetterconditionsarebriefly interruptedbydrier con-
ditionsaroundtheinterval2000±1900BP[95,112,116,136].Theerosionaleventcorresponds
to thereductionin demographicpressureandto thediscontinuityin theoccupationof settle-
mentsreportedbyarchaeologicalsurveys[153].Sincepalaeoclimatehasbeenarguedto bean
amplifier for landscapeinstabilityprimarily causedbyhumanactivity[161,162],our evidence
suggestsaconcurrentroleof climateandfield abandonmentin thesoildestabilisation
throughoutthestudyarea.

The Roman period (2096–1620 BP)

FromtheearlyRomanperiod,thedecreasingLernaδD23valuestestifyto increasingprecipita-
tion for theperiod1900±1450BP(50±500CE)(Fig7).Apart from theNAO influence[163],
colderandwetterconditionsweregeneratedin thenortheasternPeloponneseby theNCP
whichledto thehighersea-effectprecipitation[164,165].Increasedmoistureis recordedin
manyPeloponnesianrecords[95,133,151]aswellasin southwesternAnatolia[116] through-
out or within the2000±1500BPtime frame.Thisclimaticevidencecoincideswith aforest
regenerationpatternin theArgivePlainsincethehighestarborealcoveris recordedin the
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intervalfrom ca.2010to 1660BP(60BCE-290CE),with theexceptionof theeventsdrivenby
Pinus. Pioneertaxaexpandedprecedinganewincreaseof deciduousoakpollenfrom ca.1840
to 1660BPaccompaniedby theoccurrenceof montanetaxa(Fig7).Suchavegetationtrend is
in line with highAPvaluesobservedalsoatothersitesin thePeloponnese(e.g.Kleonai,Kotihi
lagoon;[30,121])andin southernGreecesites(e.g.ElefsisBay,Klisovalagoon,Vravron;[107,
122,130]),aswellasin Greeceoverallca.2000±1500BP[3]. Sincethereductionof thenumber
of recognisedpollentaxa,thelow valuesof pollenconcentrationandinflux andthepresence
of erosionindicators,theincreasedabundanceof pollenfrom woodlandsandhighlandscould
havebeencausedbymoresedimentinflow from theErasinosRiverdueto enhancedrainfall,
ratherthanby thegrowthof plantbiomass(Figs4and5).

Theperiodalsocorrespondsin time with evidencefor landusechanges.Althoughcereal
pollenshowscontinuity, thepercentagesof PI andcoprophilousfungi revealthat theland-
scapewasmainlyshapedbypastoralactivities(Fig7).At thesametime thenumberof sites
occurringin theLateHellenisticto Early/MiddleRomanperiod(ca.150BCE-300CE)in the
Peloponnesereducesresultingin adifferentspatialconfigurationof agriculturallanduse
[152±155,166].ThesmallsettlementatLernaalsoseemsto havebeenabandonedafterca.170
BCE[42]. It is thuspossiblethat landusestrategieswereincreasinglydrivenby landowners
probablybasedin Argosat this time,andthat this reconfigurationof landusealsofavoured
forestregeneration.

Olea progressivelyincreasesandreaches23%around1660BP(290CE)(Fig3).A similar
spreadof olivehasbeenalsofoundatLakeKournas(Crete)in thesameperiodasatLerna
[126].High percentagevaluesofOlea pollenhavebeenviewedto berepresentativeof intensive
andnearbycultivationbystudieson soilsamplesfrom modernolivegroves[167]andmoss
polstersin thewesternPeloponnese[129].On thecontrary,anongoingstudyof two newcon-
temporarypollensequencesfrom GialovalagoonsuggeststhatOlea pollenismorerepresented
in thesequencefrom thelakeratherthanin anothercorefrom thenearbypeatland(Martina
HaÈttestrand,unpublisheddata).Forall thesereasons,our dataprobablytestifiestheexpansion
of olivecultivationin theentireArgivePlainduring theRomanperiod.Previously,thepres-
enceof olivepollenwasattestedin adecreasingtrendwith respectto thehighervaluesof the
ClassicalandHellenisticperiod([13] andFig8). In this respectwehavealreadyhypothesiseda
differencebetweenthenewandtheold recordfrom LakeLernadueto localconditionsof the
coringsites(see§5.4).Juglans, andwith alesserextentCornus andCorylus, alsoappearin our
recordduring this time frame(Fig3) andseemto suggesttheadvanceof fruit-tree horticul-
ture,asalreadystressedatVravronandElefsisBayin Attica andat theKlisovalagoonin Mes-
solonghi[107,122,130].Palaeoenvironmentalandhistoricalstudiesin Greeceaswellas
Anatolia,highlightingtheRomanuseof plantinglarge-scaleolivegrovesin coastallowlands
ratherthanto uplandvalleys,arenowsupportedby theLernadata[105,107,168].On the
otherhand,ageneralreductionin theoccurrenceofOlea throughoutsouthernGreeceis
attestedduring theLateHellenisticandRomanperiod(e.g.[1, 3,122,130]),correspondingto
theprevalenceof cerealcultivationin general(Fig9).Asalreadyindicatedbyseveralscholars
[2, 166,169],theRomancontrol on landusein thePeloponnesewasbasedon lowlandcultiva-
tion regimes,directedtowardsthemostmarketablefoodproducts(including oil, wine,and
grain)mixedwith extensiveagro-pastoralstrategiesfor localproductionandconsumption
[153].

Byzantine and Medieval period (1620–487 BP)

At thebeginningof theLateRomanperiod(alsodefinedEarlyByzantine),thedecreaseof
δD23valuescontinuesandthelowestvalueis recordedatca.1480BP.Thelakesedimentshifts
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to gyttjaandTOCincreasessuggestinglake-likeconditionswith enhancedproductivity (Figs
2and7).Around 1580BP(370CE)adramaticincreaseof Poaceaepercentageandconcentra-
tion togetherwith apeakof Typha angustifolia typeconcentrationarerecordedandfollowed
bypeaksof concentrationsof greenalgaeandNPPsgrowingin shallowwater(Figs3,4 and6).
Thisevidencetestifiesto increasingwaterdepth,possiblydueto thewetterclimateconditions,
correspondingto theexpansionof reedvegetation.Thesteadyincreaseof charcoalconcentra-
tionsconfirmstheextensivelandusebothatalocalandregionalscale.Thecultivationof olive
remainsimportant astestifiedby thepeakin concentrationand,in associationto thepresence
in theplainof rural structuresfor oil production[47], revealsthat theolivecultivationcontin-
uedto bealargecomponentof thelandscape(Fig4).Thishumanpressureisalsotestifiedby
archaeologicalremainsprovidingevidenceof theintensificationof building activityatArgos
in LateAntiquity [47,48].

During theEarlyByzantineperiodfrom ca.1480to 1120BP(470±830CE)theincreasing
percentageandinflux valuesof Pinus andQuercus robur typeevidencetheexpansionof both
pinewoodsandoakwoodsin theLernapollencatchmentarea.TheOlea curvedisplaysasevere
drop andPI significantlyincreases,togetherwith Artemisia, CichorieaeandPlantago undiff.
Amonganthropogenicindicators(Figs3 and4). In addition,thearchaeologicalevidencetesti-
fiesto theshift of humanoccupationtowardsthecoast,althoughsmall-scalebuilding activity
andamixedfarmingandherdingpracticeareattestedthroughouttheentireArgolis[46,47,
51,170].Therefore,pollenandarchaeologicaldatapoint out areducedhumanpressurein the
uplandsandamorelocalfoodproductionin theplain,whereolivegrovescontractedandpas-
turelandsexpandedfollowing thecollapseof theEasternRomancontrol on theBalkans.

Apart from thedecreasein olivecultivation,whichwascausedby thecontractionof eco-
nomicactivitiesin theArgivePlainduring thesecenturies,our recordseemsto suggestthe
relationshipbetweenreducingprecipitationandincreasingpastoralismin thePeloponneseas
postulatedby [2]. Asamatterof fact,theLernaδD23recordshowsareversalof theprevious
trend towardswetterconditionsandoutlinesdrier conditionsexactlyatca.1450±1100BP
(500±850CE)(Fig7).This trend is in agreementwith otherlacustrinerecordsfrom thePelo-
ponnese[133,135]andisparalleledbyEasternMediterraneanrecords[115,116,171±173],
with fewexceptions[168].Notably,thespeleothemsusedfor climatereconstructionsfrom
bothMavri Trypa(ca.1300BP/ 650CE)andKapsiacaves(ca.1100BP/ 850CE)stopgrowing
within this time frameatatime of recordingveryarid conditions[95,136].In LakeLerna,the
appearanceof NPPHdV-150[79] revealstheonsetof moreeutrophicconditions.Moreover,
aquaticmacrophytesdeclinedandremainsof greenalgae,asClosterium idiosporum, suggest
thereductionof waterlevel(Fig5). In this respect,theLernaevidencecontributesto stressthe
concurrentimpactof palaeoclimateon thesocietaldevelopmentin theMediterraneanduring
the1st millennium CE,asconfirmedin recentreviews[172,174].

Theintervalfrom ca.1070to 490BP(880±1460CE,thehighandlateMiddle Ages)ischar-
acterisedbyadecreasingtrend in Pinus andthermophiloustrees.During this time spanPoa-
ceaepollenisabundantanddoesnot correspondto comparableamountsof marshytaxasuch
asCyperaceae(Fig7).Thisevidencetestifiesto lessforesteduplands,while theplain isdomi-
natedbyopenenvironments,especiallygrasslands.TheOJCcurvereduces,whereascerealpol-
lencontinuesto berepresentedandits concentrationvaluestendto increaseasthoseof the
otheranthropogenictaxaof API andPI groups(e.g.Cichorieae,Galium, Plantago,Urtica; Fig
4).During thesecenturies,alsocalledtheMiddle Byzantineperiod,thenumberof sitesin the
regionincreasedandapictureof moreintensehumanactivityisvisiblethroughthearchaeo-
logicalrecord,evenif severalpopulationdeportationsareattestedduring the14-15th c.CE[49,
51,53,175].Theexpansionof cerealfieldsandpasturesin thelowlandsreflectaspecialized
agro-pastoraleconomyandtheintensificationof activitiesin therural landscape,andleadto
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anopeningof theMediterraneanforest[176].Moreover,peaksof coprophilousfungalspores
clearlysuggestthepresenceof flocksin relationto animalhusbandryactivities(Fig5;[177]).

During theMiddle Byzantineperiod,thetime betweenca.1100and800BP(850±1150CE)
isof specialinterestsinceit correspondsto theso-calledMedievalClimateAnomaly(MCA;
[178±180]).TheMCA isgenerallycharacterisedbywarmerconditionsin theBalkanpeninsula
andpartsof Anatoliabut coolerconditionsin theAegeanSeaandsouthwesternTurkey[178].
Thepollenrecordfrom Lernadoesnot giveadirect indicationof warmerconditions.Evidence
from theAnatolianpeninsulasuggeststheMCA wasgenerallywetter(e.g.[172])but therec-
ordsfrom Trichonidain westernGreece[133]andKocainCavein southwesternTurkey[116]
suggesttheperiodwasdrier. This issimilar to thelocalδD23recordwhichshowsdrier condi-
tionswith agradualbut long-lastingreturn to wetterconditionsafter800BP(1150CE)(Fig
7).Sincepeaksof erosionindicatorsarerecordedafterthisperiod,wearguethat thesoilexpo-
surein thepreviouslydiscussedopenlandscouldhavecausedslopeinstabilityandin associa-
tion with increasedrainfall havebeenresponsiblefor soilerosionin thestudyarea.Similar
dynamicsof thelandscapedevelopmenthavebeenpicturedout by thegeomorphologicaland
vegetationreconstructionof southernArgolisandAttica [15,130].In thelake,theincreaseof
hydrophilousplantscanbeledby theexponentialgrowthof Typha latifolia (commoncattail),
asrecordedin theJanhs'coreduring asimilarphaseof contractionof sedgevegetation([13]
andFig8).SincealgaeandNPPremainsarealsopresentin highamounts,it is likely thatpre-
cipitationcausedmoreareasto havebeeninundatedin thewetlandandmoreeutrophiccon-
ditions to havebeenestablished(seeHdV-150).It isworth of mention,therefore,that the
commoncattailismoreadaptableto halophytichabitatsratherthanthebur-reedandnarrow-
leafcattail(Typha angustifolia type;Fig5).

Ottoman and modern Greek period (487 BP-present)

Fromca.490to 260BP(1460±1690CE)API andPI reachhighvalues.Asamatterof fact,pol-
lenof cereals(up to 5%)andweeds(e.g.Centaurea) significantlyincreasein associationwith
CichorieaeandPlantago (seeP. lanceolata type),aswellasPoaceae(Fig3).Thehighestcon-
centrationvalueof microcharcoalsisalsorecordedin thisperiod(Fig4).Thisevidencereveals
that theprogressiveexpansionof anthropogenicenvironments(cerealfieldsandpastures)and
grasslandsin theplaincontinuedto shapethelandscape,aswitnessedin otherPeloponnesian
pollendiagrams(e.g.[121]).Moreover,theabundanceof charcoalremainstestifiesto theuse
of fire for creatingpasturelands,aswellasthesteadyoccurrenceof Sanguisorba minor type
thatpresumablyrefersto thespreadof Sarcopoterium shrubson theburnt lands.Sucharoleof
humanactivityin shapingthelandscapeof theArgivePlainlikely markstheeconomiccontrol
of theOttomanEmpireon southernGreecefrom ca.550BP(1400CE)andthegrowthof pop-
ulation in theplainasattestedbyarchivalsources(see§2.4).Asamatterof fact,theexpansion
of theearlymodernmarketeconomyin muchof theMediterraneanin the16th c.CEwaschar-
acterisedbyagrowingtaxburdenfrom theimperialstates[181].

It isworth noting thatsuchanincreaseof cerealproductionin theArgivePlainfollowsa
declinein agriculturalactivitiesthatpollendatafrom centralandnorthernGreecehasrevealed
for aroundacenturyafterca.600BP(1350CE)dueto therecurrentplagueoutbreaksassoci-
atedwith theplaguebacteriumY. pestis, novelto this region(first introducedwith theBlack
Deathin 1346CE)[143,176,182,183].Someauthorshavecorrelatedtheabandonmentof
cropfieldsin theuplandsof northernGreecewith aperiodof reducedtemperature[184].Dur-
ing theso-calledLittle IceAge(550±250BP/1400-1700CE;[185]) theLernaδD23values
recordwetterconditionsuntil 360BPandcorrelateswith severalGreekrecordsfollowing
whichit wasaperiodof increasedriverinerunoff (e.g.AegeanSea,Dramaplain,Klisova
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lagoon,Kotychi,Trichonida,Vravron;[122,130,133,182,186±188];thesameconditionsare
recordedatKocainin southwesternTurkey,see[116]).After this,morecoldanddry condi-
tionsareattestedastestifiedbyotherproxiesof GreeceandeasternMediterranean[115,135,
189,190](Fig7).Sincethehighamountof someNPPssuggestincreasingeutrophiclevel(see
HdV-150)andaquaticmacrophytesstartto decrease,wecanpostulatethat thehydroclimatic
changesof theLIA alsocontributedto reducingthesizeof LakeLernaby fosteringtheexpan-
sionof saturatedratherthansubmergedsoilsin thewetland(Fig5).

Finally,in theperiodca.260±110BP(1690±1840CE)treepollenincreasesby thehigh
abundanceof Pinus, whereasPoaceaereducesamongherbs.Percentagevaluesof PI andAPI
remainconstant,with theexceptionof cerealswhichalmostdisappear.Cyperaceaesignifi-
cantlyincreasesamongmarshvegetationand,togetherwith thehighamountsof greenalgae,
correlateswell to theshortclimatictrend towardswetterconditionsrecordedbyδD23values
(Fig7).Thisevidencesuggeststherecoveryof pinewoodsat theexpenseof grasslandsdueto
thecombinationof enhancedprecipitationandreducedhumanpressure.Indeed,the17th-18th

c.CEexperiencedaperiodof political instabilityculminatingaround1821±1832CEwith the
GreekWar of Independence.In this respectthepresenceofCastanea pollenamongforested
taxaisnoticeableandlikely suggeststhatchestnutwasthemostimportant treecultivateddur-
ing thisperiod(Fig3).Theopenlandscapeof thelowlandsseemsto havebeendominatedby
pasturelandsand/orabandonedfields,whereAsteroideaeandCichorieaecouldalsohave
grownasweeds.Pinescouldbeexpandedin thecoastalplainaswitnessedin theVravronwet-
land[130],althoughtheabruptpeakof Pinus pollen(andAbies) around110BP(1840CE)
might alsoberelatedto sedimentinflow from thehighlandsdueto heavyrainfall (Fig9).

Theuppermostpartof thesequence(ca.110BP/1840CE-present)ischaracterisedby the
exponentialgrowthof CichorieaepollenamongAPI, aswellasthehighmaximaof erosion
indicators,coprophilousfungi,andNPPsgrowingin dry bogs(e.g.Conidia). Amaranthaceae
pollenisalsoabundantamongxericplants,whereasCyperaceaedecreasestogetherwith
aquaticplantsandalgae(Figs3and5).ThehighestδD23valuesof theentireLernarecordindi-
cateanincreasein aridity leadingto areductionof thewetlandarea.Theover-representation
of Cichorieaein thelastsample,representingthemodernsurface,maybelinked to oxidation
of pollengrainsdueto prolongedsoilexposure.A similarscenariohasbeennotedfor the
uppermostlevelsof severalsedimentsequencesfrom Greece(e.g.Aliki lagoon,ElefsisBay,
Marathon,Phlious,Vravron;[21,107,120,130,159]andFig9).Thegeneralvegetationdevel-
opmentof theArgivePlainwasaffectedby thedecreasinghumanimpact,mainly represented
bypastoralactivitiesandby thecontinuousspreadof Pinus andPhillyrea. Weshouldalso
stressthat theovergrazingandfires(asshownbycharcoalconcentrationvalues;Fig4) could
havecausedthedegradationof thevegetationinto garrigue,mainlycomposedof Phillyrea.
Nevertheless,wecantracetheexploitationandindustrialexpansionof the19th c.CEto the
depletionof biodiversitythatstill affectstheecosystemsof theArgivePlainandthesurround-
ing areas.

Conclusions

Thenewpollenrecordfrom theancientLakeLernaprovidesevidencefor adynamicenviron-
mentalhistoryof theregiondominatedbyhumanactivitiesalreadysincethemid-Holocene.
Althoughregionalpalaeoclimaticfluctuationsduring thelast5000yearshavecontributedto
changetheecosystemsof theArgivePlain,otherfactorstakepart in theprocess.Weprovethat
it wastheinteractionof climatewith avarietyof cultural,political,andsocio-economicfactors
that transformedthevegetationandcausedits long-termdegradationthat is testifiedby the
progressivereplacementof deciduousforestswith pinewoodsandopenlandscapes.The
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environmentalhistoryof thestudyareawascharacterisedbyarecurringalternationof change
andstability,interruptedbyepisodesof forestopeningandecologicalrecovery,associated
with theboom-and-bustcyclesof politicalstructuresandeconomiesof theEasternMediterra-
nean.Nevertheless,westresstheroleof thePeloponneseasprobablerefugiumfor temperate
treesduring theHolocene:thenoteworthyoccurrenceof Betula in our record,whichgrowsin
thenortheasternmountainsof Greecenowadays,testifiesto thepresenceof persistingecologi-
calnichesin someuplandvalleysdespitethewarmMediterraneanclimate.

Fromtheperspectiveof thecoringsite,locatedin thesouthernmostpartsof theareaof
ancientLakeLerna,it ispossibleto outlineanumberof phasesin thehistoryof thewetland.It
is impossibleto fully ascertainthesizeof theareacoveredby thesechanges,but our evidence
showsclearhydrologicalandpalaeoenvironmentalfluctuationsof potentialrelevancefor the
wholewetland.Whenthelowermostpartof thestudiedsedimentsequencewasdeposited,
beforeca.4000BP,thecoringsitewasafen.Thereafterthewaterlevelincreasedandthelake
expandedoverthefen,despitearegionalclimatictrend towardsaridity. At ca.3310BPthe
abruptexpansionof macrophytesmarksanothersignificantincreaseof thewaterdepthwhen
climaticinstability is recorded.Theconcurrentchangesin sedimentationandlakeproductiv-
ity seemto suggestthereductionof flow dynamicsandaltogethermayindicatethat the
humanmanagementof Mycenaeantimesproducedapermanenthydrologicalchangein Lake
Lerna.Whatkind of modificationthatcouldhavealteredandincreasedfreshwaterin thelake
isstill unknown.During thefollowingperiodvaryingconditionsprevailedin thispartof the
basinandthefluctuationsof waterlevelcausedthepredominanceof marshoverlakevegeta-
tion alternatively.Towardsmoderntimesconditionsweredrier andthepresent-daywetland
wasformedat theexpenseof theformer lake.

Our resultsalsoattestto significantchangesin thevegetationdynamicsacrossthe5000
years-longstudyperiod,emphasisingtheeffectsof humanactivitiesbut alsothepossible
impactof climatevariability.Thesedevelopmentscorrespondwellwith thevegetationhistory
of thestudyareapreviouslyreconstructedbyJahnsin 1993.Therefore,wearguethat thetwo
coreslikely havedifferentsedimentationratesin somelevels,thusthecomparisoncanbedif-
ferentin differentportionsof therecords.In particular,thepalaeoenvironmentalchanges
recordedin thepreviouscoringsiteduring theArchaic-Classical-Hellenisticperiodare
attested1000yearslaterin thenewsequence.In theEarlyBronzeAgetheArgivePlainwas
mainlyusedfor thecultivationof cerealsby inhabitantsof thenearbysettlements(e.g.Lerna,
KephalariMagoula,Argos).Theforestcoverof theuplandswasformedbymixeddeciduous
oakwoods,althoughits progressivereductionwasalreadyunderway.Thesocio-economic
growthof theLateBronzeAgepalatialsocietiesatca.3400±3150BPoccurredunderpredomi-
nantlyhumid climateconditionsandimpactedon thelandscapeleadingto theexpansionof
olivegrovesandgrazedareasthroughouttheplainat theexpenseof woodlands.After aforest
recoveryduring theEarlyIron Age,from theArchaicperiod(ca.2620BP)theexpansionof
openenvironmentsisattested.Theincreasinghumanpressure,potentiallyaccentuatedby
localdrier conditions,causedlandscapeinstability,asattestedbyadramaticalluvialevent
recordedin thePinus curvein theLateHellenisticperiod(around2200±2120BP/ 250±170
BCE).FollowingtheRomanconquestof Greecein 146BCE,intensiveolivecultivation
expandedacrosstheArgivePlainmarkingtheRomancontrol on landuse,directedtowards
themostmarketablecropproducts(including oliveoil). Thepredominantexploitationof the
plaincontributedto reducethehumanpressurein theuplands,whereoakwoodsexpanded
againuntil theMiddle Ages.Thereaftertheprogressiveexpansionof pinewoodsboth in the
plainandin theuplandsandtheestablishmentof aneconomiclandscapeprimarily madeof
pasturelandsisclearlyattestedfrom ca.1480BP(i.e.theByzantineperiod)onwards.These
centurieswerecharacterisedby fluctuatingpalaeoclimaticconditionsbut changesin
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vegetationcorrelateto agreaterdegreewith changesin humanactivityratherthanin climate.
Thedegradationof vegetationin theArgivePlainisheightenedbyalocalaridity trend in mod-
ern times,astestifiedin thesedimentrecord,andcontributesto causethespreadof ahuman-
degradedenvironment(i.e.garrigue).
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28. Strasser W. Pflanzen des Peloponnes (Süd-Griechenland). Liechtenstein: Gantner Verlag; 1997.

29. Koskeridou E, Thivaiou D, Psarras C, Rentoumi E, Evelpidou N, Saitis G, et al. The Evolution of an

Ancient Coastal Lake (Lerna, Peloponnese, Greece). Quaternary. 2022; 5(2): 22.

30. Atherden M, Hall J, Wright J. A pollen diagram from the north-east Peloponnese, Greece: Implications

for vegetation history and archaeology. Holocene. 1993; 3(4): 351–356.

31. Lionello P, Malanotte-Rizzoli P, Boscolo R, Alpert P, Artale V, Li L, et al. The Mediterranean climate:

an overview of the main characteristics and issues. In: Lionello P, Malanotte-Rizzoli P, Boscolo R, edi-

tors. Mediterranean Climate Variability: Developments in Earth and Environmental Sciences. Develop-

ments in Earth and Environmental Sciences, vol. 4. Amsterdam: Elsevier; 2006. pp. 1–27.

32. Hellenic National Meteorological Service. 2022 [cited 25 March 2022]. Available from: http://emy.gr/

emy/en.

PLOS ONE Pollen analysis and landscape reconstruction from ancient Lake Lerna (Peloponnese, Greece)

PLOS ONE | https://doi.org/10.1371/journal.pone.0271548 July 15, 2022 29 / 36

https://searchworks.stanford.edu/view/1315597
https://searchworks.stanford.edu/view/1315597
http://emy.gr/emy/en
http://emy.gr/emy/en
https://doi.org/10.1371/journal.pone.0271548


33. Maheras P, Anagnostopoulou C. Circulation types and their influence on the interannual variability and

precipitation changes in Greece. In: Bolle H-J, editor. Mediterranean Climate: Variability and Trends:

Regional Climate Studies. Berlin, Heidelberg: Springer; 2003. pp. 215–239.

34. Katrantsiotis C, Norström E, Smittenberg RH, Finné M, Weiberg E, Hättestrand M. Climate changes in
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