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Abstract

Climate evolution of thé/lediterraneamegionduring the Holocenexhibitsstrong spatial and
temporal variability The spatial differentiation and temporal variabjligs evident from
different climate proxy datasetsasremainechotoriously difficult for modelso reproduce. In
light of this complexity, weexamine the previously described evidence (fpropposihg
northern and southerprecipitation regimesluring the Holocene across thediterranean
basin,and (ii) an easto-west precipitation gradient or dipole during the early Holocene, from
a wet eastern Mediterranean to dry western Mediterrandaimg quantitative climate
information frommarine and terrestrial pollen archives, we focus on two key time intetivals,
early to midHolocene (8000 to 6000 cal yrs BP) and the late Holocene (4000 to 2000 yrs BP)
in order tatestthe above mentiondd/pothesson a Mediterraneawide scalePalynologically
derived climate information is compared with the outputregionatscale climatenodel

simulations for the same time intervals.

Quantitativepollenbased precipitatioastimatesvere generatedlong a longitudinal gradient
from the Alboran(West)to the AegearSea(East); they are derivefilom terrestrialpollen
recordsfrom Greeceltaly and Maltaas well as fronpollen recordebtainedrom marine cores
Becauseseasonalityrepresentsa key parameter in Mediterranealimates,special attention
wasgiven to the reconstruction skasorspecific climate information, notablgummer and
winter precipitation.The reconstructedlimatic trendscorroborate a previously described
north-southpartitionof precipitation regimeduring the HolocenéDuring the early Holocene,
relatively wetconditions occurred in the soutlentral and eastern Mediterranean region, while
drier conditions prevailed from 45°N northwards. These patterns revewsed) dhe late
Holocene with a wetter northern Mediterranean region and drier conditions in themsas
south.More sites from the northern part of the Mediterranean basin are nteedather
substantiate these observationsth regard to thexistence of avesteastprecipitation dipole
during the Holocene, our polldrased climate data show that the strength of this dipole is
strongly linked to the seasonal parameter reconstrugtety, Holocene summeshow aclear
eastto-westgradientwith summer precipitationdving been highest thecentral ancastern
Mediterranearand lowest over the westerrMediterraneanin contrast, winteiprecipitation
signals are less spatially cohereitgeneral drying trend occurred from the early to the late
Holocene particularly in the central andeasern Mediterranean However, summer

precipitation in the east remained above modern vadwesduringthe late Holocene interval
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Pollerrinferred precipitationestimateswere comparedo regionatscale climate modelling
simulationsbased ornthe HadAM3 GCM coupled tothe dynamicHadSM3 andthe high-
resolution regional HadRM3 modelClimate modebutputsand pollerinferred precipitation
estimates showemarkablygood overall correspondena@dthough mangimulated patternare

of marginal statistical significanceNeverthelessmodelsweakly support an east to west
division in summer precipitatioand there are suggestiortbat the eastern Mediterranean
experienced wé&tr summer and winteconditions during the early Holocene anmegtter
summer conditions during the late HoloceneThe extent to which summer monsoonal
precipitation may have existed in the southern and eastern Mediterranean during-the mid
Holoceneremains an outstanding questianyr mode| consistent with other global models,
does not suggest an extension of theicdfn monsoon into the Mediterranedbiven the
difficulty in modelling futureclimate changein Southern Europemore simulations based on
high resolution global modelsnd very high resolution regional downscalipgrhapseven
includingtransient simuléons, arerequired to fully understand tipatterns of change winter

and summer circulation patterns over the Mediterranean region
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1 Introduction

The Mediterranean regids particularlysensitive to climate changtie to its position within
the confluence ofarid North African (i.e., subtropically influenced) angemperatthumid
Europen (i.e., midlatitudinal) climates Lionello, 2012).Pakeoclimatic proxiesincluding
stable isotopes, lipidbiomarkers palynologicaldata and lakelevels, have shown that the
Mediterranearregion experienced climatic conditiorthat variedspatially and temporally
throughoutthe Holocene(e.g. Bar-Matthews and Ayalon, 2011;uterbacher et al., 2012
Lionello, 2012;Triantaphyllou et al., 20142016 Mauri et al., 2015De Santisand Caldara
2015 Sadori et al., 2016aand well before (eg. Sadori et al., 2016B)ear spatialclimate
patternshave been identifietom east to west and from north to soutithin the basine.g.
Zanchetta et al., 20QM™agny et al., 2008, 2011, 2013Zhornyak et al., 2011Sadori et al.,
2013 Fletcher et al., 201B Lake-level reconstructionfrom Italy suggestontrasting patterns
of palaeohydrological changésr the central Mediterranean during the HolocdiMagny et
al., 2012 2013. Specifically, bke level maxina occurred south of approximately®BOin the
early to midHolocene, while lakes north ¢O'N recorded minima. This pattern was reversed
ataround 4500 cal yrs BP.

Quantitative pollen-basedprecipitationreconstructiondrom sitesin northernltaly indicate

humid wirters and dry summediiring the early to mitHolocene, whereasouthern Italywas
characterised by humid wigrs and summershe NS pattern reverses in the late Holocene,

with drier conditions at southern sites and wet conditions at northern Shese findings
supportaNorth South partitiorfor the central Mediterranean with regatd precipitationand

also confirm that precipitation seasonality is a key parameter in the evolution of Mediterranean
climates (Peyron et al., 2013}he pattern of shifting N6 precipitation regimes has also been
identified for the Aegean S€Reyra et al., 2013)Taken together, the evidence from pollen

data and from other proxies covering the Mediterranean region suggest a climate response that

can be linked t@ combination of orbital, iesheet and solar forcingslagny et al., 2013)

An eastwest pattern of climatic changduring the Holocene is also observed in the
Mediterranean regiofe.g, Combourieu Nebout et al., 1998; Geragalet20L0; Colmenere
Hildago et al., 2002; Kotthoff et al., 200Bormoy et al., 2009:inne et al., 20L1Roberts et
al., 2011, 2012; Luterbacher et al., 2012; Guiot and Kaniewski,)2@5gradient of
precipitation or an eastest division during the Holoceiiesuggested byarine pollerecords

(Dormoy et al., 2009)ake-levelreconstructiongMagny et &, 2013)and speleothersotopes
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(Roberts et al201)); the eastvest pattern of chandgeasalsobeen corroborated through

Bayesian inverse modelling approg&uiot and Kaniewski, 2015)

This study aims to reconstruct and evaluateSNand WE climate gradients for the
Mediterranean basin, over tvkey periodsn the Holocene 8006-6000 cal yrs BP, and 4000
2000 cal yrs BPWe estimate the magnitude of precipitation chargsdreconstructlimatic
trends acrossthe Mediterranearusing both terrestrial and marine highsolution pollen
records Precipitationis estimatel using the Modern Analogue Techniq@ujot 1990 for five
pollen record from Greece Italy and Malta andfor eight marine pollen records along a
longitudinal gradient from the Alboran Sea to the Aegean. Bemauseprecipitation
seasonality iskey parameteof changeduring theHolocenein the Mediterranea(Rohling et
al., 2002;Peyron et al., 201 Mauri et al.,2015, the quantitative climate estimatiEgus on

reconstructing changes in summer and winter precipitation

Paleoclimate proxy data are essential benchmfmk model intercomparisoand validation
(e.g., Morrill et al., 2012; Heiri et al., 2014)his holds particularly true considering that
previous modetlata intercomparisonkave revealed substantial difficultiefor GCMs in
simulating key aspects of Holocene climate (Hargreaves et al., BdIR)rope(Mauri et al.,
2014), anchotablyfor Southern Europe (Davis and Brewer, 2009; Mauri et al., 20UB)aim
toidentify and quantifthespatiotemporaklimatepatternsn the Mediterranean Basin ftwo
key intervals of the Holocene (808D00 and 400&000 cal yrs BPpased orerrestrial and
marine highresolution pollen recordsSpatially, we focus on transects acrogwse
Mediterraneanbasin from north to south and from west teast Because preci@tion
seasonality is key parametepf Holoceneclimatechange in the MediterraneéiRohling et al.,
2002; Peyron et al., 2011, Mauri et al., 2015), @uantitative climate estimatdscus on
summer and winter precipitatioRinally, wecompareour pollerrinferredclimate patternsith
regionalscale climate modeadimulations(Brayshaw et al., 20H) in order to critically assess

the potential of the model sap used to reproduce Holocene climate variability

2 Sites, pollen records , and models

The Mediterraneanregion is at the confluence otontinentaland tropical air masses
Specifically, the central and eastéMediterraneairs influencel by monsoonal systems, while
thenorthrwestern Mediterraneais understrongelinfluencefrom mid-latitude climate regimes

(Lionello et al., 20056 Mediterraneanvinter climates aremostly dominated by stormaystems
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originating over theAtlantic. In the western Mediterraneaprecipitationis predominantly
affected by the North Atlantic Oscillation (NAOYhile several systems interact to control
precipitation over the northern and easterMediterranean(Giorgi and Lionello, 2008
Mediterranearsummerclimates are dominated lescendindnigh pressuresystemshatlead

to dry’hot conditions particularly over thesouthern Mediterraneamhereclimate variabilityis
strongly influenced byAfrican and Asian monsoongAlpert et al., 200% with strong
geopotenial blockinganomalies over central Eurof@iorgi and Lionello, 2008Trigo et al.,
2006).

The palynological component of our study combines results from five terrestrial and eight
marine pollen records to provide broad coverage of the Mediterranean(bagire 1, Table

1). The terrestrial sequencesmprisepollen records frontakesalong a latitudinal gradient
from northern Italy (LakeLedroandAccesa to Sicily (LakePergusy one pollen recorffom

Malta (Burmarradandone pollen recorfom Greece (Tenaghi Philippon)he narine pollen
sequencesre situatedlong a longitudinal gradiergcross the Mediterranean Séam the
Alboran Sea (ODBite 976 andcoreMD95-2043, SiculoTunisian strait (cor&D04-2797),
Adriatic Sea(coreMD90-917), andAegean Segcores SL152MNB-3,NS14 HCM2/22. For

each record we used thhronologies aseported in theriginal publications(see Table 1 for

references).

Climate reconstructiahfor summer and winter precipitatiofri¢s. 2, 3) inferred from the
terrestrial sequencesd marine pllen recordswere performed using the Modern Analogue
Technique (MAT Guiot, 1990) The MAT compares fossil pollen assemblagesnodern
pollenassemblagesith known climate parameterShe MAT iscalibrated usingn expanded
surface pollen dataset with more than 3600 surface pollen safmphessarious European
ecosystems (Peyron et al., 201B) this dataset2200 samplesare from the Mediterranean
region and the resultshows thathe analogues selected here larited to the Mediterranean
basin Sincethe MAT use the distance structure of the data and essentially perform local fitting
of the climate parameter (as the meanndaflosest sit9 they may be less susceptitite
increased noise in the data set, and less likely to report spuriousthalneshers methodgor
more details on the method, see Peyron et al., 2Biri)sis overrepreseetdin marine pollen
samples leusser and Balsgri977 Naughton et al 2007, and as sucRinuspollen was

removed from thessemblagefr the calibration of marine records using MAT

Climate model simulationfocused orregionalscale climate modelling simulatiobsised on
theHadAM3 GCM andthe high-resolution regional HadRM3 modeClimatesimulations are
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174 describedully in Brayshawet al (201Q 2011ab). The HaAM3 global atmospherianodel

175 (resolution 2.8latitude x 3.78longitude, 19 vertical levels; Pope et, @000 is coupled to a

176 slab oceanHewitt et al, 2001) andused to perform a series of time slice experimdaésh

177 time-slice simulation corresponds to 20 model years after spin up (40 model years-for pre
178 LQGXVWULDO 7KH WLPH VOLFH Y00 daBR HDYOSCRIBFRGEDN0RaFSUH L Q C
179 BP and 800 calBP conditions, and are forced with appropriate insmfafassociated with

180 FKDQJHV LQ WK ldnd Bthd¥phEr€Crand CH\concentrations. The heat fluxes in
181 the ocean are held fixed (and there is noleeal change) using values taken from a-pre
182 industrial control run, but sesurface temperaturese allowed to evolve freely. The coarse
183 global output fronthe modefor each time slicés downscaled over the Mediterraneagion

184 using HadRM3i(e. a limited area version of the same atmospheric moegblution 0.4%4x

185 0.44, with 19 vertical levels). Unlikehe global modelHadRM3 is not coupletb an ocean

186 model; insteadseasurface temperatures are derived directly from the HadSM3 output.

187 To aid interpretability (and to increase the sigtoahoise ratio)time slice expements are

188 groupedn WRDW H + R O4RODBREAd2000cal yrsBP Dl & + R O RBBOGOBMH °

189 and6000cal yrsBP) experimers. Changes in climate are expressed as differences with respect
190 to the preindustrial control run and statistical significaeessessed with the Wilcoxéviann

191 Whitney significance test (Wilks, 1995).

192

193 3 Results and D iscussion
194
195 A NorthSouth precipitation pattern?

196 Proxy evidence shows contrasting patterns of palaeohydrological changes in the central
197 Mediterranean. Thearly-to-mid-Holocene was characterized by ldkgel and precipdtion

198 maxima south of around 48° At the same time, northern Itadxperiencegbrecipitation and

199 lakelevelsminima This pattern reverses after 4500 cal yrs BP (Magny et al., 2012b; Peyron et
200 al., 2013). Other proxies suggest contrasting N@tuth hydrological patterns across the
201 Mediterranean (Magny et al., 2013)/e focus on two key time periods, tearly to mid-

202 Holocene (800@000cal yrsBP), and the late Holocene (402000cal yrsBP) in orcer to test

203 this hypothesis across the Mediterranean, and to compare the results with regional climate

204  simulations for the same time periods.

205 Early tomid-Holocene (8000 to 6000 cal yrs BP)
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206 Climatic trends reconstructed from both marine and terrestrial pollen records seem to
207 corroborate the hypothesis of reorth-south division in precipitation regimes during the

208 Holocene (Fig 2a)ur results confirm that northern Italy was characterizedrkey donditions

209 (relative to modern) while the soutientral Mediterranean experienced more annual, winter
210 and summer precipitation during tbarly to mid-Holocene (Fig. 2a). Only Burmarrad (Malta)

211 shows dier conditions in thearly to mid-Holocene (Fig2a), although summer precipitation

212 reconstructions are marginally higher than modern at the site. Wetter summer conditions in the
213 Aegean Sea suggest a regional, wetter, climate signal over the central and eastern
214 Mediterranean. Winter precipitation in tiiegean Sea is less spatially coherent, with dry
215 conditions in the North Aegean Sea and wet or-n@zglern conditions in the Southern Aegean

216 Sea (Fig. 2a).

217 Precipitation reconstructierare particularly importantor this regiongiven that precipitation
218 rather than temperaturerepresentsthe dominant contrbhg factor on Mediterranean
219 environmental systemhuring theearly tomid-Holoceng(Renssen et al., 201Bollen and on-

220 pollen proxies, including marine and terrestitgbdmarkers terrestrialn-alkane$, indicate
221 humidmid-Holocene conditions in the Aegean Sea (Triantaphyllou et al., 2014). Results
222 within the Aegearsupport the pollefbased reconstructionsyt non-pollen proxy data are still
223 lacking at the basin scale in the Mediainean, limiting our ability to undertake independent

224 evaluation of precipitation reconstructions.

225 Very few largescale climate reconstruction of precipitation exXist the whole Holocene

226 (Bartlein et al., 2011; Mauri et al., 2014; Guiot and Kaniewa84,5 Tarroso et aJ 2016)and,

227 even at local scales, pollénferred reconstructions of seasonal precipitation are very rare (Wu
228 etal., 2007; Peyron et al., 2011, 2013; CombotNebout et al., 201,3Nourelbait et al., 2096

229 Several studies focusexh the 6000 cal years BP peridtfu et al. (2007) reconstruct regional
230 seasonal and annual precipitateamdsuggest that precipitatiafid not differ VLIJQL ¢ FDQWO\ IL
231 modernconditionsacross the Mediterraneahowever,scaling issues render it difficult to
232 compare their results with tmeconstructions presented here. Cheddadi et al. (1997) reconstruct
233 wetterthanmodern conditions at 6000 yeal BP in southern Europ&owever, theistudy uses

234 only one record from Itgland measures the moisture availability index which is not directly
235 comparable tgrecipitationsensu strictasince it integrates temperature and precipitatimn.

236 6000 yrs cal BP, Bartlein et al. (2011) reconstruetiNerranean precipitatiat valuesbetween

237 100 and 500 mm higher than modernaii et al. (2015)in an updated version of Davis et al.

238 (2003) provide a quantitative climate reconstructions comparable to the seasonal precipitation
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239 reconstructions presented here. Compared to Davis et al. (2003), which focused on Holocene
240 pollenbased temperature reconstructiéor Europe, Mauri et al. (2015) hawa broader set of

241 sites and present reconstructed seasonal and annual precipitation. Mauri et ate0tSiffer

242  from the current study in using MAT with plant functional type scores and in producing gridded
243 climate maps (Fig. 2b). Mauri et al. @) show wetter summers in Southern Europe (Greece
244  and ltaly) with a precipitation maximum between 8000 and 6000 cal yrs BP (Fig 2b), where
245  precipitation was ~20 mm/month higher thawodern As in our reconstruction, precipitation

246 changesQ WKH ZLQWHU ZHUH VPDOO DQG QRMWahbrib@dngFd QW O\ (
247  2b). Our reconstructionare in good agreememtith Mauri et al (2015), with summer (and

248 annual) precipitatiofower than modern over the northemMediterranearregion and wetter

249 summerconditions over much of theouthcentral Mediterranean, while winter conditions

250 appear to be similar to modern values. Mauri e28115) results inferred from terrestrial pollen

251 records and the climaticends reconstructed here from marine and terrestrial pollen records
252 seems to corroborate the hypothesis of a reotith division in precipitation regimes during the

253 Early to MidHolocene in central Mediterranean.
254
255 Late Holocene4000 t02000 cal yrs BP)

256 Late Holocene reconstructions of winter and summer precipitation indicate that the pattern
257 established during thearly Holocenewas reversedby 4000 cal yrs BP with higher

258 precipitation in northern Italy and lower precipitation in southern ltaly Matla (Fig. 2a).

259  Annual precipitation reconstructions suggdrstng relative to thearly Holocenewith modern

260 conditions in northern Italyand drier than modern conditions éentral and southern Italy

261 duringmost of the Late Holocene. Reconstructifardshe Aegean Sea indicate higher summer
262 and annual precipitation (Fig. 2b). Winter conditions reverseaHg to mid-Holocene trend,

263  with wetter conditions in thenorthern Aegean Sea andidr conditions in thesouthern Aegean

264  Sea (Fig. 2b)Our reconstructions from altes shovagood fit with Mauri et al. (2015), except

265 for the Alboran Sea where we reconstmatativelywet conditionswhereadlauri et al. (2015)

266 reconstuct dry conditions (Fig. 2b). Our reconstruction of summer precipitation is very similar
267 to Mauri et al. (2015) for Greece and the Aegean Sea where wet conditions are reported (Fig.
268 2b).

269
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An EastWest precipitatiopattern?

An East toWest precipitation gradient, or &astWest division during the Holocene has been
suggested for the Mediterranefiom pollen data and lakes isotop@ormoy et al., 2009;
Roberts et al., 2011; Guiot and Kaniewski, 20Hg)wever, lakdevels and other hydlogical
proxiesaround the Mediterranean Basia notclearlysupport this hypothesend rather show
contrasting hydrologal patterns south and north of°BDparticularly during the Holocene

climatic optimum(Magny et al., 2013).
Early tomid-Holoceneg(8000 to 6000 cal yrs BP)

The annual precipitation and seasonal precipitation signals appear to conflict eéarlthe
Holocene (Fig. 2a). The pollanferred annual precipitation indicates unambiguously wetter
than todayconditions south of5°N in the western, central and eastern Mediterranean, except
for Malta (Fig. 2a)Winter conditions show less spatial coherence, although the western basin
appears to havexperiencedigher precipitation than modern, while drier conditions exist in
the eat (Fig. 2a) A prominent feature of the summer precipitation signal iEast toWest

signatureof increasing summer precipitation.

Our reconstructioshowsa good match to Guiot and Kaniewski (2015) who have also discussed
a possiblesastto-west divison in the Mediterraneawith regard tqprecipitation(summerand
annual) during the Holocene They report wet centennialscale spells in the eastern
Mediterranean durinthe Early Holocenéuntil 6000 years BR with dry spells ithewestern
MediterraneanMid-Holocene reconstructions show continued wet conditions, with drying
through the late Holocene (Guiot and Kaniewski, 2015). This pattern indicatesanseffect

over the last 10,000 years, particularly during dry episodes in the Near and Middle East. As in
our findings, Mauri et a2015) alsaeconstruchigh annual precipitation values over much of

the southern Mediterranean, and a weak winter precipitatioalsigauri et al. (2015) confirm

an eastvest gradient for summer precipitation, with conditions drier or close to present in
southwestern Europe and wetter in the central and eastern Mediterranean (Fithé&$s.
studies corroborate the hypothesisan easto-west division in precipitation during thearly

to mid-Holocene inthe Mediterranean as proposed by Roberts et al. (20Rdberts et al.
(2011) suggest the eastern Mediterranean (mainly Turkey and more eastern regions)
experiencedigher winterprecipitationduring theearly Holocene, followed by an oscillatory
decline after 6000 yrs BP. Our findingsvealwetter annual and summeonditions in the

eastern Mediterranean, although the winter precipitation signalsss dlear. However, the

10
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highestprecipitation values reported by Roberts et al. (2011) were from sites located in western
central Turkey these sites arabsent in the guent study. Climate variability in the eastern
Mediterraneanduring the last 6000 years is documented in a number of stod&sl on
multiple proxies (Finné et al., 2011). Most g@dclimate proxies indicate wet midblocene
conditions (BatMatthews et al., 2003; Stevens et al., 2006; Eastwood et al., 2007; Kuhnt et al.,
2008; Verheyden et al., 2008) which agree well with our results; however most proxies are not

seasonally resolved.

Roberts et al. (20139nd Guiot and Kaniewski (201Suggest that changes in precipitation in

the western Mediterranean were smaller in magnitude during the early Holocene, while the
largest increases occurred during the-iMa@ocene, around 6068000 c&BP, before dclining

to modernvalues. Peleothems from southern Ibesaggest& humidearly Holocene (9060

7300 cal BP)n southern Iberia, with equitable rainfall throughout the year (Walczak et al.,
2015. Our reconstructions for the Alboran Sshich clearly shows an amplified precipitation
seasonality (with higher annual/winter and lower than present summer rainfall) for the Alboran
sites It is likely thatseasongpatterrs defining theMediterranean climate must have been even
stronger in the early Holocene to support the wider development of sclerophyll forests than

presenin south Spain (Fletcher et al., 2013).

Late Holocene (4000 to 2000 cal yrs BP)

Annual precipitation reconstructions suggesitedror nearmodern conditions in central Italy

and Malta (Fig. 2b). In contrast, the Alboran and Aegean seas remain wetter. Winter and
summer precipitation produce opposing patterns: a cleaneastdivision exist$or summer
precipitation, with a maximum in the eastern and a minimum over the western and central
Mediterranean (Fig. 2b). Winter precipitation shows the opposite tnétida maximum in the
western Mediterranean and a minimum in the central and eadétgliterranean (Fig. 2bPur

results are also in agreement with lakes and speledsimtope records ovéne Mediterranean

for thelate Holocene (Roberts et al., 2011), and the Finné et al. (20agpglahate synthesis

for the eastern Mediterraneahhere is a good overall correspondence between trends and
patterns in our reconstruction attht ofMauri et al. (2015), excefor the AlboranSea(Fig.

2b). High-resolution speleothendata from southern Iberia show Mediterranean climate
conditionsin southern Iberidetween 4800 and 30@al BP (Walczak et al., 2018)hich isin

agreement with our reconstructiorhe Mediterranean climateonditions reconstructed here
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334 for the Alboran Sea during the late Holoceseconsistent witha climatereconstruction
335 available from the Middle Atlas(Moroccg, which show a trend over the last 6000 years
336 towards aricconditionsas well as higher precipitation seasdity between 4000 and 20@@al

337 yrs BP (Nourelbait et al., 2016)here isalsogood evidence from many records to support late
338 Holocene aridification in southeriberia Paleoclimatic studies document a progressive
339 aridification trend since ~7000 cal yr BP (eCgrrion et al., 201QlimenezMoreno et al., 2015,
340 RamosRoman et al., 2016plthough a reconstruction of the annual precipitation inferred from
341 pollen data with th@robabilityDensity Functionmethodindicate stable and dry conditioims

342 the south of the Iberian Rimsulabetweerf000 and 3000 cal BP (Tarroso et al., 2016)

343 The current study shows that a prominent feature of late Holocene climateeastinest

344  division in precipitation, which varies based on the seasonal parameter reconstructed: summers
345 were overall dry or neanodern in the central and western Mediterranean and wetter in the
346 eastern Mediterranean, while winters were wet in the western Mediéam and drier in the

347 central and eastern Mediterranean.
348
349 Data-model comparison

350 Figure 3 shows the dataodel comparisons for ttearly tomid-Holocene (a) antite Holocene

351 (b) compared to present valu¢s anomalies) Encouragingly, there is a good overall
352 correspondence between patterns and trends in goflermed precipitation and model outputs.

353 Caution isrequired when interpreting climate model results as many of the changes depicted in
354 Fig. 3 arevery small andof marginal statistical significance, suggesting a high degree of

355 uncertaintyaround their robustness

356 For theearly to md-Holocene, both model and data indicate wet annual, winter and summer

357 conditions in theEastern Mediterranean. There amdications of an east to west division in

358 summer precipitation simulated by the climate mqte¢ magnitude of the increase in the

359 eastern side of the basin is, however, extremely snkalfthermore, in the Aegean Sea, the

360 model shows a good matetith pollen-based reconstructions, suggesting that the increased

361 spatial resolution of the regional climate model kel R VLPXODWH WKH ORFDOL
362 impacts of Holocene climate change, when compared to coarser global GCMs (Fig. 3). In Italy,

363 the model Bows a good match with polldrased reconstructismith regards to the contrasting

364 northsouth precipitation regime®ut there is little agreement betwesrodel output and

365 climate reconstruction with regard tanter and annual precipitation in southétaly. The

12
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climate model sggests wetter winteand annuatonditions in the far western Mediterranean
(i.e.,western Iberia and the NW coast of Africaimilar to pollerbased reconstructionsand

nearmodern summer conditions during summers.

Model and pollerbased reconstructions for the late Holocene indicate declining winter
precipitation in the eastern Mediterranean and southern lItaly (Sicily and Malta), although
modetbased changes are not statistically significant. In contrast, late d¢h&osummer
precipitation is higher thatodayin the eastern Mediterranean (though only marginally so in
the climate model). The easest division in summaeprecipitationis strongest during the late
Holocene andhere are suggestions thagfipears to é consistently simulated in the climate
model but again the signal tparticularly in the Eastern Mediterraneatis not statistically

significant

2XU ¢QGLQJV DUH FRQV L Wwdel@athpArisevi& bes driHtiveL saievfe@dnay D
model. Previous comparisons suggested that the winter precipitation signal was strongest in the
northeastrn Mediterranean (near Turkey) during the early Holocene (Brayshaw et al., 2011a;
Roberts et al., 2011) and that there was a drying trend in the Mediterranean from the early
Holocene to the late Holocene, particularly in the east. This is coupled with aallyad

weakening seasonal cycle of surface air temperatures towards the present.

In contrast to Holocene winter precipitation changes in the Mediterranean (which are consistent
with simulated changes in Mediterranean storm tracks; Brayshaw et al 20$0|eiaii that

most global climate models (PMIP2, PMIP3) simulate only very small changes in summer
precipitation in the Mediterranealring the HolocenéBraconnot et al., 20073,8012; Mauri

etal., 2014). The lack of a summer precipitation signal isistemt with the failure of the north

eastern extension of the west African monsoon to reach the southeastern Mediterranean, even
in theearly-to-mid-Holocene (Brayshaw et al., 2011a). Even though the regional climate model
simulates a small change in pitation compared to the prgxesults, it cannot be robustly
identified as statistically significanthis is to some extent unsurprising, insofar as the regional
FOLPDWH VLPXODWLRQV SUHVHQWHG KHUH DUH WKdPVHOYF
model (which, like its PMIP2/3 peers, does not simulate an extension of the African monsoon
into the Mediterranean during this time periodjherefore, questions about summer
precipitation in the Eastern Mediterranean during the Holocene remainit€tgremics need

to be better understood in order to confidently reconcile proxy data (which suggest increased
summer precipitation during the early Holocene in the Eastern Mediterranean) with climate

model resultsBased orthe high-resolution copled climate modeEC-Earth Bosmanset al.
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(2015) shows how the seasonality of Mediterranean precipitation should vary from minimum
to maximum precessiomdicatinga reduction irprecipitationseasonality, due to changes in
storm tracks andbcal cyclogenesisi.€., no direct monsoon required). Subigh-resolution
climate modeling studies (both global and regional) may prove a key ingredsmiulaing

the relevant atmospheric procesglesth local and remo}eand providing fine-grain spatial

detailnecessaryo compare results to palapooxy observations.

Future work based on transient Holocene model simulations are imporevaritheless
transiertmodel simulations have also shown riidlocene datanodel discrepancies (Fischer
and Jungclaus, 2011; Renssen et al., 2012). hagever suggested that further work is
required to fully understand changes in winter and summer circulatiberns over the

MediterranearfBosmans et al., 2015)

Limitations

Classic ecological works for the Mediterranean (e.g. Ozenda 1975) highlight how precipitation
limits vegetation type in plains and lowland areas, but temperature gradients take primary
importance in mountain systems. Also, temperature and precipitation changes are not
independent, but interact through bioclimatic moisture availability and growing season length
(Prenticeet al., 1996). This may be one reason why certain sites diverge froei maguts:

the Alboran sites, for example, integrate pollen from the coastal plains through to mountain
(+1500m) elevationgAt high elevations within the source aréamperature effects become be
more important than precipitation in determining the forest cover type. So, it will not be possible
to fully isolate precipitation signals from temperature changes. Particularly for the semiarid
areas of the Mediterraneahgtreconstruction approach probably cannot distinguish between a

reduction in precipitation and an increase in temperature and PET, or vice versa.

Along similar lines, while the concept of reconstructingnter and summer precipitation
sepaatelyis very attractive, it may be worth openly commenting on some limitatidtmugh
different levels of the severity or length of summer drought are an important ecological
limitation for vegetation, reconstructirapsolute summer precipitatimanbe difficult as the
severity/length of bioclimatic drought is determined by both temperature and precipitation.
Also, we are dealing with a season which has, by definition, small amounts of precipitation that
drop below the requirements for véggon growth. Elevation is also of concern, as lowland

systems tend to be recharged by winter rainfall, but high mountain systems may receive a
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significant part of precipitation as snowfall, which is not directly available to plant life. This
may be impad@ant in the long run for improving the interpretation of ldagn Holocene
changes and contrasts between different proxies, such aeVake and speleothems. All of
these points may seem very picky on the ecology side, butntbgyhave a real influere
leading to problems and mismatches between different reconstruction appraratidééerent
proxies(e.g. Davis et al2003 Mauri et al.,2015.

Another important point is the question of human impact on the Mediterranean vegetation
during theHolocene.Since human activity has influenced natural vegetation, distinguishing
between vegetation change inducechignars and climatic change in the Mediterranean is a
challengerequiringindependent proxies and approachdgrefore inks and processes behind
societal chang@ndclimate change in the Mediterranean regiameasingly beingnvestigated
(eg.Holmgren et al., 2016; Gogatal, 2016; Sadori et al., 2016&jere,the behaviorof the
reconstructectlimatic variablesbetween 4000 and 2000 cal yrs BHikely to be influenced

by nonnatural ecosysterwhanges due to human activities such as the forest degradation that
began in lowlandsprogressing tanountainous areas (Carrién et al. 1@ These human
impacts add confounding effectsr fossil pollen records and may lead to slightly biased
temperature reconstructionduring the Late Holocenelikely biased towards warmer
temperatures and lower precipitatidgtiowever, ifhumanactivities become more marked at
3000cal ky BP, they increase sigimiintly over the lastillennia (Sadori et al., 2016) which

is notwithin thetime scalestudiedhere Moreoverthereis strong agreement betwesammer
precipitaton andindependently recatructed lakdevel curves (Magny et al., 2013for the
marine pollen coregyuman influence is much more difficult to interpgéten thatthe source

area is so largand that, in generainthropic taxa are not found in marine pollen assemblages.

Conclusions

The Mediterranean is particularly sensitive to climate change but the extent of future change
relative to changes durirthe Holocene remains uncertain. Here, we present a reconstruction
of Holocene precipitation in the Mediterranean using an approach based on both terrestrial and
marine pollen records, along with a moedeta comparison. We investigate climatic trends
across the Mediterranean during the Holocene to test the hypothesis of an alternating north
south precipitation regime, and/on @astwest precipitation dipole. We give particular
emphasis to the reconstruction of seasonal precipitatinsideringhe important role it plays

in this system.
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464 Climatic trends reconstructed in this study seem to corroborate thesoartth divisionof

465 precipitation regimes during the Holocene, with wet conditions in the seuttnal and eastern

466 Mediterranean,rad dry conditions above 45°N during the early Holocene, while the opposite
467 pattern dominates during the late Holocene. This study also shows that a prominent feature of
468 Holocene climate in the Mediterranean is #astto-west divisionin precipitation,strongly

469 linked to the seasonal parameter reconstructed. During the early Holoeeolkeservaneast

470 to-west divisionwith high summerprecipitationin the central and eastern Mediterranean and a
471 minimum overthe western Mediterraneamwhile the signal for winter precipitation is less

472 spatially consistent. There was a drying trend in the Mediterranean from the early Holocene to
473 the late Holocene, particularly in central and eamtegions but summers in the east reradin

474  wetter thanaday.

475  The regional climate model outputs show a remarkable qualitative agresitireatir pollen

476 based reconstructionthough it must be emphasikthat thechanges simulated atgpically

477 verysmall and of questionable statistical significardeverthelessthere are indications that

478 the east to west division in summer precipitation reconstructed therpollen recordsdo

479 appear to be simulated by the climate model. The model results also suggest that parts of the
480 eastern Mediterranean experiedavetter conditions both in winter and in summer during the
481 early and late Holocene and marginally wetter conditions in summer during the late Holocene
482 (both consistent with the paleecords). It is therefore noted that the use of higasolution

483 climate models (both regionahdglobal) may offer benefits for dataodel comparison: both

484 GXH WR WKH LQKHUHQWO\ 3SDWFK\" Qérws, it tRrbugtothe® D W H \
485 Dbetter representation of the underlying atmospheric dynamics. It is tteeegfued that more

486 model simulationstideally with higher resolution atmospheric dynamigse required to fully

487 understand the changes in the winter and summer circulation patterns over the Mediterranean

488 region.
489
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496 Figure caption s

497  Figure 1:Locatiors of terrestrial and marine pollen recomeng alongitudinalgradientfrom
498 west to easand along datitudinal gradienfrom northernitaly to Malta. Ombrothermic

499 diagrans areshown foreach sitecalculated with the NewLoclirmoftwareprogram and

500 databasewhichprovides estimates of average climatic conditions at locations for which no

501 observations are availakiex.: marine pollen cores)
502 Figure2:

503 (@) Polleninferredclimate estimateasperformed with théModern Analogues Technique

504 (MAT): annual precipitation, wintgrecipitation(winter = sum of December, January
505 andFebruary precipitationandsummeiprecipitation(summer = sum of June, July
506 andAugust precipitatin). Changes in climate are expressed as differences with
507 respect to thenodern valueganomaliesmm/day) The moderrvaluesare derived

508 from theombrothermic diagram&f fig. 1). Two key intervals of the Holocene

509 correspondingo the twotime sliceexperimentgfig. 3) have been chosen: 808D00
510 and 40002000 cal yrs BPThe climate values available during these periods have
511 been average($tars)

512 (b) Comparisorof our pollenbased climate reconstructions for the Mediterranean regibn

513 the polleninferred climate reconstruction at the European saialauri et al (2015)
514 expresseth anomaly(mm/month). These authorased the MAT with anodern

515 analogueselectiorbased oPFT (plant functional type) scoréand not pollen

516 assemblages like the method used in this pameta 4D interpolation technique to
517 produce gridded paleoclimate mgfs more details, seiauri et al, 2015).

518 Figure3: Datamodel comparisofor mid andlate Holocene precipitatioexpressedn

519 anomaly(mm/day) Simulations are based on a regional model (Brayshaw et al., 2010):
520 standard model HadAM3 coupled to HadS$namical model) and HadRMBR&igh-

521 resolution regional modelT.he plots are hatched where it passes a significancghesthold
522 usedhere70%). Polleninferred climate estimates (stars) #ve same as in Figure @&nual
523 precipitation, winter precipitation (winter = sum of December, Jaraay-ebruary

524  precipitation)and summer precipitation (summer = sum of June,ahdyAugust

525 precipitation).
526

527 Table 1 Metadata for the terrestrial and marine pollen records evaluated.

528
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Mid-Holocene: 8000 to 6000 cal BP

(a) Annual precipitation (anomalie mm/day) (b) winter precipitation (anomalie mm/day) (c) summer precipitation (anomalie mm/day)
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Late Holocene: 4000 to 2000 cal BP
0

-1 -05 -0.25 -0.125-0.05 0 0.05 0.125 0.25 0.5 1 2 -1 05 -025 -01 0 01 025 05 1 2 2 -1 05 -025 -01 0 01 025 05 1 2

Figure 3: Data-model comparison for mid and late Holocene precipitation, expressed in anomaly (mm/day).

Simulations are based on a regional model (Brayshaw et al., 2010): standard model HadAM3 coupled to HadSM3
(dynamical model) and HadRM3 (high-resolution regional model). The plots arehatched where it passes a significan:
test (threshold used here 70%).

Pollen-inferred climate estimates (stars) are the same as in Figure 2: annual precipitation, winter precipitation and
summer precipitation .
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Terrestrial pollen records

Longitude Latitude  Elevation References
(ma.s.l)

Lago diLedro(Northern Italy) {i£60] OREOG[E 652 Joannin et al(2013), Magny et al.
(2009, 20123)Vanniereet al.(2013),
Peyron et al(2013

AccesgCentral Italy) FERT[ O0TEAD[E 157 DrescherSchneider et a(2007)
Magny et al. (20072013,
Colombaroli et al(2008),Sadori et
al. (2011) Vanniére et al(2011),
Peyron et al. (2011, 2@}

Trifoglietti (southern Italy) fOEIT] TOETI[E 1048 Joannin et al., (2R);
Peyron et al. (203)

PergusdStily) i0£i0] TOETI[E 667 Sadori and Narcig2001); Sadori and
Giardini(2007); Sadori et al(2008,
2011, 2013 2016b); Magny et al.
(2011, 2013)

Tenaghi Philippor{Greece) TOEL£iTEKd 40°58.4N 40 Pross et al.,2009 2019; Peyron et
al. (2011) Schemmel et al.{2016)

Burmarrad(Malta) 14°25'E 35°56N 0.5 Djamali et al.(2013); Gambin et al.,
(2016)

Marine pollen records

Longitude Latitude  Water- References
depth

ODP 97@Alboran Sen 4°18W 36°12[N 1108 CombourieuNebott et al., (1999,
2002, 2009; Dormoy et al.(2009

MD95-2043(Alboran Sepn TETGO[t TOEO[E 1841 Fletcher and Sanchez G(2008);
Fletcher et al.(2010)

MD90-917 (Adriatic Sep 17°37E 41°97N 845 CombouriesNebout et al., 2013)

MDO04-2797(SiculeTunisian  ii£01[ TOEAG[E 771 Desprat et al.(2013)

strait)

SL152North Aegean S¢a 24°36 [E 40°19[N 978 Kotthoff et al., (2008, 2Qi), Dormoy
et al., (2009).

NS14(South Aegean Sa  27°0287E 36°389[E 505 Kouli et al.{2012) ; Gogou et al.,
(2007); Triantaphylbu et al.,(200%,
b)

HCM2/22(south Crete) TOERAT[ 34°34N 2211 Kouli et al.(2012) ; Triantaphyllou et
al,( 20149

MNB-3 (North Aegean Sea) 25°00] 39°15.43N 800 Kouli et al.(2012) ; Triantaphyllou et
al, (2019
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