Enhanced humidity in SW Iberia driven by the combination of insolation and ice-sheet forcing during MIS 13 interglacial
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Highlights (include 3 to 5 bullet points, maximum 85 characters, including spaces)
High forest cover and composition reveals a cool-temperate climate with high humidity
Longest SW Iberian interglacial of past 800 ky due to muted stadial-type forest shrinks/contraction
Insolation-driven vegetation changes are not paralleled by ocean surface(WHAT?)  and ice volume
Amplification of the insolation forcing by the large northern ice-sheets of MIS 13
Ice-driven southern position of atmospheric cells leading to high rainfall and forest

Abstract 
Marine Isotope Stage (MIS) 13, ~478–533 ka, has received particular attention due to the unexpected enhancement of monsoon systems under a cool climate characterised by low atmospheric CO2 and larger ice volume than the present interglacial. Key questions remain about its regional expression (intensity, climate variability, length), in particular in the mid-latitudes, and underlying forcing factors. Here we examine the SW Iberian vegetation and terrestrial climate during MIS 13 directly compared with the sea surface temperatures over its margin by combining terrestrial-marine profiles from IODP Site U1385 with climate-model experiments. We show for the first time that despite strong precessional forcing, MIS 13 stands out by large expansions of forest having a reduced Mediterranean character alternating with muted forest contractions, indicating that this stage is marked by a cool-temperate climate regime with high levels of humidity and low seasonal contrast. Results of our data-model approach reveal that orbitally-driven SW Iberian vegetation and climate changes are modulated by the relatively high ice-sheet forcing of MIS 13. We find that the Northern Hemisphere ice-sheets at MIS 13 climate optimum reinforces the insolation forcing by inducing an increase in the simulated tree fraction and both winter and summer precipitation. We propose that the interactions between ice-sheets and major atmospheric circulation systems may have resulted in the persistent influence of the mid-latitude cells over the SW Iberian region, which led to intensified moisture availability and reduced seasonality, and, in turn, the high forest development of weak Mediterranean character.
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1. Introduction 
The Mid-Brunhes Event (MBE) represents an important climate transition occurring between MIS 12 and MIS 11 at ~430 ka (Jansen et al., 1986). Interglacial periods before this transition (MISs 13, 15, 17 and 19) appear to be longer and characterized by larger ice-sheets, lower sea-level, cooler temperatures in Antarctica and reduced greenhouse gases (GHGs) than the more recent ones (MISs 5, 7, 9 and 11) (e.g., Lisiecki and Raymo 2005; Jouzel et al., 2007; Lüthi et al., 2008; Elderfield et al., 2012). However, the dissimilarities between individual interglacials in terms of their structure, intensity and climate forcings across the MBE transition are not yet fully understood mainly due to the scarcity of detailed and long paleoclimate records, especially from the terrestrial environments (Lang and Wolff, 2011; Yin and Berger 2012; Candy and McClymont, 2013; Past Interglacials Working Group of PAGES, 2016). Marine Isotopic Stage (MIS) 13 (478–533 ka; Lisiecki and Raymo, 2005) is a pre-MBE interglacial of particular interest as it stands out for its complex and unusual climate signature. This long interglacial has been considered as the weakest, coolest and most glaciated of the past 800 ky globally, despite regional exceptions (e.g., Lang and Wolff, 2011; Candy et al., 2015; Past Interglacials Working Group of PAGES, 2016; de Vernal and Hillaire-Marcel, 2008; Cortina et al., 2016). Unexpectedly, it is associated with a remarkably strong East Asian summer monsoon (EASM), representing the wettest environment of the past 800 ky in the western Chinese Loess Plateau (e.g., Yin and Guo, 2008; Lu et al., 2020), and also with intense monsoons in Africa and India (e.g., Bassinot et al., 1994; Rossignol-Strick et al., 1998). The occurrence of such enhanced monsoons during a cool and glaciated interglacial characterized by levels of CO2, CH4 and incoming insolation not atypical compared to the others, has been pointed out as a “seeming paradox” (Yin and Guo, 2008). Although there is still some debate about the driving mechanisms of this “seemingly climate paradox” (Yin and Guo, 2008), recent modeling experiments have shown that a strong EASM results from a combination of MIS 13 insolation and ice-sheet forcing, with the Eurasian ice-sheet playing a crucial role in reinforcing the monsoon precipitation (Yin et al., 2008, 2009; Muri et al., 2012, 2013; Sundaram et al., 2012). MIS 13 is also characterized by the most prominent global carbon isotope excursion (δ13Cb) of the last 800 ky despite relatively low levels of atmospheric CO2 and ocean export productivity (e.g., Raymo et al., 1990; Wang et al., 2004; Barth et al., 2018). This outstanding enriched δ13Cb signal is suggested to result from a change in the carbon reservoir rather than ocean circulation as higher monsoon precipitation may have increased the forested areas in the Northern Hemisphere (NH), enabling a higher storage of light carbon in the terrestrial reservoir (Barth et al., 2018). Notwithstanding the clear evidence for strong precipitation and consequent increase in the terrestrial biomass in the monsoon regions during MIS 13 (Yin and Guo, 2008; Yin et al., 2008), due to the paucity of studies, important questions remain concerning the distribution of the forest in other important areas of the NH, such as southern Europe. So far, the regional expression of MIS 13 in this region is only documented by discontinuous continental records with strong local character and/or uncertain chronology (Russo Ermolli et al., 2015; Margari et al., 2018 and references therein; Di Rita and Sottili, 2019) and long lacustrine pollen sequences having a relatively low temporal resolution over MIS 13 (Tenaghi Philippon, Greece: Tzedakis et al., 2006; and Lake Ohrid, Balkan Peninsula; Wagner et al., 2019). Deciphering controlling factors of interglacial forest development and regional climate remains a challenge. Model simulations suggest that insolation is the main driver of tree fraction changes in sub-tropical regions during interglacial periods (Yin and Berger, 2012). However, these simulations do not include ice volume changes although recent modeling shows that both ice-sheet size and configuration play an important role (Bouttes et al., 2018). 
Here we document the southern European vegetation and climate dynamics during MIS 13 at unprecedented time resolution (centennial-scale) from a multiproxy study of the SW Iberian margin Integrated Ocean Drilling Program (IODP) Site U1385, which allows a direct comparison between terrestrial and marine climatic indicators, and therefore the reconstruction of vegetation-based regional atmospheric conditions and their relationships to (or with?) oceanic temperature variability and ice volume changes. To assess the impacts of insolation, GHGs and ice-sheets on the regional vegetation and climate at the interglacial optimum we perform a suite of experiments with the LOVECLIM Earth system model.

2. Regional setting
The deep-sea IODP Site U1385 or “Shackleton Site” (37°34.285′N, 10°7.562′W; 2578 m below sea-level), drilled on the SW Iberian margin, is under the influence of the surface Portugal Current System, the southern branch of the eastern subtropical gyre (Fig. 1). This system is composed by two major currents, the Azores Iberian Poleward and Portugal Currents, which are mainly controlled by the strength and direction of the offshore winds (e.g., Fiúza, 1984). During the winter, the SW Iberian region is strongly affected by the North Atlantic westerlies and associated jet stream, whereas in summer the influence of the northward expansion of the Azores high-pressure system prevails (Trigo et al., 2004; Lionello et al., 2006). These atmospheric circulation patterns result in a Mediterranean climate characterized by high seasonal contrast (mild-rainy winters and dry-warm summers) that enables the development of Mediterranean vegetation dominated by conifers (Pinus, Juniperus) at the highest elevations and deciduous oak at the mid-altitudes. Evergreen oak and Mediterranean sclerophylls (Olea sylvestris, Pistacia lentiscus, Phillyrea) are widespread at lower altitudes in warmer zones (Blanco Castro et al., 1997). Shrub communities mainly composed of heathlands (Ericaceae) dominate the zones with relatively high humidity, while rockroses (Cistaceae) occupies drier environments. As demonstrated by experimental studies (Naughton et al., 2007), the marine pollen signature from the western Iberian margin provides a reliable integrated image of the vegetation of the adjacent continent because the fluvial systems of the Tagus and Sado rivers are the main pollen suppliers to offshore deep-sea sediments. 	Comment by Fatima Abrantes: It might be important to refer that the NW winds generate coastal upwelling 	Comment by Dulce pc: Teresa?

3. Material and methods 
3.1 Chronological framework 
The reference chronological framework provided by Hodell et al. (2015) for IODP Site U1385 encompasses four depth-age models derived from oxygen isotope stratigraphy, orbital tuning, and correlation to other records. Here we use a revised version of the LR04-derived chronology that extends back to ~1.45 My with a mean sedimentation rate of 10.9 cm/ky. This chronology was developed by correlating the low-resolution (20 cm) benthic δ18Ob record of Site U1385 to the LR04 stack (Lisiecki and Raymo, 2005). To better constrain the MIS 13 stratigraphy, we identified two additional age-depth tie points, the  MIS 13a δ18Ob peak at ~401 ka and the MIS 13-12 transition at 478 ka (Lisiecki and Raymo, 2005) (Table 1). Age-depth modeling was based on linear interpolation between the seven age control points between ~469 and 540 ka (Table 1). High sedimentation rates and low sampling intervals provide the highest resolution available for Southern European pollen and SSTs records spanning the entire MIS 13, with a mean temporal resolution of ~253 yr and ~167 yr, respectively. 
The deep-sea δ18Ob records show that MIS 13 is characterized by a first substage, MIS 13c encompassing the light isotopic event MIS 13.3, followed by substage MIS 13b containing the heavy isotopic event 13.2. The third substage MIS 13a, which is generally considered as the full interglacial (Past Interglacials Working Group of PAGES, 2016), incorporates the two light isotopic events 13.13 and 13.11 (double peak), separated by the heavy isotopic event 13.22 (e.g., Bassinot et al., 1994; Lisiecki and Raymo, 2005; Railsback et al., 2015) (Fig. 3). To facilitate comparison with other proxy and model reconstructions we use the recent substage nomenclature, as recommended by Railsback et al. (2015), as well as the decimal event notation because it distinguishes additional isotopic events δ18Ob  reflecting the orbital-scale variability within MIS 13.	Comment by Antje Voelker: something is off here. do you mean additional d18Ob events or …event with d1Ob reflecting…

3.2 Pollen and biomarker analyses 
A total of 265 levels were sampled for pollen analysis every 2-4 cm and prepared following the methodology described by Oliveira (2017). Pollen samples were processed using an optimized protocol for marine samples including coarse-sieving (150 μm mesh), successive treatments with cold HCl and cold HF, micro-sieving (10 μm mesh) and slide mounting in glycerol (http://ephe-paleoclimat.com/ephe/Pollen%20sample%20preparation.htm). A mean of 23 pollen morphotypes (17-30) and 113 (93-220) pollen grains excluding Pinus, Cedrus, aquatics and Pteridophyta spores were counted per sample to provide a reliable image of the vegetation community and its floristic diversity (McAndrew and King, 1976). Pollen zones were identified visually from the pollen diagram shown in Fig. 2 and confirmed using the constrained cluster analysis based squared Euclidian dissimilarity (CONISS) implemented in PSIMPOLL (Bennett, 2009). The Mediterranean forest (MF) pollen percentage record includes the Mediterranean taxa and all temperate tree and shrub taxa excluding Pinus, Cedrus and Cupressaceae. Following experimental studies showing that arboreal pollen percentages (AP%) reflect past tree cover patterns (e.g. Williams and Jackson, 2003), we interpret the Site U1385 MF record as an indicator of the SW Iberian tree fraction. 
Biomarker analyses were carried out in 400 levels sampled at every 2-4 cm. Extraction and details of the analytical methods are described in Villanueva et al. (1997) and Rodrigues et al. (2017). Alkenone-based sea surface temperature (Uk’37-SST) was based on the C37:2 and C37:3 ratio following the global core-top calibration of annual SST (Müller et al., 1998).	Comment by Antje Voelker: where all samples measured here in Alges or some in Barcelona? If in both labs, mention this!	Comment by Dulce pc: Teresa, é necessário?
3.3 Model and experiments
The climate model experiments were performed with the three-dimensional Earth system model of intermediate complexity LOVECLIM1.1, including coupled dynamic atmosphere (ECBilt), sea-ice-ocean (CLIO) and terrestrial biosphere (VECODE) components, while the oceanic carbon cycle (LOCH) and the ice-sheets (AGISM) are prescribed to their present-day configuration. LOVECLIM has been successfully used in multiple climate studies involving a significant range of boundary conditions (http://www.astr.ucl.ac.be/index.php?page=LOVECLIM%40Description). An extensive description of the model and experiment design used here is provided in Goosse et al. (2010) and Yin et al. (2008), respectively.
To study the effects of the NH ice sheets on the tree fraction and climate over SW Iberia, the sensitivity experiments were conducted with different ice volumes (“ice”: MIS 13.13 ice-sheets minus “no ice”: present-day ice-sheets) under the orbital forcing and GHGs of the MIS 13.13 climate optimum, which is assumed to be at 506 ka when NH summer occurred at perihelion. Present-day ice sheets are only over Greenland and Antarctica (2.9×106 km3 and 24.7×106 km3, respectively, whereas for MIS 13.13 two additional ice sheets are prescribed over North America and Eurasia. Prescribed MIS 13.13 ice-sheet forcing is presented in detail in Yin et al. (2008). Estimations of ice-sheet volume are based on different individual δ18Ob profiles and global stacks and their locations determined by extrapolating the information available for the LGM (North America and Eurasia ice sheet volume of 7.3×106 km3 centered at 90°W, 69°N, and 3.7×106 km3 centered at 50°E, 63°N respectively) (Yin et al., 2008).

4. Results and discussion
4.1 MIS 13 southern European vegetation and climate 
Constrained hierarchical cluster analysis allowed dividing the pollen diagram into eight pollen zones (Figs. 2 and 3). Glacial sections of MIS 14 and MIS 12 are recorded as open vegetation phases (U1385-14-1 and -12-1, respectively) dominated by semi-desert vegetation and grassland (Poaceae and Taraxacum-type) with Pinus, indicating prevailing cold and arid conditions (Figs. 2 and 3). The SW Iberian counterpart of MIS 13, named Oeiras, lasts from 480 to 531 ka and comprises six pollen zones (U1385-13-1 to -6) characterised by Mediterranean forest (MF) values mostly above 20% (Figs. 2 and 3), which is in line with the threshold defined in marine records for representing interglacial forest development (Sánchez Goñi et al., 2016, 2018, 2019; Tzedakis et al., 2004; Roucoux et al., 2006; Oliveira et al., 2016, 2017).
This 51-ky long and floristically diverse forest stage is characterized by a complex of three pronounced forest expansions and intervening intervals of more open vegetation (Figs. 2 and 3). The major forest phases, U1385-13-1, -13-3 and -13-5 encompassing MIS 13.3, 13.13 and 13.11, respectively, are essentially characterized by a well-developed MF dominated by deciduous Quercus (MF ~35-65%), the occurrence of various cool-temperate taxa such as Alnus, Carpinus, Corylus, Fagus, Fraxinus excelsior, Hedera and Ulmus, and a weak representation of thermophilous and summer drought-adapted Mediterranean sclerophylls (mean 5.5%) (Figs. 2 and 3). Based on present-day climatic requirements, these vegetation types reflect a cool-temperate and particularly humid climate regime characterized by a reduced seasonal contrast (e.g., Polunin and Walters, 1985; Blanco Castro et al., 1997). The prominent development of Ericaceae further supports our interpretation as this family thrives under a temperate and moist climate with cool winters and low rainfall seasonality (Polunin and Walters, 1985; Loidi et al., 2007). In contrast to the other SW Iberian interglacials of the last 800 ky (Sánchez Goñi et al., 2016, 2018, 2019; Tzedakis et al., 2004; Roucoux et al., 2006; Oliveira et al., 2016; IODP 1385 unpublished data), the maximum extent of the MF reflecting increased warmth and humidity within MIS 13, is not recorded during the earliest phase of the interglacial but during the second forest phase (-13-3, ~509-501 ka), associated with MIS 13.13. During the other phases of forest expansions (-13-1, 531-522 ka; and -13-5, ~489-483 ka), the MF extent reached a similar magnitude, however, the reduced development of heathlands during the younger and shorter forest phase suggests relatively cooler and less moist conditions. Phases of open forest, U1385-13-2, -13-4 and -13-6, associated with MIS 13.2, 13.12 and the MIS 13.13-MIS 12 transition, respectively, are represented by MF decreases to moderate values (MF ~20-35%) episodically crossing the 20 % threshold (Figs. 2 and 3), indicating a shift to cooler and drier conditions but most often not below the bioclimatic thresholds required to sustain forest development. 	Comment by Antje Voelker: with such a long list of references I would not want to see a reference to unpublished data!
Similarly to the Site U1385 record, Tenaghi Philippon and Lake Ohrid pollen sequences show an extensive forest period marked by three major expansions of oak, suggesting overall warmth and/or moisture availability (Tzedakis et al., 2006; Wagner et al., 2019). Conversely, high humidity levels and mild winters are clearly documented by the Italian records of Vallo di Diano and Ceprano through the strong expansion of mixed mesothermic forest and the significant presence of waterlogging-tolerant tress (e.g., Alnus and Ulmus) and moisture-demanding taxa (Hedera) (Russo Ermolli et al., 2015; Margari et al., 2018). A notably wet climate for MIS 13 in Europe is also supported by small-vertebrate fossil remains in Spain (Blain et al., 2012), and by eastern European loess deposits (Markovic et al., 2009; Fitzsimmons et al., 2012)	Comment by Antje Voelker: you are not showing their location in Fig. 1; so it would be helpful for the reader if you say where in Italy they are located: north? south? central?
The U1385 Uk’37'-SST profile shows a long period of relatively stable cooler surface watersconditions, but cooler than present-day, with SSTs ~17°C on average all along the stage. Stadial conditions of MIS 13.2 are only marked by a slight SST decrease of less than ~1°C, close to the analytical uncertainty of 0.5°C (Villanueva et al., 1997), while no cooling is recorded during MIS 13.12. The warmest SSTs, ~18.5°C, are also recorded during MIS 13a but during the phase of more open vegetation U1385-13-4 (Fig. 3). The complex climatic structure of Oeiras at orbital-scale with three distinct forest peaks is, therefore, not paralleled by the Uk’37'-SST record. Noticeably, at millennial-scale, few abrupt coolings centered ~526.7, 507.4, 503.8, 482.7 and 479.8 ka are synchronously detected on land (Fig. 3). The atypical late position of the MIS 13 thermal optimum emerges as a consistent characteristic of this interglacial, being recorded in the Mediterranean Sea and in the North Atlantic ocean (e.g., Voelker et al., 2010; Rodrigues et al., 2011; Naafs et al., 2012; Girone et al., 2013; Marino et al., 2014; Candy et al., 2015; Martin-Garcia et al., 2015; Marino et al., 2018), with the exception of IODP Site U1314 and ODP Site 983 (Alonso-Garcia et al., 2011; Barker et al., 2019) in the subpolar gyre (Fig. 1),  as well as the muted SST changes during MIS 13.2 (e.g., Voelker et al., 2010; Rodrigues et al., 2011; Naafs et al., 2012; Cortina et al., 2016) (Fig. 3). This oceanic optimum appears mostly associated to the reconstructed global sea level maximum/ice volume minimum (Bintanja et al., 2005; Lisiecki and Raymo, 2005; Elderfield et al., 2012; Spratt and Lisiecki, 2016), as well as to the Antarctic temperature and CO2 concentration maxima (Jouzel et al., 2007; Lüthi et al., 2008; Bereiter et al., 2015) occurring during the late MIS 13a (Fig. 3). In contrast, the atmospheric CH4 ice-core profile (Loulergue et al., 2008) shows the same internal tri-peak structure as recorded in the pollen-based SW Iberian vegetation. However, sub-event MIS 13.11 is slightly stronger than 13.13 (Fig. 3), which further underlines the degree of complexity in the regional and global expression of the climate optimum during late MIS 13.  	Comment by Antje Voelker: before submission correct the writing with the correct sub/superscript positions -apply throughout the manuscript	Comment by Dulce pc: Teresa, qual é a forma correta? Pensava q tinha bem :/

4.2 The complex land-sea-ice interactions throughout MIS 13 
The close correspondence between insolation changes and the major shifts between forest expansion and more open vegetation conditions during MIS 13 reflects the dominant influence of this forcing on the SW Iberian vegetation (Fig. 3). The impact of precession is also clearly noted in the tenuous expansion of the Mediterranean taxa and heathlands during the intervals of precession minima and maxima, respectively (Fig. 3). This vegetation response is consistent with the influence of precession on the seasonal contrast over the Mediterranean region, south of 40°N, (Ruddiman and McIntyre, 1984), and its imprint on the SW Iberian vegetation across the middle-to late Pleistocene (e.g., Oliveira et al., 2017; Sánchez Goñi et al., 2019).
Although minima in insolation during MIS 13 are among the strongest of the last 800 ky, the forest did not collapse as expected. We suggest that these limited forest reductions may be linked to the relatively subdued ice volume changes as observed in the δ18Ob records and sea level reconstructions of MIS 13 (Lisiecki and Raymo, 2005). Moreover, during the MIS 13b substage, the δ18Ob values barely exceeded 3.5‰ (Fig. 3), a critical ice volume threshold for the cooling event amplification associated with ice-sheet dynamic processes (McManus et al., 1999), and related forest contractions in Iberia (Desprat et al., 2005, 2009; Margari et al., 2010; Oliveira et al., 2016, 2017). However, no millennial variability that could have driven episodical forest shrinkage is observed in the North Atlantic SST and ice-rafted debris records during this stadial (e.g., Alonso-Garcia et al, 2011; Hodell et al., 2008; Barker et al., 2019). The interval of limited forest extent, between 501 and 489 ka, occurs during the warmest SSTs over the Iberian margin and the North Atlantic and concurred with obliquity maxima counterbalancing the effect of precession-driven ice growth during mid-MIS 13a (Fig. 3). Model simulations focusing on the climatic effects of the high-versus-low obliquity during the similar precession forcing of MIS 13.12 and 13.2 (495 and 516 ka time slices) (Fig. 3) have shown that the MIS 13.12 obliquity maximum causes a warming over the NH high latitudes that may have limited ice-sheet growth and delayed the glacial inception process (Rachmayani et al., 2016). As the atmospheric circulation in the mid-latitudes is mostly determined by the latitudinal thermal contrast over the North Atlantic (e.g., Brayshaw et al., 2011), this hypothesis is supported by our multiproxy reconstruction showing that a reduced gradient (warm mid-to-high latitudes) may have led to a W-E zonal flow of the westerlies that sustained SW Iberian forest development (Fig. 3). This influence of the westerlies in the studied region would imply a reduction in the northward transport of moisture that is necessary for the build-up of NH ice-sheets, which may have contributed to preclude glacial inception and to the exceptional length of MIS 13 interglacial.

4.3 How does MIS 13 stand out from other interglacials within the last 800 ky?
Although there is still an ongoing debate about the global and regional imprint of the MBE in the interglacials within the last 800 ky, recent data compilations provide clear evidence for the distinct weak/cool character of MIS 13 regardless of spatial heterogeneity (e.g., Yin and Berger, 2012; Lang and Wolff, 2011; Candy and McClymont, 2013; Past Interglacials Working Group of PAGES, 2016; Rodrigues et al., 2017; Barth et al., 2018; Candy and Alonso-Garcia, 2018). So far, interglacial intensity has been mostly estimated in terms of thermal regime, ice volume/ sea level and GHG concentrations with little attention paid to precipitation patterns. However, in regions with landscapes and ecosystems highly susceptible to hydrological changes such as the Mediterranean, it is crucial to consider precipitation changes. Given both present-day and past dependence of the SW Iberian forest on winter rainfall (e.g., Gouveia et al., 2008; Oliveira et al., 2018), the long pollen record from IODP Site U1385 allows us to evaluate the intensity of the MIS 13 Oeiras interglacial, in terms of forest expansion and precipitation regime, in the context of other middle- to late Pleistocene interglacials. Here, following recent work (Past Interglacials Working Group of PAGES, 2016; Oliveira et al., 2018), we estimate interglacial intensity based on the maximum values achieved in the interval comprising the major development of MF and Mediterranean taxa (Table 2) as it reflects the optimal expression of the optimal conditions of the Mediterranean climate (Polunin and Walters, 1985). 
The comparison of SW Iberian interglacials shows that the optimum forest development substantially differed between interglacials (MF ~44-78%) although there is no expression of the MBE. Most importantly, it reveals that MIS 13 does not stand out as a weak interglacial over the western Mediterranean (Table 2). MIS 13.13 displays the major forest expansion after MIS 17.3 and a maximum similar to MIS 5.5, one of the strongest interglacials globally (MIS 13.13: 65.2%, MIS 5.5: 68.7%, MIS 17.3: 77.7% - Table 2). Moreover, among all interglacials, the vegetation composition of MIS 13 at the forest optimum emerges as unique, being characterised by the lowest abundances of Mediterranean taxa and the strongest development of heathlands (Table 2). From a climatic point a view, this comparison shows that in SW Iberia, MIS 13 differs from the other interglacials for its cool-temperate climate regime marked by high levels of humidity and the lowest seasonal contrast between cool-wet winters and warm-dry summers. In contrast, although noticed as one of the strongest, the MIS 13 forest expansion at the Tenaghi Philippon and Lake Ohrid sites does not appear as conspicuously more prominent (Table 2). Both pollen sequences rather exhibit close interglacial forest expansions throughout the last 650 ky (Tzedakis et al., 2006; Wagner et al., 2019). The marked differences between Site U1385 and these pollen sequences lend support to the idea that the forest ecological requirements may vary between southern European regions. In European sequences located above 40°N, forest development was likely mainly limited by temperature, suggesting that similar interglacial AP% reflect identical atmospheric warmth, while in the southerly regions the primary limiting factor was moisture availability (Desprat et al., 2017; Sánchez Goñi et al., 2018). Other long continental records across the NH also contradict the view of MIS 13 widespread weakness, even if for some of the terrestrial proxies there are no clear environmental/climatic interpretations (Past Interglacials Working Group of PAGES, 2016). Remarkably, in the Asian and African monsoon regions, MIS 13 is typically the strongest interglacial (Past Interglacials Working Group of PAGES, 2016). 
The observed cool-temperate climate regime marked by enhanced precipitation in SW Iberia is associated with one of the coolest interglacial SSTs of the last 800 ky, as recorded by North Atlantic records (e.g., Lang and Wolff, 2011, Past Interglacials Working Group of PAGES, 2016) including Site U1385 (Table 2; Rodrigues et al., 2017). Interestingly, shorter Iberian margin records report for MIS 13 similar cooler conditions along with particularly intense continental input and marine productivity (MISs 9-15, MD03-2699: Rodrigues et al., 2011; MISs 10-16, U1385: Maiorano et al., 2015). We propose that pronounced continental input, likely fostered by our pollen-inferred high levels of precipitation, may have contributed to enhance the marine productivity during MIS 13 by increasing the river flow of nutrient-rich waters into the Iberian margin as observed for the Holocene (Rodrigues et al., 2009). This unusual high productivity during MIS 13 has been related to worldwide-scale changes in the global ocean carbon reservoir as expressed by the most prominent peak of benthic δ13Cb in individual and global datasets of the last 800 ky (e.g., Wang et al., 2004; Lisiecki, 2014; Barth et al., 2018, Rodrigues et al., 2017). The most common causes of the outstanding δ13Cb excursion during MIS 13 involve (i) enhanced precipitation leading to higher incursion of silica-enriched waters (Wang et al., 2004); (ii) stronger North Atlantic Deep Water production (Raymo et al., 1997; Ziegler et al., 2010); and (iii) increased continental biomass while the levels of CO2 and ocean export productivity remained similar to other pre-MBE interglacials (Raymo et al., 1990; Yin and Guo, 2008; Barth et al., 2018). Barth et al. (2018) argue that the δ13Cb excursion is due to an increase in terrestrial biomass in the NH allowing for a larger 13C-depleted storage and resulting from the combined effect of weak MIS 14 glaciation and strong monsoonal precipitation over MIS 13. Our study and other long European sequences (Tzedakis et al., 2006; Wagner et al., 2019) reconstructing particularly high forest development during MIS 13 (Table 2) give some support to this hypothesis and emphasizes the need to consider other important forested areas of the NH besides the monsoon regions. 	Comment by Dulce pc: FN: It was not for the entire Holocene, just during the last 6 or even 4 ka…..
	Comment by Dulce pc: Teresa pls

4.4. Is ice-sheet forcing the key to understand the forest optimum of MIS 13 in SW Iberia?
The MIS 13 pollen record from Site U1385 provides one of the clearest evidences for the apparent lack of relationship between CO2 and the Mediterranean forest extent given that high MF development occurred under particularly low interglacial CO2 concentrations (Fig. 3, Table 2). This observation is in line with model experiments demonstrating that interglacial CO2 changes have a minor effect on the global tree fraction change and particularly over the northern tropical-subtropical regions (Yin and Berger, 2012), including SW Iberia (Oliveira et al., 2018). Conversely, insolation is found to be the primary driver of the simulated vegetation change due to the strong impact of precession on the precipitation regimes of these regions (Yin and Berger, 2012; Oliveira et al., 2018). Although these model experiments reproduce the well-documented impact of precession on the Mediterranean vegetation (e.g., Tzedakis, 2007; Sánchez Goñi et al., 2018), insolation alone is insufficient to explain the different magnitude of the terrestrial interglacials in SW Iberia over the past 800 ky (Table 2). However, these simulations are only forced by GHGs and insolation whilst ice-sheets were not taken into account (Yin and Berger, 2012; Oliveira et al., 2018). Absence of ice-sheets and related feedbacks in the simulations has been proposed as the main cause for discrepancies between SW Iberia’s pollen-based and modelled interglacial tree fraction optimum in MIS 19 (Oliveira et al., 2018). Recent snapshot simulations comparing the response of the carbon cycle to the different climate configurations of the pre- and post-MBE interglacials show that ice-sheets play a crucial role on setting the regional vegetation cover (Bouttes et al., 2018). In particular, agreement between models and reconstructions of southern European vegetation is improved when the different interglacial ice-sheets are included in the modelling experiments. Despite deep-sea temperature overprinting on δ18Ob (e.g., Skinner and Shackleton, 2005), MIS 13.13 consistently emerges as one of the most glaciated interglacials of the past 800 ky in the LR04 stack (Lisiecki and Raymo, 2005) and individual δ18Ob reconstructions (e.g., Hodell et al., 2008) including that of Site U1385 (Fig. 3, Table 2). Modelled global sea-level (Bintanja et al., 2005) and sea-level stack (Spratt and Lisiecki, 2016, and references therein) support a relatively low highstand (Table 2). Spahni et al. (2005) suggested that the intermediate warmth of MIS 13 limited the shrinkage of the NH ice-sheets leading to its southernmost interglacial extension of the last 650 ky. The apparent exception to this pattern is based on the high pollen content at ODP Site 646 (Labrador Sea) during MIS 13.1 taken to reflect a much more reduced Greenland ice-sheet than on other interglacials besides MIS 11 (de Vernal and Hillaire-Marcel, 2008). Nonetheless, it has been argued that this potential loss of the Greenland ice-sheet during MIS 13 did not lead to an overall low ice extent compared to other interglacials (Past Interglacials Working Group of PAGES, 2016) and may be the result of persistent warm conditions over MISs 15-13 due to the unusual weak glacial climate of MIS 14 (Lang and Wolff, 2011). 
To investigate the potential impact of the relatively large NH ice-sheets of MIS 13 on SW Iberia, we performed LOVECLIM experiments designed to isolate the response of the regional vegetation and climate to the ice-sheet forcing presumed to exist at the interglacial peak. For this purpose, we compare the differences between the experiments of the MIS 13.13 time-slice, at 506 ka, including GHG, insolation and ice-sheet forcing with the simulations that are only forced by GHG and insolation (Figs. 4 and 5). Results of the tree fraction differences between the “ice” and “no-ice” experiments (Fig. 4) show a significant increase in the Iberian tree fraction, particularly over the southern part of the Peninsula (up to 10%), revealing that the North American and Eurasian ice-sheets of MIS 13 indeed contribute to increase the forest optimum of MIS 13 (Fig. 4). Because in the vegetation component of LOVECLIM (VECODE) the tree fraction is only based on annual surface temperature and precipitation (Brovkin et al., 1997), the analysis of these parameters clearly shows that the tree fraction increase is driven by higher annual precipitation as there is no change in the surface temperature over SW Iberia with the inclusion of ice-sheets in the simulations (Figs. 4 and 5). This dominant influence of precipitation on the modeled tree fraction is consistent with our expectations based on the terrestrial–marine climate records of Site U1385, which consider regional hydroclimate as the primary determinant of MIS 13 vegetation patterns. Moreover, the presence of ice-sheet forcing in the experiments causes a decrease in the seasonal distribution of rainfall in SW Iberia as shown by the significant increase of precipitation in both seasons (Fig. 5). These model results successfully show that including ice-sheet forcing favors the climate conditions necessary for the three key vegetation features observed at the MIS 13 optimum (Fig. 2 and 3, Table 2): (i) wetter summers and reduced seasonality restricting the expansion of Mediterranean plants, (ii) sustained humidity year-round and cool temperatures explaining strong development of heathlands, and (iii) a temperate environment with high moisture availability favoring the occurrence of diverse temperate and summer drought-intolerant trees along with strong expansion of deciduous oaks (Polunin and Walters, 1985; Blanco Castro et al., 1997; Loidi et al., 2007). Therefore, we suggest that the regional signature of MIS 13 over southern Iberia is explained by the amplification of the insolation forcing by the relatively high ice volume of this interglacial. 
This supplementary forcing may have played a key role in changing the large-scale atmospheric circulation, which ultimately resulted in a temperate climate characterized by enhanced humidity and weak seasonality over the studied region. We propose that the large remnant ice-sheets of MIS 13 led to a more southerly position of the atmospheric circulation systems than during the other interglacials, including the parallel displacement of the Hadley and Ferrel cells and associated mid-latitude westerlies controlling the SW Iberian winter hydroclimate (e.g., Lionello et al., 2006). Such a scenario would imply a southward position of the North Atlantic jet stream and the deviation of the storm tracks transporting moisture into SW Iberia, as reported for the last glacial period (e.g., Laîné et al., 2009; Beghin et al., 2015), although to a much lesser extent due to the interglacial climate context. This hypothesis is convincingly supported by the work of Candy et al. (2015) revealing that the thermal contrast between the mid and high-latitudes at the MIS 13 interglacial peak was less pronounced than that of later interglacials. Following the thermal wind relationship, this would lead to a weakening and southward migration of the westerlies, which promoted sustained high levels of winter precipitation in the studied region. These inferred shifts in the atmospheric circulation during MIS 13 would also imply a southward position of the Intertropical Convergence Zone (ITCZ) and associated subtropical subsidence influencing the SW Iberian summer dryness (e.g., Lionello et al., 2006). A more southerly position of the North Atlantic Subtropical High would decrease the influence of high-pressure systems over southern Iberia leading to reduced summer dryness, and, therefore, to higher annual moisture availability and muted seasonality as indicated by the pollen-based vegetation of Site U1385 and model results (Figs. 3 to 5). Our conceptual model is consistent with both proxy and model studies indicating a southward displacement of the ITCZ during MIS 13 (Harris et al., 1997; Mohtadi et al., 2006; Yin et al., 2009; Muri et al., 2012). It is also in line with previous work linking SW European vegetation and hydroclimate changes for the past 800 ky to the prevalence of low or mid latitudinal forcing depending on the ITCZ position, which in turn is strongly influenced by ice volume conditions (Tzedakis et al., 2009). In contrast, Guo et al. (2009) suggested a more northward position of the ITCZ during MIS 13 relying on the assumption that this interglacial may have been characterised by a strong asymmetry of hemispheric climates, with the NH being significantly warmer and less glaciated than the Southern Hemisphere. Notwithstanding the uncertainties in reconstructing the atmospheric circulation during MIS 13, this hypothesis is challenged by our study and most of the records across the NH providing evidence for a cool interglacial characterized by relatively high ice extent (Lang and Wolff, 2011; Past Interglacials Working Group of PAGES, 2016). Moreover, our findings extend previous modelling work demonstrating the importance of combining insolation and ice-sheet forcing to explain the regional imprint of MIS 13, particularly over the East Asian monsoon region. In these simulations, the inclusion of land ice over North America and Eurasia results in an atmospheric wave train across the Eurasian continent leading to exceptionally strong EASM precipitation and higher tree fraction (Yin et al., 2008, 2009; Muri et al., 2013). 
Considering the importance of ice-sheet forcing to explain the SW Iberian vegetation and climate of MIS 13, a similar climate-driven forest optimum would be expected for the other pre-MBE interglacials characterized by relatively high ice volume baseline conditions and high insolation (Table 2). Interestingly, while MIS 15.5 and 17.3 are marked by high forest development, MIS 19.3 exhibits a rather low forest extent (Table 2). We speculate that the different configuration of NH ice-sheets during MIS 19.3 (larger Eurasian ice-sheet development) may have caused a reduced penetration of the winter storm tracks into the Iberian region with subsequent reduced forest expansion, as suggested by Oliveira et al. (2018). Long and accurate ice-sheet reconstructions and new interglacial data-model comparisons are definitively needed to explore the impact of changes in extent and configuration of the ice-sheets on regional precipitation, a key factor controlling the amplitude of MF development and vegetation composition. 

5. Conclusions
MIS 13 regional expression and underlying forcing mechanisms are investigated for the first time in the western Mediterranean through new multiproxy reconstructions from IODP Site U1385 and its comparison with climate-model experiments. 
1. The strong Mediterranean forest development and vegetation composition during MIS 13 reveals a cool-temperate climate with high humidity and reduced seasonal contrast over the SW Iberian region. 
2. This warm stage is marked by three insolation-driven forest expansions interrupted by muted contractions despite strong precession forcing. While terrestrial and marine climate profiles agree on the cool character of MIS 13, a land-sea decoupling is noted through the interglacial, being particularly evident on the asynchronous time of forest and ocean surface optimum during MIS 13a. The moderate forest extent and associated influence of the westerlies in this region during mid-MIS 13a indicates a reduction in the transport of moisture nourishing the NH ice-sheets that may have prevented the end of MIS 13 at this time (~495 ka). 
3. MIS 13 stands out from the other SW Iberian interglacials of the last 800 ky for its large optimum forest development of weak Mediterranean character. This finding highlights that increased land biomass during MIS 13 was not limited to the monsoon regions supporting the view that a larger terrestrial carbon storage may have contributed to its unusual carbon isotope excursion recorded in the different ocean basins.
4. The model-data comparison reveals that the dominant effect of MIS 13 insolation forcing on the regional vegetation and precipitation regime is amplified by the relatively large extent of the ice-sheets in high northern latitudes at the interglacial peak (MIS 13.13) compared to other interglacials of the last 800 ky. In qualitative agreement with the pollen-based evidence, model results show that ice-sheet forcing triggers an increase in the SW Iberian tree fraction along with both intensified winter and summer rainfall. We propose that the MIS 13 high ice load may have led to a southern shift of the North Atlantic jet stream and the ITCZ with consequent increase of large-scale winter and summer precipitation in SW Iberia, and therefore, higher forest cover with reduced Mediterranean sclerophyllous vegetation. 
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