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Palaeoecological studies of sediment records in the western margins of southern South America have revealed the vegetation dynamic under the influence of major regional climate drivers such as the Southern Westerly Winds, Southern Annular Mode and the El Niño Southern Oscillation phenomenon. Despite the substantial number of palynological records that have been studied, very few quantitative pollen-based climate reconstructions using surface sample have been attempted. In this context, our objective is first to investigate the modern pollen-vegetation-climate relationships in the western Patagonian region. Results reveal that the modern pollen dataset reflects the main vegetation types and that summer precipitation and winter temperature represent the main climate parameters controlling vegetation distribution. Secondly using this pollen-climate dataset we evaluate and compare the performance of two models (Weighted Averaging Partial Least Squares and Modern Analog Technique). We applied these models to perform climate reconstructions from two oceanic pollen records from western Patagonia. Compared with independent climate indicators, our pollen pollen-inferred climate reconstructions reveal the same overall trends showing the potential of pollen-climate transfer functions applied to this region. This study provides much needed data for quantitative climate reconstructions in South America which still need to be improved by enlarging the modern pollen dataset.

Introduction

The latitudinal distribution of the main plant communities in western Patagonia closely follows the climate gradient across the region [START_REF] Schmithüsen | Die räumliche Ordnung der chilenischen Vegetation[END_REF][START_REF] Gajardo | La vegetación natural de Chile : clasificación y distribución geográfica[END_REF]. In addition to temperatures decreasing southward, rainfall shows a strong increase southward directly related to the intensity of the Southern Westerly Wind (SWW) belt [START_REF] Garreaud | Large-Scale Control on the Patagonian Climate[END_REF]. In particular, models and palaeoclimate archives reveal the importance of the SWW belt through their role in regional climate change, alongside the growing recognition of the role of the Southern Annular Mode and El Niño Southern Oscillation phenomenon in modulating regional climate through time (e.g. [START_REF] Toggweiler | Midlatitude westerlies, atmospheric CO 2 , and climate change during the ice ages[END_REF][START_REF] Anderson | Wind-Driven Upwelling in the Southern Ocean and the Deglacial Rise in Atmospheric CO 2[END_REF][START_REF] Moreno | Southern Annular Mode-like changes in southwestern Patagonia at centennial timescales over the last three millennia[END_REF]. A substantial number of records based on palynological studies have thus been produced in this region with a focus on questions regarding the behaviour of the SWW belt at different timescales (see Flantua et al., 2015 and literature therein). Western Patagonia is one of the regions from South America with the most pollen records and these studies have sometimes led to different conclusions regarding the long-term dynamics of the SWW belt (e.g. [START_REF] Kilian | A review of Glacial and Holocene paleoclimate records from southernmost Patagonia (49-55°S)[END_REF]. To explain those discrepancies new records are required in regions where the density of palaeoecological data is lower, such as in the Chilean channel region (47° to 53°S). On the other hand, to explain those discrepancies, it also requires improvement of the methods to reconstruct the climate. Indeed, most palaeodata from this region are based on qualitative climate reconstructions, which may limit the interpretation of multi-site comparisons for reconstructing climate variability at a regional scale.

Quantitative climate approaches are thus needed to provide a better understanding of the regional pattern of climate changes. Such approaches are also essential to perform data-model comparisons improving our understanding of climate mechanisms and future climate changes [START_REF] Harrison | What have we learnt from palaeoclimate simulations?[END_REF]. In Patagonia, local modern pollen datasets have been published during the last two decades to study relationships between pollen, vegetation and sometimes climate [START_REF] Haberle | Modern pollen rain and lake mud-water interface geochemistry along environmental gradients in southern Chile[END_REF][START_REF] Paez | Modern pollen-vegetation and isopoll maps in southern Argentina[END_REF][START_REF] Markgraf | Modern pollen/climate calibration for southern South America[END_REF][START_REF] Tonello | Modern vegetation-pollen-climate relationships for the Pampa grasslands of Argentina[END_REF][START_REF] Tonello | Quantitative reconstruction of Holocene precipitation changes in southern Patagonia[END_REF][START_REF] Mancini | Southernmost South America Steppes: vegetation and its modern pollen-assemblages representation[END_REF][START_REF] Schäbitz | Reconstruction of palaeoprecipitation based on pollen transfer functionsthe record of the last 16 ka from Laguna Potrok Aike, southern Patagonia[END_REF]. Only three local quantitative climate reconstructions inferred from fossil pollen records have been provided using some of these datasets [START_REF] Markgraf | Modern pollen/climate calibration for southern South America[END_REF][START_REF] Tonello | Quantitative reconstruction of Holocene precipitation changes in southern Patagonia[END_REF][START_REF] Schäbitz | Reconstruction of palaeoprecipitation based on pollen transfer functionsthe record of the last 16 ka from Laguna Potrok Aike, southern Patagonia[END_REF]. Hence, further local studies calibrating the existing modern pollen data to perform quantitative reconstructions are necessary as a first step to large-scale regional climate reconstructions.

In this context our aim here is to compile modern pollen data from western Patagonia to investigate the modern pollen-vegetation-climate relationships and to develop climate transfer functions. We first assemble modern pollen samples to span the range of environmental values likely to be represented by the main different vegetation types from this region.

Secondly, this paper aims to provide reliable quantitative estimates for seasonal climatic variables. Multiple methods for pollen-based climate reconstruction including most standard methods, the Weighted Averaging Partial Least Squares (WA-PLS) and the Modern Analog Technique (MAT) will be applied and compared. We finally use these models to perform quantitative climate reconstructions for the last deglaciation and the Holocene inferred from two pollen records: the core MD07-3104 in the Reloncaví Fjord at 41°S and the core MD07-3088 offshore Taitao Peninsula at 46°S [START_REF] Montade | Regional vegetation and climate changes during the last 13 kyr from a marine pollen record in Seno Reloncaví, southern Chile[END_REF][START_REF] Montade | Vegetation and climate changes during the last 22,000 yr from a marine core near Taitao Peninsula, southern Chile[END_REF].

Environmental settings

Western Patagonia represents the southern part of South America in Southern Chile extending from 41° to 56°S (Fig. 1). The Andean Cordillera spreads from north to south with peaks rarely exceeding 3000 m asl. Along the coast, a secondary mountain range, the Coastal Range, is rapidly submerged south of 42°S which results in a complex system of fjords, channels and archipelagos. The combination of these mountain ranges with high-velocity SWW generates high orographic rainfall increasing southward with SWW intensity increase [START_REF] Garreaud | Large-Scale Control on the Patagonian Climate[END_REF]. During the austral winter the SWW belt spreads northward to 30°S but remains south of 46-47°S during the austral summer. In the northern part, precipitation primarily from winter rains, reaches around 2000 mm.yr -1 . Southwards, seasonality of precipitation decreases and disappears south of 46°S, where precipitation reaches values over 3000 mm.yr -1 . East of the Andes, the annual amount of precipitation decreases rapidly to below 1000 mm. The temperatures contrast with precipitation showing a weak annual seasonal variability with values remaining above freezing along the coast. However, with the altitude increase, temperature seasonality increases through the Andes. The climate is thus considered as temperate to cool-temperate and humid to hyper-humid from north to south at low elevation. East of the Andes, climate is generally dry and temperate to cool-temperate from north to south [START_REF] Garreaud | Present-day South American climate[END_REF].

Vegetation communities in western Patagonia are considered to be strongly influenced by the gradient of increasing annual precipitation and decreasing annual temperature southward [START_REF] Schmithüsen | Die räumliche Ordnung der chilenischen Vegetation[END_REF][START_REF] Gajardo | La vegetación natural de Chile : clasificación y distribución geográfica[END_REF][START_REF] Markgraf | Modern pollen/climate calibration for southern South America[END_REF][START_REF] Luebert | Classification de pisios de vegetatacion y anlysis de representatividad ecologica de areas propuesta para la proteccion en la ecoregion valdivia[END_REF] 

Material and methods

Modern pollen and climate datasets

The modern pollen dataset was compiled using 24 oceanic surface sediments [START_REF] Montade | Pollen distribution in marine surface sediments from Chilean Patagonia[END_REF] and 186 terrestrial surface samples including 139 soils and 47 lakes [START_REF] Haberle | Modern pollen rain and lake mud-water interface geochemistry along environmental gradients in southern Chile[END_REF][START_REF] Markgraf | Modern pollen/climate calibration for southern South America[END_REF][START_REF] Francois | Postglacial paleoenvironmental history of the Southern Patagonian Fjords at 53[END_REF]. Much of these surface samples belong to the northern half of Patagonia, distributed inland on both sides of the Andes (Fig. 1 and Table S1). Only two samples are located between 47° and 52°S corresponding to oceanic surface samples in the fjords. Further south, 19 samples are from islands within the fjords and off-shore near Punta Arenas. After dataset compilation, a total of 78 pollen taxa was obtained (Table S2) by updating the pollen taxa nomenclature followed the harmonization from [START_REF] Markgraf | Modern pollen/climate calibration for southern South America[END_REF]. To this initial harmonization, we added five pollen taxa related to samples located more southward (Astelia, Caltha, Donatia, Lepidoceras, Luzuriaga) and Asteraceae (except Artemisia) were merged in two groups: A. Asteroideae and A.

Cichorioideae. For most of these samples, the pollen sums reach values above 200. Only 11 samples have a sum between 100 and 200; however as the number of surface samples is relatively limited, we decided to keep these samples in the dataset. Pollen percentages were calculated on the basis of their respective pollen sums excluding Rumex and Polygonaceae as these taxa are generally related to human impact [START_REF] Heusser | Ice age Southern Andes -A chronicle of paleoecological events[END_REF][START_REF] Schäbitz | Reconstruction of palaeoprecipitation based on pollen transfer functionsthe record of the last 16 ka from Laguna Potrok Aike, southern Patagonia[END_REF].

Although characteristic of aquatic and wetland taxa some Cyperaceae species (sedges) are also naturally abundant in the Magellanic Moorland or in high elevation grasslands [START_REF] Markgraf | Modern pollen/climate calibration for southern South America[END_REF][START_REF] Villa-Martínez | Deglacial and postglacial vegetation changes on the eastern slopes of the central Patagonian Andes (47°S)[END_REF]. For that reason Cyperaceae was kept in the calculation of the pollen sums. To remove noise for statistical analyses, the data matrix was reduced to 38 taxa characterized by values above 2% in more than two samples. Furthermore, in order to provide a better understanding of the relationships between pollen assemblages, vegetation and climatic parameters from western Patagonia, statistical analyses were performed on a modern pollen dataset of 183 samples, excluding 27 samples from the initial dataset (Table S1). We first excluded samples dominated by herbs or shrubs pollen taxa located east of 71°W in northern half of Patagonia (north of 46°S) that mainly corresponds to Patagonian steppe controlled by the east-west climate Andean gradient. West of 71°W in northern half of Patagonia, we also excluded samples dominated by herbs or shrubs which correspond to samples influenced by human impact reflecting an open landscape vegetation at low elevation sites (< 500 m asl). We then excluded samples associated with pollen taxa of Magellanic Moorland from the same area, because their occurrences too far in the north reflect local edaphic conditions.

An unconstrained cluster analysis based on chord distance was performed on the 183 samples to reveal similarities among pollen assemblages and to provide the order of surface samples plotted in the pollen diagram (Fig. 2). The different pollen zones identified by the cluster dendrogram have been ascribed to groups according to pollen assemblages and vegetation types (Figs. 2 and3). Climate data calculated at each surface sample location were extracted from the WorldClim database [START_REF] Hijmans | Very high resolution interpolated climate surfaces for global land areas[END_REF]. The present-day climate parameters correspond to the annual precipitation sum (P ANN ) and the precipitation sums during December-January-February (P SUM ) and June-July-August (P WIN ). Temperature values correspond to the mean values of the same months (T ANN , T SUM and T WIN ). For each oceanic sample, the closest on-shore climate values were calculated. In the Andes, because of the limited spatial resolution, elevational climate values based on WorldClim differ sometimes from the measured values by several hundred meters. As interpolated temperature values are very sensitive to the altitudinal gradient, we corrected temperature values using a lapse rate value of 0.6°C per 100 m. Altitude discrepancies were found to be too small to have a significant influence on precipitation estimates and no corrections have been done.

Based on the same modern pollen dataset, we carried out a Principal Component Analysis (PCA) on square-root transformed pollen relative frequencies and projected climate variables on it to determine if, and how, variation in pollen rain is related to climate patterns in western Patagonia. Square-root transformation of relative frequencies is commonly used as it allows variance stabilization and 'signal to noise' ratio maximization in the data [START_REF] Prentice | Multidimensional scaling as a research tool in quaternary palynology: A review of theory and methods[END_REF], which is equivalent to an ordination of pollen spectra using the square chord distance.

Quantitative climate reconstruction

The quantitative climate reconstruction is based on a multiple method approach to test the reliability of the methods for these complex environments and to provide an improved assessment of the uncertainties involved in palaeoclimate reconstructions. Using the R package RIOJA [START_REF] Juggins | rioja: Analysis of Quaternary Science Data[END_REF], we used the MAT based on a comparison of past assemblages to modern pollen assemblages, and the WA-PLS which requires statistical calibration. These methods are frequently used in climate reconstruction with their own set of advantages and limitations; they were successfully used for the Holocene climate reconstructions from terrestrial and marine records (e.g. [START_REF] Peyron | Holocene seasonality changes in the central Mediterranean region reconstructed from the pollen sequences of Lake Accesa (Italy) and Tenaghi Philippon (Greece)[END_REF][START_REF] Mauri | The climate of Europe during the Holocene: a gridded pollen-based reconstruction and its multi-proxy evaluation[END_REF][START_REF] Ortega-Rosas | The Lateglacial interstadial at the southeastern limit of the Sonoran Desert, Mexico: vegetation and climate reconstruction based on pollen sequences from Ciénega San Marcial and comparison with the subrecent record[END_REF]. The MAT [START_REF] Guiot | Methodology of the last climatic cycle reconstruction in France from pollen data[END_REF] uses the squared-chord distance to determine the degree of similarity between samples with known climate parameters (modern pollen samples) to samples for which climate parameters are to be estimated (fossil pollen sample). The chord distance indicates the degree of dissimilarity between two pollen samples (small distance = close analogues selected for the climate reconstruction). A minimum distance corresponding to a minimum 'analogue' threshold is established. Subsequently, each climate parameter is calculated for each fossil pollen assemblage as the weighted mean of the climate of the closest modern analogues. The WA-PLS method (ter Braak and [START_REF] Ter Braak | Weighted averaging partial least squares regression (WA-PLS): an improved method for reconstructing environmental variables from species assemblages[END_REF] is a transfer function which assumes that the relationship between pollen percentages and climate is unimodal. The modern pollen dataset used is considered a large matrix with n dimensions, corresponding to each of the pollen taxa within the dataset. WA-PLS operates by compressing the overall data structure into latent variables. Several taxa are directly related to climate parameters of interest. To avoid the co-linearity among the taxa, we can reduce the matrix into a smaller number of components based on both linear predictors of the parameter of interest and the residual structure of the data when those predictors are removed. The modification of PLS proposed by ter Braak and [START_REF] Ter Braak | Weighted averaging partial least squares regression (WA-PLS): an improved method for reconstructing environmental variables from species assemblages[END_REF] requires transformation of the initial dataset using weighted averaging along a gradient defined by the climate parameter of interest, such that the pollen taxa that best define the climate gradient are weighted more heavily than those that show little specificity to the gradient. Ter Braak and [START_REF] Ter Braak | Weighted averaging partial least squares regression (WA-PLS): an improved method for reconstructing environmental variables from species assemblages[END_REF] detail the importance of using cross validation to assess and select WA-PLS models and show that statistics based on cross-validation provide more reliable measures of the true predictive ability of the transfer functions.

We then evaluate the performance of models using a leave-one-out cross-validation test performed with the training set of 183 modern pollen samples (38 pollen taxa). We also test the reliability of the transfer functions applied to oceanic pollen assemblages by reconstructing the climate conditions from 24 oceanic surface sediment samples (these oceanic samples were previously removed from the 183 modern pollen-climate training set before to do this test). We further check the extent to which calibration may be affected by spatial autocorrelation using the R package PALAEOSIG [START_REF] Telford | palaeoSig: Significance Tests for Palaeoenvironmental Reconstructions[END_REF]. Finally we apply the models to two oceanic pollen records: the core MD07-3104 located at 41°S in the Reloncaví Fjord and the core MD07-3088 located at 46°S offshore Taitao Peninsula [START_REF] Montade | Regional vegetation and climate changes during the last 13 kyr from a marine pollen record in Seno Reloncaví, southern Chile[END_REF][START_REF] Montade | Vegetation and climate changes during the last 22,000 yr from a marine core near Taitao Peninsula, southern Chile[END_REF].

Results and discussion

Vegetation-pollen-climate relationships

The pollen spectra were divided into eleven zones according to the cluster analysis (Fig. 2).

Because of limitations of morphological pollen identifications, most of the pollen taxa include several species, which explains the high proportion of some taxa in different pollen zones. In particular, the most abundant one, Nothofagus dombeyi-type includes five tree species (N. differentiate open vegetation between high elevation and lowland environments [START_REF] Markgraf | Modern pollen/climate calibration for southern South America[END_REF]. Included in the same group, these samples from different environments reflect the importance of precipitation variability (Fig. 3b) and winter temperatures, that are decreasing with altitude or southward attaining low values in winter (~3°C). The Subantarctic Deciduous Forest (SDF) group includes two pollen zones (Fig. 2), either dominated by N. dombeyi-type (> 60%) or co-dominated by N. dombeyi-type (> 50%) and Cyperaceae (15-35%). These assemblages are mainly distributed across the Andean relief in the northern half of Patagonia with precipitation slightly higher and temperatures slightly lower than for the grassland group.

Samples co-dominated by Cyperaceae generally occurred above 900 m asl showing the influence of high elevation grassland. Several samples are also located in the southern part and five of them are from the islands within the fjords west of the Andes with high yearly precipitation (Fig. 3). With two pollen zones, the Valdivian Rainforest (VR) group is characterized by N. dombeyi-type remaining generally lower than 30%, accompanied by significant amounts of arboreal taxa such as Myrtaceae, Saxegothaea, Podocarpus, Weinmannia or Gevuina/Lomatia. Among herbaceous taxa only Poaceae reach values higher than 10% in this group which could be partly induced by human impact in northwestern Patagonia. Precipitation (2150 mm.yr -1 ) and annual temperatures (10°C) in this region are higher than in the two previous vegetation groups. The North Patagonian/Valdivian Rainforest (NPR/VR) group (one pollen zone) shows again high amounts of N. dombeyi-type (> 50%), however the tree taxa Podocarpus, Cupressaceae, Myrtaceae and Tepualia replace herbaceous taxa in comparison with the SDF group. This group occurs in the northern half of Patagonia throughout the Andes and along the coast with generally high amounts of precipitation (2300 mm.yr -1 ) and annual temperatures around 9°C. Only two samples from this group occur south of this domain probably related to their high frequencies of conifers.

The North Patagonian/Subantarctic Rainforest (NPR/SR) group is represented by two pollen zones. It differs from NPR/VR group by lower values of N. dombeyi-type (< 40%) at the expense of Cupressaceae (max. up to 93%), Podocarpus and Tepualia. Samples are located in the same region than NPR/VR group with similar temperatures and slightly higher precipitation (2466 mm.yr -1 ). Abundant in the NPR/VR and NPR/SR groups, the arboreal pollen taxon Cupressaceae includes three conifers, Fitzroya cupressoides, Pilgerodendron uviferum and Austrocedrus chilensis. The last one grows under colder and drier conditions than F. cupressoides and P. uviferum which are characteristic of very humid conditions mainly west of the Andes. Consequently, as discussed by [START_REF] Markgraf | Modern pollen/climate calibration for southern South America[END_REF], the Cupressaceae pollen taxon may introduce some noise in climatic values of these two groups.

In the Subantarctic Rainforest/Magellanic Moorland (SR/MM) group characterized by one pollen zone, pollen assemblages are mostly characterized by herbaceous or shrubby taxa with Ericales, Myzodendron, Astelia, Juncaceae and Caltha with N. dombeyi-type fluctuating between 30 and 50%. The pollen taxon Astelia characteristic of A. pumila only growing in the Magellanic Moorland is a very good indicator of this vegetation type. This group only occurs in southern Patagonia and the low seasonality of precipitation and temperature allows us to distinguish this vegetation group from the other ones (Fig. 3). Distribution of samples in the PCA diagram (Fig. 4b) along the axis-1 reflects the variation from the vegetation in an open landscape (grassland and SR/MM groups) mixed with the SDF group to the rainforest groups. Along axis-2, the distribution of samples mainly reflects the vegetation from the SR/MM, NPR/SR, NPR/VR groups to grassland and VR groups.

Projection of climatic parameters in the PCA shows that the axis-1 is mainly correlated with temperatures while axis-2 is mainly correlated with precipitation (Fig. 4). In particular, the highest r 2 for axis-1 and -2 corresponding to T WIN (0.55) and P SUM (0.47), respectively, support the notion that parameters represent the main climatic limiting factors in western Patagonia determining vegetation distribution. This result is not surprising considering the vegetation distribution in western Patagonia which is characterized by a southward winter temperature decrease and a summer precipitation increase reducing rainfall seasonality (Fig. 1). A temperature decrease is also partly observed with altitude increase across the Andes in the northern half of western Patagonia where the rainforests is replaced by the SDF sometimes mixed with grasslands. Although we have a spatial gap in the sample distribution between 47° and 52°S, corresponding to the region where Magellanic Moorland mixed with the Subantarctic Rainforest is found, we partly capture the regional pattern of vegetation and climate conditions from this part of Patagonia with the samples located further south along the coast (52-53°S). In particular, under high annual rainfalls and a weak seasonality of precipitation and temperatures, these samples reflect similar climate and vegetation conditions with the region located from 47° to 48°S.

Model performance

Specificity of oceanic samples in western Patagonia

An important requirement in quantitative paleoenvironmental reconstruction is the need of a high-quality training set of modern samples. The training set should be (1) representative of the likely range of variables, (2) of highest possible taxonomy detail, (3) of comparable quality and (4) from the same sedimentary environment [START_REF] Brewer | POLLEN METHODS AND STUDIES | Use of Pollen as Climate Proxies[END_REF]. The last point can be particularly discussed because, due to our limited set of modern pollen samples, we decided to compile samples from different depositional environments (soil, lake and oceanic).

Different depositional environment and taphonomic processes mainly between terrestrial and oceanic samples could affect significantly our pollen assemblages. Oceanic samples in particular should reflect a more regional signal than the terrestrial ones. However, it has been shown that the pollen signal from oceanic samples in this region remains relatively local to the vegetation from the nearby continental area [START_REF] Montade | Pollen distribution in marine surface sediments from Chilean Patagonia[END_REF]. This is mainly explained by the local transport conditions: under strong westerlies blowing throughout the year, the aeolian sediment input (including pollen) to the ocean is minimized and the pollen are mainly brought by strong fluvial discharges coming from short rivers restricting the sediment provenance. Probably partly related to these specific local conditions, it did not appear that these different depositional environments substantially affected pollen assemblages [START_REF] Montade | Pollen distribution in marine surface sediments from Chilean Patagonia[END_REF].

To test the reliability of the transfer functions applied to oceanic pollen assemblages, we applied the WA-PLS and the MAT to the 24 oceanic surface sediment pollen samples, considered here as "fossil samples" (Fig. S1). The comparison between reconstructed and observed values for the main climatic limiting factor in western Patagonia, P SUM and T WIN shows a higher r 2 for the WA-PLS (0.56 and 0.67) than for the MAT (0.37 and 0.31). These correlations are explained by a general southward precipitation increase and temperature decrease, evidenced by both, reconstructed and observed values. However, some differences are observed. One of the most obvious concerns the reconstructed P SUM values: while observed P SUM reach maxima between 47° and 52°S, where the Subantarctic Rainforest mixed with the Magellanic Moorland occurs, the reconstructed values are much lower than observed.

This may be explained by a lack of terrestrial samples between 47° and 52°S. In particular, the oceanic pollen samples at these latitudes are reconstructed with terrestrial samples from Subantarctic Rainforest located to the north and not with the rainforest mixed with the Magellanic Moorland growing under very wet conditions. Concerning T WIN , north of 47°S, reconstructed values are almost all underestimated. A large part of the terrestrial pollen dataset is located throughout the Andes, while the oceanic pollen dataset is located along the coast. Consequently temperature seasonality higher in the Andes induces lower reconstructed T WIN than observed temperature along the coast. Despite these differences, explained by a lack of modern pollen samples, the MAT and the WA-PLS are able to reconstruct the general pattern of north-south climate gradient from oceanic pollen samples. Furthermore these results suggest that the WA-PLS seems more accurate than the MAT to reconstruct the overall latitudinal climate trends through western Patagonia.

Evaluation of the WA-PLS and the MAT models

After the first test on the oceanic pollen samples, we analysed the performance of the MAT and the WA-PLS transfer functions using the total 183-training set with a leave-one-out crossvalidation. Prior to final model development, we checked for 'outliers', i.e. the modern pollen samples producing extreme values. Two outliers for P SUM were identified in both, the MAT and the WA-PLS (Fig. S2). A third outlier was identified with P SUM reconstructed by the WA-PLS showing a high negative value (ca. -500 mm). Such a value seems to be associated with a high percentage of Araucaria (>40%) reflecting a local signal from the vegetation. These three outliers were excluded from the training set. The final transfer functions was then performed on a 180-training set (Table 1 and Fig. 5). The optimal number of components to include in the WA-PLS model was assessed by a cross-validation following the procedure of ter [START_REF] Ter Braak | Weighted averaging partial least squares regression (WA-PLS): an improved method for reconstructing environmental variables from species assemblages[END_REF]. A leave-one-out cross-validation has been selected here. A two component WA-PLS model was then selected on the basis of the low root mean square error of prediction (RMSEP), low maximum bias, and high r 2 between observed and predicted values of P SUM and T WIN (Table 1). For the MAT, we retain the four nearest analogues for an optimal reconstruction. The performance of our models is summarized in the Table 1. The RMSEP of the WA-PLS model is of ca. 164 mm for P SUM and ca. 1.6°C for T WIN . The r 2 between the observed climate values and those predicted by the WA-PLS (MAT) model is 0.53 (0.54) and 0.55 (0.77) for P SUM and T WIN respectively. Equivalent for P SUM , the diagnostic statistics of MAT shows better scores for T WIN mainly concerning the r 2 . However, several studies suggest that MAT may produce over-optimistic diagnostics when cross-validation is limited to leave-one-out model [START_REF] Telford | The secret assumption of transfer functions: problems with spatial autocorrelation in evaluating model performance[END_REF]. Low values of T WIN are overestimated with both methods, particularly with the WA-PLS (Fig. 5). We also observed an underestimation of the high P SUM values, particularly with the MAT.

The calibration seems robust and adequately model taxa and their environments with lowest possible error of prediction and the lowest bias values (Table 1). However, the good performance of the methods and the high correlations between climatic variables may also be discussed according to the potential problem of the spatial autocorrelation in transfer functions pointed out by [START_REF] Telford | The secret assumption of transfer functions: problems with spatial autocorrelation in evaluating model performance[END_REF]. Spatial autocorrelation is the tendency of sites close to each other to resemble one another more than randomly selected sites. [START_REF] Telford | The secret assumption of transfer functions: problems with spatial autocorrelation in evaluating model performance[END_REF] argued that the estimation of the performance and the predictive power of a training set by cross-validation assume that the test set must be statistically independent of the training set and that a cross-validation in the presence of spatial-autocorrelation seriously violate this assumption as the samples are not always spatially and statistically independent. Therefore, in case of strong autocorrelation, the RMSEP on cross validation is overoptimistic.

The importance of spatial autocorrelation in transfer functions evidenced by [START_REF] Telford | The secret assumption of transfer functions: problems with spatial autocorrelation in evaluating model performance[END_REF] has been discussed by several authors [START_REF] Telford | The secret assumption of transfer functions: problems with spatial autocorrelation in evaluating model performance[END_REF][START_REF] Guiot | Chapter Thirteen Transfer Functions: Methods for Quantitative Paleoceanography Based on Microfossils[END_REF][START_REF] Fréchette | Methodological basis for quantitative reconstruction of air temperature and sunshine from pollen assemblages in Arctic Canada and Greenland[END_REF][START_REF] Thompson | Quantitative estimation of bioclimatic parameters from presence/absence vegetation data in North America by the modern analog technique[END_REF]. However, the problems of autocorrelation in evaluation models are rarely tested in transfer functions inferred from pollen data [START_REF] Fréchette | Methodological basis for quantitative reconstruction of air temperature and sunshine from pollen assemblages in Arctic Canada and Greenland[END_REF][START_REF] Cao | A modern pollen-climate dataset from China and Mongolia: Assessing its potential for climate reconstruction[END_REF]Tian Fang et al., 2014), although these analyses are essential to obtain a robust transfer function.

Therefore to check if spatial autocorrelation affects the western Patagonia training set we have used the graphical method developed by [START_REF] Telford | Evaluation of transfer functions in spatially structured environments[END_REF]. We compare the performance of the WA-PLS and MAT as the training set size is reduced by deleting sites at random, and by deleting sites geographically and environmentally close to the test site in cross-validation (Fig. S3). In the case of autocorrelation, deleting geographically close sites will preferentially delete the best analogues, and worsen the performance statistics more than random deletion. If the observations are independent, deleting a given proportion of them should have the same effect regardless of how they are selected [START_REF] Telford | Evaluation of transfer functions in spatially structured environments[END_REF].

Our results suggest that the r 2 from deleting of geographical neighbourhood sites closely follow the r 2 from deleting the environmental neighbourhood sites indicating that P SUM and T WIN are influenced by autocorrelation. The r 2 scores strongly decrease after 40 km for P SUM and after 80 km for T WIN and suggest that T WIN seems to be less affected by autocorrelation than P SUM . This strong r 2 decrease shows that if a large amount of sites are deleted from the training set, the transfer functions are strongly affected by a lack of sample. This highlight the limited size of our training set from a region characterized by a complex environmental and vegetation gradient. In that case an enlarged dataset would be necessary to more rigorously perform model cross-validation and to address more fully these problems of spatial autocorrelation. However, another way to check the reliability of our models is to apply it to fossil pollen data and to compare the signal with independent proxies.

Application of WA-PLS and the MAT to fossil pollen records

Here we applied the WA-PLS and the MAT to two oceanic pollen records, core MD07-3088 located at 46°S off Taitao Peninsula and core MD07-3104 located at 41°S in Reloncaví Fjord (Figs. 1 and6). Spanning the last deglaciation and the Holocene, pollen data from core MD07-3088 illustrate the development of the North Patagonian Rainforest, which is interrupted by an expansion of Magellanic Moorland during the Antarctic Cold Reversal (ACR) [START_REF] Montade | Vegetation and climate changes during the last 22,000 yr from a marine core near Taitao Peninsula, southern Chile[END_REF]. Located further north, the core MD07-3104 shows compositional changes of temperate rainforest indicating warm and dry conditions during the beginning of the Holocene and more climate variability from the mid-Holocene associated with a cooling trend and with an increase of precipitation [START_REF] Montade | Regional vegetation and climate changes during the last 13 kyr from a marine pollen record in Seno Reloncaví, southern Chile[END_REF]. Although the climate reconstructions based on both models are consistent, the minor fluctuations indicated by the MAT do not evidence significant climate changes. As previously mentioned, this confirms that the MAT seems less appropriate than the WA-PLS to provide reliable climate reconstructions according to our modern pollen-climate dataset. For that reason, the climate reconstructions discussed below are based on the WA-PLS results.

Before 18 kyr, results obtained from core MD07-3088 at 46°S indicate lower values than modern ones for P SUM (400-300 mm) and T WIN (ca. 3°C). However, before 18 kyr, these results must be taken with caution given that during the late glacial, the pollen signal is characterized by low pollen concentrations reflecting reduced or absent vegetation on the adjacent land areas at a time, and the potential for non-analogue vegetation communities to be present during the glacial and post-glacial transition, when glaciers were greatly expanded compared to the present [START_REF] Montade | Vegetation and climate changes during the last 22,000 yr from a marine core near Taitao Peninsula, southern Chile[END_REF]. Under these conditions an overrepresentation of high producers of pollen such as Nothofagus trees was observed, which prevents local vegetation reconstructions and which is likely to bias our climate reconstructions at that time.

From 18-17.5 kyr, a slight warming trend of 0.5°C is recorded, contemporaneous of the beginning of the deglaciation evidenced by the δD variations of EPICA Dome C ice core (Fig. 6d). Such a trend occurs simultaneously with the development of vegetation following the retreat of glaciers recorded in the region [START_REF] Bennett | The Last Glacial-Holocene Transition in Southern Chile[END_REF][START_REF] Haberle | Postglacial formation and dynamics of North Patagonian Rainforest in the Chonos Archipelago, Southern Chile[END_REF].

Recorded from the same core, the beginning of the last deglaciation is also well evidenced by the increase of summer sea surface temperature (SSTs, Fig. 6c) reconstructed from planktonic foraminifera assemblages [START_REF] Siani | Carbon isotope records reveal precise timing of enhanced Southern Ocean upwelling during the last deglaciation[END_REF]. The strongest change evidenced by our climate reconstruction correspond to a rapid P SUM increase starting at 14.5 kyr (ACR) with maximum values between 800 and 1000 mm. High P SUM values persist up to the end of the Younger Dryas (YD) period (Fig. 6c). Simultaneously, we observe a progressive T WIN increase of ca. 2°C while for the SSTs, values stop to increase during the ACR then decrease of 1°C at 13 kyr before to reach maxima after the YD. This strong precipitation increase characterised by very high values suggests an intensification of the SWW during the ACR and the YD. Already recorded by previous studies from western Patagonia, this abrupt change was interpreted as a northward shift of the SWW belt [START_REF] García | Glacier expansion in southern Patagonia throughout the Antarctic cold reversal[END_REF][START_REF] Moreno | Deglacial changes of the southern margin of the southern westerly winds revealed by terrestrial records from SW Patagonia (52°S)[END_REF][START_REF] Montade | Teleconnection between the Intertropical Convergence Zone and southern westerly winds throughout the last deglaciation[END_REF]. Today, latitudes under the core of the SWW belt where rainfalls are very high, the temperature seasonality is the lowest of western Patagonia and, because of strong ocean influence, temperature values remain always positive at low elevation.

Consequently, after the last glacial conditions, such an intensification of SWW and precipitation would have reduced the temperature seasonality inducing a milder summer and winter temperature. This scenario might explain the observed T WIN increase by our reconstruction. Based on this result, glacier advances evidenced in western Patagonia during the ACR and the YD might be more related to hydrological changes than to a strong cooling [START_REF] Moreno | Renewed glacial activity during the Antarctic cold reversal and persistence of cold conditions until 11.5 ka in southwestern Patagonia[END_REF][START_REF] García | Glacier expansion in southern Patagonia throughout the Antarctic cold reversal[END_REF][START_REF] Glasser | Younger Dryas and early Holocene age glacier advances in Patagonia[END_REF]. However, additional quantitative climate reconstructions are necessary to test this hypothesis.

After the YD, P SUM reconstructed from core MD07-3088 decrease progressively to reach present-day values between 400 and 500 mm (Fig. 6a). T WIN values (ca. 6°C) are maxima during the early Holocene, before they slightly decrease and fluctuate between 5 and 6°C, close to modern values (Fig. 6c). This moderate change in comparison with the last deglaciation are consistent with past vegetation dynamics recorded from the same latitude showing that the North Patagonian Rainforest rapidly reaches its modern composition during the early Holocene [START_REF] Bennett | The Last Glacial-Holocene Transition in Southern Chile[END_REF]. On the other hand, the core MD07-3104 indicates a stronger climate variability during the Holocene. After reaching their maxima after the YD, P SUM and T WIN decrease from 500 to 350 mm and from 11 to 8.5°C from the early to the mid-Holocene (Figs. 6a andc). Then from 6 kyr, P SUM and T WIN fluctuate around 400 mm and 9°C before a slight decrease during the late Holocene to reach values close to the modern conditions. The climate variability reconstructed from core MD07-3104 is compared with a pollen index calculated from Lago Condorito located at ca. 30 km from the oceanic core [START_REF] Moreno | Millennial-scale climate variability in northwest Patagonia over the last 15 000 yr[END_REF][START_REF] Moreno | Covariability of the Southern Westerlies and atmospheric CO 2 during the Holocene[END_REF]. Based on the normalized ratio between Eucryphia-Caldcluvia and Podocarpus, positive values of this index reflect a warm-temperate, seasonally dry climate with reduced SWW and negative values indicate cool-temperate and/or wet conditions with enhanced SWW. While our reconstruction indicates that T WIN increase is associated with P SUM increase, the pollen index indicates warm-temperate conditions under low precipitation (Fig. 6). This difference might be related to a different sensitivity of seasonality between the pollen index and our reconstructed T WIN . On the other hand, comparison of P SUM curve and the index reveals the same trend. Although a short time lag is observed, which is certainly related to a problem of marine age reservoir from the oceanic core [START_REF] Montade | Regional vegetation and climate changes during the last 13 kyr from a marine pollen record in Seno Reloncaví, southern Chile[END_REF], our P SUM reconstruction supports the known dynamic of precipitation and SWW changes in the region. Southward at 46°S, such changes are not recorded by our climate reconstruction and by vegetation changes [START_REF] Montade | Vegetation and climate changes during the last 22,000 yr from a marine core near Taitao Peninsula, southern Chile[END_REF].

Today the northern Patagonia at 41°S is characterized by a seasonally dry climate directly connected with a strong seasonality of SWW intensity. In comparison, the location of core MD07-3088 closer to the position of the core of SWW already since the early Holocene, under the persistent influence of the SWW, rainfalls are strong all over the year.

Consequently, this might explain why hydrological changes related to SWW changes would have more impacted the northern Patagonia during the Holocene.

Conclusions

To conclude, although based on different depositional environments (soil, lake and ocean), our modern pollen dataset (183 samples) from western Patagonia reflects the main vegetation types distributed along the latitudinal and the altitudinal gradient. Investigating the modern pollen-vegetation-climate relationships, we further demonstrate that the major vegetation distribution reflected by pollen assemblages is mainly controlled by two parameters: P SUM and T WIN . Characterized by a southward T WIN decrease and a southward P SUM increase, these two parameters represent the main climatic limiting factor in western Patagonia controlling the latitudinal distribution of the vegetation. Based on the modern pollen dataset, we then analysed and compared the performance of two standard methods: the MAT and the WA-PLS. They adequately model taxa and their environments; however our results also reveal that the WA-PLS is more suitable than the MAT which suffers of a lack of modern pollen samples to perform reliable climate reconstructions. Using two oceanic cores from northern Patagonia at 41°S and 46°S we finally proceeded to reconstructions of P SUM and T WIN values during the late Glacial and the Holocene. The most important climate change occurred during ACR and YD where P SUM reach the double amount of modern values related to an enhanced SWW.

Although our results show several methodological limitations (mainly by using oceanic and terrestrial samples together), our climate reconstructions, consistent with the regional climate changes, illustrate the potential to develop quantitative methods in western Patagonia.

Representing one of the parts of South America with the most pollen records, additional quantitative climate reconstructions have to be performed to improve our understanding of climate dynamic at a regional scale. Furthermore, the modern pollen dataset still needs to be enlarged, to reduce uncertainties of climate reconstructions. [START_REF] Moreno | Millennial-scale climate variability in northwest Patagonia over the last 15 000 yr[END_REF]; (c) SSTs (Summer Sea Surface Temperatures) from core MD07-3088 based on planktonic foraminifera assemblages [START_REF] Siani | Carbon isotope records reveal precise timing of enhanced Southern Ocean upwelling during the last deglaciation[END_REF] with T WIN from core (d) Ice-core δD based on the age scale of [START_REF] Lemieux-Dudon | Consistent dating for Antarctic and Greenland ice cores[END_REF]. The original data were fit with a cubic smoothing spline (bold lines). YD, Younger Dryas; ACR, Antarctic Cold Reversal; HS1, Heinrich Stadial 1; LGM, Last Glacial Maximum. 'code' indicate the order of samples in the pollen diagram perform by the cluster analysis 777 (samples without code correspond to samples excluded to perform statistical analyses). The 778 type correspond to oceanic (O), soil (S) and lake (L) samples. Reference (Ref.) to publication 779 1 [START_REF] Montade | Pollen distribution in marine surface sediments from Chilean Patagonia[END_REF], 2 [START_REF] Haberle | Modern pollen rain and lake mud-water interface geochemistry along environmental gradients in southern Chile[END_REF], 3 [START_REF] Francois | Postglacial paleoenvironmental history of the Southern Patagonian Fjords at 53[END_REF] and 4 (Markgraf 780 et al., 2002) 

  (Fig. 1): (i) the Lowland Deciduous Forest, dominated by deciduous trees (i.e. Nothofagus obliqua, N. alpina), conifers (i.e. Saxegothaea conspiscua, Podocarpus salignus) and several broadleaf evergreen elements (i.e. Aetoxicon punctatum, Persea lingue); (ii) the Valdivian Rainforest, the most diversified Patagonian forest type, characterized by the codominance of evergreen trees (i.e. Nothofagus dombeyi) with a number of broadleaf evergreen elements (i.e. Eucryphia cordifolia, Aetoxicon punctatum, Caldcluvia paniculata, and several species of Myrtaceae); (iii) the North Patagonian Rainforest, dominated by several species of conifers (i.e. Fitzroya cupressoides, Pilgerodendron uviferum, Podocarpus nubigenus) with some Nothofagus and broadleaf species (i.e. Nothofagus dombeyi, N. nitida, N. betuloides, Weinmannia trichosperma); (iv) the Subantarctic Rainforest, characterized by the codominance of conifer and Nothofagus species (i.e. Pilgerodendron uviferum, Nothofagus nitida and N. betuloides); (v) also frequently associated with the Subantarctic Rainforest, the Magellanic Moorland represented by an open plant community occurring under high precipitation is characterized by the predominance of peat-bog plants (i.e. Sphagnum magellanicum), cushion-bog species (Astelia pumila, Donatia fascicularis) with graminoid taxa mainly represented by Cyperaceae or Juncaceae and shrubs (Ericaceae); (vi) the Subantarctic Deciduous Forest, mainly represented by deciduous trees (i.e. Nothofagus pumilio and N. antarctica) adapted to cold conditions is also associated with an increase proportion of graminoids (grasses or sedges) characteristic of to the Andean high elevation grassland which dominates the landscape above the treeline. Along the altitudinal gradient in northern Patagonia, with increasing orographic precipitation and decreasing temperatures, a similar sequence of vegetation distribution is observed except for the Magellanic Moorland which cannot develop under sub-zero temperature values. Finally, east of the Andes under dry conditions the Patagonian Steppe develops in the lowlands. The Patagonian Steppe is dominated by herbs and shrubs mainly characterized by Poaceae, Asteraceae, Cyperaceae, Solanaceae, Apiaceae and Chenopodiaceae.

  dombeyi, N. pumilio, N. antarctica, N. betuloides, N. nitida) growing in the different Patagonian environments. Based on the fluctuations of this pollen type associated and the dominant pollen taxa, we combined the pollen zones in six groups to reflect the main vegetation types and their ecological affinity (Figs. 2 and 3). In the grassland group which corresponds to three pollen zones, Nothofagus dombeyi-type remains below 20%. Samples are generally dominated by at least one herbaceous taxon, reaching more than 25% (Poaceae, Cyperaceae, Asteraceae Asteroideae or Apiaceae). Most of samples of this group occur in the northern half of Patagonia in the Andes and correspond to an open landscape vegetation characterized by high elevation grassland partly influenced by the Subantarctic Deciduous Forest. Southward, samples that also corresponding to an open landscape vegetation are associated with the Magellanic Moorland. Although characterized by different species, low resolution pollen identification for non-arboreal taxa (mainly family) makes it difficult to
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Table 1 .

 1 Performance of the Weighted Averaging Partial Least Squares (WA-PLS) and the Modern Analog Technique (MAT) based on leave-one-out cross-validation with 183 and 180 samples including oceanic and terrestrial pollen data from western Patagonia (P SUM , precipitation sum of December-January-February; T WIN , mean temperature from June to August). The table indicate the best selected component for each parameter and cross-

	validation test.						
	Model	Component Variables Range	r 2	RMSEP RMSEP % of	Maximum	Average
							gradient	Bias	Bias
	MAT-183	-	P SUM	31-1527 mm 0.49 180.8	12.1	1035	17.50
	WA-PLS-183 2	P SUM	31-1527 mm 0.44 193.3	12.9	925	2.62
	MAT-183	-	T WIN	-3.1-8.6 °C	0.77 1.1	20.3	2.1	2.08
	WA-PLS-183 2	T WIN	-3.1-8.6 °C	0.56 1.6	28.2	5.1	-0.05
	MAT-180	-	P SUM	31-1069 mm 0.54 162	15.6	446	17.31
	WA-PLS-180 2	P SUM	31-1069 mm 0.53 164	15.8	266	-0.28
	MAT-180	-	T WIN	-3.1-8.6 °C	0.77 1.1	20.4	2.1	-0.04
	WA-PLS-180 2	T WIN	-3.1-8.6 °C	0.55 1.6	28.5	5.1	-0.05
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Table S1. List of the surface pollen samples from southern Patagonia according to their 775 location (Long., east longitude and Lat., north latitude) and altitude (m asl). The column