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Abstract 21 

 Pollen records are one of the most spatially and temporally resolved proxies for 22 
reconstructing past vegetation dynamics, environmental changes and climate variability. Over 23 
the past decade, a large variety of methods based on different ecological or mathematical 24 
concepts has been used to reconstruct paleoclimatic conditions from pollen assemblages. 25 
However, the accuracy of these climate reconstructions strongly depends on the choice of the 26 
modern calibration dataset, the taxonomic resolution, and/or the modelling assumptions. The 27 
lack of a univocal response still limits the application of pollen-based climate reconstructions 28 
to assess key climate changes over multiple time periods especially during the Last Glacial 29 
Maximum (LGM, ~23-19 kyr BP). Here, we present a multi-method approach, including the 30 
Modern Analogue Technique (MAT), the Weighted Averaging Partial Least Squares regression 31 
(WA-PLS) and the probability density function-based Climate REconstruction SofTware 32 
(CREST), to reconstruct European climates during the LGM. The quality and performance of 33 
our climate reconstructions show strong heterogeneity when based on large calibration 34 
datasets encompassing wide climatic and vegetation gradients, making local sampling for 35 
climate reconstructions difficult. Instead of sampling the global calibration dataset, we test 36 
the effect of the latest biomization and megabiomization methods (local calibrations based 37 
on megabiome procedures) on climate reconstructions by introducing a new biome-based 38 
approach. Unlike previous studies, we use the weighted mean of climate variables from all 39 
megabiome scores rather than only considering the dominant (i.e., highest score) megabiome. 40 
This significantly reduces some of the statistical noise of climate reconstructions, drastically 41 
minimizing threshold and non-linear effects associated with megabiome classification 42 
changes. With these methodological advancements and our multi-method comparison, we 43 
evaluate the uncertainties (RMSEP) of the paleoclimate reconstructions for the LGM in 44 
Europe. Across climate reconstruction methods (MAT, WA-PLS and CREST methods), 45 
European LGM annual temperatures from the biomization method were on average 46 
6.7±2.2°C (mean SD) colder than today, consistent with megabiomization results (7.4±2.3 °C 47 
colder). Winter temperature (mean temperature of the coldest month, MTCO) results exhibit 48 
substantial spatial variability across Europe. Local calibration techniques significantly reduce 49 
uncertainties in LGM MTCO reconstructions, but they remain highly sensitive to the choice of 50 
calibration datasets. 51 
 52 
 53 
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I. Introduction 58 

Reconstructing past climates is essential for understanding the mechanisms driving 59 
glacial–interglacial variability and for evaluating the reliability of climate model simulations. 60 
Pollen assemblages preserved in marine, lacustrine and peat bog sediments constitute robust 61 
proxies for reconstructing past climatic conditions (e.g., Chevalier et al., 2020). Pollen-based 62 
paleoclimate reconstructions are available for many regions (e.g., Europe, Eurasia, 63 
Mediterranean areas) and for various time-periods as the Eemian (e.g., Brewer et al., 2008; 64 
Sinopoli et al., 2018), the Holocene (e.g., Davis et al., 2003; Peyron et al., 2013; Salonen et al., 65 
2019; Herzschuh et al., 2022a) and other past key periods (e.g., Charton et al., 2025; Zumaque 66 
et al., 2025). While reconstructions of warm interglacial periods such as the Eemian and the 67 
Holocene generally show good agreement across different methods (Sinopoli et al., 2018; 68 
Sassoon et al., 2025), this consistency tends to break down for glacial periods (Guiot et al., 69 
1990; Brewer et al., 2008; Charton et al., 2025). In particular, accurately reconstructing 70 
temperature and precipitation during the Last Glacial Maximum (LGM, ~19–23 thousand years 71 
ago; Hughes et al., 2013) remains a persistent challenge as environmental gradients are strong 72 
and vegetation-climate relationships are complex (Peyron et al., 1998; Bartlein et al., 2011; 73 
Davis et al., 2024). Over the past decades, a wide range of approaches has been developed 74 
from pollen data to address the issue of glacial climate reconstructions. These include the 75 
Modern Analogue Technique (MAT, Guiot et al., 1990), transfer functions via the Weighted 76 
Averaging Partial Least Squares regression (WA-PLS, Ter Braak and Juggins, 1993), the Plant 77 
Functional Type method (PFTs, Peyron et al., 1998) and the Inverse Modelling approach (Guiot 78 
et al., 2000; Wu et al., 2007). The Inverse modelling and the algorithms developed by Prentice 79 
et al, (2022) and Cleator et al, (2020) take into account the CO₂ effect in the climate 80 
reconstructions: the algorithms explicitly account for the physiological effects of low 81 
atmospheric CO₂ concentrations (pCO₂ ≈ 180 ppm) on LGM vegetation. Despite these 82 
methodological advances, substantial discrepancies remain between the results derived from 83 
these reconstruction methods and those simulated by climate models (e.g., Jost et al., 2005; 84 
Cleator et al., 2020). Such inconsistencies highlight the complexity of reconstructing reliable 85 
glacial climates, particularly for regions such as Europe and the Mediterranean Basin 86 
(Zumaque et al., 2025; Charton et al., 2025). Improving the robustness and comparability of 87 
paleoclimate reconstructions for cold periods thus remains a key objective for the 88 
paleoclimate community.  89 

Recent studies have emphasized that the choice of reconstruction method can 90 
significantly influence reconstructed climatic parameters (Dugerdil et al., 2021, 2025; Robles 91 
et al., 2023; Charton et al., 2025) as the methods and assumptions used are based on different 92 
ecological and mathematical/statistical concepts and algorithms (see Chevalier et al., 2020 for 93 
a review). They assume that proxy-climate relationships remain constant over time and that 94 
pollen variations primarily reflect climate variations. Among all the methods available to 95 
reconstruct past climate changes from pollen data, the MAT and the WA-PLS are the most 96 
commonly used in paleoclimatology (e.g., Davis et al., 2003, 2024; Birks et al., 2004; Mauri et 97 
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al., 2014, 2015; Liu et al., 2020; Herzschuh et al., 2022a). Most studies have applied these 98 
approaches individually, with only a few combining MAT and WA-PLS (Sinopoli et al., 2021; 99 
Herzschuh et al., 2022a; Geng et al., 2025). These studies demonstrated that reconstruction 100 
results can vary substantially between methods, mainly due to variations in modern pollen–101 
climate calibration datasets, spatial coverage and the ecological tolerances assigned to plant 102 
taxa. They also highlighted the influence of fossil record quality and the reliability of the 103 
quantitative reconstruction methods themselves (e.g., Brewer et al., 2008; Peyron et al., 2013; 104 
Chevalier et al., 2020; Dugerdil et al., 2021, 2025). 105 

To enhance the reliability of paleoclimatic reconstructions, a methodological framework 106 
combining several complementary approaches has been developed over the last decade 107 
(Peyron et al., 2005, 2011; 2013, Brewer et al., 2008; Salonen et al., 2019). This multi-method 108 
approach highlights that significant discrepancies can arise depending on the reconstruction 109 
method applied. The reliability of each method is influenced by the composition of the pollen 110 
assemblages, meaning that the most appropriate or robust approach may differ depending on 111 
the taxa present and the specific period being studied. These studies have nevertheless 112 
introduced important methodological advances, representing a significant improvement over 113 
single-method approaches, even though assessing the robustness of the results remains a 114 
complex task. The most robust method can be identified and validated by comparing its results 115 
with independent proxy evidence obtained from the same sediment core, such as chironomid 116 
assemblages or molecular biomarkers (d’Oliveira et al., 2023; Robles et al., 2023; Martin et al., 117 
2020). The multi-method approach includes various methods as MAT, WA-PLS, and machine-118 
learning techniques (e.g., Random Forest, Boosted Regression trees) (e.g., Salonen et al., 2012, 119 
2019; Dugerdil et al., 2021; Robles et al., 2022, 2023; d’Oliveira et al., 2023, 2025, Sassoon et 120 
al., 2025; Charton et al., 2025). Applying this multi-method approach to the quantification of 121 
climatic conditions during glacial periods appears highly promising, yet such applications 122 
remain exceptionally scarce (e.g., Brewer et al., 2008; Charton et al., 2025).  123 

Statistical methods such as MAT and WA-PLS are based on fixed distance-based vegetation 124 
samples and linear relationships between pollen taxa and climate variables, respectively. 125 
These relationships may oversimplify ecological responses and fail to account for uncertainties 126 
in both modern calibration datasets and fossil assemblages. One promising avenue to better 127 
quantify climatic parameters from pollen data during the LGM is probabilistic approaches like 128 
the Probability Density Functions (PDFs) method (Kühl et al., 2002, 2010; Trasune et al., 2024; 129 
Seirienné and Kisieliené, 2014). Probabilistic approaches (e.g., Kühl et al., 2002; Kühl and Litt, 130 
2003; Gebhardt et al., 2008) explicitly model these uncertainties and integrate the full 131 
probability distributions of taxa–climate relationships, thereby capturing the complete range 132 
of climate tolerances of the observed taxa. One version of the PDF-method named CREST 133 
(Climate REconstruction SofTware, Chevalier et al., 2014, Chevalier, 2022) describes the 134 
conditional responses of taxa assemblages to climate variables, by combining generally 135 
unimodal distributions of reconstructed climate spaces from each taxon. The main 136 
innovations of CREST are (i) accounting for taxonomic uncertainties in pollen data, and (ii) 137 
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using presence-only data rather than presence/absence data. The multiplication of these PDFs 138 
yields a likelihood distribution, which represents the full range of climatic conditions in which 139 
a given assemblage can occur, derived from the statistical analysis of modern presence-only 140 
data (Chevalier, 2022). 141 

Another promising opportunity to further enhance the reliability of climate 142 
reconstructions for glacial periods is to integrate biomization techniques within each 143 
reconstruction method following Prentice et al., (1996). Applying such biome-based 144 
constraints has been tested with the MAT method and appears to be a particularly promising 145 
(Guiot et al., 1993) yet still underexplored approach (Dugerdil et al., 2025). Biomization 146 
techniques have been developed to convert modern and fossil pollen assemblages into 147 
specific vegetation types (i.e., biomes or megabiomes), thereby linking the ecological, 148 
physiological and physiognomic data with both current and past climatic and environmental 149 
conditions (Prentice et al., 1996; Li et al., 2024, Dugerdil et al., 2025). These techniques have 150 
been widely employed to reconstruct past regional vegetation patterns particularly since the 151 
LGM (e.g., Peyron et al., 1998; Dallmeyer et al., 2019, biome 6000 project and references 152 
therein; Li et al., 2024). While such approaches can arguably improve climate interpretations 153 
and facilitate comparisons across spatial and temporal scales, most studies have used them 154 
as a way to drastically restrict the ranges of paleoclimate reconstructions by relying only on 155 
the dominant biome (i.e., the biome with the highest score) (e.g., Guiot et al., 1993; Tarasov 156 
et al., 1999, 2013; Davis et al., 2003, 2024). However, transitional states, ecological gradients, 157 
and the variability of biome scores are often overlooked in these studies, potentially 158 
amplifying threshold effects and non-linearities in the reconstructions (Dallmeyer et al., 2019). 159 
A crucial step toward improving the accuracy of paleoclimate reconstructions is therefore to 160 
better use biome information to inform the modern calibration dataset underpinning the 161 
different reconstruction methods. 162 

Across Europe, LGM pollen records generally reveal a high diversity of forests, steppes, 163 
and tundra (Peyron et al., 1998; Davis et al., 2024), although cold steppe environments were 164 
predominant (e.g., Binney et al., 2017; Davis et al., 2024), pointing towards more arid climatic 165 
conditions than today. However, because modern cold climates are underrepresented in 166 
Europe, climate reconstructions remain challenging. Although Europe exhibits an exceptional 167 
diversity of continental proxy records, the magnitude and spatial patterns of LGM cooling are 168 
still widely debated. This uncertainty largely arises because different proxies often yield 169 
divergent reconstructions of temperature change (e.g., Davis et al., 2024), and substantial 170 
disagreements persist between climate model simulations and proxy-based reconstructions 171 
(e.g., Bartlein et al., 2011; Cleator et al., 2020; Kageyama et al., 2021). Seasonality during the 172 
LGM is primarily documented by pollen data (Davis et al., 2024) but remains poorly 173 
constrained, despite its potentially uncertain impact on reconstructed LGM cooling signals. 174 
Quantifying European paleoclimates is also particularly important for better constraining the 175 
role of continental thermal amplification in climate dynamics (Seltzer et al., 2021) and for 176 
evaluating future climate changes using climate models (Ramstein et al., 2007; Harrison et al., 177 
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2014) within the framework of the Paleoclimate Modelling Intercomparison Projects (PMIP; 178 
Joussaume et al., 1999; Braconnot et al., 2012). Although many climate reconstructions have 179 
been carried out for the LGM in Europe (Peyron et al., 1998; Jost et al., 2005; Wu et al., 2007, 180 
Guiot et al., 2000, Davis et al., 2024), they generally rely on a single reconstruction method 181 
and are based on different datasets, which can contribute to inconsistencies among the 182 
results. 183 

In this study, we present a unique methodological framework that combines MAT, WA-184 
PLS, and CREST to provide robust climate estimates for Europe during the LGM. Our goal is to 185 
significantly improve the accuracy of paleoclimate reconstructions by adapting biomization 186 
techniques - both the classical biomization (Prentice et al., 1996) and the megabiomization (Li 187 
et al., 2024) - to our pollen datasets. We use biomization as a constraint to select the most 188 
suitable modern pollen samples, thereby enhancing the calibration step within each 189 
reconstruction method. Using these approaches, we generate specific calibration datasets 190 
that are restricted to single biomes. We also use biomization scores that consider not only 191 
dominant biomes to achieve more robust climate reconstructions but also reconstructions 192 
based on all biome information to account for biomization uncertainties. We test our multi-193 
method framework on two glacial time periods: (i) to reconstruct climate changes during the 194 
LGM using the well-known pollen record from Lake Bouchet (France), and (ii) to reconstruct 195 
spatial climate patterns across Europe and the Mediterranean region during the LGM.  196 

 197 

II. Methods 198 
II.1 - Climate reconstruction methods 199 

We apply three distinct approaches, grounded in different ecological and modelling 200 
assumptions, to the same modern and fossil datasets, to identify and discuss the 201 
methodological biases specific to each reconstruction method. 202 

 203 
II.1.1 - Assemblages approach: Modern Analogue Technique (MAT) 204 

The Modern Analogue Technique (MAT; Overpeck et al., 1985; Guiot, 1990) is widely 205 
used to reconstruct past climate variations over time scales ranging from the last million years 206 
to the Holocene, and has been applied in particular to glacial periods (Guiot et al., 1993; Davis 207 
et al., 2024; Zumaque et al., 2025; Charton et al., 2025). It measures the dissimilarity between 208 
a fossil pollen assemblage and a set of modern assemblages from the modern dataset (Guiot 209 
et al., 1989, 1990). Climate reconstructions are performed by estimating a dissimilarity 210 
coefficient (hereafter SQChord, for “Squared chord distance”, (Overpeck et al., 1985) based 211 
on the closest modern analogues, using an optimal number of analogues “k” that minimizes 212 
the RMSEP (i.e., Root Mean Squared Error of Prediction, Juggins, 2020). This parameter “k” is 213 
specific to each climatic variable and fossil sequence (“k” from 8 to 10). Generally speaking, 214 
the MAT method appears to perform better with pollen taxa that are diverse and poorly 215 
resolved taxonomically like family (Birks et al., 1005, Willimas and Shuman, 2008, Viau and 216 
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Gajewski, 2009). We used the rioja package in R (Analysis of Quaternary Science data, version 217 
1.0-6, R Core Team, https://cran.r-project.org/web/packages/rioja/index.html; Juggins, 2020) 218 
to perform MAT reconstructions. Climate reconstruction uncertainties were quantified using 219 
the root mean square error of prediction (RMSEP) derived from leave-one-out cross-220 
validation. 221 

 222 
II.1.2 - Transfer function: Weighted Partial Least Squares method (WA-PLS) 223 

The Weighted Averaging Partial Least Squares method (WA-PLS; Ter Braak and Juggins, 224 
1993) is a transfer function based on climatic optima and tolerances of a pollen taxon defined 225 
by its spatial niches. With this method, the climatic responses of taxa are assumed to be 226 
Gaussian (Ter Braak and Looman, 1986). This reconstruction method assumes unimodal 227 
(Gaussian) species response. The number of components (i.e., portion of the covariance 228 
between species abundance data and environmental variables) for paleoclimate 229 
reconstructions was selected based on those that produce the lowest root mean square error 230 
(RMSEP), a high prediction linear correlation coefficient (R2), and less biased reconstructions 231 
to minimize mean and maximum bias (Ter Braak and Juggins, 1993). A minimization of the 232 
number of components (npls; Ter Braak and Juggins, 1993) is performed to weight and 233 
integrate potential interactions between taxa, in addition to the link that connects them to 234 
the climate. The rioja package was also used to carry out WA-PLS reconstructions. 235 
Uncertainties for WA-PLS reconstructions were similarly assessed through RMSEP obtained 236 
via leave-one-out cross-validation. 237 

 238 
II.1.3 - Probability Density approach: Climate REconstruction SofTware (CREST) 239 

Probabilistic methods provide more accurate and flexible climate reconstructions than 240 
statistical methods, with lower dependence on taxonomic resolution (Netzel et al., 2025). 241 
CREST describes the conditional responses of taxa assemblages to climate variables by 242 
integrating modern pollen–climate relationships (Chevalier et al., 2014; Chevalier, 2022). Most 243 
often, when pollen is identified at the genus or family level, the probabilistic method combines 244 
the individual species’ parametric PDFs into a single PDF representing the pollen observed in 245 
the fossil sequence. Once estimated for all taxa, the PDFs for the taxa present in a sample are 246 
multiplied together, each weighted according to its observed abundance. CREST is particularly 247 
well suited for regions where pollen data are scarce or geographically unevenly distributed 248 
(Chevalier, 2019; Chevalier et al., 2020). In detail, this method defines the conditional 249 
response of a plant species to a climate as a parametric PDF. The taxon-climate link is 250 
established by combining these PDFs, weighted by the abundance species that make up the 251 
genera and families of the observed pollen. A composite likelihood distribution is obtained by 252 
multiplying the individual PDFs, providing a complete probabilistic representation of the 253 
climatic conditions compatible with the observed assemblage - thus accounting for the full 254 
ecological range rather than only optimal conditions. This approach allows CREST to quantify 255 
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uncertainty explicitly, offering a robust framework for evaluating reconstruction reliability and 256 
comparing it with other statistical methods (MAT or WA-PLS). 257 

To date, CREST has proven particularly effective in regions with sparse or poorly sampled 258 
data where other techniques cannot readily be used (Chevalier et al., 2020) and has been 259 
widely applied to several tropical ecosystems such as savannas (e.g., Chevalier and Chase, 260 
2015, 2016; Chevalier et al., 2021). CREST reconstructions were generated using the CrestR 261 
package (https://github.com/mchevalier2/crestr, Chevalier, 2022). 262 

 263 

III. Pollen Datasets 264 
III.1 - Fossil pollen dataset 265 

43 European fossil pollen samples spanning the LGM 19-23 kyr (cal BP) were selected 266 
(Table 1). Locations of pollen records, data sources, archive types, identification number, 267 
taxonomic diversity and resolution of pollen data are summarized in Table 1. Most fossil 268 
pollen data used in this study have been recently compiled by Davis et al. (2024). Additional 269 
European fossil records that were not included in Davis et al. (2024) are reported in Table 1 270 
and in Appendix 1. Aquatic and anthropic pollen taxa were excluded from the LGM fossil 271 
pollen assemblages. Pollen assemblages were extracted from databases, such as ACER 1.0 272 
(Sanchez Goñi et al., 2017), PANGAEA Database (https://www.pangaea.de/), and Neotoma 273 
Paleoecology Database (https://www.neotomadb.org/ ; Williams et al., 2018). Raw pollen 274 
counts were used when available or digitized from the published diagrams (Table 1). Lakes 275 
are the most abundant archive, and peat bogs are second, followed by alluvial and colluvial 276 
sediments (Fig Appendix 1.a). One site sequence (Venice) contains only 7 taxa, while others 277 
include up to 70 taxa, with 80% of sequences having more than 10 taxa, reflecting 278 
differences in taxonomic resolution and geographical location (Fig Appendix 1.b). While 279 
CREST remains effective with a small number of taxa (~8–10; Chevalier, 2019) due to the use 280 
of continuous probability distributions, MAT and WA-PLS generally require ≥10 taxa to 281 
produce reliable climate reconstructions (Guiot et al., 1993; Peyron et al., 1998). 282 

Shrub and non-arboreal taxa dominate the LGM pollen assemblages (from 40 to 80%), 283 
except for certain records like Azzano Decimo, Rio Diodis and Pian del Lago, Orgiano records 284 
(northern Italy) for which we observe a prevalence of Pinus (>40%; Fig appendix 1.c). A table 285 
summarizing each taxon and vegetation types is available in Appendix 1. Most of the LGM 286 
samples are dominated by arid-adapted taxa (including Poaceae, Artemisia and 287 
Chenopodiaceae/Amaranthaceae). Steppic taxa such as Poaceae and Artemisia primarily 288 
dominate lower-latitude areas (<40°N), although, the high pollen productivity and wind 289 
transport of Artemisia taxa could somehow overestimate the abundance of steppic biomes 290 
(Xu et al., 2010).  291 

In contrast to the study of Davis et al. (2024), marine pollen records were excluded here 292 
due to taxonomic, preservation, and chronological biases when compared to terrestrial 293 
records (Daniau et al., 2019; Xu et al., 2016). However, the “Les Echets” record was excluded 294 
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because of incomplete dating information, such as uncalibrated radiocarbon years and/or 295 
dating uncertainties.  296 

The Lake du Bouchet pollen sequence (Eastern France) serves as a reference to study 297 
potential methodological biases in reconstructing LGM climates. Its high temporal resolution, 298 
continuity, and taxonomic richness (56 pollen taxa) make it particularly valuable for assessing 299 
the impact of different reconstruction techniques.  300 

From all pollen data, a harmonization table was extracted from LegacyPollen 2.0 (Li et al., 301 
2024; Herzschuh et al., 2022b) and processed to match the identification of pollen data 302 
between modern and fossil samples.  303 

 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
 313 
 314 
 315 
 316 
 317 
 318 
 319 
 320 
 321 
 322 
 323 
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 325 
 326 
 327 
 328 
 329 
 330 
 331 
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 334 
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Table 1. Reference table of fossil pollen data including (i) site locations and archives, (ii) 339 
modern annual and monthly climate data, and (iii) selected biomes and megabiomes derived 340 
from the European Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERA5; from 341 
January 1940) for each site. These values are used to infer climate anomalies during the most 342 
climatically stable interval of the LGM (19–23 kyr). Green and blue lines indicate modified 343 
and additional pollen sites, respectively, relative to Davis et al. (2024). See Fig.2 for 344 
definitions of biome and megabiome acronyms. 345 
 346 
III.2 - Age models 347 

Age models previously based on CLAM v. 1.2 were updated using the Bayesian age-depth 348 
model Bacon (BACON routine in R, Blaauw et al., 2010). Radiocarbon ages were calibrated 349 
with the INTCAL20 calibration curve (Reimer et al., 2020). A linear 350 
accumulation/sedimentation rate was assumed over time to extend age models beyond the 351 
youngest and oldest available 14C age ranges. In addition, 40Ar age constraints were also 352 
included for the Füramoos fossil site. All ages are reported in calibrated years before 1950 (cal 353 
BP).  354 

 355 
III.3 - Modern pollen and climate datasets 356 

Calibrating with modern samples is advantageous because pollen data are highly resolved 357 
spatially, assumed to be largely free of preservation biases, and associated with directly 358 
measured climate variables. A modern dataset covering broad climatic gradients is required 359 
to provide a reliable calibration and ensure robust climate reconstructions (e.g., Birks, 1995; 360 
Juggins, 2013). The modern pollen training dataset used in this study has been compiled from 361 
the Eurasian Modern Pollen database v2 (EMPD2;  https://empd2.github.io, 362 
https://www.pangaea.de/). It contains a total of 8,746 modern samples mostly across the 363 
Palearctic biogeographic realm, from Asia to Europe. The modern pollen dataset was 364 
harmonized using the same table used for the fossil pollen data (i.e., LegacyPollen 2.0). 365 
Modern climate variables associated with these modern pollen samples were extracted 366 
through nearest-neighbor interpolation from ERA5 reanalysis 367 
(https://rmets.onlinelibrary.wiley.com/doi/10.1002/qj.3803), at a spatial resolution of 30 368 
seconds (i.e., 1 km2), with temporal averages spanning from 1940 to present (Hersbach et al., 369 
2020). We used monthly averages of daily mean data to extract the mean annual and seasonal 370 
climates (i.e., the coldest and warmest climate states of the year). The modern climate 371 
conditions at fossil site locations, extracted from the modern dataset and represented by 372 
colored points in Appendix 1, generally show latitudinal dependency, with warmer and drier 373 
climates concentrated at lower latitudes.  374 

 375 
IV. Calibration methods 376 

IV.1 - Local calibration methods from (mega)biomes 377 
IV.1.1 - Modern calibration based on (mega)biomes 378 

Modern datasets that cover extensive geographic regions (e.g., Europe) span a wide 379 
range of climatic conditions and are thus often challenging for reconstruction methods 380 
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designed to estimate pollen-climate relationships (i.e., WA-PLS and CREST). In Europe, this 381 
difficulty is compounded by the underrepresentation of modern cold climates, limiting their 382 
use for reconstructing past cold conditions. The presence of such heterogeneity can reduce 383 
the ability of these methods to accurately match fossil samples with modern analogues. 384 
Without proper pre-processing of modern analogues, the performance, reliability, and 385 
robustness of reconstruction methods are compromised, potentially leading to less precise 386 
climate estimates (Cao et al., 2022). 387 

Biomes are large-scale ecological units characterized by dominant vegetation types 388 
and the climatic and environmental conditions that support them (e.g., Prentice et al., 1992, 389 
1996). They capture broad vegetation patterns and climate-vegetation relationships over 390 
space and time, facilitating comparisons across regions and temporal scales. Biomization 391 
processes prepare the data by classifying the pollen assemblages into PFTs and biomes, which 392 
are then used in reconstruction methods. Guiot et al. (1993) suggests using the biome 393 
approach of Prentice et al. (1992) to distinguish between steppe and tundra environments, 394 
thereby addressing the lack of good modern analogues. 395 
  In this study, biome and megabiome classification methods were applied to modern 396 
and fossil (LGM) European pollen assemblages. By processing a large European modern 397 
dataset (see section III.3) through the biomization procedure, we minimize the risk of lacking 398 
analogues and integrate spatial heterogeneity of the modern samples to reconstruct 399 
regional vegetation patterns. The methodology for processing pollen data to extract climatic 400 
signals is illustrated in Fig.1. 401 

 402 
 403 
 404 
 405 
 406 
 407 
 408 

 409 
 410 
 411 
 412 
 413 
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 416 
 417 
 418 
 419 
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Figure 1. Schematic representation of the methodological approach developed in the 423 
subsection II of this study. Gray vertical boxes (on the left of this figure) illustrate 424 
methodological steps performed in this study. 425 
 426 
IV.1.2 - Biomization procedure 427 

Biomization was originally designed to reconstruct past vegetation patterns across specific 428 
regions of the world (e.g., Europe, Africa) for key periods such as the Mid-Holocene or the 429 
LGM (Prentice et al. 1996). This approach relies on a standardized methodology that uses 430 
modern and/or fossil pollen data (Prentice and Webb, 1998; Prentice et al., 1996, 2000; Peyron 431 
et al., 1998) and generally follows the sum of square root procedure (square-root 432 
transformation) to assign pollen taxa to biomes (Prentice et al., 1996; Prentice and Webb, 433 
1998). Here, the taxa list defines PFTs following the European biomization scheme from 434 
Peyron et al. (1998) and Tarasov et al. (2000). A pollen abundance threshold of 0.5% (Prentice 435 
et al., 1996) - 0.2% for Corylus - is subtracted from the initial pollen taxon abundances to 436 
account for pollen transport effects (Prentice et al., 1998). Counts for Larix and Pinus were 437 
multiplied by factors of 15 and 0.5, respectively, to account for their specific levels of 438 
production (i.e., underproduction and low preservation) and pollen overproduction, 439 
respectively (Bigelow et al., 2003; Binney et al., 2017).  440 

We assigned 98 pollen taxa to 25 PFTs (Supp Mat., from Prentice et al., 1996), using the 441 
sum of the square roots of the pollen abundances corrected for thresholds. This approach 442 
allows for floristic and functional heterogeneity within key biomes. Then, biome affinity scores 443 
were calculated by considering the sum of the PFT scores belonging to each biome. 444 
Intermediate biomes (Tarasov et al., 1998) were used to distinguish warm and cold conditions 445 
from steppe and desert biomes by re-assigning PFT scores based on the dominant biome. 446 
Additionally, PFTs were combined into 16 biomes following Prentice et al. (1996) and using 447 
the standardized biome assignment procedure from Harrison et al. (2010) and Dallmeyer et 448 
al. (2019). The Taxa-PFT and PFT-biome biomization tables are available in Supplementary 449 
materials (csv file) with the following biomes: cold deciduous forest (CLDE), taiga (TAIG), 450 
pioneer (PION), cold mixed forest (CLMX), cool conifer forest (COCO), temperate deciduous 451 
forest (TEDE), cool/warm mixed forest (COMX/WAMX), xerophytic shrubs (XERO), tundra 452 
(TUND), cool/warm steppes (COST/WAST), cold/hot desert (CODE/HODE), anthropogenic 453 
(ANTH), and aquatic (AQU) biomes. 454 

     Biomization studies have considered three main hypotheses regarding the approach to (i) 455 
selecting the pollen-PFT assignment based on vegetation and environmental distributions 456 
from specific regions (Prentice et al., 1996, 2000), (ii) prioritizing the least PFT-rich biome when 457 
affinity values for multiple biomes are identical (Harrison et al., 2010; Dallmeyer et al., 2019) 458 
and (iii) choosing dominant biomes with the highest affinity score (absolute proportion of a 459 
particular biome) across different regions (Xu et al., 2013). Generally speaking, biomization 460 
also helps reduce the impact of the non-analogue effect (i.e., when modern samples are 461 
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considered too different to the fossil ones to be used for reconstructions) on reconstructed 462 
climates. 463 

 464 

IV.1.3 – Megabiomization procedure 465 
 466 

Megabiomes are broad vegetation categories that group multiple biomes into larger 467 
ecological and climatic units (Dallemeyer et al., 2019). This classification, used alongside 468 
biomes in this study, relies on a more spatially extensive and global framework, yielding results 469 
that are more directly comparable to global vegetation models. Compared to the biomization 470 
procedure, only the content of the European classifications (linking taxa to PFTs and PFTs to 471 
biomes) is modified, while the methodology for calculating affinity scores remains the same. 472 
This classification aims to (i) define a small set of biomes (i.e., called megabiomes) based on 473 
shared PFTs, and (ii) cover a broader climatic range than individual biomes.  474 

 In this study, we used the megabiome classifications from Dallmeyer et al. (2019) and 475 
Cao and Tian, (2021). The main aim of the PFTs–megabiome assignment is to track key signals 476 
of land-cover changes (e.g., wetland extent, conifer dominance) while minimizing the 477 
influence of the chosen biome classification (Prentice et al., 1998). Megabiome assignments 478 
are primarily used in some vegetation models (e.g., BIOME4, Kaplan, 2003), particularly when 479 
coupled with climate model simulations (as GCMs, Haywood et al., 2009). Affinity scores from 480 
pollen taxa were only calculated for pollen taxa percentages greater than 0.5% in order to 481 
increase signal-over-noise ratios (e.g., Chen et al., 2010), following the same scheme as that 482 
of the previously described biomization approach (see section IV.1.2). For particular species, 483 
such as Larix and Pinus, we applied the same pollen production and transport corrections as 484 
described above for the biomization.  485 

For Europe, 242 pollen taxa were grouped into PFTs and further assigned to 6 486 
megabiomes (Dallmeyer et al., 2019): temperate forest (TEFO), boreal forest (BOFO), warm-487 
temperate forest (BOFO), tundra and polar desert (TUND), grassland and dry shrubland (STEP), 488 
and desert (DESE). We directly used the algorithm implemented in R (Cao and Tian, 2021; R 489 
version 4.2.3, https://www.r-project.org/). When affinity scores were found equal, the 490 
megabiome with the fewest PFTs was selected. The correspondence of biome and megabiome 491 
tables are reported in Appendix 2 for typical taxa in Appendix 3. Table 2 summarizes pollen 492 
taxa to biome and megabiome assignment schemes used in this study. 493 

 494 
 495 
 496 
 497 
 498 
 499 
 500 
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Biome    

Taxa PFTs Biomes Ref. 

98 25 16 Prenkce et al., 1998 

Megabiome    

Taxa PFTs Megabiomes Ref. 

242 41 7 
Binney et al., 2017 

Marinova et al., 2018 
Cao et al., 2019 

 501 
Table 2. Summary table of pollen taxa, plant functional types (PFTs), and (mega)biomes used 502 
in the biomisation frameworks, also provided in Supplementary Material 1. 503 

 504 

IV.2 - A weighted-mean approach to assess (mega)biome scores    505 

One of the most notable issues of the (mega)biomization approaches is the sensitivity 506 
of reconstructed climates to small variations in biome scores (Cruz-Silva et al., 2022). The 507 
dominant biome effect (i.e., the biome with the highest affinity score) represents a significant 508 
source of uncertainty and poses major challenges for the reliability of reconstructed climate 509 
variables. This attribution of dominant (mega)biomes ignores potentially important 510 
(mega)biome contributions that are close to the maximum score and result in abrupt 511 
paleoclimate changes that merely reflect competition between (mega)biome scores rather 512 
than any significant bioclimatic shift.  513 

To address this issue, we reconstruct fossil climate datasets for each (mega)biome using 514 
the three reconstruction methods (section II, MAT, WA-PLS, and CREST), distinguishing the 515 
modern calibration dataset (section III.3, EMPD2) by (mega)biome (biome-specific calibration 516 
datasets). We then calculate (mega)biome scores for each fossil sample and combine them 517 
with the climate reconstructions for each (mega)biome using a (mega)biome affinity score-518 
weighted mean of climate variables (Fig.1). Finally, we evaluate the impact of using the 519 
(mega)biome affinity score-weighted mean approach of all fossil (mega)biome scores rather 520 
than relying solely on the dominant biome’s climate signal.  521 

 522 
V. Results 523 

Vegetation and climate maps presented in this study use the WGS84 projection with 524 
coastal boundaries reflecting present-day conditions (section III.3). The LGM ice-sheet mask 525 
was obtained by combining data from Peltier and Solheim (2004), Ehlers et al. (2011) and 526 
Seguinot et al. (2018). Climate reconstruction uncertainties of WA-PLS and MAT are provided 527 
as root mean square errors of prediction (RMSEP) derived from leave-one-out cross-528 
validation. 529 
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V.1 – (Mega)biomization results: (mega)biome score processing 530 
V.1.1 - Modern (mega)biome distribution maps  531 

The modern distribution of biomes (from EMPD2 pollen dataset) across Eurasia shows 532 
that these are geographically homogeneous (Fig 2.1.a), with typical frequencies of biomes 533 
from 5% to 20% (Fig 2.1.b), except for cold deciduous forest (CLDE), desert (both cold (HODE) 534 
and hot HODE)) and supplementary biomes (pioneer (PION), anthropogenic (ANTH) and 535 
aquatic (AQU)), which are all minor (<1%) across Europe. Western Europe (e.g., France, Spain, 536 
Italy) exhibits the greatest biome diversity.  537 

While cool conifer and cold mixed forests are primarily located in Scandinavia, cool 538 
mixed forests, taiga, and xerophytic woodlands surround the Mediterranean region. The 539 
warm mixed forest biome is dominant in southern Spain, Italy, and parts of the Near and 540 
Middle East. The clustering of different biomes in close geographic regions is attributed to 541 
broad climate patterns, altitude gradients, anthropogenic impacts (e.g., deforestation, 542 
agriculture, climate change), and/or local effects (e.g., proximity to water sources). The lack 543 
of data in Eastern Europe results in an underrepresentation of cold modern climate conditions.  544 

Mean annual temperatures (TANN) are spatially variable in Europe and distinguished 545 
by (mega)biomes, reflecting ecological and climatic differences across regions (Figs 2.1.c and 546 
2.2.c). TANN is generally negative in tundra regions (TUND, medians ~-9°C) and significantly 547 
higher in temperate forests (TEDE), cool mixed forests (COMX), warm mixed forests (WAMX), 548 
warm steppes (WAST), xerophytic woodlands (XERO), and hot deserts (HODE) (Fig 2.1.b). 549 
Other biomes, such as cold deciduous forests (CLDE), taiga (TAIG), pioneer (PION), cold mixed 550 
forests (CLMX), cool mixed forests (COMX), and cold steppes (COST), exhibit intermediate 551 
climatic conditions. The overlap of COMX and TEDE biomes in geographic and climatic spaces 552 
is likely due to their physiognomic similarities (Binney et al., 2017). As proposed by Prentice et 553 
al. (1998) and Tarasov et al. (2000), using the same biomization procedure as in this study, we 554 
observe a dominance of tundra and taiga in Russia, where modern conditions are among the 555 
driest in Europe. 556 

The modern results derived from the major megabiome analysis (Fig 2.2.a) indicate a 557 
strong dominance of the temperate megabiome (TEDE) (~65%, Fig 2.2.b) across Europe, 558 
covering much of Western Europe and seemingly obscuring the greater diversity of biomes 559 
observed in Fig 2.1.a. While mountain regions exhibit a mix of CLMX, COMX, and COST biomes, 560 
the megabiomization analysis yields a predominance of TEDE, TUND and STEP (Fig 2.1.b). The 561 
climate space of the temperate megabiome (TEDE, Fig 2.2.c) is more arid (i.e., colder and drier) 562 
than the temperate biome (TEDE, Fig 2.1.c). Consequently, steppe megabiomes – including 563 
boreal forest (BOFO), grassland and dry shrubland (STEP), warm desert (DESE), and tundra and 564 
polar desert (TUND) - are sparse, although they share common locations with their modern 565 
biome counterparts (Fig 2.2.c and Table in Appendix 2). 566 
 567 
 568 
 569 
 570 
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 571 
 572 
 573 
 574 

Figure 2. European biome (1) and megabiome (2) spatial and modern climate distributions, 575 
using ECMWF Reanalysis v5 (ERA5; from January 1940, 576 
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5) and EMPD2 dataset 577 
(Eurasian Modern Pollen Database, Davis et al., 2020). The biome classification, code and 578 
output database are available in Supplementary materials. The megabiome schema is 579 
described and in open access in Li et al., 2024, 580 
(https://doi.pangaea.de/10.1594/PANGAEA.965907). TANN = Mean Annual Temperature. 581 
 582 
V.1.2 - Fossil (mega)biomes during the LGM 583 

LGM biome score results from the 43 selected European fossil sites reveal a clear 584 
dominance of the cool steppes, called COST (colored outlines around the pie charts from Fig 585 
3.a). However, the dominant megabiome reconstructions oppose temperate (TEFO) and 586 
tundra and polar desert (TUND) megabiomes (Fig 3.b), with a few instances of steppic 587 
conditions around the Mediterranean region. In detail, (mega)biome scores of the LGM 588 
samples are very close to each other, indicating a strong competition and therefore only a 589 
weak dominance of any particular (mega)biome. For instance, while the total scores for arid 590 
megabiomes (i.e., grassland and dry shrubland (STEP) + desert (DESE) + tundra and polar 591 
desert (TUND)) range between 30% and 60%, these fossil sites remain dominated by the 592 
temperate megabiome, called TEDE (points with black outlines in Appendix 4). Even when one 593 
megabiome appears dominant during the LGM, several other megabiomes also display 594 
substantial scores. These results (Figs 3.a and 3.b) indicate an absence of a dominant 595 
vegetation ensemble, while transitional vegetation conditions are also apparent through the 596 
co-occurrence of multiple (mega)biomes. The selection of the dominant (mega)biome is thus 597 
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COST Cool steppes 
WAST Warm steppes 
CODE Cold desert 
HODE Hot desert 
AQU AquaEc 

ANTH Anthropogenic 

CLDE Cold deciduous forest 
TAIGA Taiga 
PION Pioner 
CLMX Cold mixed forest 
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based on marginal differences between competing scores, which underscores the limitation 598 
of this approach when several (mega)biomes co-exist within the same climatic period. By 599 
accounting for non-dominant (mega)biomes, our (mega)biome affinity score-weighted mean 600 
method based on (mega)biome scores can better capture underlying signals and provide more 601 
nuanced climate reconstructions across Europe.  602 

By comparing biome and megabiome dominance scores, the steppic (STEP) and tundra 603 
(TUND) megabiomes - which correspond to the cold and hot steppic biomes (COST and WAST) 604 
and tundra (TUND) in Appendix 2 - are not consistently observed, suggesting that the 605 
(mega)biome definitions (i.e., pollen and PFTs) in these two classification schemes reflect 606 
distinct climatic conditions (Fig 1). This therefore suggests that the choice of classification 607 
could influence the reconstructed climate conditions. The search for the best analogues across 608 
different climatic spaces grouped by (mega)biome highlights the challenges of distinguishing 609 
local climatic conditions and isolating LGM vegetation analogues for climate reconstructions 610 
at the European scale.  611 

 612 

 613 

 614 

 615 

 616 

 617 
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 625 
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Figure 3. Percentage of fossil biomes (a) and megabiomes (b) in pollen sequences during the 627 
LGM across Europe. Colored outlines around the pie charts indicate the dominant 628 
(mega)biomes. The white area represents the ice sheet extent. 629 

 630 
V.1.3 - (Mega)biome affinity score-weighted means  631 

Mean annual temperature anomalies (i.e., TANNreconstructed – Modern climate) over the past 632 
40,000 years, obtained by combining the (mega)biomization and the three different 633 
reconstruction methods used in this study, are presented for the Lake Bouchet sequence in 634 
Fig.4. The near-zero climate anomalies observed for the present day at both sites confirm the 635 
accurate calibration of the reconstruction methods. TANN variations from both methods 636 
alternate between cold steppe (COST) and warm steppe (WAST) biomes (Fig.3) from 40 kyr to 637 
10 kyr cal BP, before being mostly driven by temperate (TEDE) biomes from 10 kyr cal BP until 638 
present. Using the megabiome approach, we observe the same temperate (TEDE) dominance 639 
between 0 and 10 kyr cal BP, preceded by an alternation between tundra (TUND) and steppe 640 
(STEP) megabiomes from 40 kyr to 10 kyr cal BP. As shown in Fig.3, the COST biome and the 641 
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TUND megabiome mainly dominate at Lake Bouchet during the LGM. The dominant 642 
(mega)biome method produces larger TANN variations due to alternance between these two 643 
co-dominant arid (mega)biomes, which correspond to distinct climatic conditions (Fig 4). 644 

While the temporal variations in (mega)biome dominance at Lake Bouchet are 645 
comparable across reconstruction methods, the same (mega)biomes (i.e., based on identical 646 
modern and fossil sub-datasets) produce different TANN reconstructions depending on the 647 
method and calibration procedures (e.g., biomes vs. megabiomes) applied (Fig.4). The MAT 648 
method suggests strong instability in temperature (TANN) variations before 10 kyr cal BP, as 649 
a result of alternating dominant (mega)biomes. However, TANN variations appear 650 
synchronous and of similar amplitude (from -15 to 10°C) between biome and megabiome 651 
results from MAT (Figs 4.a and 4.b). In contrast, TANN variations derived from the WA-PLS 652 
(Figs 4.c and 4.d) and CREST (Figs 4.e and 4.f) methods indicate more stable climatic 653 
conditions that are consistent for a given classification. Nonetheless, TANN variations from 654 
WA-PLS and CREST are generally colder with the megabiome approach than with the biome 655 
approach (Figs 4.e and 4.f). Based on temperate (mega)biomes, TANN variations obtained 656 
with WA-PLS and CREST during the deglaciation gradient (10–0 kyr) show smaller extents of 657 
cooling using the biome rather than the megabiome procedure. While annual climatic 658 
conditions are similar between the megabiome (-3±3°C and -2±-1/-5°C, from WA-PLS and 659 
CREST methods, respectively) and the biome (-2±6°C and -1±5/-9°C, from WA-PLS and CREST 660 
methods, respectively) approach for WA-PLS and CREST during the LGM, the MAT method 661 
shows colder climatic conditions than the two other methods, with consistent values between 662 
the biome and megabiome approaches derived from MAT (-4±7°C and -6±3°C, respectively).  663 

Due to the strong climatic instability predicted by MAT based on both biome and 664 
megabiome procedures, the (mega)biome affinity score-weighted mean approach appears to 665 
have the greatest impact on MAT-derived reconstructions (Figs 4.a and 4.b). All TANN 666 
variations derived from the biome affinity score-weighted mean approach show climatic 667 
changes that are synchronous with the results from the dominant (mega)biome approach, but 668 
with lower amplitudes. TANN variations from both the dominant and biome affinity score-669 
weighted mean approaches exhibit LGM coolings, with amplitudes ranging from 2 to 8°C. 670 

Most of the observed fluctuations in the modelled dominant vegetation (and therefore 671 
in the reconstructed climates) at Lake Bouchet thus arguably arise from a methodological 672 
limitation related to non-linear threshold effects, (mega)biome score competitions, and a high 673 
sensitivity of the estimation of dominant biomes to minor changes in vegetation assemblages. 674 
TANN reconstructed from biome affinity score-weighted means are less sensitive to this 675 
threshold effect as these transitions become gradual when including all the biome scores. The 676 
combination of these (mega)biome-specific climate reconstructions allows for more reliable 677 
and less noisy reconstructions, still capturing major climatic signals. This approach thus 678 
enhances the accuracy and robustness of pollen-based paleoclimate reconstructions by 679 
explicitly accounting for the uncertainties of (mega)biomization algorithms, representing a 680 
significant methodological advancement.  681 
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Figure 4. TANN anomaly (LGM – Modern climate, LGM cooling) reconstructed over time at 682 
Lake Bouchet using three different reconstruction methods for (mega)biome procedures. Bold 683 
curves show TANN reconstructed and their climatic errors (1𝜎) from the dominant 684 
(mega)biome (colored according to the dominant biome). Bold red curves report the weighted 685 
mean TANN reconstructed from (mega)biome scores. Confidence in mean-weighting is 686 
indicated by red areas. The grey area indicates the LGM time interval. The modern climate 687 
reference is TANN = 8.3°C. All climate data were processed using the current biomization 688 
assignment scheme in CREST (Fig.2).  689 
 690 
 691 
 692 
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V.2 – Multi-method temperature reconstructions using the (mega)biome affinity score-693 
weighted mean approach during the LGM 694 
V.2.1 - Cross-validation of the models  695 

To assess the quality, performance and robustness of modeled climates using the three 696 
different methods, we apply a cross validation procedure from modern dominant biome 697 
datasets and show the existence of robust correlations (correlation, r) for TANN, Mean 698 
Temperature of the WArmest month (MTWA) and Mean Temperature of the COldest month 699 
(MTCO) in Appendix 5. Interestingly, the quality of the correlations of temperature 700 
reconstructions (including the three variables) using MAT and WA-PLS are generally similar 701 
across biomes, except for MAT correlations from the CLDE biome, which remain particularly 702 
low (r = 0.39, 0.41, and 0.55 for TANN, MTWA, and MTCO, respectively). The calibration 703 
dataset from the COST biome, which represents the dominant conditions of the LGM, shows 704 
good performances (r > 0.65 and RMSEP < 4.80°C) for both MAT and WA-PLS. Overall, biomes 705 
richest in PFTs (COCO, COMX, CLMX) show the strongest correlations (r > 0.7), consistent with 706 
previous findings by Ortega-Rosas et al. 2008. While megabiomes generally show less 707 
consistent performances than biomes, the DESE megabiome - the least dominant in both 708 
modern and fossil records - performs the worst (r < 0.46, from 12 modern samples).  709 

 710 
By synthesizing the correlations and errors of the climatic variables across 711 

(mega)biomes (Appendix 5), we observe that all reconstruction methods reproduce the 712 
general trends of the modern climates reasonably well, with strong correlations (r > 0.6 on 713 
average, Fig.5). These high correlations are largely independent of the variable considered, as 714 
similar values are obtained for TANN, MTWA, and MTCO, suggesting that the methods capture 715 
the dominant climate gradients rather than being specifically sensitive to a given season. 716 
Among the methods, WAPLS consistently shows weaker correlations than MAT and CREST, 717 
indicating a lower ability to reproduce the modern climatic signals. In contrast, CREST 718 
correlations are less variable and remain tightly grouped (within ~0.1), which suggests greater 719 
robustness and stability compared to statistical transfer functions. Importantly, the average 720 
correlation values remain stable across calibration datasets, implying that the capacity of 721 
these methods to reproduce modern climate patterns is not significantly affected by the 722 
choice of (mega)biome calibration set. 723 

Correlation metrics provide complementary insights into the absolute performance of the 724 
reconstruction methods in the error boxplot of Fig.5. On average, the three methods 725 
reproduce modern climate conditions with a mean error of approximately +3°C (RMSEP), 726 
which is generally acceptable for large-scale palaeoclimate reconstructions. However, a clear 727 
seasonal dependency emerges: winter temperatures (MTCO) are associated with larger errors 728 
(RMSEP≤ ±4.5°C in RMSEP), particularly when using MAT and CREST. This bias suggests that 729 
these methods struggle to capture the winter climatic conditions, possibly due to limitations 730 
in the underlying calibration data or in the sensitivity of the proxies to winter conditions. In 731 
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contrast, summer (MTWA) and annual mean temperatures (TANN) are more precisely 732 
reconstructed across reconstruction methods, with the small errors around the mean.  733 

The errors from global calibrations (in purple in Fig.5) are systematically higher than those 734 
obtained from (mega)biome calibrations. This observation suggests that calibration 735 
techniques from (mega)biomes increase the uncertainties in climate reconstructions. Error 736 
variability in the (mega)biomization procedure is larger across reconstruction methods than 737 
between the two calibration datasets (biomes). However, the quality and density of the 738 
calibration data, as well as the calibration techniques used, also influence the results and 739 
ultimately contribute to the uncertainties of the climate reconstructions. 740 

 741 
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Figure 5. Correlation boxplots of TANN (a and d), MTWA (b and e) and MTCO (c and f) from 742 
three different reconstruction methods using biomes and megabiomes, in first and second line, 743 
respectively. Reconstruction methods are indicated on the x-axis. Mean correlations (r) are 744 
reported in the common colorbar.  The violet bars represent mean RMSEP values from the 745 
global calibration procedure. Results are reported Appendix 5.  746 

 747 

 748 

https://doi.org/10.5194/egusphere-2026-1590
Preprint. Discussion started: 27 March 2026
c© Author(s) 2026. CC BY 4.0 License.



Fénisse et al., 

 28/62 

V.2.2 – Annual temperature anomalies 749 
LGM climate anomalies based on the (mega)biome affinity score-weighting approach 750 

and the three reconstruction methods are shown in Fig.6 and summarized in Table 3. For the 751 
three different reconstruction methods, results at each core site are presented as anomalies 752 
compared to the modern climate estimated from ERA5-reanalysis (Hersbach et al., 2020; 753 
Table 2). From both vegetation classification methods, the LGM cooling across all fossil sites 754 
ranges from 1°C to 11°C, in line with LGM conditions significantly different from today. The 755 
mean European LGM cooling using the three reconstruction methods (MAT, WA-PLS, and 756 
CREST) yield 7.0±2.3°C, 7.1±2.2°C, and 5.9±2.2°C (mean SD, 1𝜎) from the biomization method 757 
(Figs 6.a, 6.c and 6.d) and 8.0±2.5°C, 7.2±2.4°C, and 7.0±2.3°C from the megabiomization 758 
method (Figs 6.b, 6.d and 6.f), respectively. The largest LGM coolings are observed in 759 
mountain ranges, such as the Alps and the Pyrenees (~10°C), with an agreement across all 760 
methods (standard deviation of ~1°C, Appendix 6). The Lake Bouchet (France), Kersdorf-761 
Briesen (Germany) and Mickunai (Lithuania) fossil sites show the largest disagreement (~2°C 762 
standard deviation across the three methods). We could not detect any spatial gradient, or 763 
any influence of the proximity of the Fennoscandian ice-sheet from these two sets of 764 
reconstructions (i.e., biomization and megabiomization techniques, Fig.6). 765 

 766 
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Table 3. Climate anomaly results (°C) for TANN (mean annual temperature), MTWA (mean 830 
temperature of the warmest month), and MTCO (mean temperature of the coldest month) from three 831 
different methods using the biomization (a) and mebiomization (b) procedures across 43 pollen sites. 832 
In the “Mean multi-method results” column, errors (1σ) represent the combined uncertainty, 833 
calculated as the square root of the sum of inter-point variance and mean internal errors. In contrast, 834 
in the row “Mean population SD”, values represent the mean of population standard deviations (SD), 835 
calculated using population variance (N), without internal error propagation. 836 

 837 
 838 

 839 
Figure 6. Annual temperature anomaly results (LGM – Modern climate) using the biomization 840 
(first line; a, b and c) and megabiomization (second line; d, e and f) processes from three 841 
different methods (MAT, WA-PLS and CREST). Modern climates and LGM climate results are 842 
reported in Table 3. The white area represents the ice sheet extent. 843 
 844 
 845 
 846 
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V.2.3 – Seasonal temperature anomalies 847 
The first row of Fig.7 (Figs 7.a-c) presents reconstructed LGM summer temperature 848 

(MTWA) anomalies based on the biomization procedure, with values of −5.8 ± 2.4 °C, 849 
−4.3 ± 2.1 °C, and −4.1 ± 2.3 °C (mean SD) for MAT, WA-PLS, and CREST, respectively. The 850 
three reconstruction methods yield the most negative MTWA anomalies in southeastern 851 
Europe (~−5 °C), whereas values are more homogeneous and closer to zero in northern and 852 
western Europe. MTWA anomalies derived from the megabiomization procedure (Figs 8.a-c) 853 
are −6.1 ± 2.7 °C, −3.7 ± 2.5 °C, and −3.3 ± 2.4 °C for the same reconstruction methods, 854 
respectively, yielding similar spatial patterns in MTWA anomalies (Fig.8) that from the biome 855 
assignments (Fig.7). Interestingly, MAT-based MTWA anomalies from the megabiomization 856 
procedure (−6.1 ± 2.7 °C) are almost twice as large as those from the WA-PLS and CREST 857 
methods (−3.7 ± 2.5 °C, and −3.3 ± 2.4 °C, respectively) for mean values.  858 

The winter temperature (MTCO, second row of Figs 7 and 8) anomalies are 859 
−6.5 ± 3.5 °C, −8.0 ± 3.2 °C, and −5.6± 3.0 °C from biomization procedure and −4.5 ± 3.8 °C, 860 
−9.0 ± 3.5 °C, and −7.8 ± 3.5 °C from megabiomization procedure, for MAT, WA-PLS, and 861 
CREST, respectively. MAT-based MTCO anomalies (mean value of -4.5°C) are about half that 862 
of CREST (and to a lesser extent WA-PLS) from the megabiomization procedure.  863 

 864 
Seasonality anomalies (i.e., seasonal amplitudes) can be calculated from the difference 865 

between MTWA and MTCO anomalies at each site, derived from biomization and 866 
megabiomization procedures, as shown in the third row of Figs 7 and 8 (panels g-i). From the 867 
biomization procedure (Fig 7.g-i), seasonality anomalies (LGM – Modern climate) are generally 868 
positive in Western Europe, whereas strongly negative anomalies are mainly observed in 869 
Eastern Europe. Results from the megabiomization procedure show seasonality anomaly 870 
patterns that differ markedly from those obtained with biomization. Megabiomized anomalies 871 
based on WA-PLS and CREST are positive and spatially homogeneous (Figs 8.h and 8.i), in 872 
contrast to the predominantly negative seasonality anomalies obtained from MAT (Fig 8.g). 873 
These differences arise from higher MTWA anomalies and lower MTCO anomalies obtained 874 
with the MAT method compared to WA-PLS and CREST within the megabiomization 875 
procedure. The discrepancies in seasonality anomalies among the three methods under 876 
megabiomization are therefore larger than those observed in the standard biomization 877 
results.  878 
 879 
 880 
 881 
 882 
 883 
 884 
 885 
 886 
 887 
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Figure 7. Monthly (MTWA and MTCO, in a-c and d-f, respectively) temperature anomaly 888 
(LGM – Modern climate) results, using the biomization process for the three different pollen-889 
based climate reconstruction methods. From MTWA and MTCO results, seasonal anomalies 890 
are reported on Figs g-i. Modern climates and LGM climate results are reported in Table 3. 891 
The white area represents the ice sheet extent. 892 
 893 
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Figure 8. Monthly (MTWA and MTCO, in a-c and d-f, respectively) temperature anomaly 907 
(LGM – Modern climate) results, using the megabiomization process for the three different 908 
pollen-based climate reconstruction methods. From MTWA and MTCO results, seasonal 909 
anomalies are reported on Figs g-i. Modern climates and LGM climate results are reported in 910 
Table 3. The white area represents the ice sheet extent. 911 
 912 
 913 
V.2.4 - Inter-model means from annual and seasonal temperature anomalies 914 

We summarize in Fig.9 the arithmetic means of the LGM cooling and seasonality 915 
derived from the three approaches, using biomization (Figs 9.a and 9.c) and 916 
megabiomization (Figs 9.b and 9.d) procedures. Mean errors from these two climate 917 
variables are reported in Appendix 6. 918 

Across Europe, LGM cooling averaged 6.7 ± 2.2 °C and 7.4 ± 2.3 °C (Table 3) based on 919 
biome and megabiome assignments, respectively (Fig 9.a-b). These results are generally 920 
consistent across reconstruction methods, with inter-method standard deviations below 921 
+2 °C (Appendix 6). Inter-model mean MTWA anomalies are similar for both reconstruction 922 
methods and for biome versus megabiome assignments, with mean multi-method values of 923 
–4.7 ± 2.2 °C and –4.4 ± 2.3 °C, respectively. Inter-model mean MTCO anomalies are –924 
6.7 ± 3.0 °C for the biomization approach (Fig 7.d–f) and –7.1 ± 3.4 °C for the 925 
megabiomization approach (Fig 8.d–f). Mean seasonal anomalies across methods are 926 
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+2.0 ± 2.5 °C and +2.7 ± 2.7 °C for biome and megabiome assignments, respectively (Fig 9.c-927 
d). MAT-based seasonal anomalies are lower (–1.7 ± 3.5°C) than those from WA-PLS and 928 
CREST (+5.7 ± 2.8 °C and +3.0 ± 1.3 °C, respectively) using megabiome procedures. In 929 
contrast, seasonal anomalies are relatively consistent across methods using the biomization 930 
approach, with inter-method standard deviations of ≈ 2°C (Appendix 6). 931 
 932 

Figure 9. Mean annual temperature (a and c) and seasonal index (b and d) anomaly results 933 
(LGM – Modern climate) using averages of biomization and megabiomization results from 934 
three different pollen-based climate reconstruction methods. Seasonal anomalies = MTWA - 935 
MTCO anomalies. Standard deviation maps of climate anomalies are reported in Appendix 6. 936 
The white area represents the ice sheet extent. 937 
 938 
V.3 – Methodological implications on paleoclimate reconstructions 939 
V.3.1 - Local and global calibration effects on climate reconstructions  940 

To isolate and quantify the impact of local calibration (i.e., (mega)biome procedures) 941 
on global climate reconstructions during the LGM across Europe, Fig 10.a shows TANN 942 
anomalies calculated as the difference between climates obtained using the (mega)biome 943 
mean-weighting approaches and those derived from global calibration (i.e., by sampling the 944 
entire calibration EMPD2 pollen dataset).  945 

As the MAT method is inherently based on dissimilarity coefficients (Guiot et al., 1989), 946 
it is theoretically able to directly identify the dominant analogues with no requirement for 947 
(mega)biome calibration using all modern pollen spectra. As a result, one expects only a 948 
minimal (if any) effect of (mega)biomization on TANN reconstructions from the MAT method 949 
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(Fig 10.a). Here, only a few fossil sites show a warming effect (~+5°C) of reconstructed TANN 950 
using local calibrations based on (mega)biomes (Venice, Billerio and Feher) rather than the 951 
global calibration. Then, the MAT method is thus arguably suitable for large-scale spatial 952 
studies using global datasets, to reconstruct annual temperature across Europe. Although the 953 
effects of local versus global calibration TANN anomalies for MAT may depend on the time 954 
period considered and the reconstructed climate variables (Xu et al., 2010), the magnitude of 955 
these effects remain generally close to zero. However, the WA-PLS method produces generally 956 
inconsistent results between local and global calibration results, with a mean TANN anomaly 957 
of ~-4.5°C, indicating colder TANN using local rather than global calibrations. Two significantly 958 
negative anomalies (~-10°C), were also identified using the WA-PLS method (Lake Iznik, 959 
Kersdorf-Briesen). Similarly, the CREST method appears more sensitive to calibration, as 960 
evidenced by predominantly negative TANN anomalies (from -1.2°C to -10.9°C, with a mean 961 
of -6.5°C, Fig 10.a). This underscores the importance of a robust (mega)biomization scheme – 962 
climatic and environmental gradients of the study area – when applying CREST in Europe 963 
during the LGM to ensure that reconstructed TANN remains sufficiently cold and consistent 964 
with other statistical methods (see Figs 6 and 9). The importance of modern regional 965 
calibrations for quantitative climate reconstructions has also been noticed in previous studies 966 
(e.g., Trasune et al., 2024).  967 

In Fig 10.b, the application of the (mega)biomization methods to MAT, WA-PLS and 968 
CREST does not significantly impact the reconstructed MTWA (~0°C on average from the 969 
difference between local and global calibration). In Fig 10.c, the differences in MTCO anomaly 970 
results between local and global calibrations are however more variable than MTWA results, 971 
across fossil sites. In detail, the MAT method generally produces larger MTCO anomalies with 972 
local calibration than with global calibration (+4.0°C on average), whereas the WA-PLS and 973 
CREST methods tend to yield similarly lower MTCO anomalies (−4.5°C on average). These 974 
findings highlight an opposite effect of the (mega)biomization procedure from the MAT versus 975 
WA-PLS and CREST methods in reconstructing the MTCO variable. 976 

 For TANN and MTWA reconstructions, MAT appears to be the most suitable 977 
reconstruction method, for identifying dominant analogues within a global calibration dataset 978 
to infer past climate conditions. However, MTCO outputs are sensitive to the modern 979 
subsamples defined by biome and megabiome classifications (Fig.10), from MAT and CREST 980 
methods. 981 
 982 
 983 
 984 
 985 
 986 
 987 
 988 
 989 
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 990 
Figure 10. Mean LGM annual temperature (a), MTWA (b) and MTCO (c) anomalies for each 991 
fossil site, calculated as the difference between (mega)biomized and not-(mega)biomized 992 
(global calibration) climate variables for the three methods of pollen-based climate 993 
reconstruction. The biomization and megabiomization results are shown using circle and 994 
square symbols, respectively. Site names are arranged (left to right) in ascending order of 995 
latitude. Results are reported Table 3. Errors are 1𝜎. The boxplots on the right represent the 996 
distributions of the mean local–global differences for each climate variable across 997 
reconstruction methods (in color). 998 
 999 
V.3.2 - Biomization vs. Megabiomization effects on climate reconstructions 1000 

Across reconstruction methods, TANN and MTWA results derived from the biomization 1001 
process are consistent with the megabiomization outputs (i.e., anomalies defined as the 1002 
difference between the two treatments - are close to 0, Figs 11.a and 11.b). This result 1003 
highlights the minimal impact of distinguishing between cold and hot arid conditions into 1004 
steppe and desert biomes (not the case for megabiomes) on reconstructed LGM TANN and 1005 
MTWA in Europe from three different methods.  1006 

However, MTCO anomaly results from MAT show slightly lower anomalies, by a few 1007 
degrees (-2.5°C on average, Fig 11.c), when using biomes instead of megabiomes, suggesting 1008 
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a further flattening of seasonal amplitude compared to present-day conditions (see Fig 8-9). 1009 
While the differences in MTCO obtained by WA-PLS between biome and megabiome 1010 
classifications vary across sites, biome-based MTCO anomaly results from CREST generally 1011 
show greater anomalies than those obtained using the megabiome procedure (~+2°C on 1012 
average, Fig 11.c). 1013 

In summary, MAT-based biomization increases seasonality at some sites compared to 1014 
the megabiomization process, which can be explained by MTCO anomalies being lower using 1015 
biomization compared to megabiomization (–6.5°C vs. –4.5°C on average). CREST methods 1016 
also show a high sensitivity to local calibrations, with higher MTCO anomalies from biomes 1017 
compared to megabiomes (-5.7°C vs. –7.8°C on average). MAT and CREST methods exhibit a 1018 
strong dependence on the calibration dataset for winter temperature reconstructions, which 1019 
could be attributed to the spatial variability of MTCO anomalies in the modern calibration 1020 
dataset. Overall, these results highlight the dependence of climate reconstructions on the 1021 
chosen method, calibration, and climatic variables. 1022 
 1023 

 1024 
Figure 11. Mean LGM annual temperature (a), MTWA (b) and MTCO (c) anomalies for each 1025 
fossil site, calculated as the difference between biomized and megabiomized climate 1026 
variables for the three methods of pollen-based climate reconstruction. Site names are 1027 
arranged in ascending order of latitude. Results are reported Table 3. Errors are 1𝜎. The 1028 
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boxplots on the right represent the distributions of the mean biome–megabiome differences 1029 
for each climate variable across reconstruction methods (in color). 1030 
 1031 

VI. Discussion 1032 
VI.1 - Comparing vegetation distributions from the (mega)biome assignments 1033 

The pollen-based modern biome distribution (Fig.2) closely resembles European 1034 
results obtained using the same biomization method as Prentice et al. (1998). In particular, 1035 
the diversity of biomes in Spain (TEDE, COMX, XERO, and WAST), as well as the geographic 1036 
extent of temperate forests and xerophytic vegetation, aligns well with previous findings 1037 
(Hengl et al., 2018). However, our results indicate a broader modern extent of cold forest 1038 
(CLMX) across the Scandinavian countries, relative to Prentice et al. (1998). 1039 

In 2017, Binney et al. proposed a BIOME 6000 approach, building upon Prentice and Webb III 1040 
(1998), to identify dominant biomes using the biomization procedure of Bigelow et al. (2003), 1041 
super-PFT contributions, and BIOME 4 model biomes (Kaplan et al., 2003). Their biome 1042 
distributions similarly reveal patterns for the TEDE, TAIGA, and TUND biomes, although with 1043 
a stronger TUND dominance in Northern Europe compared to our results. Meanwhile, during 1044 
the LGM, Kaplan et al. (2016) show that forest-cover reconstructions from vegetation models 1045 
constrained by climate simulations suggest greater forest cover - and consequently less 1046 
extensive steppe conditions - than pollen-based reconstructions indicate. 1047 

Furthermore, the “Regional Estimates of Vegetation Abundance from Large Sites” (REVEALS) 1048 
land-cover model, described by Kern et al. (2024), compiles European pollen datasets to 1049 
reconstruct plant-specific parameters over time, including high-frequency events. A 1050 
comparison between outputs from this vegetation model and LGM megabiome results 1051 
indicates an overrepresentation of modeled arboreal vegetation (Fig. 2), at the expense of 1052 
grasses and herbs. This discrepancy may reflect an aridification bias in climate reconstructions 1053 
based on the megabiome approach. 1054 

Global megabiome reconstructions in this study closely match modeled vegetation 1055 
distributions from Li et al. (2025) and align with previous European results using the same 1056 
biomization procedure (Bigelow et al., 2003), demonstrating good reproducibility across 1057 
Europe.  1058 

Then, the modern (mega)biome distribution is geographically coherent, seemingly 1059 
realistic and compatible with previous studies, thus confirming the robustness of our biome 1060 
outputs for European climate reconstructions.  1061 
 1062 
VI.2 - Comparing climate reconstructions 1063 

As shown in Figs 6 and 9, the climate reconstruction methods (MAT, WA-PLS, and 1064 
CREST) using (mega)biomization procedures globally yield similar results, as indicated by the 1065 
high correlation coefficients (R²≥71%, Figs 12.a-f) across reconstruction methods. The 1066 
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significance of the regressions (R²) is maintained between the biomization and 1067 
megabiomization approaches, although TANN reconstructions derived from CREST are 1068 
somewhat less consistent with MAT under the megabiomization procedure compared to the 1069 
biomization approach (R²=82% and 84%, from biome and megabiome techniques, 1070 
respectively, Fig 12.a-b). Moreover, the climates inferred from CREST appear to be more 1071 
closely correlated with WA-PLS than with MAT results, with R² values systematically higher for 1072 
“CREST vs. WA-PLS” than for “CREST vs. MAT” in Fig 12. 1073 

 A key advantage of this multi-method approach is that it isolates the intrinsic 1074 
properties, behaviors, and weaknesses of each method. While MAT is highly dependent on 1075 
the quality of analogues (Chevalier et al., 2020), it performs well for pollen taxa with low 1076 
taxonomic resolution (at the family and genus level). WA-PLS is also sensitive to the choice of 1077 
modern dataset (e.g., situations with low analogue availability, Birks and Seppä, 2010), and it 1078 
relies on unimodal vegetation-climate response (Ter Braak and Juggins, 1993). CREST method 1079 
is less effective for taxa with low taxonomic resolution, accounts for multimodal vegetation 1080 
responses to climate (Chevalier et al., 2014). However, because TANN, MTWA and MTCO 1081 
exhibit homogeneous patterns across Europe and spatial averages of the three methods yield 1082 
comparable results, we can average outputs (mean SD) from the three reconstruction 1083 
methods to provide spatial mean climate variables during the LGM: –6.7±2.1 °C in TANN 1084 
anomalies, –4.8±2.2 °C in MTWA anomalies, and –6.7±3.0 °C MTCO anomalies from 1085 
biomization procedure, and –7.4 ±2.3 °C in TANN anomalies, –4.4±2.3°C in MTWA anomalies, 1086 
and –7.1±3.4 °C MTCO anomalies from megabiomization procedure across Europe. Thus, 1087 
despite using the same modern and fossil datasets, these methods yield distinct but 1088 
complementary LGM climate reconstructions that can be combined together to provide 1089 
robust estimates for the reconstructed climate variables. 1090 
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 1108 

Figure 12. Linear relationship between TANN (a and b), MTWA (c and d) and MTCO (e and f) 1109 
anomaly results (LGM – Modern climate) from the three pollen-based climate reconstruction 1110 
methods, using biomization and megabiomization procedures. All R² values reported in this 1111 
study are statistically significant, with p values < 0.01. These plots show relationships 1112 
between CREST results and those from statistical methods (MAT in blue and WA-PLS in 1113 
green) from the 43 fossil sites. Errors are 1𝜎.  1114 
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VI.3 – Pollen-based reconstruction comparisons from literature 1115 
VI.3.1 - Local calibration effects from MAT-based climate reconstructions: comparison with 1116 
Davis et al. (2024) 1117 

To study the reliability of our LGM climate reconstructions with results published in 1118 
literature, we compare our biomized and megabiomized multi-method results for three 1119 
different climate variables with those of Davis et al. 2024. Davis et al. 2024 also used the 1120 
calibration dataset (EMPD2 dataset) and some input fossil records, common with our study. 1121 
Comparison maps (differences) between the two studies are presented in Appendix 7 and 1122 
summarized as boxplots in Fig.13. We use error metrics to compare the results of the two 1123 
studies and assess the effect of methodological differences on climate reconstructions. Unlike 1124 
R², which is insensitive to systematic biases, error metrics (RMSE) express deviations in the 1125 
original units (°C), making them more suitable for comparison.  1126 

The TANN and MTWA errors (RMSE) between our multi-method reconstructions and 1127 
those of Davis et al. (2024) are comparable to the individual reconstruction errors (2–3°C; Figs. 1128 
13a–b), indicating relatively good agreement between the studies regardless of the calibration 1129 
((mega)biomization) and reconstruction methods. In contrast, MTCO anomalies show larger 1130 
discrepancies between the two studies (4–5°C; Fig. 13c). MTCO results exhibit poorer 1131 
agreement between the two studies, with RMSE values approximately twice as high as those 1132 
for TANN and MTWA (Fig. 13c), particularly for megabiomization (~4.9°C) compared to 1133 
biomization (~4.3°C). Overall, across these three methods, the results of Davis et al. (2024) 1134 
agree more closely with our biomization-based reconstructions than with those based on 1135 
megabiomization, with RMSE differences ranging from 0.5 to 1.5°C. From Appendix 7, our 1136 
study also shows that climatic conditions at sites located closest to the Fennoscandian ice 1137 
sheet are systematically warmer (+5°C to +10°C) in our study compared to Davis et al. (2024). 1138 
Interestingly, our approach leads to substantially higher MTCO anomalies in Northern Europe 1139 
(~+3°C) and lower MTCO anomalies in Southern Europe (~−3°C). 1140 

These results align with those reported in section V.3, highlighting the predominant 1141 
influence of the (mega)biome-type assignment scheme (Figs 10.c and 11.b) and 1142 
reconstruction methods on MTCO anomalies, likely due to the high spatial variability of 1143 
modern data within the calibration dataset. MTCO reconstructions show the strongest inter-1144 
study inconsistencies and are particularly sensitive to methodological choices. The difference 1145 
in modern calibration samples used in Davis et al. 2024 and in the (mega)biome definitions of 1146 
our study may explain the observed differences in reconstructed temperature, particularly the 1147 
large MTCO discrepancies. These discrepancies demonstrate the strong methodological 1148 
dependence of palaeoclimate reconstructions and the importance of systematic cross-1149 
validation frameworks. 1150 
 1151 
 1152 
 1153 
 1154 
 1155 
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Figure 13. RMSE of mean annual (a) and monthly anomalies (b and c) (LGM – Modern 1156 
climate) between our three reconstruction methods (MAT, WA-PLS, CREST) and results from 1157 
Davis et al. (2024). Bars represent RMSE for Biome (blue) and Megabiome (orange), with 1158 
RMSE values reported above each bar to indicate the reconstruction error relative to Davis et 1159 
al. (2024). 1160 
 1161 
VI.3.2 - Systematic climate discrepancies between pollen data and models 1162 

The extent of LGM cooling inferred in this study ranges from 0°C to −10°C relative to 1163 
present (Fig.6) and appears to fall within the range simulated by climate models (e.g., 1164 
Kageyama et al., 2021). We also provide new constraints on LGM temperature seasonality 1165 
indicating an amplification near the Atlantic coasts and a relative reduction inland, compared 1166 
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to present day. This continental pattern of LGM seasonality is in strong agreement with the 1167 
mean model from PMIP synthesis by Izumi et al. (2013), which shows a gradient from positive 1168 
anomalies in Spain (+10°C) to negative anomalies (–4°C) in Eastern Europe. 1169 

However, comparing pollen-based climate reconstructions with climate model outputs 1170 
is complex due to both the heterogeneous spatial coverage of the data, the variability of 1171 
reconstruction methods and the dispersion among climate models (e.g., Bartlein et al., 2011; 1172 
Kageyama et al., 2021). Moreover, proxies record extreme and local climates, while climate 1173 
models tend to provide spatially-averaged climate conditions. Ongoing improvements in the 1174 
spatial resolution of regional climate models make comparisons with local proxies increasingly 1175 
appropriate, although significant data–model discrepancies remain (Kageyama et al., 2021). 1176 
Similarly, expanding the availability of pollen data in Europe would further improve the 1177 
robustness of such comparisons. 1178 
 1179 

VII. Conclusion 1180 
 1181 
This study presents the first comprehensive comparison of pollen-based climate 1182 

reconstruction methods applied to the LGM in Europe, using a local calibration framework 1183 
integrating both biomization and megabiomization techniques. The approach is applied to a 1184 
compilation of fossil sites spanning the LGM and compared against a comprehensive modern 1185 
calibration dataset (EMPD2). We propose a new conservative method for weighting 1186 
reconstructed climate variables from (mega)biome affinity scores, which corrects for 1187 
threshold effects in (mega)biome shifts and incorporates their continuous variations over 1188 
time. We isolate and quantify the effects of calibration, biome score application methods, and 1189 
reconstruction techniques on the inferred paleoclimates, and synthesize them in the form of 1190 
inter-model means and deviations. 1191 

In Europe, the TANN anomalies (mean SD) obtained with biomization are –7.0±2.3°C 1192 
(MAT), –7.1±2.2°C (WA-PLS), and –5.9 ±2.2°C (CREST), whereas those derived from 1193 
megabiomization are –8.0±2.5°C (MAT), –7.2±2.4°C (WA-PLS), and –7.0±2.3°C (CREST). Due to 1194 
these consistent results, we propose LGM climate anomalies (from climate modern) based on 1195 
a mean model integrating the three reconstruction methods: –6.7±2.1°C in TANN anomalies, 1196 
–4.8±2.2 °C in MTWA anomalies, and –6.7±3.0°C MTCO anomalies from biomization 1197 
procedure, and –7.4 ±2.3°C in TANN anomalies, –4.4±2.3°C in MTWA anomalies, and –1198 
7.1±3.4 °C MTCO anomalies from megabiomization procedure across Europe.  1199 

The dependence of reconstruction method outputs on (mega)biome calibrations vary 1200 
depending on both the climate variables and the fossil pollen assemblages (i.e., the sites). 1201 
Local calibration is necessary for WA-PLS and CREST-based reconstructions due to the 1202 
underrepresentation of cold climates in Europe. These results show that, using the biome and 1203 
megabiome calibrations, the CREST (probabilistic) method shows LGM climate results 1204 
generally consistent with those of statistical approaches (MAT and WA-PLS), although the 1205 
consistency of CREST and WA-PLS reconstructions is slightly better than with MAT. Winter 1206 
temperature (MTCO) results exhibit higher sensitivity to reconstruction methods and 1207 
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(mega)biomization approaches than TANN and MTWA results. Based on MTCO 1208 
reconstructions, the WA-PLS and CREST method shows an opposite response to local 1209 
calibration compared with MAT, amplifying seasonal anomalies relative to global calibration 1210 
(+4.5°C for CREST and -4°C for MAT on average) while reducing European LGM seasonality by 1211 
the biomization procedure, but less strongly (-2.5°C for CREST and +2°C for MAT on average).  1212 
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