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Section S1: Sources for SMPDSv2 data 

Table S1 provides the metadata source for the SMPDsv2 data, together with the number of 
entities/records and citations for each source. 
 
Table S1: List of SMPDSv2 data sources and references 

Source (metadata table) Number of 
entities 

Publications 

AMSS 38 Jolly et al., 1996; Julier et al., 2019, 2018; Lebamba et al., 2009 

APD 90 Vincens et al., 2007 

Australasian pollen 1540 Adeleye et al., 2021b, 2021a; Beck et al., 2017; Field et al., 2018; 
Fletcher et al., 2014; Herbert and Harrison, 2016; Luly, 1993; 
Luly et al., 1986; Mariani et al., 2017; McWethy et al., 2010, 
2014; Pickett et al., 2004; Prebble et al., 2019 

BIOME6000 Japan 94 Takahara et al., 2000 

Blyakharchuk 144 Author: Tatiana A. Blyakharchuk 

Bush et al., 2021 636 Bush et al., 2021 

CMPD 4208 Chen et al., 2021 

Dugerdil et al., 2021 48 Dugerdil et al., 2021 

EMBSeCBIO 149 Harrison et al., 2021 

EMPDv2 3508 Davis et al., 2020 

Gaillard et al., 1992 124 Gaillard et al., 1992 

Harrison et al., 2022b 3 Harrison et al., 2022b 

Herzschuh et al., 2019 595 Herzschuh et al., 2019 

IBERIA 243 Harrison et al., 2022a 

Neotoma 6702 Williams et al., 2018 

Phelps et al., 2020 106 Phelps et al., 2020 

SMPDSv1 6345 Harrison, 2019 

Southern Hemisphere pollen 76 Black, 2007; Dodson, 1978; Dodson and Intoh, 1999; Haberle, 
1993, 1996; Hope, 2009; Hope et al., 1998, 1999; Macphail, 
1975, 1979, 1980; Macphail and McQueen, 1983; Macphail and 
Mildenhall, 1980; Norton et al., 1986; Prebble et al., 2010; 
Shulmeister et al., 2003 
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Section S2: Species categorisation 

Table S2 lists the higher level groupings of taxa considered native to Europe and included within the 

Total Terrestrial Pollen Sum. Species are grouped into trees, shrubs and woody vines, and herbaceous 

pollen (herbs, grasses etc.). Tree species are sub-divided into broadleaf and needleleaf, and into wind 

pollinated, biotic pollination or dual wind/biotic pollination. Assigning species into pollination method 

categories is challenging, especially for pollen only identified at the family level. For the most part, 

species were assigned into wind pollinated, biotic pollination and dual wind and biotic pollination 

following the categorisation by Tong et al. (2023)., supplemented by information from Kling and 

Ackerley (2021). For Buxus, Castanea and Fraxinus, we assigned these species as wind pollinated, as 

although they are biotically pollinated, they are for the most part pollinated by wind. Similarly, we 

categorised Cornus, Laburnum, Laurus, Salix and Vitex as primarily biotically pollinated, despite some 

wind pollination occurring for these species. This data in csv form is downloadable from 

https://doi.org/10.5281/zenodo.15283096 

 
Table S2: Classification of taxa included within the Total Terrestrial Pollen Sum 

Tree/Shrub/Non-arboreal Taxa grouping 

Tree 
Broadleaf 

Acer, Aesculus, Alnus, Alnus subg. Alnobetula, Anacardiaceae, Arbutus, Arecaceae, Betula, Betula 
chamaebetula, Buxus, Carpinus, Carpinus betulus, Carpinus orientalis/Ostrya, Castanea, Celtis, 
Ceratonia, Cercis, Citrus, Clusiaceae, Cornaceae, Cornus, Corylus, Elaeagnaceae, Elaeagnus, 
Fabaceae, Fagus, Ficus, Fontanesia, Fraxinus, Ilex, Juglandaceae, Juglans, Laburnum, Laurus, 
Malus, Malus/Pyrus, Moraceae, Moraceae/Urticaceae, Myricaceae, Myrtaceae, Olea, Oleaceae, 
Pistacia, Platanus, Populus, Prunus, Pyrus, Quercus, Quercus deciduous, Quercus evergreen, 
Salix, Sapindaceae, Sorbus, Staphyleaceae, Syringa, Tamarix, Thymelaeaceae, Tilia, Ulmaceae, 
Ulmus, Ulmus/Zelkova, Verbenaceae, Viburnaceae, Viburnum, Vitex 

Needleleaf 
Abies, Cedrus, Cupressaceae, Cupressaceae/Taxaceae, Larix, Larix/Pseudotsuga, Picea, Pinus, 
Pinus (diploxylon), Pinus (haploxylon), Taxus 

Tree 

Wind pollinated 

Abies, Acer, Alnus, Alnus subg. Alnobetula, Betula, Betula chamaebetula, Carpinus, Carpinus 
betulus, Carpinus orientalis/Ostrya, Cedrus, Celtis, Corylus, Cupressaceae, Fagus, Juglandaceae, 
Juglans, Larix, Larix/Pseudotsuga, Olea, Picea, Pinus, Pinus (diploxylon), Pinus (haploxylon), 
Pistacia, Platanus, Populus, Quercus, Quercus deciduous, Quercus evergreen, Taxus, Ulmus, 
Ulmus/Zelkova, Pinus (diploxylon), Pinus (haploxylon), Ulmaceae, Myricaceae, 
Cupressaceae/Taxaceae 

Biotic pollination 
Aesculus, Arbutus, Cercis, Citrus, Clusiaceae, Elaeagnus, Ficus, Fontanesia, Ilex, Malus, 
Malus/Pyrus, Prunus, Pyrus, Sorbus, Staphyleaceae, Syringa, Tamarix, Tilia, Viburnaceae, 
Viburnum 

Dual wind and 
biotic pollination 

Anacardiaceae, Arecaceae, Buxus, Castanea, Ceratonia, Cornaceae, Cornus, Elaeagnaceae, 
Fabaceae, Fraxinus, Laburnum, Laurus, Moraceae, Moraceae/Urticaceae, Myrtaceae, Oleaceae, 
Salix, Sapindaceae, Thymelaeaceae, Verbenaceae, Vitex 

Shrub and woody vine 

Acanthaceae, Alhagi, Andromeda, Apiaceae, Araliaceae, Aristolochiaceae, Artemisia, 
Asparagaceae, Astragalus, Berberidaceae, Berberis, Buddleia, Calicotome, Calluna, Capparaceae, 
Caprifoliaceae, Cassiope, Chamaedaphne, Cistaceae, Cistus, Citrullus, Clematis, Clethra, 
Colutea, Convolvulaceae, Coriaria, Cotinus, Cotoneaster, Crataegus, Cucurbitaceae, Daphne, 
Diapensia, Dioscorea, Dioscoreaceae, Dryas, Empetrum, Ephedra, Ephedraceae, Erica, 
Ericaceae, Euonymus, Flueggea, Forsythia, Frangula, Frankeniaceae, Genisteae, Halimium, 
Hedera, Helianthemum, Hippophae, Kalmia, Lavandula, Ledum, Ligustrum, Linnaea, Lonicera, 
Malvaceae, Moltkia, Montiaceae, Myrica, Myricaria, Nerium, Nitrariaceae, Ononis, Osmanthus, 
Paeonia, Paliurus, Periploca, Phillyrea, Phlomis, Potentilla, Rhamnaceae, Rhamnus, 
Rhododendron, Rhus, Ribes, Rosaceae, Rubus, Ruscus, Salvia, Sambucus, Sapotaceae, Smilax, 
Styrax, Suaeda, Vaccinium, Ziziphus 

Herbaceous 
Aconitum, Actaea, Aizoaceae, Amaranthaceae, Amaryllidaceae, Apocynaceae, Aquilegia, 
Araceae, Asphodelaceae, Asteraceae, Asteraceae (Liguliflorae), Asteroideae, Balsaminaceae, 
Boraginaceae, Brassicaceae, Campanulaceae, Cannabaceae, Carduoideae, Caryophyllaceae, 
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Celastraceae, Chimaphila, Cichorioideae, Colchicaceae, Commelinaceae, Consolida, 
Crassulaceae, Cyperaceae, Datisca, Delphinium, Eriocaulaceae, Euphorbiaceae, Fabaceae (herbs), 
Gentianaceae, Geraniaceae, Helleborus, Hypericaceae, Impatiens, Iridaceae, Koenigia, 
Lamiaceae, Liliaceae, Linaceae, Linderniaceae, Linum, Lysimachia, Lythraceae, Malva, 
Melanthiaceae, Mercurialis, Nartheciaceae, Nigella, Onagraceae, Orchidaceae, Oxalidaceae, 
Oxyria/Rumex, Papaveraceae, Penthoraceae, Phyllanthaceae, Plantaginaceae, Plumbaginaceae, 
Poaceae, Polemoniaceae, Polygalaceae, Polygonaceae, Polygonum, Polypodiales, Portulacaceae, 
Primulaceae, Ranunculaceae, Ranunculus, Resedaceae, Rubiaceae, Rutaceae, Sanguisorba, 
Santalaceae, Saxifragaceae, Scrophulariaceae, Solanaceae, Teucrium, Thalictrum, Tofieldia, 
Trollius, Urticaceae, Violaceae, Zygophyllaceae 
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Section S3: Coefficients and model fit including %wind pollination or %Pinus 

Including the %wind pollinated within the regression model instead of %needleleaf, also with a second-

degree polynomial, led to a reduction in the model pseudo (Cox-Snell) R2 to 0.56 (compared to 0.60). 

LOOCV MAE increased to 0.12 (from 0.11), RMSE increased to 0.15 from 0.14 and the squared 

correlation (R2) of the predictions to the observations was reduced to 0.57 (from 0.63). The model 

coefficients are shown in Table S3; although the coefficient values change compared to the model with 

%needleleaf, the directions of the coefficients remain the same. The slight reduction in model fit reflects 

the fact that %needleleaf also partially accounts for differences in pollen productivity, as well as 

differences in pollen transport. As well as selecting the tree species classified as wind pollinated only, 

we also investigated the model fit when including both those species classified as wind pollinated and 

those species classified as both wind and biotically pollinated. In this case the model fit was similarly 

worse than using %needleleaf, with the pseudo (Cox-Snell) R2 0.55, and LOOCV MAE 0.12, RMSE 

0.15 and the squared correlation (R2) of the predictions to the observations 0.57. 

 
Table S3: Modern tree cover model coefficients, including %wind pollinated rather than %needleleaf 

Coefficients (mean model with logit link) Estimate Standard Error P Value 

(Intercept) -1.045 1.899 0.582 

Tree pollen % 2.592 0.233 8.66e-29 *** 

Shrub pollen % -3.834 0.642 2.38e-09 *** 

Wind pollination of AP% -11.090 4.486 0.013 * 

Wind pollination of AP%^2 7.264 2.701 0.007 ** 

AP Shannon index 4.413 0.481 4.61e-20 *** 

AP Shannon index^2 -1.237 0.145 1.16e-17 *** 

Lake or bog site -0.034 0.139 0.807 

Elevation 0.003 0.001 0.007 ** 

AP pollen:elevation interaction -0.001 0.001 0.003 ** 

SP pollen:elevation interaction 0.004 0.001 0.003 ** 

AP Shannon:elevation interaction -0.004 0.001 0.001 ** 

AP Shannon^2:elevation interaction 0.002 0.000 3.05e-05 *** 

Lake or bog site:elevation interaction -0.001 0.000 3.32e-04 *** 

    
Precision submodel (log link; after 

variable selection^^) 
   

(Intercept) -2.827 0.988 0.004 ** 

Wind pollination of AP% 3.382 0.978 5.41e-04 *** 

AP Shannon index 0.938 0.116 4.84e-16 *** 
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Lake or bog site 0.537 0.126 1.97e-05 *** 

Significance codes: 0 = '***';  0.001 = '**';  0.01 = '*'; 0.05 =  '’' 0.1;  ' ' =  1 

^^Only significant covariates were included (at 5% significance) 

 

Similarly, including %Pinus within the model instead of %Needleleaf also slightly reduced the quality 

of the model fit, reducing the pseudo (Cox-Snell) R2 to 0.59 (vs 0.60). Although the LOOCV MAE 

(0.11) and RMSE (0.14) were approximately the same as the model with %needleleaf, the squared 

correlation (R2) of the predictions to the observations reduced slightly to 0.62 (from 0.63). The model 

coefficients are shown in Table S4. This slight reduction in model fit supports the use of %needleleaf, 

although this marginal difference suggests that %Pinus could also be used and tested for other 

geographic contexts. 

 
Table S4: Modern tree cover model coefficients, including %Pinus pollinated rather than %needleleaf 

Coefficients (mean model with logit link) Estimate Standard Error P Value 

(Intercept) -6.008 0.453 3.91e-40 *** 

Tree pollen % 2.428 0.222 1.47e-28 *** 

Shrub pollen % -3.539 0.629 1.82e-08 *** 

Pinus of AP% -0.010 0.005 0.04272 * 

Pinus of AP%^2 0.000 0.000 2.77e-07 *** 

AP Shannon index 5.530 0.482 1.77e-30 *** 

AP Shannon index^2 -1.497 0.144 3.62e-25 *** 

Lake or bog site -0.039 0.133 0.76985 

Elevation 0.002 0.001 0.045 * 

AP pollen:elevation interaction -0.001 0.000 0.029 * 

SP pollen:elevation interaction 0.004 0.001 0.002 ** 

AP Shannon:elevation interaction -0.003 0.001 0.002 ** 

AP Shannon^2:elevation interaction 0.001 0.000 3.65e-05 *** 

Lake or bog site:elevation interaction -0.001 0.000 0.002 ** 

    
Precision submodel (log link; after 

variable selection^^) 
   

(Intercept) 0.082 0.264 0.755  

Pinus of AP% 0.013 0.003 8.62e-07 * 

AP Shannon index 0.959 0.128 5.98e-14 *** 

Lake or bog site 0.582 0.125 3.45e-06 *** 
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Section S4: Modern tree species diversity and tree cover 

The tree pollen Shannon index (SI) is an important component of the regression model (Table 2). With 

increased tree cover, it is more likely that tree species diversity increases, although the negative second-

degree polynomial (Table 1) suggests that at higher levels of tree cover this relationship becomes less 

important. To investigate this relationship, we divided the modelled modern data into biomes, and 

explore whether the SI for tree pollen varies for more open biomes. We divided the records into biomes 

according to Hengl’s (2018) map of potential natural vegetation, extracting the modal biome with a 

5km buffer around each record. We grouped some similar biomes, to simplify comparison; this 

grouping, and the division of modelled modern records, is shown in Table S5. 

  
Table S5: Biome groups for included modelled modern records. Parenthesis indicates grouped biomes  

Biome group 

(incl. biomes) 

Number of modern 

records 

Cool evergreen needleleaf forest 

(Cold evergreen needleleaf forest; cool evergreen needleleaf forest) 363 

Cool mixed forest 255 

Temperate deciduous broadleaf forest 117 

Warm temperate evergreen and mixed forest 84 

Tundra 

(Low and high shrub tundra; Erect dwarf shrub tundra) 29 

Xerophytic scrub and woodlands 

(Steppe; Xerophytic woods scrub) 4 

 

 The distribution of arboreal pollen percentages and observed tree cover percentages are shown for each 

biome group in Fig. S1. In general, arboreal pollen percentages are greater than observed tree cover for 

each biome group, but the difference is most stark for the tundra biome (and xerophytic scrub and 

woodlands, although there are very few records). Figure S2 shows the arboreal pollen Shannon index 

values for each group. The lowest median value and distribution is for tundra, suggesting that the higher 

pollen values compared to observed cover reflects inputs from a few species through long-distance 

transport. In fact, it is generally the case that the larger the difference between arboreal pollen and 

observed tree cover percentages, the lower the tree SI value. This highlights the importance of including 

this variable in the regression model.  

 



 8 

 
Figure S1: Boxplots of arboreal pollen and observed tree cover by biome group 

 
Figure S2: Boxplots of Shannon index values for tree pollen for each biome group 
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Section S5: Coefficients and model fit based on lake sites only 

Excluding bog sites from model fit improves the LOOCV RMSE to 0.13 (vs. 0.14), MAE to 0.10 (vs. 

0.11) and squared correlation (R2) of the predictions and observations to 0.69 (vs. 0.63). The model 

coefficients are shown in Table S6. Coefficient estimates have the same direction as the model with 

bogs and lakes. Although the model fit improves, excluding bog sites from the model substantially 

reduces the applicability of the model to fossil records; lake records only constitute 35% of the total 

available fossil records.  

 
Table S6: Modern tree cover model coefficients for lake sites only 

Coefficients (mean model with logit link) Estimate Standard Error P Value 

(Intercept) -5.421 0.444 3.05e-34 *** 

Tree pollen % 2.169 0.247 1.55e-18 *** 

Shrub pollen % -4.613 0.759 1.25e-09 *** 

Needle share of AP% -1.546 0.529 0.004 ** 

Needle share of AP%^2 3.241 0.583 2.69e-08 *** 

AP Shannon index 5.239 0.483 2.14e-27 *** 

AP Shannon index^2 -1.421 0.146 1.65e-22 *** 

Elevation 0.001 0.001 0.317 

AP pollen:elevation interaction -0.001 0.001 0.016 * 

SP pollen:elevation interaction 0.005 0.002 0.003 ** 

AP Shannon:elevation interaction -0.003 0.001 0.005 ** 

AP Shannon^2:elevation interaction 0.001 0.000 1.02e-04 *** 

    
Precision submodel (log link; after 

variable selection^^) 
   

(Intercept) 1.089 0.257 2.26e-05 *** 

Needle share of AP% 0.751 0.271 0.006 ** 

AP Shannon index 0.759 0.132 9.28e-09 *** 

Significance codes: 0 = '***';  0.001 = '**';  0.01 = '*'; 0.05 =  '’' 0.1;  ' ' =  1 

^^Only significant covariates were included (at 5% significance) 
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Section S6: Coefficients and model fit without exclusion of sites >1000 m  

Including higher elevation sites within the model reduces the LOOCV RMSE to 0.15 (vs. 0.14), MAE 

to 0.12 (vs. 0.11) and squared correlation (R2) of the predictions and observations to 0.55 (vs. 0.63). 

The model coefficients are shown in Table S7. Coefficient estimates have the same direction as the 

model that excludes higher elevation sites, with the exception of the dummy variable for lake or bog 

site, which becomes negative and significant (from positive and insignificant), and the interaction 

between elevation and whether a site was a lake or bog, which becomes positive (but insignificant (from 

negative and significant). The significance of the coefficients improves in several cases, most notably 

for elevation which becomes highly significant having been insignificant when excluding higher 

elevation sites. Although including high elevation records increases the spatiotemporal coverage of the 

tree cover reconstruction – the number of fossil records increases from 811 to 1050 - the impact on 

model fit is such that we have much less confidence in the reconstructions. 

 
Table S7: Modern tree cover model coefficients without exclusion of high (>1000 m) sites 

Coefficients (mean model with logit link) Estimate Standard Error P Value 

(Intercept) -5.249 0.346 6.26e-52 *** 

Tree pollen % 2.447 0.178 6.58e-43 *** 

Shrub pollen % -3.044 0.495 7.92e-10 *** 

Needle share of AP% -1.599 0.418 1.28e-4 *** 

Needle share of AP%^2 2.954 0.453 6.98e-11 *** 

AP Shannon index 4.797 0.382 4.27e-36 *** 

AP Shannon index^2 -1.214 0.117 2.39e-25 *** 

Lake or bog site -0.349 0.092 1.50e-4 *** 

Elevation 0.002 3.74e-4 2.71e-6 *** 

AP pollen:elevation interaction -0.001 1.83e-4 1.76e-6 *** 

SP pollen:elevation interaction 0.003 5.14e-4 4.62e-10 *** 

AP Shannon:elevation interaction -0.003 1.39e-4 3.59e-10 *** 

AP Shannon^2:elevation interaction 0.003 5.14e-4 1.79e-11 *** 

Lake or bog site:elevation interaction 0.000 8.08e-5 0.932 

    
Precision submodel (log link; after variable selection^^) 

   
(Intercept) 1.146 0.228 4.81e-7 *** 

Needle share of AP% 0.500 0.271 0.009 ** 

AP Shannon index 0.473 0.132 4.42e-6 *** 

Lake or bog site 0.210 0.098 0.032 * 

Significance codes: 0 = '***';  0.001 = '**';  0.01 = '*'; 0.05 =  '’' 0.1;  ' ' =  1 

^^Only significant covariates were included (at 5% significance) 
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Section S7: Coefficients and model fit with a <500m maximum elevation for sites  

Limiting the maximum elevation to 500m rather than 1000m has no tangible effect on the LOOCV 

RMSE (0.14) or squared correlation (R2) of the predictions and observations (0.63). The model 

coefficients are shown in Table S8. The direction of non-elevation coefficients are consistent with the 

model excluding sites at or above 1000m, with the exception of site type, which remains non-significant. 

The needleleaf share of AP is no longer significant in the model, but the positive quadratic term for 

needleleaf share remains. This implies that the negative influence of needleleaf at lower levels of 

needleleaf AP share is restricted to sites at the 500 to 1000m range. Limiting the included sites to those 

less than 500m means that elevation and all of the interaction terms with elevation are no longer 

significant. Reducing the upper elevation site limit to 500m reduces the number of fossil records 

available for reconstruction from 811 to 622. 

 
Table S8: Modern tree cover model coefficients excluding sites >500m 

Coefficients (mean model with logit link) Estimate Standard Error P Value 

(Intercept) -4.638 0.618 6.28e-14 *** 

Tree pollen % 2.231 0.301 1.23e-13 *** 

Shrub pollen % -3.653 0.812 6.74e-6 *** 

Needle share of AP% -0.796 0.592 0.178 

Needle share of AP%^2 2.419 0.652 2.06e-4 *** 

AP Shannon index 4.041 0.672 1.76e-9 *** 

AP Shannon index^2 -1.100 0.207 1.10e-7 *** 

Lake or bog site -0.011 0.183 0.952 

Elevation -0.003 0.002 0.173 

AP pollen:elevation interaction 0.000 0.001 0.797 

SP pollen:elevation interaction 0.006 0.003 0.073’ 

AP Shannon:elevation interaction 0.002 0.003 0.480 

AP Shannon^2:elevation interaction 0.000 0.001 0.978 

Lake or bog site:elevation interaction -0.001 0.001 0.340 

    
Precision submodel (log link; after variable selection^^) 

   
(Intercept) 0.133 0.309 0.667 

Needle share of AP% 1.130 0.276 4.12e-05 *** 

AP Shannon index 0.820 0.145 1.43e-08 *** 

Lake or bog site 0.729 0.163 7.35e-06 *** 

Significance codes: 0 = '***';  0.001 = '**';  0.01 = '*'; 0.05 =  '’' 0.1;  ' ' =  1 

^^Only significant covariates were included (at 5% significance) 
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Section S8: Excluding crop cells from the calculation of observed tree cover 

Cells dominated by crop cover (>50%) were excluded from the forest/tree cover map that was used to 

calculate observed tree cover for each modern pollen record. The rationale behind this methodological 

choice was to try to ensure that the relationship between tree cover and modern pollen was as 

representative as possible. Areas with high crop cover may affect the subsequent regression model, 

implying lower observed tree cover which is not reflected in the pollen record. To explore the 

implications of this exclusion, we re-ran the same regression model without excluding cells dominated 

by crop cover. The direction of the model coefficients (Table S9) are the same as the standard regression 

model, except for whether the site was a bog or lake (which now becomes significant). However, some 

variables, such as the shrub pollen %, and the interactions between AP pollen and elevation, and SP 

pollen and elevation, are no longer significant. Note that although the needleleaf share of AP% is also 

insignificant, a model with orthogonal polynomials (i.e. reducing multicollinearity with the second 

polynomial of needle share of AP%) is significant. Additionally, the needleleaf share of AP% and 

whether the site is a lake or bog are no longer significant in the precision sub-model.  

 
Table S9: Modern tree cover model coefficients, without exclusion of crop dominated cells when calculating observed tree 

cover 

Coefficients (mean model with logit link) Estimate Standard Error P Value 

(Intercept) -5.068 0.405 5.38e-36 *** 

Tree pollen % 2.199 0.186 3.01e-32 *** 

Shrub pollen % -0.731 0.508 0.150 

Needle share of AP% -0.031 0.433 0.943 

Needle share of AP%^2 1.480 0.499 0.003 ** 

AP Shannon index 3.576 0.483 1.36e-13 *** 

AP Shannon index^2 -1.085 0.153 1.25e-12 *** 

Lake or bog site 0.386 0.095 5.04e-05 *** 

Elevation 0.002 0.001 0.046 * 

AP pollen:elevation interaction -0.001 0.000 0.110 

SP pollen:elevation interaction 0.000 0.001 0.624 

AP Shannon:elevation interaction -0.003 0.001 0.012 * 

AP Shannon^2:elevation interaction 0.001 0.000 6.74e-05 *** 

Lake or bog site:elevation interaction -0.001 0.000 6.70e-09 *** 

    
Precision submodel (log link; after variable selection^^) 

   
(Intercept) 1.459 0.230 2.4e-10 *** 

Needle share of AP% 1.191 0.205 0.351 
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AP Shannon index 0.406 0.108 1.74e-04 *** 

Lake or bog site -0.039 0.107 0.714 

Significance codes: 0 = '***';  0.001 = '**';  0.01 = '*'; 0.05 =  '’' 0.1;  ' ' =  1 

^^Only significant covariates were included (at 5% significance) 

 

The model that does not exclude cells with >50% crops includes more records (1050 compared to 852) 

but the pseudo (Cox-Snell) R2 model fit was worse than the standard model (0.47 compared to 0.60), 

with LOOCV values similarly worse (MAE = 0.13 vs 0.11; RMSE = 0.16 vs 0.14; R2 of predictions to 

observations = 0.50 vs 0.63).  
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Section S9: Adjusting the source area based on different source pollen percentages  

The source area used to calculate the observed tree cover values for each record is based on the source 

area for 70% of pollen, applied to Prentice’s (1985) source area formula. To test the implications of 

different source areas using different proportions of pollen, we re-ran the modern tree cover regression 

with recalculated average tree cover using 50% and 35% of pollen. As the selection of records to include 

within the regression was restricted to those records with less than half of the contributing grid cells 

masked as land-cover classes other than vegetation, changing the size of the source areas affected the 

number of records included within the regression. With 50% of pollen, the number of records increased 

to 933 (from 852); with 35% of pollen this number 934. The regression coefficients for the two different 

percentages of pollen are shown in Tables S10 and S11. 

 
Table S10: Modern tree cover model coefficients, with 50% of pollen used to calculate source area rather than 70% 

Coefficients (mean model with logit link) Estimate Standard Error P Value 

(Intercept) -5.298 0.413 1.08e-37 *** 

Tree pollen % 2.577 0.222 2.85e-31 *** 

Shrub pollen % -2.855 0.597 1.75e-06 *** 

Needle share of AP% -1.700 0.477 3.69e-04 *** 

Needle share of AP%^2 3.504 0.548 1.57e-10 *** 

AP Shannon index 4.569 0.476 8.63e-22 *** 

AP Shannon index^2 -1.238 0.151 1.96e-16 *** 

Lake or bog site 0.147 0.125 0.241 

Elevation 0.001 0.001 0.179 

AP pollen:elevation interaction -0.001 0.000 0.053 ` 

SP pollen:elevation interaction 0.002 0.001 0.048 * 

AP Shannon:elevation interaction -0.002 0.001 0.040 * 

AP Shannon^2:elevation interaction 0.001 0.000 0.002 ** 

Lake or bog site:elevation interaction -0.001 0.000 2.25e-05 *** 

    
Precision submodel (log link; after variable selection^^) 

   
(Intercept) 0.680 0.240 0.005 ** 

Needle share of AP% 0.328 0.217 0.130 

AP Shannon index 0.519 0.113 4.29e-06 *** 

Lake or bog site 0.681 0.114 2.50e-09 *** 

Significance codes: 0 = '***';  0.001 = '**';  0.01 = '*'; 0.05 =  '’' 0.1;  ' ' =  1 

^^Only significant covariates were included (at 5% significance) 
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 The regression coefficient for both the 50% and 35% thresholds (Tables S10 and S11) the same sign 

as the 70% of pollen regression model but the significance of some of the predictors changes. Elevation 

and, the interaction between AP and elevation are no longer significant in both alternative models. 

Additionally, the needleleaf share of AP% is no longer significant within the precision sub-model. 

Overall, the 50% pollen model has a slightly worse fit, with a pseudo (Cox-Snell) R2 of 0.58 (vs. 0.60), 

and LOOCV MAE of 0.12 (vs. 0.11), RMSE of 0.16 (vs.0.14) and squared correlation (R2) between 

observed and predicted values of 0.61 (vs. 0.63). Similarly, the 35% pollen model has a worse fit, with 

a pseudo R2 of 0.52, and LOOCV MAE of 0.14, RMSE of 0.17 and squared correlation (R2) between 

observed and predicted values of 0.55. 

 
Table S11: Modern tree cover model coefficients, with 35% of pollen used to calculate source area rather than 70% 

Coefficients (mean model with logit link) Estimate Standard Error P Value 

(Intercept) -5.537 0.473 1.20e-31 *** 

Tree pollen % 2.524 0.254 2.72e-23 *** 

Shrub pollen % -3.132 0.645 1.21e-06 *** 

Needle share of AP% -1.954 0.551 3.90e-04 *** 

Needle share of AP%^2 3.814 0.639 2.46e-09 *** 

AP Shannon index 5.169 0.553 8.78e-21 *** 

AP Shannon index^2 -1.459 0.175 8.20e-17 *** 

Lake or bog site 0.122 0.141 0.388 

Elevation 0.002 0.001 0.059 ` 

AP pollen:elevation interaction -0.001 0.001 0.219 

SP pollen:elevation interaction 0.003 0.001 0.028 * 

AP Shannon:elevation interaction -0.004 0.001 0.003 ** 

AP Shannon^2:elevation interaction 0.002 0.000 5.41e-05 *** 

Lake or bog site:elevation interaction -0.001 0.000 0.001 ** 

 
  

 
Precision submodel (log link; after variable selection^^) 

   
(Intercept) 0.441 0.233 0.058 ` 

Needle share of AP% 0.033 0.211 0.876 

AP Shannon index 0.482 0.110 1.29e-05 *** 

Lake or bog site 0.733 0.110 2.89e-11 *** 

Significance codes: 0 = '***';  0.001 = '**';  0.01 = '*'; 0.05 =  '’' 0.1;  ' ' =  1 

^^Only significant covariates were included (at 5% significance) 
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Section S10: Quantile mapping influence on model predictions 

Figure S3 (A–D) shows the impact of applying a quantile mapping model to the modern tree cover 

predictions solely based on the model of modern tree cover. The quantile mapping approach is designed 

to identify a transformation that matches the distribution of adjusted predictions to that of the 

observations (Gudmundsson et al., 2012). We used a smoothing spline regression curve to model the 

transformation, with the resulting calibration curve used to adjust modern and fossil pollen tree cover 

reconstructions, based on the approach from the R package qmap (Gudmundsson et al., 2012; version 

1.0-6) and following Zanon et al. (2018). At the lower and higher levels of observed cover, quantile 

mapping reduces the respective over- and under-estimation.  

 
Figure S3: Model performance: A – Non-adjusted predictions of tree cover compared to observed tree cover; B -  Predictions 

of tree cover compared with observed tree cover; C -  Differences between non-adjusted predictions and observations 

(residual), in bins of observed tree cover percentage; D - Differences between predictions and observations (residual), in bins 

of observed tree cover percentage. 
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Section S11: Spatial structure of model predictions compared to observations 

Figure S4 is a 50km2 map showing the grid cell averaged differences between the model predictions 

adjusted by quantile mapping, and observations. Difference refers to predictions minus observations. In 

general, there is no spatial patterning in the location of overestimates, except that there is a tendency 

for a grouping of cells with overestimates in the far north of Scandinavia and some sites in Ireland. 

 
Figure S4: Spatial structure of differences between predictions and observations. 
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Section S12: Arboreal pollen percentages compared with observed tree cover percentages 

Raw arboreal pollen percentages tend to overestimate tree cover, with the range in AP% greater for 

lower observed tree cover groups (Fig. S5).  

 

Figure S5: Arboreal pollen percentage compared to observed tree cover: A - AP% compared to observed tree cover for each 

record; B - Differences between AP% and observations (residual), in bins of observed tree cover percentage 
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Section S13: Modern predictions compared with other reconstructions based on grid cell averages 

Figure S6 (A–D) shows the relationship between observations of tree cover and our predictions of tree 

cover compared with values extracted from the first bin of Zanon et al. (2018) and Serge et al. (2023) 

at the same spatial locations. Compared with Fig. 4, Fig. S6 averages tree cover values for each record 

by grid cell of the other reconstructions. Hence a single point in each panel may represent tree cover 

value for multiple records, if there were multiple records sharing a grid cell. There are less points within 

panels C and D compared to A and B because Serge et al. (2023) data is provided at much lower spatial 

resolution than Zanon et al. (2018) data. 

 
Figure S6: Modern tree cover from Zanon et al (2018) per grid cell compared to (A) observed tree cover and (B) our predicted 

tree cover. Modern tree cover from Serge et al. (2023) per grid cell compared to (C) observed tree cover values and (D) our 

predicted tree cover.  
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Section S14: Mean reconstructed tree cover 

The influence of using mean tree cover values rather than median values to describe tree cover changes 

through time is shown in Fig. S7. Compared to the median (Fig. 5), the maximum and minimum tree 

cover values are reduced, and the variation through time is more limited. However, the structure of the 

trend through time in tree cover remains the same. 

 
Figure S7: A - Mean reconstructed tree cover for Europe from 12,000 to 0 cal. BP, with 95% confidence intervals for 1000 

bootstrap resampling of records; B - Mean reconstructed tree cover for Europe from 12,000 to 0 cal. BP, with differing LOESS 

regression smoothing half-widths. 
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Section S15: Median reconstructed tree cover, with bootstrapped models  

To generate reconstruction standard errors, the predictive model that linked observed tree cover to 

modern pollen data was generated 1000 times by bootstrapping the modern pollen data. These models 

were also used to generate the equivalent number of quantile mapping adjustments, by relating model 

predictions using the full dataset to observations. Together these elements were used to produce 1000 

different reconstructions of tree cover for each fossil data sample, with prediction standard error 

calculated by sample and averaged by 200-year bin. As well as using the bootstrapped reconstructions 

to generate the standard error, we can use the median of these bootstraps as another way of assessing 

the confidence in the median reconstruction. Figure S8 shows the median tree cover estimate, together 

with the bootstrapped medians of tree cover based on the different models and quantile mapping 

adjustment generated. Although the bootstrapped medians follow the same general pattern as the 

reconstructed median, maximum tree cover values for the reconstruction are generally higher than the 

bootstrapped medians, implying that some training samples may have a larger influence on the 

generated model than others. 

 
Figure S8: Median reconstructed tree cover for Europe from 12,000 to 0 cal. BP, with 95% confidence intervals for models 

generated through 1000 bootstrap resamples of model training data 
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Section S16: AP Shannon index through time and implications for tree cover reconstructions  

The Shannon index (SI) value of arboreal pollen has a substantial impact on the quality of the model fit 

(Table 2). To investigate the implications of this variable for tree cover reconstructions, we re-ran the 

downcore reconstructions based on a model excluding tree cover SI (Fig. S9B) compared to the original 

model (Fig. S9A).  Although the general mid-Holocene peak is visible in both reconstructions, there 

are differences between the two models. At the beginning of the Holocene, the median tree cover is 

around 20% higher when excluding tree SI. As a result, the increase in tree cover to the mid-Holocene 

is less dramatic. Additionally, the peak in tree cover occurs earlier, between ca. 9,000 and 7,000 cal. 

BP, compared to ca. 6,000 cal. BP when including the tree SI. In addition, the median tree cover values 

towards the present are around 5% lower when excluding tree SI. 

 

 
Figure S9: A - Median reconstructed tree cover for Europe from 12,000 to 0 cal. BP, with 95% confidence intervals for 1000 

bootstrap resampling of records; B - Median reconstructed tree cover for Europe from 12,000 to 0 cal. BP excluding AP 

Shannon index, with 95% confidence intervals for 1000 bootstrap resampling of records 

The tree SI values generally increased from the early Holocene to ca. 7,000 cal. BP (Fig. S10) and then 

remain relatively stable. Given that the tree SI has a positive relationship with observed tree cover in 

the modern regression model, this may imply that tree cover predictions for this earlier period of the 

Holocene are underestimated. However, since tree SI values are a means to correct for long distance 

transport, it is more likely that this implies there were more open environments earlier in the Holocene 

than is now the case.  
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Figure S10: AP Shannon index for Europe from 12,000 to 0 cal. BP, average for individual records binned in 200-year bins. 

Blue line is a LOESS line of best fit 
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Section S17: Gridded maps of reconstructed tree cover through time 

Gridded maps of reconstructed tree cover are shown below. The values in each cell are the mean of 

binned tree cover reconstructions for records located in each 50km2 grid cell.  Bins are 200-years in 

width, with ages referring to mid-point of each bin (e.g. the bin labelled 12,600 cal. BP represents the 

interval 12,700–12,500 cal. BP). 

 
Figure S11: Gridded maps of reconstructed tree cover: 12,600 – 12,000 cal. BP 
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Figure S12: Gridded maps of reconstructed tree cover: 11,800 – 10,400 cal. BP 
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Figure S13: Gridded maps of reconstructed tree cover: 10,200 – 8,800 cal. BP 
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Figure S14: Gridded maps of reconstructed tree cover: 8,600– 7,200 cal. BP 
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Figure S15: Gridded maps of reconstructed tree cover: 7,000 – 5,600 cal. BP 
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Figure S16: Gridded maps of reconstructed tree cover: 5,400 – 4,000 cal. BP 
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Figure S17: Gridded maps of reconstructed tree cover: 3,800 – 2,400 cal. BP 
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Figure S18: Gridded maps of reconstructed tree cover: 2,200 – 800 cal. BP 

Tree cover %

0−10
10−20
20−30
30−40
40−50
50−60
60−70
70−80
80−90
90−100

Bin age 2200 cal. BP Tree cover %

0−10
10−20
20−30
30−40
40−50
50−60
60−70
70−80
80−90
90−100

Bin age 2000 cal. BP

Tree cover %

0−10
10−20
20−30
30−40
40−50
50−60
60−70
70−80
80−90
90−100

Bin age 1800 cal. BP Tree cover %

0−10
10−20
20−30
30−40
40−50
50−60
60−70
70−80
80−90
90−100

Bin age 1600 cal. BP

Tree cover %

0−10
10−20
20−30
30−40
40−50
50−60
60−70
70−80
80−90
90−100

Bin age 1400 cal. BP Tree cover %

0−10
10−20
20−30
30−40
40−50
50−60
60−70
70−80
80−90
90−100

Bin age 1200 cal. BP

Tree cover %

0−10
10−20
20−30
30−40
40−50
50−60
60−70
70−80
80−90
90−100

Bin age 1000 cal. BP Tree cover %

0−10
10−20
20−30
30−40
40−50
50−60
60−70
70−80
80−90
90−100

Bin age 800 cal. BP



 32 

 
Figure S19: Gridded maps of reconstructed tree cover: 600 – 0 cal. BP 
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Section S18: Data by biogeographical region 

Table S12 shows the breakdown of fossil pollen data by biogeographical region, with the number of 

records and the number of samples by 200-year bin within each region. Biogeographical regions are 

based on the European Environment Agency modern classification (European Environment Agency, 

2016). 

 
Table S12: Data by biogeographical region 

Bioregion Number of records Number of temporal bins 

Alpine 67 2377 

Anatolian 3 75 

Arctic 7 279 

Atlantic 284 7117 

BlackSea 6 157 

Boreal 137 4127 

Continental 219 6840 

Mediterranean 73 1701 

Pannonian 13 368 

Steppic 1 38 
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Section S19: Median reconstructed tree cover based on bin widths from other reconstructions 

The different tree cover reconstructions use different temporal bins, which can have an influence on our 

reconstructed median tree cover. Figure S20 shows our median tree cover reconstruction based on a 

standard 200-year bin, that same reconstruction but based on the bins used by Serge et. al. (2023) and 

Zanon et al. (2018). Serge et al. (2023) temporal bins cover 500-year intervals before 700 cal. BP and 

for 700-350 cal. BP, 350-100 cal. BP and 100 cal. BP- present. Zanon et al. (2018) temporal bins cover 

250-year intervals. Although the trend in median tree cover remains the same through time, utilising 

the longer bin widths from Serge et al. (2023) has the effect of reducing both the variability and the 

range in median tree cover values. 

 
Figure S20: Median reconstructed tree cover for Europe from 12,000 to 0 cal. BP, based on different bin widths used in other 

vegetation reconstructions. 
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Section S20: Median reconstructed tree cover on upper and lower age model ranges 

There is uncertainty associated with the dates used to construct age-depth models for the pollen records, 

and this is promulgated into uncertainties assigned to the sample ages in the age model. We investigated 

the implications of this uncertainty on median tree cover through time, by recalculating median tree 

cover based on the interquartile ranges of age model values (see Fig. S21). The lower quartile median 

value represents the 25% lower estimate of ages for each sample (older), with the upper quartile 

representing the 75% upper estimate of ages (younger). Due to the binning approach however, the 

impact of using different age model values for each sample is minimal. As Zanon et al. (2018) was 

published prior to the development of INTCAL20 (Reimer et al., 2020) and Marine20 (Heaton et al., 

2020) calibration curves, some differences between our tree cover reconstructions may reflect 

differences in age models. Similarly, Serge et al. (2023) use the author’s original age models, or those 

published in earlier datasets. Again, this use of different age models may have an impact on the 

comparison between median tree cover reconstructions. 

 
Figure S21: Median reconstructed tree cover for Europe from 12,000 to 0 cal. BP, calculated using different fossil sample age 

model estimates 
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Section S21: Median tree cover reconstructions based on grid cell averages 

Comparisons of the median tree cover from our reconstructions with those from the Serge et al. (2023) 

and Zanon et al. (2018) data (Fig. 8) are based on individual pollen record locations. However, as the 

data from the other reconstructions are grid cell averages, the calculation of the median tree cover 

through time will include multiple instances of individual grid cells, where record locations share a 

single grid cell. This is more likely for the Serge et al. (2023) data, where reconstructions are based on 

larger 1º grid cells. To test the potential implications of multiple fossil record locations being within a 

single grid cell, Fig. S22 shows median tree cover values for these other reconstructions, but based on 

single values for each overlapping grid cell. Although the general trend of the tree cover medians 

remains the same, there is a slight increase in median tree cover values for the median reconstructions 

based on the data from Serge et al. (2023) and Zanon et al. (2018).   

 
Figure S22: Median reconstructed tree cover for Europe from 12,000 to 0 cal. BP, with reconstructions for Serge et al. (2023) 

and Zanon et al. (2018) data based on grid cell averages rather than record values. Smoothed lines reflect LOESS fitted 

regression with 1000-year halfwidth. 
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Section S22: Median tree cover reconstructions based on the Atlantic, Boreal, Continental and 
Mediterranean biogeographical regions only 

Limiting the data to records within the Atlantic, Boreal, Continental and Mediterranean regions has a 

limited effect on pan-European median tree cover reconstructions (Fig. S23).  

 
Figure S23: Mean reconstructed tree cover for Europe from 12,000 to 0 cal. BP, based on records within the Atlantic, Boreal, 

Continental and Mediterranean biogeographical regions only. Smoothed lines reflect LOESS fitted regression with 1000-year 

halfwidth.
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