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SUPPLEMENTARY MATERIALS : “Asymmetric response of Forest and Grassy biomes to climate variability 1 

across the African Humid Period: influenced by anthropogenic disturbance?”  2 

 3 

 4 

Vegetation groups for the ‘indirect’ method 5 

 For supplementary analysis using the indirect method, five mutually exclusive taxa groups were assigned. 6 

Each group is primarily re 7 

presentative of one biome, but may also be found in other biomes: (a)  F: forest, (b) FS: savanna, but may 8 

also occur in forest, (c) FSst: steppe, but may also occur in forest and savanna, (d) FSstD: desert, but may 9 

also occur in forest, savanna, and steppe, (e)  FSstDx: xeric, but may also occur in all other groups. 10 

Information about vegetation groups and which taxa were included (PFT_conflict = 0 or 0.5; 11 

indirect_status = “analyzed”) or excluded (PFT_conflict = 1; indirect_status = “not analyzed”) from indirect 12 

analyses is detailed in Appendix 9 (Phelps et al., 2019a). For example, African Acacia without species 13 

identification was excluded from indirect analyses because conflict between PFT assignments 14 

(“PFT_conflict” = 1) made it impossible to assign Acacia to a mutually exclusive vegetation group; 15 

oppositely, Uapaca without species identification could be attributed to one mutually exclusive vegetation 16 

group (“F_S” ), and was therefore included. 17 

 18 

In order to calculate the relative vegetation percentages of each group, the same analyses were 19 

performed on each sample, as in the direct method, by calculating the proportion of the pollen sum that 20 

belongs to each vegetation group. As with the direct method, the pollen sum only includes taxa utilized in 21 

our analyses, i.e., those taxa that were selected for the vegetation groups. These relative vegetation 22 

percentages were then linearly interpolated on a yearly basis between samples, and separated into 100-23 

year time intervals. After separation, a mean vegetation percentage was assigned to each core in a given 24 

time interval. 25 

  26 

During climatic envelope quantification, the indirect method requires extra steps to isolate the results into 27 

individual vegetation groups, e.g., in order to isolate ‘st’ from ‘FSst’ or ‘x’ from ‘FSstDx’. This was done by 28 

taking the difference between the scores of the original groups: for example, to isolate steppe, we 29 

calculated the following, then reassigned all negative values to zero: 30 

st = FSst - FS - F 31 

 32 

The climatic envelopes of desert and xeric taxa 33 

Due to conflicting results between analyses, caution should be taken when interpreting trends from xeric 34 

and desert climatic envelopes. This conflict is not surprising, because the appearance of extensive desert 35 

biomes is likely to be highest when fossil pollen data are least likely to preserve. For all analyses of desert 36 

vegetation, one consistent increase in extent and density was observed, coinciding with the Younger Dryas 37 

(Fig. A5a). The climatic envelope trends observed for xeric-dominated landscapes (Fig. A5) are likely to be 38 

affected by increasing average abundances of forest pollen (Fig. A7), which in turn, could reflect increasing 39 

atmospheric CO2 levels (Fig. 1; e.g. Norby et al., 2005; Keenan et al., 2013; Prentice & Harrison, 2009; Jolly 40 

& Haxeltine, 1997). Despite these cautions, it should be noted that both the extent and density of the xeric 41 

envelope spiked anomalously across analyses c. 9000 BP (Fig. A5d). Indirect methods show that the 42 

climatic extent and density of savanna peaked at the same time, just after 9000 BP (Fig. A5d).  43 

 44 

Methodological limitations 45 

In this study we utilize two different methodological approaches (direct, indirect). To supplement our 46 

analyses using TraCE-21ka information, we also test the robustness of our model with auxiliary 47 
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exploration of the model using present-day WorldClim data, whereby the same climate data is used to 48 

define and calibrate the climate space for each time interval (Fick et al., 2017; for input variables, see 49 

Table A4). We do this because each presents benefits and drawbacks, and by analyzing all of these, we 50 

can focus on the most robust results across all types of analysis. The direct methodological approach, for 51 

example, relies on much fewer taxa than the indirect method: this is a potential drawback because the 52 

results may be less representative of an entire vegetation biome, whereas the indirect method is more 53 

likely to reflect the entire biome through considering higher numbers of taxa. In contrast, the direct 54 

method may be more accurately sensitive to and representative of changes in climatic drivers, whereas 55 

the indirect method may lack sensitivity and introduce confounding ecological factors because of its 56 

reliance on the ‘difference’ between many different types of taxa with different pollen dispersal habits: 57 

this is likely reflected in the contrasting results observed for the forest envelope, between direct and 58 

indirect methods c. 4500 BP (Fig. A5). In addition, a suite of different issues are associated with each set of 59 

climate information: modern-day WorldClim data clearly fails to capture past changes in the climate 60 

gradient and may consequently amplify or underestimate climatically insignificant changes in geographic 61 

space; however, it is more likely to reflect fine-scale climatic changes, for example, those that result from 62 

altitudinal differences. While modeled climate information is expected to more accurately represent past 63 

climates, it is also prone to inaccuracies: for example, the TraCE-21ka simulation, as well as the latest 64 

PMIP3/CMIP5 models, are unable to accurately simulate the magnitude of the observed precipitation 65 

anomalies during the AHP, causing the northern extent of the mid-Holocene African monsoon to be 66 

underestimated (Harrison et al., 2014, 2015; Perez-Sanz et al., 2014; Shanahan et al., 2015). For this 67 

reason, gridded precipitation variables contain some NA values, for which it was necessary to exclude 68 

associated occurrence records. 69 

  70 

Additional limitations include the effects of pollen transport on subfossil pollen records, although this is 71 

likely to be limited somewhat because occurrence records are weighted by relative pollen percentages. In 72 

addition, the biomization schemes utilized in this study are not adequately representative of the highly 73 

endemic taxa of southern Africa. Generally speaking, our findings should not be used to interpret change 74 

at fine spatial scales, due to the coarse resolution of our study and the uncertainties associated with the 75 

utilized climate information (see Fig. A8 for average radiocarbon date uncertainties). Because our 76 

interpolations are climatically resolved, individual sites may show divergent trends from the climatic 77 

‘norm’. This is especially pertinent for areas of rapid change, e.g. mountains, for which coarse resolution 78 

of some analyses are not representative. 79 

  80 

Two limitations to the use of pollen-based records for biogeographical analyses include spatial and 81 

temporal aggregation. Subfossil pollen records are an incomplete subset of true historical vegetation 82 

biodiversity (e.g. Blarquez et al., 2014; Birks et al., 2016), with a study site containing only a nested spatial 83 

aggregation of pollen transported across multiple scales (e.g. Solomon & Silkworth, 1986; Mustaphi et al., 84 

2017). For these analyses, it is therefore important to acknowledge that finer-scale geographic features on 85 

the African continent remain aggregated into the resolution of available pollen records, such as wetlands, 86 

riverine forests, kopjes, and cliff faces, which cannot be filtered out of the datasets. But the contribution of 87 

these features to biodiversity patterns, biogeographical expansion, and contraction, and long-term 88 

resilience of African ecosystems is well established. 89 

 90 

Future applications 91 

Future applications of our methodology include data-model comparisons, e.g., to evaluate differences 92 

between climate models, to produce reconstructions of plant biodiversity (albeit the relationship between 93 

pollen-assemblage richness and floristic richness is not straightforward: e.g. Birks et al., 2016; Goring et 94 
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al., 2013; Blarquez et al., 2014), to produce continental-scale reconstructions of leaf area index through 95 

comparisons between fossil indicators (pollen data, phytoliths, and carbon isotopes; Aleman et al., 2012), 96 

and to make comparison with phytolith-based reconstructions of grassland (e.g., tall or short grasses 97 

discriminated by phytolith index as in Alexandre et al., 1997). In addition, chronologies may be improved 98 

in the future by incorporating uncertainty intervals, i.e, through the use Bayesian methods (i.e., BACON: 99 

Blaauw & Christen, 2011), which permit analyses of the timing of key events (Parnell et al., 2008): e.g., 100 

precise differences in the timing of climate, vegetation and land use changes could be clarified during 101 

critical time periods, such as the termination of the AHP. In addition, large-scale analyses provide a 102 

general trend by which to compare findings at individual sites. 103 

______________________________________________________________________________________ 104 

 105 

 106 

APPENDICES (captions) 107 

 108 

Appendices are available at https://doi.pangaea.de/10.1594/PANGAEA.905309 (Phelps et al., 2019a). 109 

 110 

Appendix 1: a list of collated sites from the APD, EPD, and other publications (csv file). 111 

Appendix 2: a list of collated entities from the APD, EPD, and other publications (csv file). 112 

Appendix 3: a list of citations for each entity in appendix 2, whether analyzed or not (csv file). 113 

Appendix 4: a harmonized taxa list with original taxa names and numbers (csv file). 114 

Appendix 5: a list of collated samples from the APD, EPD, and other publications (csv file). 115 

Appendix 6: a list of counts from the APD, EPD, ACER, and other publications (csv file). 116 

Appendix 7: a list of radiocarbon (14C) dates from the APD, EPD, ACER, and other publications (csv file). 117 

Appendix 8: a list of CLAM outputs calculated (Blaauw, 2010) from the list of radiocarbon dates (csv file). 118 

Appendix 9: a harmonized biomization scheme for “direct” and “indirect” methods (csv file). 119 

 120 

For use of these datasets, associated publications (see appendix 3) and databases should be cited. 121 

(1) African Pollen Database (APD: Vincens et al., 2007: http://fpd.sedoo.fr/fpd/bibli.do) 122 

(2) European Pollen Database (EPD: Fyfe et al., 2009: http://www.europeanpollendatabase.net/getdata/) 123 

(3) ACER Pollen and Charcoal Database (Sánchez Goñi et al., 2017) 124 

 125 

Information was also added to these appendices in association with the following publications (note: 126 

information was extracted from publications and/or contributed by authors): Brenac, 1988; Burrough & 127 

Willis, 2015; Chase et al., 2015b; Cheddadi et al., 2015, 2016, 2017; Cordova et al., 2017; Giresse et al., 128 

1994; Lim et al., 2016; Maley, 1991; Maley & Brenac, 1998; Metwally et al., 2014; Quick et al., 2016, 2018; 129 

Valsecchi et al., 2013; Waller et al., 2007. The harmonized biomization scheme (Appendix 9), is based on 130 

six primary publications: Jolly et al., 1998b; Elenga et al., 2000; Vincens et al., 2006; Vincens et al., 2007; 131 

Lebamba et al., 2009; Lézine et al., 2009, with reference to the African Plant Database (version 3.4.0). 132 

 133 

 134 

 135 

 136 
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 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

Table A1: Summary of taxa associated with direct analyses of forest and grassy biome vegetation groups, 
harmonized from African biomization schemes (see Appendix 9 in Phelps et al., 2019a for more detail).  
 

 
 

FOREST GRASSY BIOMES
GROUP FAMILY GENUS SPECIES GROUP FAMILY GENUS SPECIES
Angiosperms Acanthaceae Acanthus Angiosperms Acanthaceae Duosperma
Angiosperms Acanthaceae Anisotes Angiosperms Acanthaceae Dyschoriste
Angiosperms Acanthaceae Brachystephanus Angiosperms Acanthaceae Justicia odora
Angiosperms Acanthaceae Hygrophila Angiosperms Amaranthaceae Aerva
Angiosperms Acanthaceae Mimulopsis Angiosperms Amaranthaceae Digera muricata
Angiosperms Achariaceae Scottellia klaineana Angiosperms Amaranthaceae Suaeda
Angiosperms Alismataceae Limnophyton Angiosperms Amaranthaceae Volkensinia prostrata
Angiosperms Amaranthaceae Alternanthera Angiosperms Amaryllidaceae Haemanthus
Angiosperms Amaranthaceae Sericostachys scandens Angiosperms Araceae Lemna
Angiosperms Anacardiaceae Antrocaryon Angiosperms Arecaceae Borassus aethiopum
Angiosperms Anacardiaceae Pseudospondias microcarpa Angiosperms Arecaceae Borassus
Angiosperms Anacardiaceae Pseudospondias Angiosperms Arecaceae Borassus/Hyphaene
Angiosperms Anacardiaceae Sorindeia juglandifolia Angiosperms Arecaceae Hyphaene
Angiosperms Anacardiaceae Sorindeia madagascariensis Angiosperms Boraginaceae Trichodesma
Angiosperms Anacardiaceae Sorindeia Angiosperms Burseraceae Commiphora edulis
Angiosperms Anacardiaceae Trichoscypha arborea Angiosperms Campanulaceae Lobelia
Angiosperms Anacardiaceae Trichoscypha Angiosperms Capparaceae Capparis decidua
Angiosperms Annonaceae Cleistopholis patens Angiosperms Caryophyllaceae Gymnocarpos sclerocephalus
Angiosperms Aphloiaceae Aphloia theiformis Angiosperms Caryophyllaceae Polycarpon prostratum
Angiosperms Apocynaceae Alstonia boonei Angiosperms Cleomaceae Cleome brachycarpa
Angiosperms Apocynaceae Alstonia congensis Angiosperms Commelinaceae Commelina ramulosa
Angiosperms Apocynaceae Alstonia Angiosperms Compositae Ambrosia maritima
Angiosperms Apocynaceae Funtumia Angiosperms Compositae Ambrosia
Angiosperms Apocynaceae Isonema smeathmannii Angiosperms Compositae Baccharoides schimperi
Angiosperms Apocynaceae Pleiocarpa Angiosperms Compositae Centaurea perottetii
Angiosperms Apocynaceae Rauvolfia vomitoria Angiosperms Compositae Dendrosenecio
Angiosperms Apocynaceae Rauvolfia Angiosperms Convolvulaceae Hildebrandtia obcordata
Angiosperms Apocynaceae Tabernaemontana Angiosperms Euphorbiaceae Jatropha
Angiosperms Apocynaceae Tacazzea apiculata Angiosperms Lamiaceae Plectranthus otostegioides
Angiosperms Aquifoliaceae Ilex mitis Angiosperms Leguminosae Bauhinia reticulata
Angiosperms Araliaceae Polyscias fulva Angiosperms Leguminosae Canavalia
Angiosperms Araliaceae Polyscias Angiosperms Leguminosae Delonix
Angiosperms Araliaceae Schefflera abyssinica Angiosperms Leguminosae Senna italica
Angiosperms Araliaceae Schefflera barteri Angiosperms Leguminosae Stylosanthes fruticosa
Angiosperms Araliaceae Schefflera myriantha Angiosperms Leguminosae Vatovaea pseudolablab
Angiosperms Araliaceae Schefflera volkensii Angiosperms Malpighiaceae Caucanthus
Angiosperms Araliaceae Schefflera Angiosperms Malvaceae Corchorus fascicularis
Angiosperms Arecaceae Calamus deerratus Angiosperms Malvaceae Hermannia
Angiosperms Arecaceae Cocos nucifera Angiosperms Malvaceae Waltheria
Angiosperms Arecaceae Eremospatha Angiosperms Menispermaceae Cocculus hirsutus
Angiosperms Arecaceae Laccosperma secundiflorum Angiosperms Moraceae Dorstenia foetida
Angiosperms Arecaceae Laccosperma Angiosperms Nyctaginaceae Boerhavia
Angiosperms Arecaceae Phoenix reclinata Angiosperms Ranunculaceae Ranunculus
Angiosperms Arecaceae Podococcus barteri Angiosperms Rubiaceae Coptosperma graveolens
Angiosperms Arecaceae Raphia Angiosperms Rubiaceae Ixora brachypoda
Angiosperms Arecaceae Sclerosperma Angiosperms Rubiaceae Kohautia
Angiosperms Asparagaceae Dracaena afromontana Angiosperms Rubiaceae Spermacoce radiata
Angiosperms Asparagaceae Dracaena steudneri Angiosperms Salicaceae Salix mucronata
Angiosperms Balsaminaceae Impatiens Angiosperms Salvadoraceae Azima tetracantha
Angiosperms Betulaceae Alnus Angiosperms Zygophyllaceae Balanites rotundifolia
Angiosperms Betulaceae Betula Pteridophytes Anemiaceae Mohria
Angiosperms Betulaceae Carpinus betulus
Angiosperms Betulaceae Carpinus orientalis Families in forest Genera in forest
Angiosperms Betulaceae Carpinus & grassy biomes & grassy biomes
Angiosperms Burseraceae Canarium
Angiosperms Burseraceae Dacryodes
Angiosperms Burseraceae Santiria trimera
Angiosperms Caryophyllaceae Drymaria cordata
Angiosperms Celastraceae Salacia senegalensis
Angiosperms Chrysobalanaceae Maranthes Angiosperms Euphorbiaceae Mallotus oppositifolius
Angiosperms Clusiaceae Garcinia gnetoides Angiosperms Euphorbiaceae Neoboutonia macrocalyx
Angiosperms Clusiaceae Garcinia volkensii Angiosperms Euphorbiaceae Plagiostyles africana
Angiosperms Clusiaceae Pentadesma butyracea Angiosperms Euphorbiaceae Tetrorchidium
Angiosperms Clusiaceae Symphonia globulifera Angiosperms Euphorbiaceae Tragia
Angiosperms Compositae Brachylaena Angiosperms Fagaceae Quercus ilex
Angiosperms Compositae Crassocephalum montuosum Angiosperms Fagaceae Quercus pubescens
Angiosperms Compositae Tarchonanthus camphoratus Angiosperms Fagaceae Quercus suber
Angiosperms Connaraceae Cnestis Angiosperms Fagaceae Quercus
Angiosperms Cornaceae Alangium chinense Angiosperms Haloragaceae Laurembergia tetrandra
Angiosperms Cornaceae Cornus volkensii Angiosperms Hamamelidaceae Trichocladus ellipticus
Angiosperms Dilleniaceae Tetracera alnifolia Angiosperms Humiriaceae Sacoglottis gabonensis
Angiosperms Eriocaulaceae Angiosperms Hydrocharitaceae
Angiosperms Euphorbiaceae Alchornea cordifolia Angiosperms Hypericaceae Harungana
Angiosperms Euphorbiaceae Alchornea Angiosperms Hypericaceae Psorospermum febrifugum
Angiosperms Euphorbiaceae Anthostema senegalense Angiosperms Icacinaceae Apodytes dimidiata
Angiosperms Euphorbiaceae Anthostema Angiosperms Icacinaceae Iodes
Angiosperms Euphorbiaceae Erythrococca africana Angiosperms Icacinaceae Rhaphiostylis
Angiosperms Euphorbiaceae Klaineanthus gaboniae Angiosperms Irvingiaceae Irvingia gabonensis
Angiosperms Euphorbiaceae Macaranga capensis Angiosperms Irvingiaceae
Angiosperms Euphorbiaceae Macaranga kilimandscharica Angiosperms Juglandaceae Juglans
Angiosperms Euphorbiaceae Macaranga monandra Angiosperms Leguminosae Afzelia
Angiosperms Euphorbiaceae Macaranga Angiosperms Leguminosae Anthonotha
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Angiosperms Leguminosae Baphia Angiosperms Phyllanthaceae Pentabrachion reticulatum
Angiosperms Leguminosae Baphiopsis parviflora Angiosperms Phyllanthaceae Phyllanthus rivae
Angiosperms Leguminosae Berlinia Angiosperms Phyllanthaceae Thecacoris
Angiosperms Leguminosae Calpocalyx klainei Angiosperms Phyllanthaceae Uapaca guineensis
Angiosperms Leguminosae Calpocalyx letestui Angiosperms Phyllanthaceae Uapaca heudelotii
Angiosperms Leguminosae Calpocalyx Angiosperms Phyllanthaceae Uapaca kirkiana
Angiosperms Leguminosae Crudia gabonensis Angiosperms Phyllanthaceae Uapaca nitida
Angiosperms Leguminosae Dialium guineense Angiosperms Phyllanthaceae Uapaca paludosa
Angiosperms Leguminosae Distemonanthus benthamianus Angiosperms Phyllanthaceae Uapaca staudtii
Angiosperms Leguminosae Gilbertiodendron Angiosperms Picrodendraceae Oldfieldia
Angiosperms Leguminosae Guibourtia demeusei Angiosperms Plantaginaceae Plantago africana
Angiosperms Leguminosae Guibourtia Angiosperms Primulaceae Rapanea
Angiosperms Leguminosae Hylodendron gabunense Angiosperms Ranunculaceae Stipularia africana
Angiosperms Leguminosae Hymenostegia pellegrinii Angiosperms Rhizophoraceae Anopyxis klaineana
Angiosperms Leguminosae Isoberlinia Angiosperms Rosaceae Hagenia abyssinica
Angiosperms Leguminosae Julbernardia paniculata Angiosperms Rosaceae Prunus africana
Angiosperms Leguminosae Julbernardia seretii Angiosperms Rubiaceae Aidia micrantha
Angiosperms Leguminosae Julbernardia Angiosperms Rubiaceae Aidia
Angiosperms Leguminosae Loesenera Angiosperms Rubiaceae Canthium
Angiosperms Leguminosae Mimosa pigra Angiosperms Rubiaceae Chassalia kolly
Angiosperms Leguminosae Pentaclethra eetveldeana Angiosperms Rubiaceae Chassalia
Angiosperms Leguminosae Pentaclethra macrophylla Angiosperms Rubiaceae Coffea
Angiosperms Leguminosae Pentaclethra Angiosperms Rubiaceae Crossopteryx
Angiosperms Leguminosae Piptadeniastrum africanum Angiosperms Rubiaceae Cuviera
Angiosperms Leguminosae Piptadeniastrum Angiosperms Rubiaceae Fleroya ledermannii
Angiosperms Leguminosae Pterolobium stellatum Angiosperms Rubiaceae Fleroya
Angiosperms Leguminosae Tetrapleura tetraptera Angiosperms Rubiaceae Gaertnera paniculata
Angiosperms Leguminosae Tetrapleura Angiosperms Rubiaceae Gaertnera
Angiosperms Leguminosae Xylia Angiosperms Rubiaceae Galiniera saxifraga
Angiosperms Leguminosae (Papilionoideae) Angiosperms Rubiaceae Ixora
Angiosperms Linaceae Hugonia platysepala Angiosperms Rubiaceae Oligocodon cunliffeae
Angiosperms Linaceae Hugonia Angiosperms Rubiaceae Pausinystalia macroceras
Angiosperms Linaceae Angiosperms Rubiaceae Pavetta abyssinica
Angiosperms Malvaceae Byttneria Angiosperms Rubiaceae Pentodon pentandrus
Angiosperms Malvaceae Ceiba pentandra Angiosperms Rubiaceae Pouchetia
Angiosperms Malvaceae Cola cordifolia Angiosperms Rubiaceae Psydrax schimperiana
Angiosperms Malvaceae Nesogordonia Angiosperms Rubiaceae Psydrax subcordata
Angiosperms Malvaceae Tilia Angiosperms Rubiaceae Rothmannia
Angiosperms Malvaceae Triplochiton scleroxylon Angiosperms Rubiaceae Sabicea
Angiosperms Meliaceae Carapa procera Angiosperms Rubiaceae Sherbournia bignoniiflora
Angiosperms Meliaceae Ekebergia Angiosperms Rubiaceae Sherbournia
Angiosperms Meliaceae Entandrophragma Angiosperms Rubiaceae Uncaria africana
Angiosperms Meliaceae Khaya Angiosperms Rutaceae Afraegle paniculata
Angiosperms Meliaceae Trichilia emetica Angiosperms Rutaceae Citrus
Angiosperms Melianthaceae Bersama abyssinica Angiosperms Rutaceae Clausena anisata
Angiosperms Menispermaceae Tiliacora funifera Angiosperms Rutaceae Vepris dainellii
Angiosperms Menispermaceae Tiliacora Angiosperms Rutaceae Vepris nobilis
Angiosperms Monimiaceae Ephippiandra Angiosperms Rutaceae Zanthoxylum usambarense
Angiosperms Moraceae Antiaris toxicaria Angiosperms Salicaceae Casearia
Angiosperms Moraceae Chlorophora Angiosperms Salicaceae Homalium
Angiosperms Moraceae Dorstenia kameruniana Angiosperms Sapindaceae Acer
Angiosperms Moraceae Dorstenia Angiosperms Sapindaceae Aphania senegalensis
Angiosperms Moraceae Milicia excelsa Angiosperms Sapindaceae Aporrhiza
Angiosperms Moraceae Treculia africana Angiosperms Sapindaceae Eriocoelum macrocarpum
Angiosperms Moraceae Treculia Angiosperms Sapindaceae Eriocoelum
Angiosperms Moraceae Trilepisium madagascariense Angiosperms Sapindaceae Lecaniodiscus
Angiosperms Myristicaceae Pycnanthus angolensis Angiosperms Sapindaceae Lepisanthes senegalensis
Angiosperms Myristicaceae Pycnanthus Angiosperms Sapindaceae Pancovia bijuga
Angiosperms Ochnaceae Campylospermum Angiosperms Sapindaceae Pancovia
Angiosperms Ochnaceae Lophira alata Angiosperms Sapindaceae Zanha golungensis
Angiosperms Ochnaceae Sauvagesia Angiosperms Sapotaceae Chrysophyllum
Angiosperms Olacaceae Coula edulis Angiosperms Sapotaceae Englerophytum
Angiosperms Olacaceae Heisteria Angiosperms Sapotaceae Mimusops kummel
Angiosperms Olacaceae Olax dissitiflora Angiosperms Simaroubaceae Brucea antidysenterica
Angiosperms Olacaceae Olax Angiosperms Simaroubaceae Brucea
Angiosperms Olacaceae Strombosia scheffleri Angiosperms Sladeniaceae Ficalhoa laurifolia
Angiosperms Olacaceae Strombosia Angiosperms Stilbaceae/Sladeniaceae
Angiosperms Olacaceae Angiosperms Thymelaeaceae Gnidia
Angiosperms Oleaceae Fraxinus Angiosperms Ulmaceae Chaetachme aristata
Angiosperms Oleaceae Jasminum abyssinicum Angiosperms Ulmaceae Chaetachme
Angiosperms Oleaceae Olea capensis Angiosperms Ulmaceae Holoptelea grandis
Angiosperms Oleaceae Olea capensis macrocarpa Angiosperms Urticaceae Laportea aestuans
Angiosperms Oleaceae Olea europaea Angiosperms Urticaceae Musanga/Myrianthus
Angiosperms Oleaceae Phillyrea Angiosperms Urticaceae Myrianthus arboreus
Angiosperms Pandaceae Microdesmis Angiosperms Urticaceae Myrianthus holstii
Angiosperms Pandanaceae Pandanus candelabrum Angiosperms Urticaceae Myrianthus serratus
Angiosperms Pandanaceae Pandanus Angiosperms Urticaceae Pilea bambuseti
Angiosperms Passifloraceae Adenia lobata Angiosperms Urticaceae/Moraceae
Angiosperms Phyllanthaceae Antidesma venosum Angiosperms Vitaceae Leea guineense
Angiosperms Phyllanthaceae Bridelia Gymnosperms Podocarpaceae Podocarpus latifolius
Angiosperms Phyllanthaceae Cleistanthus polystachyus Gymnosperms Podocarpaceae Podocarpus milanjianus
Angiosperms Phyllanthaceae Cleistanthus Gymnosperms Podocarpaceae Podocarpus
Angiosperms Phyllanthaceae Martretia quadricornis Pteridophytes Lygodiaceae Lygodium microphyllum
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Table A2: Percentage contribution of climate variables to explained 
variance of PCA axes one and two. 

 

 147 
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Table A3: TraCE-21ka variable correlations: highly correlated variables are shaded in orange (> |0.7|). 
Variable names are indicated below. 
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Table A4: WorldClim (version 2: Fick et al. 2017) variable correlations: highly correlated variables are 
shaded in orange (> |0.7|). Variable names are indicated below. 
 

 

 151 
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SUPPLEMENTARY FIGURES 152 

 
Figure A1:  
Flowcharts of the 
methodological 
process used to 
analyze subfossil 
pollen records in this 
study: flowchart (a) 
describes the grouping 
of vegetation from 
plant functional types, 
the calculation of 
relative percentages 
for each group, and 
age depth modeling. 
Flowchart (b) describes 
the process used to 
quantify temporal 
changes in vegetation 
envelopes. 
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Figure A3: Correlation 
circles demonstrate 
the direction of each 
climate variable 
plotted in climate 
space for TraCE-21ka 
climate information 
(top) pooled across all 
time periods, and 
modern-day 
WorldClim data 
(bottom). 

 

Figure A2: The 
number of pollen 
records utilized for 
each time interval 
using direct and 
indirect methods, 
TraCE-21ka climate 
information, and 
Modern-day 
WorldClim data 
(WC). 
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Figure A4: Climatic envelope overlap between forest and grassy biomes mapped in climate space using the direct 
methodological approach (a); envelope overlap between forest and savanna using the indirect methodological 
approach (b); and envelope overlap between forest and steppe using the indirect methodological approach (c). 
All analyses were performed with TraCE-21ka climate information using the ECOSPAT package in R (‘ecospat’ 
package in R: for further methodological information, see Broennimann et al., 2012). Numbers indicate years 
before present (BP). For visualizations of more time intervals, see Movie S8a; for savanna and overlapping area 
with forest, see Movie S8b.  
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Figure A5:  
D-metrics 
(Dden, Dbin) 
measure the 
overlap 
between 
vegetation 
categories and 
the background 
African climate 
space. Values 
are plotted 
from the last 
glacial period 
until recent 
times at 100-
year intervals, 
using direct and 
indirect 
methods. In 
addition to 
TraCE-21ka 
climate 
information, 
WorldClim 
analyses 
provide an 
auxiliary 
exploration of 
the model for 
robustness 
and enhanced 
interpretation 
of results.  
 
 

 155 
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Figure A6a: Climatic envelopes projected into geographic space using the direct methodology and repeated, 
modern-day WorldClim information (white background). Note: desert was excluded due to lack of records. 

 156 

 157 

 

Figure A6b: Climatic envelopes projected into geographic space using the direct methodology and TraCE-21ka 
climate information (white background). 

 158 
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Figure A6c: Climatic envelopes projected into geographic space using the indirect methodology and repeated, 
modern-day WorldClim information (white background). 

 159 

 

Figure A6d: Climatic envelopes projected into geographic space using the indirect methodology and TraCE-21ka 
climate information (white background). 



14 

 160 

 161 
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 163 

 164 

 165 

 
 
 

 
 
Figure A7: The relative pollen abundance for each vegetation type, averaged across all sites for each time interval 

 
 
 
Figure A8: raw radiocarbon carbon dates plotted from past to present with associated error ranges. Red line 
indicates average radiocarbon error at 100-year time intervals, always lower than 900 years. 
 
 
 
 
 
asdfasdf 
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MOVIES (captions) 166 

 167 

Movies files are accessible at https://doi.pangaea.de/10.1594/PANGAEA.905979 (Phelps et al., 2019b). 168 

For all mapped movies (Movie S1 - S6), white circles indicate the presence of a pollen record; blue dots 169 

indicate archaeological remains of wild terrestrial ungulates; and red dots indicate the remains of 170 

domestic animals. The distribution of the faunal remains was based on summed probability distributions 171 

of radiocarbon dates at 100-year time intervals (see Phelps et al., 2020 for further methodological 172 

information). 173 

 174 

Movie S1a: The climatic envelope of forest mapped at 100-year intervals, using the direct methodology 175 

with WorldClim data (black background). 176 

 177 

Movie S1b: The climatic envelope of forest mapped at 100-year intervals, using the direct methodology 178 

with WorldClim data (white background). 179 

 180 

Movie S1c: The climatic envelope of forest mapped at 100-year intervals, using the direct methodology 181 

with TraCE-21ka climate information (black background). 182 

 183 

Movie S1d: The climatic envelope of forest taxa mapped at 100-year intervals, using the direct 184 

methodology with TraCE-21ka climate information (white background). 185 

 186 

Movie S1e: The climatic envelope of forest taxa mapped at 100-year intervals, using the indirect 187 

methodology, WorldClim data (black background). 188 

 189 

Movie S1f: The climatic envelope of forest taxa mapped at 100-year intervals, using the indirect 190 

methodology, WorldClim data (white background). 191 

 192 

Movie S1g: The climatic envelope of forest taxa mapped at 100-year intervals, using the indirect 193 

methodology, TraCE-21ka climate information (black background). 194 

 195 

Movie S1h: The climatic envelope of forest taxa mapped at 100-year intervals, using the indirect 196 

methodology, TraCE-21ka climate information (white background). 197 

______________________________________________________________________________________ 198 

 199 

Movie S2a: The climatic envelope of grassy biomes (savanna- and steppe-associated taxa) mapped at 200 

100-year intervals, using the direct methodology with WorldClim data (black background). 201 

 202 

Movie S2b: The climatic envelope of grassy biomes (savanna- and steppe-associated taxa) mapped at 203 

100-year intervals, using the direct methodology with WorldClim data (white background). 204 

 205 

Movie S2c: The climatic envelope of grassy biomes (savanna- and steppe-associated taxa) mapped at 100-206 

year intervals, using the direct methodology with TraCE-21ka climate information (black background). 207 

 208 

Movie S2d: The climatic envelope of grassy biomes (savanna- and steppe-associated taxa) mapped at 209 

100-year intervals, using the direct methodology with TraCE-21ka climate information (white 210 

background). 211 

______________________________________________________________________________________ 212 
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 213 

Movie S3a: The climatic envelope of savanna-associated taxa mapped at 100-year intervals, using the 214 

indirect methodology, WorldClim data (black background). 215 

 216 

Movie S3b: The climatic envelope of savanna-associated taxa mapped at 100-year intervals, using the 217 

indirect methodology, WorldClim data (white background). 218 

 219 

Movie S3c: The climatic envelope of savanna-associated taxa mapped at 100-year intervals, using the 220 

indirect methodology, TraCE-21ka climate information (black background). 221 

 222 

Movie S3d: The climatic envelope of savanna-associated taxa mapped at 100-year intervals, using the 223 

indirect methodology, TraCE-21ka climate information (white background). 224 

______________________________________________________________________________________ 225 

 226 

Movie S4a: The climatic envelope of steppe-associated taxa mapped at 100-year intervals, using the 227 

indirect methodology, WorldClim data (black background). 228 

 229 

Movie S4b: The climatic envelope of steppe-associated taxa mapped mapped at 100-year intervals, using 230 

the indirect methodology, WorldClim data (white background). 231 

 232 

Movie S4c: The climatic envelope of steppe-associated taxa mapped mapped at 100-year intervals, using 233 

the indirect methodology, TraCE-21ka climate information (black background). 234 

 235 

Movie S4d: The climatic envelope of steppe-associated taxa mapped mapped at 100-year intervals, using 236 

the indirect methodology, TraCE-21ka climate information (white background). 237 

______________________________________________________________________________________ 238 

 239 

Movie S5a: The climatic envelope of desert-associated taxa mapped mapped at 100-year intervals, using 240 

the direct methodology with WorldClim data (black background). 241 

 242 

Movie S5b: The climatic envelope of desert-associated taxa mapped at 100-year intervals, using the 243 

direct methodology with WorldClim data (white background). 244 

 245 

Movie S5c: The climatic envelope of desert-associated taxa mapped at 100-year intervals, using the direct 246 

methodology with TraCE-21ka climate information (black background). 247 

 248 

Movie S5d: The climatic envelope of desert-associated taxa mapped at 100-year intervals, using the 249 

direct methodology with TraCE-21ka climate information (white background). 250 

 251 

Movie S5e: The climatic envelope of desert-associated taxa mapped at 100-year intervals, using the 252 

indirect methodology, WorldClim data (black background). 253 

 254 

Movie S5f: The climatic envelope of desert-associated taxa mapped at 100-year intervals, using the 255 

indirect methodology, WorldClim data (white background). 256 

 257 

Movie S5g: The climatic envelope of desert-associated taxa mapped at 100-year intervals, using the 258 

indirect methodology, TraCE-21ka climate information (black background). 259 
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 260 

Movie S5h: The climatic envelope of desert-associated taxa mapped at 100-year intervals, using the 261 

indirect methodology, TraCE-21ka climate information (white background). 262 

______________________________________________________________________________________ 263 

 264 

Movie S6a: The climatic envelope of xeric-associated taxa mapped at 100-year intervals, using the direct 265 

methodology with WorldClim data (black background). 266 

 267 

Movie S6b: The climatic envelope of xeric-associated taxa mapped at 100-year intervals, using the direct 268 

methodology with WorldClim data (white background). 269 

 270 

Movie S6c: The climatic envelope of xeric-associated taxa mapped at 100-year intervals, using the direct 271 

methodology with TraCE-21ka climate information (black background). 272 

 273 

Movie S6d: The climatic envelope of xeric-associated taxa mapped at 100-year intervals, using the direct 274 

methodology with TraCE-21ka climate information (white background). 275 

 276 

Movie S6e: The climatic envelope of xeric-associated taxa mapped at 100-year intervals, using the 277 

indirect methodology, WorldClim data (black background). 278 

 279 

Movie S6f: The climatic envelope of xeric-associated taxa mapped at 100-year intervals, using the indirect 280 

methodology, WorldClim data (white background). 281 

 282 

Movie S6g: The climatic envelope of xeric-associated taxa mapped at 100-year intervals, using the 283 

indirect methodology, TraCE-21ka climate information (black background). 284 

 285 

Movie S6h: The climatic envelope of xeric-associated taxa mapped at 100-year intervals, using the 286 

indirect methodology, TraCE-21ka climate information (white background). 287 

_______________________________________________________________________________ 288 

 289 

Movie S7a: Multivariate environmental similarity surface (MESS) analyses plotted in geographic space 290 

using the direct methodology with repeated, modern-day WorldClim data. White areas demonstrate 291 

neutrality: i.e., neither similarity nor dissimilarity. 292 

 293 

Movie S7b: Multivariate environmental similarity surface (MESS) analyses plotted in geographic space 294 

using the direct methodology with TraCE-21ka climate information. White areas demonstrate neutrality: 295 

i.e., neither similarity nor dissimilarity. 296 

 297 

Movie S7c: Multivariate environmental similarity surface (MESS) analyses plotted in geographic space 298 

using the indirect methodology with repeated, modern-day WorldClim data. White areas demonstrate 299 

neutrality: i.e., neither similarity nor dissimilarity. 300 

 301 

Movie S7d: Multivariate environmental similarity surface (MESS) analyses plotted in geographic space 302 

using the indirect methodology with TraCE-21ka climate information. White areas demonstrate 303 

neutrality: i.e., neither similarity nor dissimilarity. 304 

______________________________________________________________________________________ 305 

 306 
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Movie S8a: Climatic envelope overlap between forest and grassy biomes (savanna and steppe) plotted in 307 

climate space. Envelopes were generated using the direct methodology and TraCE-21ka climate 308 

information. Red areas indicate the presence of grassy biomes only, whereas purple indicates overlap 309 

between grassy biomes and forest. For reference to the climatic variables used to define the climate 310 

space, see the TraCE-21ka correlation circle in Figure A2.  311 

 312 

Movie S8b: Climatic envelope overlap between forest and savanna only, plotted in climate space. 313 

Envelopes were generated using the indirect methodology and TraCE-21ka climate information. Red areas 314 

indicate the presence of savanna only, whereas purple indicates overlap between savanna and forest. For 315 

reference to the climatic variables used, see the TraCE-21ka correlation circle in Figure A2. 316 

 317 

 318 

 319 
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