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FIGURES 

Figure S1 

 

Figure S1. Workflow method. The proposed model is organized into four main blocks: raster 
normaliza<on, where MAT, MAP, woodland cover, and slope are standardized to values between 
0 and 1 according to their poten<al for hominin presence; the Rihla algorithm, which integrates 
these variables into a pathfinding procedure and evaluates the reliability of the resul<ng routes; 
connec<vity, based on an inferred base map of trodden paths used to calculate connec<ons 
between archaeological sites and climate zones; and faunal correspondence, assessed through 
the Jaccard index and UPGMA clustering. 

 

Figure S2 

 

Figure S2. Histogram of slopes in the areas of influence of the 26 archaeological sites with 
known coordinates and human presence from the Early Pleistocene. From the 26 
archaeological sites with known coordinates and human presence from the Early Pleistocene 
(see Supplementary Material Text S1), 215,306 slope values were obtained due to each 
archaeological site produced a matrix of 8,281 slope values within an 8 km × 8 km area of 
influence. The slopes of the terrain range from 0° to 90°. This range was divided into 464 
intervals, defined by the square root rule. 

 



4 
 

Figure S3 

 

Figure S3. Example of results for a set (here, set 325). The map shows the result for only one 
set, which corresponds to running the Rihla algorithm 16 <mes on 100 pairs of points (start and 
end). The colors indicate the number of <mes each pixel was trodden in the specific set number 
325. 

 

Figure S4 

 

Figure S4. Division of the 5,000 sets into groups. The 5,000 sets were divided into two groups: 
the Base group (BG) with the first 2,500 sets (1–2,500) and the Test group (TG) with the next 
2,500 sets (2,501–5,000). 
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Figure S5 

 

Figure S5. SyntheQc example of the map normalizaQon process. The original map, called M, 
contains the number of <mes each pixel was trodden. To obtain the normalized map, called MN, 
each value of M, called 𝑚!,#  , is divided by the total sum of all values in M, called ∑𝑚!,#	, following 
Equa<on 1. Thus, each element de MN, called 𝑛𝑚!,# 	, represents the rela<ve propor<on of <mes 
pixel 𝑖, 𝑗 was trodden with respect to the total number of trodden recorded in the map. 

 

Figure S6 

 

 

Figure S6. SyntheQc example of the calculaQon of the degree of similarity (DoS) between two 
normalized maps. The normalized base map, called BMN, and the normalized test map, called 
TMN, are compared pixel by pixel using Equa<on 2. The DoS is obtained as the mean of the ra<os 
between corresponding values of both maps, mul<plied by 100. A DoS value of 100 indicates a 
perfect match between maps, whereas values devia<ng from 100 (either higher or lower) reflect 
greater divergence in the distribu<on of trodden pixels across the two maps. 
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Figure S7 

 

Figure S7. SchemaQc representaQon of the comparison process between normalized base 
maps and normalized test maps. Each BMxN was compared with all TMxN, yielding one Degree 
of Similarity (DoS) value per comparison. For example, BM100N was compared with TM1N to 
TM2500N, resul<ng in 2,500 DoS values. The procedure was repeated for each BM, leading to a 
total of 62,500 comparisons. This figure illustrates the DoS values obtained for selected BMs 
(BM100N, BM200N, …, BM2500N), showing their mean (μ) and standard devia<on (σ). As the 
number of sets increased, the base maps converged toward the test maps, with BM2500N 
(constructed from the maximum number of sets) selected as the reference Base Map (BaM) for 
subsequent analyses. 
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Figure S8 

 

Figure S8. Degree of similarity (DoS) values of selected normalized base maps normalized 
compared with all normalized test maps. BM100N, BM500N, BM1000N, BM1500N, BM2000N, 
and BM2500N were compared against TM1N to TM2500N, resul<ng in 2,500 DoS values per 
BMN. The mean (μ) of the DoS values is shown for each BMN. As the number of sets increases, 
the BMNs converge toward the TMNs, with BM2500N showing the closest agreement (μ=100.4). 
This confirms that BM2500N, generated from the largest number of sets, serves as the most 
reliable reference Base Map (BaM) for subsequent analyses. 

 

Figure S9 

 

 

Figure S9. Boxplot representaQon of the Degree of Similarity (DoS) values obtained when each 
normalized base map was compared with all normalized test maps. Each BM produced 2,500 
DoS values, resul<ng in a total of 62,500 comparisons. The figure illustrates how the DoS 
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decreases and stabilizes as the number of sets increases, reflec<ng the convergence of base 
maps toward test maps. When using the maximum number of sets (2,500), the variability fell 
below 0.4% (DoS=100.4%), confirming BM2500N as the most consistent and reliable reference 
Base Map (BaM) for subsequent analyses. 

 

Figure S10 

 

Figure S10. SyntheQc example of the calculaQon of the buffered base map (BuM). Two 
sequen<al filtering steps were applied to the base map (BaM). First, only pixels with values 
greater than 700 were retained, while all others were set to zero. Second, a buffering opera<on 
was performed, expanding the influence of each retained pixel into a surrounding 8-pixel square. 
All pixels within this neighborhood were assigned the value of the central pixel. These steps 
improved the visualiza<on and spa<al con<nuity of the BaM results, genera<ng the final buffered 
map (BuM). 
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Figure S11 

 

Figure S11. SyntheQc example of the calculaQon of connecQvity maps (CoMs) and the 
percentage of land trodden (PoLT). (a) Example of patch forma<on in a submap, where a patch 
is defined as a group of connected pixels whose trodden density (calculated as the ra<o of the 
cumula<ve trodden values of a pixel and its eight immediate neighbours to the number of pixels 
in the patch) exceeds a predefined threshold. Different colours indicate dis<nct patches. (b) 
Example of PoLT calcula<on for the same submap, obtained as the ra<o between the number of 
trodden pixels and the total number of land pixels. These simplified examples illustrate the 
methodological steps used to generate the 16,630 CoMs and their associated PoLT values. 
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Figure S12 

 

Figure S12. RepresentaQve connecQvity map (CoM) with its corresponding percentage of land 
trodden (PoLT). Each con<nuous patch within the CoM was iden<fied using the connected 
components on mul<label 3D images (cc3d) algorithm, which assigns a unique colour to each 
group of connected pixels. The PoLT was computed as the ra<o of trodden pixels to the total 
number of land pixels. In this example, corresponding to a minimum spa<al trodden density of 
15,666, the calculated PoLT is 21.26%. For clarity, only patches larger than 500 pixels were 
assigned colours other than black, highligh<ng the most significant areas. Archaeological sites 
marked in red are connected, indica<ng that their loca<ons can be traversed via a con<nuous 
path. 
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TABLES 

 

Table S1. Archaeological sites from the Early Pleistocene with known coordinates and evidence 
of human presence. The table lists the 26 sites used for the terrain slope analysis, including their 
loca<on, country, chronological da<ng, da<ng technique(s), geographic coordinates (la<tude, 
longitude), al<tude, and bibliographic reference from which the informa<on was obtained. 
These coordinates served as the basis for downloading the corresponding digital eleva<on 
models (DEMs). 

The file Table S1.xlsx is available for download at the following link: 
h�ps://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing 

 

Table S2. Terrain slope values extracted from the area of influence surrounding each of the 26 
Early Pleistocene archaeological sites. For each archaeological site, a subraster of 91 × 91 pixels 
(approximately 8 km × 8 km) was generated from the DEM, yielding 8,281 slope values per site 
and a total of 215,306 slope values across all sites analysed. The header of each row indicates 
the pixel posi<on rela<ve to the central pixel corresponding to each archaeological site: he first 
value in the parenthesis refers to the horizontal axis (posi<ve to the right), and the second value 
refers to the ver<cal axis (posi<ve downward). 

The file Table S2.xlsx is available for download at the following link: 
h�ps://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing 

 

Table S3. Pixel values of the Base Map (BaM). The row and column headers represent la<tude 
and longitude, respec<vely, in geographic coordinates. Each cell value corresponds to the 
number of <mes the specific pixel was trodden, summing across the first 2,500 sets. 

The file Table S3.xlsx is available for download at the following link: 
h�ps://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing 

 

Table S4. Pixel values of the Buffered Map (BuM). The row and column headers represent 
la<tude and longitude, respec<vely, in geographic coordinates. Each cell value corresponds to 
the number of <mes the specific pixel was trodden, summing across the first 2,500 sets a�er 
applying the filtering procedure to the BaM. This procedure consisted of two sequen<al steps: 
(i) retaining only pixels with values greater than 700, se�ng all others to zero; and (ii) applying a 
buffering opera<on to extend the influence of the retained pixels to their neighbouring areas. 
Each retained pixel was expanded in all direc<ons to form an 8-pixel square, and all pixels within 
this region were assigned the value of the central pixel.  

The file Table S4.xlsx is available for download at the following link: 
h�ps://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing 

 

 

 

https://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing
https://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing
https://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing
https://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing
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Table S5. Presence–absence matrix of faunal assemblages across nine regions (SW Europe, W 
Europe, SE Europe, Ponto-Caspian, Anatolia, Levant, North Africa, E Africa [Shungura], and 
China [Nihewan]). Rows represent regions, and columns represent faunal taxa. Each cell is coded 
as 1 when the taxon is present in the corresponding region and 0 when it is absent. 

The file Table S5.xlsx is available for download at the following link: 
h�ps://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing 
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TEXT 

Text S1: Palaeontological sites used in the analysis of similarity among 
faunal assemblages 

To evaluate the similarity among faunal assemblages from different geographical 
regions during the early Pleistocene, we carried out a correspondence analysis (see 
Methods) that included 76 faunal assemblages (> 5 taxa) corresponding to 69 
palaeontological sites with chronologies between 2.5 and 0.9 Ma (Table S6). From a 
taxonomical point of view, we included 136 genera (Supplementary Information Table 
S5). The goal of this analysis was to assess the similarity between faunal assemblages in 
northern Africa and southwestern Europe.  

The following regions were included (number of faunal assemblages in parentheses) 
(Table S6 and Table S7): southwestern Europe (23), western Europe (11), southeastern 
Europe (6), Ponto-Caspian (4), Anatolian (5), Levant (4), northern Africa (13), the 
Shungura Formation (levels D-L), which is representative of eastern Africa, and the 
Nihewan Basin (8), which is representative of China. 

Despite being relatively modern (0.9 Ma) (Gibert et al., 2016), the site of Cueva Victoria 
(Murcia, SE Iberian Peninsula) was included because it is the only European site where 
the African genus Theropithecus has been recorded (Ferràndez-Cañadell et al., 2014). 

Region Number of sites Number of assemblages 
SW Europe 24 24 
W Europe 9 11 
SE Europe 6 6 
Ponto-Caspian 4 4 
Anatolia 5 5 
Levant 3 4 
N Africa 9 13 
E Africa (Shungura) 1 1 
China (Nihewan Basin) 8 8 
Total 69 76 

Table S6. Number of sites by region included in the similarity analysis. In the case of W Europe, 3 faunal 
assemblages were obtained from Saint Vallier; 2 faunal assemblages were obtained from the Levantine 
site of Ubeidiyya; and 2 faunal assemblages were obtained from the North African sites of Ain Boucherit, 
El Kherba, and Thomas Quarry (see Table S6). For all other sites, 1 faunal assemblage was obtained. 

 

Site Region Chronology (Ma) Reference 

Vallonet Complex III SW Europe 1.1 Michel et al. (2017) 

Slivia SW Europe 2.6-0.78 NOW Community 

Poggio Rosso SW Europe 1.95-1.8 NOW Community 

Pirro Nord SW Europe 1.86-1.13 NOW Community 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-017-10178-4/MediaObjects/41598_2017_10178_MOESM1_ESM.pdf
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Pietrafitta SW Europe 1.9-1.43 NOW Community 

Pantalla SW Europe 2.2 Cherin et al. (2023) 

Olivola SW Europe 2.1-1.98 NOW Community 

Monte Argentario SW Europe 1.9-1.4 NOW Community 

Matassino SW Europe 1.98-1.88 NOW Community 

Farneta SW Europe 1.86-1.68 NOW Community 

Colle Curti SW Europe 2.6-0.78 NOW Community 

Casa Frata SW Europe 2.6-0.78 NOW Community 

La Puebla de Valverde SW Europe 2.5 NOW Community 

Quibas SW Europe 1.1 Rosas et al. (2022) 

Fuente Nueva 3 SW Europe 1.2 
Yravedra et al. 
(2024) 

Barranco León SW Europe 1.46 
Toro-Moyano et al. 
(2013) 

Venta Micena SW Europe 1.6 Luzón et al. (2021) 

Huélago SW Europe 2.5 Alberdi et al. (2001) 

Fonelas P-1 (Trench B) SW Europe 2.0 Arribas et al. (2009) 

Montopoli SW Europe 2.2-2.0 
Bartolini-Lucenti et 
al. (2022) 

Atapuerca TD4-5 SW Europe 1.1-0.8 
Rodríguez-Gómez et 
al. (2022)/NOW 
Community 

Atapuerca TE9 SW Europe 1.2 
Carbonell et al. 
(2008) 

Cueva Victoria SW Europe 0.9 Gibert et al. (2016) 

Almenara-Casablanca 1 SW Europe 2.5-1.9 NOW Community 

Senèze W Europe 2.2-2.1 NOW Community 

Sainzelles W Europe 2.5-1.9 NOW Community 

Saint Vallier Banc LD3 W Europe 2.5-1.9 NOW Community 

Saint Vallier Banc LD2 W Europe 2.5-1.9 NOW Community 

Saint Vallier W Europe 2.5-1.9 NOW Community 

Roca Neyra W Europe 2.5 NOW Community 

https://www.sciencedirect.com/science/article/pii/S027737912300327X?casa_token=wpu0dECqW-wAAAAA:IZ7WYtUeKTIdpkF_k1DfpWNoWC1KiNa7xmmqaJdt724r-0M8WlDzkpOFQkJJUhi683-Qp3-8
https://doi.org/10.54103/2039-4942/16707
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Pardines W Europe 2.5-1.8 NOW Community 

Coupet W Europe 2.5-1.9 NOW Community 

Cornillet 3 W Europe 2.5-1.9 NOW Community 

Chilhac W Europe 2.5-1.9 NOW Community 

Tegelen W Europe 2.4-1.7 
O'Regan & Turner 
(2004) 

Trlica 11-10 SE Europe 1.8-1.2 
Vislobokovan & 
Agadjanian (2016) 

Fântâna lui Mitilan SE Europe 1.6 (1.7-1.5) 
Terhune et al. 
(2020) 

Grăunceanu SE Europe 1.94 (2.05-1.87) 
Terhune et al. 
(2020) 

Vatera SE Europe 2.5-1.9 NOW Community 

Apollonia 1 SE Europe 1.2-1.0 
Koufos (2018) 
(Carnivores) / NOW 
Community 

Tsiotra Vryssi SE Europe 2.4-1.7 
Konidaris et al. 
(2015) 

Dmanisi Ponto-Caspian 1.8 
Cappellini et al. 
(2019) 

Kotsakhuri Ponto-Caspian 2.5-1.9 NOW Community 

Tsalka Ponto-Caspian 2.3-1.5 
Nomade et al. 
(2016) 

Akhalkalaki Ponto-Caspian 0.9-0.7 Tappen et al. (2002) 

Kocabaş Anatolia 1.6-1.2 Rausch et al. (2019) 

Yukarisögutönu Anatolia 1.9-0.01 NOW Community 

Sarikol Tepe Anatolia 2.5-1.9 NOW Community 

Kamisli Anatolia 1.9-0.01 NOW Community 

Dursunlu Anatolia 1.9-0.01 
Güleç et al. 
(2009)/Now 
Community 

Latamne Levant 1.9-0.01 NOW Community 

Evron Quarry Levant 1.14-0.78 NOW Community 

Ubeidiya Levant 1.9-1.2 NOW Community 

https://onlinelibrary.wiley.com/doi/abs/10.1111/j.0031-0239.2004.00400.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.0031-0239.2004.00400.x
https://link.springer.com/article/10.1134/S0031030116020106#citeas
https://link.springer.com/article/10.1134/S0031030116020106#citeas
https://www.sciencedirect.com/science/article/pii/S1040618220303323
https://www.sciencedirect.com/science/article/pii/S1040618220303323
https://www.sciencedirect.com/science/article/pii/S1040618220303323
https://www.sciencedirect.com/science/article/pii/S1040618220303323
https://www.mdpi.com/2571-550X/1/1/6
https://www.mdpi.com/2571-550X/1/1/6
https://www.sciencedirect.com/science/article/pii/S1631068315000706
https://www.sciencedirect.com/science/article/pii/S1631068315000706
https://static-content.springer.com/esm/art%3A10.1038%2Fs41586-019-1555-y/MediaObjects/41586_2019_1555_MOESM1_ESM.pdf
https://static-content.springer.com/esm/art%3A10.1038%2Fs41586-019-1555-y/MediaObjects/41586_2019_1555_MOESM1_ESM.pdf
https://www.sciencedirect.com/science/article/pii/S1040618215005571
https://www.sciencedirect.com/science/article/pii/S1040618215005571
https://www.sciencedirect.com/science/article/pii/S0305440301907976#aep-abstract-id7
https://www.sciencedirect.com/science/article/pii/S0016699519301202
https://www.researchgate.net/profile/Hakan-Yilmaz-18/publication/272173826_The_Lower_Pleistocene_Lithic_Assemblage_from_Dursunlu_Konya_Central_Anatolia_Turkey/links/57b0357808ae0101f178f2b9/The-Lower-Pleistocene-Lithic-Assemblage-from-Dursunlu-Konya-Central-Anatolia-Turkey.pdf
https://www.researchgate.net/profile/Hakan-Yilmaz-18/publication/272173826_The_Lower_Pleistocene_Lithic_Assemblage_from_Dursunlu_Konya_Central_Anatolia_Turkey/links/57b0357808ae0101f178f2b9/The-Lower-Pleistocene-Lithic-Assemblage-from-Dursunlu-Konya-Central-Anatolia-Turkey.pdf
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Ubeidiya Layer II 23 Levant 1.8-1.1 Barash et al. (2023) 

Ain Boucherit AB-Lw N Africa 2.44 Duval et al. (2021) 

Ain Boucherit AB-Up N Africa 1.92 Duval et al. (2021) 

El Kherba N Africa 1.75 Duval et al. (2021) 

El Kherba Puits N Africa 1.75 Duval et al. (2021) 

Ain Hanech N Africa 1.75 Duval et al. (2021) 

Mansourah N Africa 1.8 
Chaid-Saoudi et al. 
(2006) 

Tighenif N Africa 1.0 NOW Community 

Ahl al Oughlam N Africa 2.4-2.0 
Geraads et al. 
(1998) 

Thomas Quarry 1 (HEC) N Africa 1.7 NOW Community 

Thomas Quarry 1 (L) N Africa 2.6-0.78 NOW Community 

El Geffel N Africa 2.6-0.78 NOW Community 

Wadi Sarrat N Africa 2.6-0.78 
Martínez-Navarro et 
al. (2014) 

Guefaït 4 N Africa 2.4 Ramírez et al. (2024) 

Shungura Formation E Africa 2.5-1.2 NOW Community 

Hongya 
China 

(Nihewan Basin) 
2.4 Ao et al. (2013) 

Xiashagou 
China 

(Nihewan Basin) 
1.7-2.2 Ao et al. (2013) 

Huabaogou 
China 

(Nihewan Basin) 
1.9-1.7 Ao et al. (2013) 

Yangshuizhan 
China 

(Nihewan Basin) 
1.8-1.6 Ao et al. (2013) 

Majuangou 
China 

(Nihewan Basin) 
1.66-1.6 Ao et al. (2013) 

Xiaochangliang 
China 

(Nihewan Basin) 
1.36 Ao et al. (2013) 

Banshan 
China 

(Nihewan Basin) 
1.32 Ao et al. (2013) 

https://www.nature.com/articles/s41598-022-05712-y#Abs1
https://doi.org/10.1016/j.quascirev.2021.107116
https://www.sciencedirect.com/science/article/pii/S163106830600114X
https://www.sciencedirect.com/science/article/pii/S163106830600114X
https://shs.hal.science/halshs-00009695
https://shs.hal.science/halshs-00009695
https://www.sciencedirect.com/science/article/pii/S0277379114000596?via%3Dihub#appsec1
https://www.sciencedirect.com/science/article/pii/S0277379114000596?via%3Dihub#appsec1
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Donggutuo 
China 

(Nihewan Basin) 
1.1 Ao et al. (2013) 

Table S7. Early Pleistocene sites with faunal assemblages included in the similarity analysis. 

References 
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VIDEO 

Video S1. ConnecQvity maps (CoMs). The video shows the sequence of CoMs obtained 
itera<vely from the BaM, where each CoM contains patches of connected pixels represen<ng 
poten<al dispersal areas. Each frame corresponds to one CoM, and the percentage of land 
trodden (PoLT) is indicated, represen<ng the ra<o of trodden pixels to total land pixels. This 
stra<fied visualiza<on illustrates how connec<vity pa�erns change as a func<on of traffic 
density. 

The file Connec<vity Video.mp4 is available for download at the following link: 
h�ps://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing 

https://drive.google.com/drive/folders/1eGdx3-uYNctL8UkU-zm3wcVS4EC7LHtE?usp=sharing

