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EutherianCoP. an integrated 
biotic and climate database for 
conservation paleobiology based 
on eutherian mammals
alessandro Mondanaro1 ✉, Giorgia Girardi2, Silvia Castiglione2, axel timmermann  3,4,  
Elke Zeller3,4, thushara Venugopal3,4, Carmela Serio2, Marina Melchionna2, 
antonella Esposito2, Mirko  Di Febbraro5 & Pasquale Raia  2 ✉

We present a new database, EutherianCoP, of fossil mammals which lived globally from the Late 
Pleistocene to the Holocene. The database includes 13,972 fossil occurrences of 786 extant or recently 
extinct placental mammal species, plus 155,198 current occurrences for those of them which survived 
to the present. the occurrences are correlated with radiometric age information. For all species, 
we provide 32 different traits, inclusive of taxonomic, phenotypic, life history, biogeographic and 
phylogenetic information. Differently from any other compilation, the occurrences are complemented 
with estimates of past climatic conditions, including site-interpolated monthly and annual precipitation 
and temperature, leaf area index, megabiome type and net primary productivity, which are derived 
from transient paleo model simulations conducted with the Community Earth System Model 1.2 and 
the BIOME4 vegetation model. All data are further downloadable for further investigation.

Background & Summary
Conservation paleobiology is sought to provide insights about the potential fate of the living biota in the near 
future, by learning from the dynamics that affected past ecosystems and species1,2. Albeit using the fossil record 
to address conservation issues linked to climate change is generally well established3, the potential of the dis-
cipline to help addressing other fundamental aspects in conservation, such as the effects of biome and habitat 
change, the impact of invasive species, and that of human overexploitation of species and space, is currently met 
with skeptism4,5. Consequently, most conservation paleobiology looks better on paper than in reality6–8, and 
according to recent studies, students and early career scientists are much more confident about its utility than 
senior researchers5. And yet, near-time paleobiology (i.e., the discipline where conservation paleobiology roots) 
is as productive and rich as to inform about ecosystem resilience and reorganization after biomass fluctuation9, 
major disturbances10,11, and other impacts generated by humans or climate change12–14. It even contributes to 
the study of biodiversity change effects on carbon storage, on the amount of plant biomass eaten by primary 
consumers, and on biogeochemical cycles15–17. With such array of far-reaching, wide ranging study results2, the 
limited faith in the potential of near time paleobiology to help conservation research, that is to become effective 
conservation paleobiology, seems perplexing to say the least, especially for terrestrial ecosystem5.

Climate change is a powerful predictor of extinction risk across multiple temporal and spatial scales18, and 
extensive, fine-grained climate data are now available for the near past19–22. Hence, learning from climate pre-
history for studying conservation issues like extinction risk and climate-induced species dispersal is straight-
forward. With different, more complex questions, such as those related to ecosystem management, resilience, 
minimum protected area size and interspecies connectivity23, things are much more complicated. One reason 
is that conservation scientists and practitioners are used to work with a plethora of data, including life-history 
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traits, population density, genetic diversity, and biogeographical data that are hardly available for extinct species, 
given the punctuated, mostly erratic nature of the terrestrial fossil record. Even for simple metrics, producing 
usable variable estimates for extinct species can be challenging. For instance, the geographic range size is key 
to provide effective extinction scenarios24,25. Yet, given the scattered and idiosyncratic nature of the record26, 
reconstructing the geographic ranges of fossil species is far from easy. The problem can be circumvented by 
delineating convex hulls around the fossil species occurrences or studying its co-occurrence patterns with coeval 
taxa24,27,28. More sharply, the potential range can be inferred using species distribution modeling29 (SDM), which 
by mapping the species’ habitat suitability across space can as also allow to estimate the effect of connectivity 
on extinction30. Phenotypic and phylogenetic data for fossil species are equally hard to come by, although they 
can be confidently estimated via allometric equations31,32 and phylogenetic imputation33. Phylogenetic trees are 
themselves a fundamental tool in conservation science34 as they allow to evaluate individual species assemblages 
in terms of evolutionary diversity35, and to estimate the potential effect of competition (for limited resources) 
and climatic variability on species coexistence, a fruitful research field known as community phylogenetics36. 
Still, under some circumstances, phylogenetic diversity is a viable surrogate for functional diversity (which is the 
key feature conferring ecosystems resilience to disturbance)37,38. Assembling phylogenetic trees is a discipline 
on its own. Yet, grafting reasonably correct trees is now easier, thanks to easily manageable tools for producing 
formal and informal supertrees39–41 and the availability of large phylogenetic trees repositories42. Phylogenetic 
data and trait data imputation43, coupled with climatic and fossil occurrence records, may now provide viable 
tools to address the dynamics that affected past ecosystems, which is crucial to learn about the breadth of their 
resilience, and to understand the factors (and the intensity thereof) that favoured their formation, forced their 
compositional change, brought about their demise, and how all of that can be used to mitigate the future effects 
of climate change.

With so many different themes being relevant to conservation, and so much diverse data and facets of the 
species phenotype and ecology to consider, it is not surprising that large, comprehensive compilations of spe-
cies traits for extant and recently extinct species are becoming common44–49. At least three large collections, 
PanTHERIA44, and more recently and thoroughly COMBINE50 and PHYLACINE27, effectively include phy-
logenies, biogeographic and phenotypic data for nearly 6000 mammal species that lived during the last 130 
ka. However complete, these databases lack climatic data and details associated to the fossil occurrences of 
extinct species (and extant species with fossil representative remains) and provide a limited coverage of mammal 
diversity in the recent past. Conversely, large compilations of the mammal fossil record, like the Paleobiology 
(https://paleobiodb.org) and The New and Old Worlds (NOW) databases (https://nowdatabase.org/), have very 
limited coverage of species traits, lack any phylogenetic information, and climate data. Here, we present a new 
extensive database, named EutherianCoP, meant to bridge the gap between these two kinds of compilations. 
EutherianCoP provides high-quality biotic (including brain and body size, life history traits, potential pop-
ulation density, trophic level and diet partitioned between different food types) and abiotic data (including 
coordinates and ages of fossil localities). All abiotic data are accompanied by fine-scale monthly and annual 
temperature and precipitation means, Net Primary Productivity (NPP), Leaf Area Index (LAI) and megabiome51 
type at the mean estimated age and place of the locality. The data cover 169,170 occurrences relating to nearly 
800 large mammal species which lived during the last 130 ka. The goal is to deliver a ready to use, multifaceted 
database condensed in a single compilation, which may aid conservation paleobiology perspectives and studies 
by providing a comprehensive and informative snapshot of mammalian ecosystems in the past, at the global 
scale.

EutherianCoP comes with an application made to explore and download the occurrence (fossil sites with 
dating, location and climate) and the species traits data. The application was written in R using the package 
Shiny52, which allows to create lightweight web applications for data visualization, exploration, and download, 
also suitable to construct large datasets.

Methods
The flowchart illustrating how EutherianCoP is assembled is shown in Fig. 1.

occurrence records and dating. The earliest phase of the database building consisted in the collection 
of fossil records for 786 terrestrial mammal species lived during the Late Pleistocene epoch, from 130 ka to the 
late Holocene. To gather the fossil occurrences, we worked at global spatial scale including all known eutherian 
data (Fig. 2) expanding upon earlier compilations we published53–55. To our knowledge, there is no published 
fossil mammal occurrence dataset at this level of detail and coverage for the Late Pleistocene. The full list of 
fossil species spans from the megafauna to the small-size mammals including the following orders: Artiodactyla, 
Carnivora, Chiroptera, Cingulata, Didelphimorphia, Diprotodontia, Eulipotyphla, Hyracoidea, Lagomorpha, 
Litopterna, Macroscelidea, Perissodactyla, Pholidota, Pilosa, Primates, Proboscidea, Rodentia, Scandentia, and 
Soricomorpha. Overall, we collected 13,972 fossil occurrences.

We further enriched the fossil record by adding the modern occurrence of the species included in the dataset. 
To this aim, we downloaded the data from the “Global Biodiversity Information Facility” (GBIF; www.gbif.org/) 
online database by selecting “Human observation”, “Observation” and “Occurrences” categories as “Basis of 
record” and by removing duplicates and records with unrealistic coordinates, as well as occurrences from natural 
history collections. After filtering procedures, the final version of dataset counts 169,187 occurrences overall (see 
Zenodo https://doi.org/10.5281/zenodo.14009105 to access the raw data).

EutherianCoP reports the most reliable age estimate for each fossil site (or layer within the site), by fur-
ther adding the laboratory code (where available) for the dated material and the dating method to allow users 
estimate the data quality on herself. The dataset includes a total of 7936 radiometric data: Conv. 14C (1690 
items), AMS 14C (5702 items), TL (80 items), OSL/IRSL (241 items), Electron Spin Resonance (122 items),  
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U-series/TIMS (115 items), combined ESR and U-series dating method (US-ESR, 42 items). A small number of 
date estimates (0.71%) derive from multiple dating methods estimates (e.g. TL and OSL estimates of the same 
stratigraphic layer). A very limited fraction of sites (0.6%) was dated through confident biochronological and/
or magnetostratigraphic estimates. They were included despite the reference to non-radiometric age estimates 
since the age constraint on the fossil layers are especially tight in these cases.

To improve the dating quality, we removed the ages associated with reworked or intrusive materials, dates 
considered outliers by authors according to their chronostratigraphic models, and dates considered unrealistic 
because of high contamination of the dated material. We are aware that our approach is different from other 
published online databases. Since almost all fossil sites dated before 50 ka attested the coexistence of human and 

Fig. 1 Flowchart illustrating the assembly of EutherianCoP.
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faunal species within the same layers, and possibly the evidence of human-modified faunal bones, we checked 
some of the most common used human Palaeolithic databases as a control.

Recently, the last version of the “Radiocarbon Palaeolithic Europe Database” was published (https://ees.
kuleuven.be/en/geography/projects/14c-palaeolithic/download). This database collapses a large amount of 
available radiometric data from literature incorporating newly published chronometric dates into a single 
coherent compilation. A similar approach was followed by the Neotoma database for the North America’s fau-
nal occurrences56. Contrary to both, we preferred not to incorporate all the available ages, focussing on the 
most accurate dates only. Accordingly, we accounted for the most rigorous pretreatment method in 14C dating. 
It was demonstrated that the acid-base-oxidation stepped combustion (ABOx-SC57,58) provides more reliable 
age estimates than the traditional acid-base-acid (ABA) protocol when old charcoal material is dated. As an 
example, Higham et al.59 showed ABA pre-treatment was not sufficient to remove contamination from charcoal 
materials occurred in Grotta di Fumane cave (Italy). In addition, the authors stated that “older results obtained 
using ABOx–SC pre-treatment methods suggest that these ages are more reliable than the ABA-treated samples 
and probably comprise less contaminating carbon”. In contrast to Radiocarbon Palaeolithic Europe Database, we 
therefore excluded ABA dates (OxA-11360, OxA-11347 from level A2) maintaining only the ABOx–SC dates to 
better constraint the age of faunal assemblages recovered from the site60.

Biological material such as bone, antler, teeth, and ivory yield the protein collagen that can be purified using 
multiple chemical steps that culminate in isolation and dating of XAD-purified total amino acids61 or the specific 
amino acid hydroxyproline (HYP62,63). Recent advances in the chemical pretreatment and physical measurement 
increased the accuracy and precision of radiocarbon measurements and they were deeply applied to refine the 
chronostratigraphic relationship between the megafauna bones and the Clovis assemblages in North America64. 
Devièse et al.65 analyzed the vertebrate fossils associated with some North American butchering sites stating that 
“the use of XAD resins are currently the only efficient methods for removing environmental and museum-derived 
contaminants”. Accordingly, we excluded the ages derived from bone apatite or from incomplete ultrafiltration 
process if more accurate dates were available. And even in this case, we followed a different approach compared 
to Neotoma and the “Canadian Archaeological Radiocarbon Database (CARD)” (https://www.canadianarchae-
ology.ca/). For instance, XYP age derived from the mammoth bone in the Prele site (USA) was more strictly 
correlated with the Clovis age attribution, while the older ages generated with the standard ultrafiltration process 
gave significantly younger estimates65. In this case, CARD reported the full list of available dates for Prele while 
we preferred to maintain only the XYP age. Lastly, we excluded the infinite radiocarbon dates closed to the limit 
of the 14C technique because they are often unrealistic or should be considered as minimum ages66–68.

Since it was demonstrated that calibration against 14C measurements is critical for providing a correction 
for changes in 14C concentration within atmospheric and marine carbon reservoirs69, all conventional dates BP 
(before present) were calibrated by adopting the “IntCal20” and “SHCal20” curves for Northern and Southern 
hemispheres, respectively69, relying on the functionalities provided in the “Bchron” R package70.

Climatic data. The second part of the database assembly consists in merging the occurrences (both fossil 
and extant) with climatic and ecosystem data71. To this aim, we retrieved the climatic and vegetational cover data 
originates from a 3 million year quasi-transient climate20 and subsequential vegetation simulation19. The climate 
evolution of the past 3 million years was simulated using the Community Earth System Model (CESM) 1.2 with 
transient time-varying forcing of greenhouse gases (CO2, N2O, and CH4)72,73, Northern Hemispheric ice-sheets72, 
and insolation conditions74. The model features an ocean and atmosphere resolution of approximately 3.75 × 3.75 
degrees and utilizes the bathymetry of the Last Glacial Maximum (LGM). Due to the weaker climate sensitivity 
of CESM1.2 compared to paleoclimate estimates75,76 and other earth system models77, the CO2 forcing was scaled 
by a factor of 1.5, consistent with other similar simulations75,78,79. In addition, the model was divided into 42 

Fig. 2 Fossil eutherian mammals spatial distribution during the Late Pleistocene (130 ka to the late Holocene). 
Occurrences are indicated with purple points. Light pink area represents the terrestrial landscape over the last 
130 ka whereas the grey area indicates the maximum extension of the landscape coastline.
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chunks and ran in parallel to reduce runtime. Each chunk starts from the same preindustrial condition, spans one 
interglacial/glacial cycle, and overlaps with the next to address initial conditions and spin-up time issues. And an 
orbital acceleration factor of 5 was used, compressing 3 million years of historical orbital data into 600,000 CESM 
model years, consistent with techniques in other paleoclimate model simulations. Subsequently, vegetation data 
was simulated by using BIOME480 relying on temperature, precipitation, and cloud coverage from the CESM sim-
ulation. To address model biases and issues arising from downscaling data, adjustments were made to the original 
pre-industrial biome data. These adjustments incorporated the difference between pre-industrial conditions and 
specific time slices of linearly interpolated CESM data for temperature and minimum temperature, and the per-
centage difference for precipitation and sunshine. The soil’s percolation rate and water-holding capacity were kept 
constant at current levels, obtained from the original BIOME4 data. These data points were linearly interpolated 
where missing and extended by ten grid points in order to capture all land points.

Annual and monthly temperature and precipitation are available from the original 3 Ma CESM sim-
ulation at the closest location on a 3.75 × 3.75 grid and subsequently downscaled to 0.5 × 0.5 cell grid. 
As ecosystem variables, we selected Megabiome, Net Primary Productivity (NPP), and Leave Area Index 
(LAI) from the 3 Ma BIOME4 simulation at 0.5 × 0.5 resolution (https://climatedata.ibs.re.kr/data/3ma- 
transient-climate-simulation). Megabiome variable consists of eleven major biome types aggregated on the basis 
of their structure and functioning51.

One potential use of EutherianCoP is to produce fossil data informed SDMs for mammal species. Since 
SDMs commonly use bioclimatic predictors81 for most macroecological applications82, we decided to extend 
the suite of climatic variables converting monthly 1000-year mean climatic data (as they come in CESM) into 
17 (out of 19 overall) bioclimatic variables available from the WorldClim version 2.1 database (https://www.
worldclim.org/data/bioclim.html81) using the “dismo” R package83. We excluded annual mean diurnal range 
(BIO2) and isothermality (BIO3) because for the CESM1.2 paleoclimate simulations sub-daily data were not 
saved. Overall, the full list of abiotic variables used for the analysis is available in the Table 1.

Very often, multiple dates are available for individual fossil sites or layers within a site, producing age uncer-
tainty regardless of the rigour in accepting age estimates. To account for this uncertainty, we perform a post-hoc 
manipulation of the data by averaging all dates available for an individual site/layer or by using them singularly, 
either calibrated or uncalibrated. According to this approach, we generated four different worksheets (see below 
for further details).

Once the single (or averaged) calibrated (or uncalibrated) ages for site/layer were obtained, we rounded 
them to the 1 kiloyears (kyr) temporal resolution, that is the same of the reference climatic and ecosystem data 
in EutherianCoP. This step allowed us to extract the spatially and temporally climatic and ecosystemic values 
associated to each occurrence.

All R codes useful to generate and manipulate the data are provided as supplementary file (https://doi.org/ 
10.5281/zenodo.13169679).

taxonomy and phylogeny. For the species taxonomy, we used a different approach depending on the sta-
tus of the species. We followed the IUCN taxonomy for the living species (www.iucnredlist.org). For the extinct 
species, we went through multiple sources for selecting the more updated taxonomic and species attribution. 
For some species, the taxonomy is still unresolved, and a number of taxonomic affiliations as they appear in the 
species list of individual fossil layer collections are either outdated or otherwise wrong. We provide a short list of 
examples to illustrate how we dealt with these issues.

The first example regards cave bears. Cave bears is an iconic group of species occurring in Late Pleistocene 
faunal assemblages from Europe and northern Asia. Students of cave bear remains identified several morpho-
logically distinct species84 generally included in either one of two large species groups, the ‘large cave bears’ 
including Ursus spelaeus, U. eremus, U. kanivetz, and U. ingressus found in Central and Eastern Europe and in 
the Urals, and the ‘small cave bears’ including U. savini and U. rossicus from East Europe, Urals, and Northern 
Siberia. Unfortunately, the phylogenetic relationships between these species and their identity are controversial, 
and the advent of genomic data possibly did confound the issue further. Large cave bear from Medvezhiya Cave 
(Urals) were attributed to U. kanivetz or U. spelaeus kanivetz, whereas the study of mitochondrial DNA showed 
that the large cave bear from the North Urals belongs to the U. ingressus haplogroup85,86. Since Medvezhiya 
Cave was the type locality of U. spelaeus kanivetz, the name U. ingressus was replaced by U. kanivetz according 
to the International Code of Zoological Nomenclature. In keeping with this, mitochondrial data recognized a 
nested kanivetz-ingressus group which is genetically distinct from the U. spelaeus group, that in turn includes the  
U. spelaeus, U. ladinicus, and U. eremus. Subsequent nuclear DNA analysis confirmed the genetic uniqueness and 
species status of the Ural large cave bear and corroborated the idea that all large cave bears of the Urals should be 
attributed to U. kanivetz87. However, nuclear DNA gave a completely different pattern of the cave bear phylogeny 
compared to mitochondrial DNA considering U. kanivetz as valid species sister to the European U. spelaeus and 
U. ingressus lineages87. Similarly, the small cave bear from Kizel Cave in the Middle Urals was originally assigned 
to U. rossicus but later the species was synonymized with U. savini88. Subsequent papers referred to U. savini for 
small cave bear from Urals although other researchers continued to use the name U. rossicus.

Therefore, we assigned to U. kanivetz the large cave bear materials from Urals (e.g. Medvezhiya cave, 
Prokoshev Cave, Secrets Cave, and Zapovednaya cave) which implies a separation from the European spelaeus 
and ingressus lineages, in keeping with nuclear DNA data. Regarding the small cave bear, we adopted the name 
U. savini in referring to the Urals remains, and synonymised U. savini and U. rossicus.

In North America, the mammoth lineage represents a chronospecies. Agenbroad89 suggested the chrono-
logical progression of Mammuthus meridionalis into M. columbi and then the latter into M. primigenius and 
its insular form M. exilis. In contrast, some authors supported the validity of several mammoth morphotypes,  
M. jeffersoni and M. imperator90. Graham91 rejected M. jeffersonii as a species distinct from M. columbi 
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considering the former as a ‘progressive’ form with increased lamellar number and frequency, and thinner 
enamel. McDaniel & Jefferson92 corroborated the model proposed by Agenbroad89 considering M. imperator 
and M. columbi conspecific based on their dental variation in molars. In addition, Enk et al.93 demonstrated that 
mitochondrial DNA is not compatible with existing systematic interpretations of mammoth paleontological 
record showing an extensive interbreeding between M. primigenius, M. jeffersonii and M. exilis. Until the availa-
bility of new morphological and genetic data which can better defined the mammoth taxonomic boundaries, we  

variable acronym full name unit

Ecosystem variables

LAI Leaf Area Index gC/m2

Megabiome Megabiome

NPP Net Primary Productivity gC/m2

Climatic variables

PP Annual mean Precipitation mm/year

PPJAN January Precipitation mm

PPFEB February Precipitation mm

PPMAR March Precipitation mm

PPAPR April Precipitation mm

PPMAY May Precipitation mm

PPJUN June Precipitation mm

PPJUL July Precipitation mm

PPAUG August Precipitation mm

PPSEP September Precipitation mm

PPOCT October Precipitation mm

PPNOV November Precipitation mm

PPDEC December Precipitation mm

TS Annual mean Temperature °C

TSJAN January Temperature °C

TSFEB February Temperature °C

TSMAR March Temperature °C

TSAPR April Temperature °C

TSMAY May Temperature °C

TSJUN June Temperature °C

TSJUL July Temperature °C

TSAUG August Temperature °C

TSSEP September Temperature °C

TSOCT October Temperature °C

TSNOV November Temperature °C

TSDEC December Temperature °C

Bioclimatic variables

bio1 Annual Mean Temperature °C

bio4 Temperature Seasonality (standard deviation) °C

bio5 Max Temperature of Warmest Month °C

bio6 Min Temperature of Coldest Month °C

bio7 Temperature Annual Range (bio5-bio6) °C

bio8 Temperature Annual Range (bio5-bio6) °C

bio9 Mean Temperature of Driest Quarter °C

bio10 Mean Temperature of Driest Quarter °C

bio11 Mean Temperature of Coldest Quarter °C

bio12 Annual Precipitation mm

bio13 Precipitation of Wettest Month mm

bio14 Precipitation of Driest Month mm

bio15 Precipitation Seasonality (Coefficient of Variation) mm

bio16 Precipitation of Wettest Quarter mm

bio17 Precipitation of Driest Quarter mm

bio18 Precipitation of Warmest Quarter mm

bio19 Precipitation of Coldest Quarter mm

Table 1. Full list of climatic, ecosystem, and bioclimatic variables.
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preferred to consider a single M. columbi group, merging the materials the fossil material ascribed to columbian 
mammoth and its variants onto a single species name94.

In Africa, the fossil species name Orycteropus crassidens was used to ascribe the material from Rusinga Island 
and Kanjera (Kenya) albeit the relationships with the living O. afer are still unclear. Unfortunately, the system-
atics of fossil Tubulidentata is poorly known, and phylogenetic information is extremely limited. Pickford95 
suggested merging both fossil and living specimens in the O. afer and Lehmann et al.96 supported this view but 
also noticed some distinctive characters between the two morphotypes that should be investigated further. To 
fill this gap, Lehmann97 performed a new cladistic analysis by using the O. crassidens holotype from Rusinga. He 
identified a unique set of O. crassidens apomorphies and supported the elevation of O. crassidens to the species 
level. Accordingly, we ascribed the lower Pleistocene material from Kenya to O. crassidens.

Some of the major nomenclature issues are related to the taxonomical relationships between Equus burchellii 
and E. quagga, as well as E. caballus versus E. ferus, E. przewalskii or E. ferus przewalski. Genetic analysis reclas-
sified E. burchelli as E. quagga burchelli, considering Burchell’s zebra a subspecies of the historically extinct  
E. quagga quagga98. In addition, more recent DNA results suggested limited reproductive isolation amongst 
Cape quaggas and plains zebras99. Overall, E. quagga has priority over E. burchellii according to the International 
Committee on Bionomenclature (ICB)100 although the taxonomical rules are often hard to apply with fossil 
record. Indeed, many authors noted that “quagga” is not known in East Africa where “burchelli” was accepted 
for long time in the past100.

The E. caballus-E. ferus dichotomy is even more controversial because of the eighteenth century habit of giv-
ing different Latin binominals to domesticated forms of a species and their wild (“ferus” in this case) ancestors. 
In the absence of formal decision provided by the Nomenclature Commission101 and given the unavailability of 
a recent revision of the whole genus Equus, it is hard to establish whether the Przewalski’s horse should be seen 
as a subspecies of Equus ferus or as a separate species E. przewalskii99.

To avoid further conflicts about the Equus taxonomy, we preferred to follow the current ICB recommenda-
tions grouping E. quagga and E. burchelli into a single, E. quagga name. Similarly, we merged the E. caballus,  
E. ferus, and E. przewalskii fossil occurrences under a single clade E. ferus separating only the occurrences 
belonging to the E. f. caballus, the domestics form. The same approaches illustrated in these examples was fol-
lowed thorughtout the data, giving priority to recognized authorities and to more recent papers in resolving 
taxonomic conflicts.

In addition to scientific species name, we provided information about the Order and Family for both extinct 
and extant species. The full list of taxonomic criteria adopted is available as Supporting Information.

We assembled a phylogenetic tree of eutherian mammals considering all the species included in the dataset. 
The tree is largely based on refs. 102–104 and the recent species-level phylogeny of mammals105 completed with 
numerous additional sources for individual species as detailed in the supplementary information.

trait data. The third part of EutherianCoP build-up regards the trait data and includes 32 variables (Table 2),  
partitioned into ‘taxonomic’, ‘phenotypic’ (e.g. brain and body sizes, diet, trophic level) and ‘life history’ (e.g. 
longevity, interbirth interval, age at sexual maturity, litter size) and biogeographical (e.g. range size, dispersal 
distance, population density). Although a large number of traits are estimated, they are based on two fundamental 
sources of information only: body size and phylogenetic position. Body size estimates were collected from the 
scientific literature and our own previous compilations. We retrieved the size of the largest individual or the aver-
aged size among several individuals when multiple estimates were available. For fossil species, body size is usually 
estimated from linear regression equations correlating the body size of the individuals with individual bone or 
teeth measurements31,106,107. This is the case with our compilation except for a minority of data for which body 
size was estimated by applying phylogenetic imputation33. Phylogenetic imputation was further used to estimate 
missing data for diet and digestive physiology (based on refs. 48,50,108).

Body size data are invaluable since several phenotypic traits can be calculated starting from body size esti-
mation via allometric equations109,110. We used phylogenetic allometric equations to impute missing data for life 
history traits (lifespan, age at maturity), biogeographical traits such as home range, geographic range size and 
minimum and maximum population density (based on refs. 45,111), and ecological traits such as basal and field 
metabolic rate (based on ref. 17), and minimum and maximum prey size for carnivores (based on ref. 112).

Missing trait data values were estimated under the Brownian Motion model of evolution, by using the func-
tion phylopars in the “Rphylopars” R package113 and pglmm in the package “phyr”114. We compared the two 
approaches (phylogenetic imputation and phylogenetic allometry) in terms of Akaike Information Criterion 
(AIC), selecting the model that performed best (Supporting information Table 1).

In particular, we produced dietary category data including the percentage of vegetable matter, invertebrate 
food, mammal food and non-mammal food (further collapsed in the ‘vertebrate food’ category), and ‘animal 
food’ (referring to animal sources as food that cannot be addressed to any other category such as blood or 
unidentifiable carrion). These source data for the mammal diet and categories comes from a large collection 
of direct observation on mammal feeding habits published in ref. 108. To impute missing diets, we applied phy-
logenetic imputation under Brownian motion using Rphylopars113 and adding body size as covariate in the 
reconstruction. We further provided a second dietary category, still using ref. 108. as a source to classify species 
into general dietary categories (e.g. Browser, Grazer, Frugivore, Granivore, Carnivore etc.) by classifying missing 
data using the Canonical Variate Analysis (CVA). CVA was implemented using body size, the percentage of each 
food type consumed and phylogenetic eigenvector decomposition115 axes as predictors of the dietary category.

To impute missing data for all other variables except prey size (see below) we devised a direct comparison 
between phylogenetic imputation and phylogenetic allometry, adjusted for taxonomic classification. The rou-
tine, condensed in the function ‘phyloallometry’ (available as supplementary information), computes missing 
data estimates twice by using Rphylopars113 and phylogenetic generalized linear mixed model (pglmm) in “phyr”. 

https://doi.org/10.1038/s41597-024-04181-4
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In Rphylopars, after computing the missing data we regressed the imputed data vector (including both observed 
and estimated data) against body size and the taxonomic categories to which the species belong (once using 
families and a second time using orders) plus a dummy indicating whether the single datapoint is observed 
or imputed either. In pglmm, we first calculated allometric estimates using phylogeny and taxonomic level as 
random factors and body size as fixed factor, using observed data only. This produces estimates for observed 
data which depend on taxonomy and phylogeny, besides allometry (i.e. body size). The estimates were used to 
produce a new linear regression to apply to the missing data (pglmm does not allow to predict missing data).

Eventually for both Rphylopars and pglmm the procedure provides an allometric equation models (1):

∼ ∗ +y body size imputation dummy taxonomy (1)

which were compared to each other by means of AIC. Overall, four different models are produced, either using 
Rphylopars or pglmm and including families or orders as taxonomic level.

For prey size only, restricted to carnivores, we used field observation of carnivorous mammal feeding habits 
focusing on prey size and gut capacity reported in ref. 112. We retrieved the minimum, median and maximum 
prey size per predator from the data and produced linear regression models against the predator size for any of 
them. The linear regression models were then used to estimate prey size (minimum, median and maximum) for 
all the Carnivora species in the dataset. The raw species trait data and code to replicate the missing data estima-
tion procedures are available at https://doi.org/10.5281/zenodo.13169678116.

Data Records
The dataset is available for download at Zenodo https://zenodo.org/records/14009105116.

The data are articulated in six different files:

 1. Source occurrence record include:

•	 Raw occurrence data.xlsx: the file includes two different worksheets. The first reports the faunal list of 
species for each site or layer within the site, the ‘doi’ address for reference and the reference itself, the 
status (whether the species is extinct or extant). Further data included are geographical coordinates and 
country. Sheet 2 includes dating estimates along with the dating method, and the material dated (along 
with lab code where available).

 2. Source phenotypic data include:

•	 traits.xlsx: the file includes four different datasets: ‘taxonomic’, ‘phenotypic’, ‘biogeographical’, and ‘life 
history’ species traits.

•	 eutherian tree.txt: phylogenetic tree of the species included in the database in Newick format.
•	 sources for trait data.xlsx: a reference list for trait data.

 3. A ‘locality data.rar’ file includes:

•	 calibrated combined.xlsx: the file reports a single averaged and calibrated date for each site or layer 
within the site.

•	 calibrated multiple.xlsx: the file reports all the available calibrated dates for each site or layer within the 
site.

•	 uncalibrated combined.xlsx: the file reports a single averaged and uncalibrated date for each site or layer 
within the site.

•	 uncalibrated multiple.xlsx: the file reports all the available uncalibrated dates for each site or layer within 
the site.

These four files are completed with climatic, biome and geographic data. In particular, the geo-
graphic occurrence data are associated with climatic (annual and monthly precipitation and temperature), ecosys-
tem (megabiome, LAI, and NPP), and bioclimatic (the 17 WordClim variables) values, in keeping with their age 
are associated to the occurrence spreadsheet downloads or fully navigable within the app (5).

 4. Phenotypic, life history and biogeographic traits and the tree including all the species appearing in Eutheri-
anCop inclusive of imputed species data are illustrated in:

•	 traits imputed.xlsx: the file includes all the taxonomic, phenotypic, life history and biogeographic data 
for each species, both original and imputed.

 5. The shiny app to illustrate data distribution and download. This ‘EutherianCop’ app runs in the R 
environment.

In addition to these datafiles, instructions and scripts for data imputations are provided at zenodo https://doi.
org/10.5281/zenodo.14009105116.

https://doi.org/10.1038/s41597-024-04181-4
https://doi.org/10.5281/zenodo.13169678
https://zenodo.org/records/14009105
https://doi.org/10.5281/zenodo.14009105
https://doi.org/10.5281/zenodo.14009105
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technical Validation
We carefully examined the data for consistency, including taxonomy. Quality control included plotting the data 
first to visually detect outliers. For phylogenetic allometric equations, we tested whether subsampling the data 
originates allometric slopes different from those originally used to estimate the missing data by using the func-
tions embedded in the package ‘emmeans’117. Since our focus is on late Pleistocene terrestrial mammals, we 
further ensured the validity biogeographic of data by verifying that all datapoints did not fall in the marine 
realm, which may be the case under incorrect reporting of geographical coordinates for the fossil sites or typos. 
This lack of accuracy could be fatal for sites placed near the coastline where a small coordinates imprecision 
can result in a spatial miss-matching between the datapoints and the abiotic values. In the worst-case scenario, 
where a datapoint erroneously falls in the sea rather than on lands, the extraction of abiotic values is incor-
rect because our procedure associated missing value to the fossil site. To overcome this issue, we applied an 
upgraded version of the “fix.coastal.points” function embedded in the ‘EcoPast’ R package (https://github.com/
francesco-carotenuto/EcoPast). This version of fix.coastal.points includes a series of improvements mainly 
addressed to work with SpatRaster (a spatially referenced surface divided into three dimensional cells) and sim-
ple feature (a geographic features made of mostly two-dimensional geometries like points or polygons) objects. 
We adopted fix.coastal.points to move datapoints to the nearest non-NA cell within a maximum distance of 5 
cells by considering both climatic and ecosystem data as raster grids. We emphasize that our gridded abiotic 
reconstructions accounted for the past dynamic evolution of the global coastline which slightly differs among 
the BIOME4 and CESM simulations. However, we did not use the current Earth digital elevation models (DEM) 
to run fix.coastal.points rather we selected the SpatRaster object chronologically associated to each fossil occur-
rences before applying the correction.

To assess the quality of data imputation, we started by inspecting the data collected from literature. Since all 
variables correlate to some extent to body size, we first ran a regression of the trait value against body size, and 
checked one by one all the fitted trait values which are 0.30 units apart from the regression line on the log10 scale 
(that is the observed value is either twice or one half of the fitted value). For these data, the original sources were 
consulted in order to confirm the suspicious datapoint for inclusion. After discarding the data which we had 

Variable Trait category

Order taxonomic

Family taxonomic

Genus taxonomic

Species taxonomic

Body mass (grams) phenotypic

Basal metabolic rate (Kj day-1) phenotypic

Field metabolic rate (Kj day-1) phenotypic

Dietary category phenotypic

% animal food in the diet phenotypic

% invertebrate food in the diet phenotypic

% mammalian food in the diet phenotypic

% minerals in the diet phenotypic

% non animal food in the diet phenotypic

% vegetable matter in the diet phenotypic

% vertebrate food in the diet phenotypic

maximum prey size (grams) phenotypic

mean prey size (grams) phenotypic

minimum prey size (grams) phenotypic

age at maturity (days) life history

age at first reproduction (days) life history

generation length (days) life history

gestation length (days) life history

interbirth interval (days) life history

litter size life history

litter(s) per year life history

maximum longevity (days) life history

density (n individuals km2) biogeographical

maximum density (n individuals km2) biogeographical

minimum density (n individuals km2) biogeographical

dispersal distance (km) biogeographical

home range (km2) biogeographical

Table 2. Full list of taxonomic, phenotypic, biogeographical, and life history trait variables.

https://doi.org/10.1038/s41597-024-04181-4
https://github.com/francesco-carotenuto/EcoPast
https://github.com/francesco-carotenuto/EcoPast
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no confirmation for or evidence of dubious data quality, we started the imputation process. We estimated the 
missing trait values both using phylogenetic imputation and phylogenetic allometry.

Code availability
The EutherianCop applications, along with the codes implemented to manipulate the raw data for download 
generating the spreadsheets described in the Data Record section are available at https://doi.org/10.5281/
zenodo.14009105116.
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