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Paleoecological and ecometric studies of animal communities’ functional composition 
require quantification of whether fossil faunas reliably record trait distributions of 
living communities. We analyzed whether body size and dietary biases exist within 
Pleistocene Eurasian sites included in the NOW database, compared with modern 
communities. Based on mass distributions, we discriminated small mammal sites, 
large mammal sites, and mixed sites in this record. Large mammals made up 50% of 
occurring genera and, on average, 74% of genera occurring within sites. Mixed sites 
with more generic occurrences (17% of sites) fell within modern communities’ vari-
ation in their proportions of body size and dietary categories. Both large and small 
mammal sites fell outside the range of modern variation. Whereas most modern com-
munities included 50%–60% herbivorous genera, small and large mammal fossil sites 
record more herbivorous genera (average 70%). Overall, large mammal sites predom-
inated in this record, and herbivores were over-represented relative to non-herbivores.

Introduction

Björn Kurtén (1924–1988) was internationally 
known for advancing quantitative analysis in 
studies of ecology and evolution, including inno-
vative studies on paleoenvironments, evolution 
rates, and population dynamics of fossil mammal 
communities (Kurtén 1952, 1953, 1958, 1968). 
His influence stimulated many later researchers 
to explore data-driven analyses in broad topics, 
many of which have focused on comparing spa-
tial and temporal communities, or faunas derived 

from a single fossil locality (Fortelius et al. 
2002, Jernvall & Fortelius 2004, Eronen et al. 
2010, Liu et al. 2012, Žliobaitė et al. 2018, 
Lintulaakso & Kovarovic 2023). While Kurtén 
pursued applying quantitative approaches, he 
was also aware of biases introduced by limited 
data (Kurtén 1953).

Today, the fossil record appears less limited, 
as information about localities and occurrences 
is increasingly available in databases (Allmon 
et al. 2018, Smith et al. 2023, Žliobaitė et 
al. 2023). For example, the NOW Database 
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(NOW — Database of fossil mammals, https://
doi.org/10.5281/zenodo.4268068, Žliobaite et al. 
2023) enables ongoing Kurténian quantitative 
investigation of mammalian faunas (Fortelius 
et al. 2023). At the time of writing this paper, 
the NOW database contained 7838 fossil local-
ities, and 16 573 mammal taxa. However, it is 
a long-acknowledged fact that a given fossil 
locality preserves only a small portion of the 
whole community that lived there (Darwin 1859, 
Andrews et al. 1979). The challenges of these 
preservational biases are ever-present in pale-
ontology and must be considered especially in 
comparisons between sites in databases (Nanglu 
& Cullen 2023). Here, we took the example 
of the NOW database and interrogated bias in 
the proportions of fossils that have been recov-
ered belonging to different trait-based ecological 
groupings, or guilds. We considered mammals 
from Pleistocene sites in Europe and Asia to 
quantify such biases within the record upon 
which Kurtén focused most of his work (Kurtén 
1968).

Biases in the fossil record are introduced at 
many levels, beginning from differential weath-
ering and decomposition of different organisms 
pre-burial, followed by differential burial and 
preservation of their remains in different dep-
ositional environments (Behrensmeyer 1984, 
Kidwell & Behrensmeyer 1988, Behrensmeyer 
et al. 2000). Then there are physical biases in 
the age of exposed rocks and proportion of 
geological settings, and finally human-induced 
biases in sampling, including unequal collecting 
effort across geography, biased collecting of taxa 
of interest, including through choice of collec-
tion methods, and unequal effort in taxonomic 
description of collected fossils. Combined, these 
biases in preservation and sampling lead to spa-
tial and temporal heterogeneity in the makeup 
of fossil assemblages. Fossil faunas from differ-
ent sites may have different compositions due 
to either variation in taphonomic processes or 
actual differences in taxonomic occurrences.

This poses a problem for paleontologists 
seeking to draw reliable conclusions about 
faunal associations or paleoenvironmental infer-
ences based on incomplete fossils. Many studies 
indicate that biased fossil assemblages distort the 
understanding of ancient ecosystems and diver-

sification (Raup 1979, Smith 2001, Butler et al. 
2012, Benson et al. 2022b). However, biases in 
the composition of fossil assemblages are partic-
ularly problematic when those faunas are treated 
as communities for analyses of ecological func-
tion. Ecometric studies examine the relationships 
between functional traits within communities 
and aspects of the environment where they live 
(Eronen et al. 2010, Polly & Head 2015). There-
fore, such studies rely on community sampling 
that is not biased in terms of the functional traits 
of interest. While Polly and Sarwar (2014) found 
that ecometric relationships between modern 
mammal communities and environmental vari-
ables are robust to downsampling of up to 50% 
of species, Faith et al. (2019a) found a strong 
effect of uneven sampling across fossil sites on 
their ecometric means, cautioning against the use 
of mean trait values from raw fossil occurrence 
data for paleoenvironmental inference. Although 
general ecological trends can be estimated using 
common species present in ≥ 25% of localities 
(Jernvall & Fortelius 2002), studies of biases are 
useful to uncover more detailed ecological rela-
tionships in fossil communities.

We investigated the extent to which a large 
sample of Quaternary localities was biased in 
terms of the preservation of fossil mammals 
based on the fundamental ecological traits of 
diet and body size. There are various ecomet-
ric models based on skeletal correlates of diet 
in mammals (Fortelius et al. 2002, Eronen et 
al. 2010, Liu et al. 2012, Galbrun et al. 2018, 
Oksanen et al. 2019, Meloro and Sansalone 
2022), and distributions of body sizes have been 
investigated as indicators of paleoenvironment 
(Legendre 1986, Morgan et al. 1995, Polly & 
Head 2015, Parker et al. 2023). Consideration of 
body size distributions in fossil faunas is com-
plicated by the phenomenon of “large mammal 
sites” and “small mammal sites.” Paleontolo-
gists have long recognized that some deposi-
tional environments preserve mostly small ver-
tebrate bones and others mostly large vertebrates 
(Andrews et al. 1979). These depositional envi-
ronments differ in characteristics including sedi-
mentation rate, grain size, and flow energy, with 
lower-energy environments with fine-grained 
sediments being more likely to preserve small 
animal remains (Boggs 2006). Large mammal 
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localities likely have a higher discovery rate as 
bones are more easily observed weathering out 
of rock surfaces, while small mammal fossil 
sampling typically results not from surface col-
lecting but from sieving of sediments, followed 
by labor-intensive identification of the bones 
from sieves (McKenna et al. 2005). The different 
sampling techniques chosen by researchers with 
different interests can bias the composition of 
recovered faunas, while geography and political 
factors bias which areas are prospected and sam-
pled and how intensely. Fossils of larger-bodied 
taxa are over-represented in many records, even 
in well-sampled formations, despite the high 
diversity and abundance of smaller-bodied taxa 
(Damuth 1981, Alroy 1998, Brown et al. 2013a, 
Benson 2018, Behrensmeyer et al. 2019). Small-
sized fossils suffer more overall from preserva-
tional and sampling biases (Behrensmeyer et al. 
1979, Cooper et al. 2006). Peláez-Campomanes 
and Meulen (2009) surveyed the NOW database 
of fossil mammals and found that European sites 
preserve differing patterns of genus counts for 
large and small mammals. We used an up-to-
date and supplemented version of that database 
for all of Eurasia, also at the genus level, and 
developed a method to distinguish and define 
large mammal and small mammal sites in this 
record. As part of this method, we defined a body 
mass cutoff between large and small mammals 
tailored to this data set, which is higher than the 
500 g or 1 kg cutoffs typically used in previous 
works (Morgan et al. 1995, Lovegrove & Haines 
2004, Lintulaakso & Kovarovic 2016, Wilson et 
al. 2022).

We quantified community composition of 
faunas occurring in Quaternary fossil sites and 
compared their trait distributions at a coarse level 
to modern Eurasian communities sampled from 
range maps. Recent advances in geospatial data 
availability for modern species, including in the 
Phylacine database from which we drew these 
range maps (Faurby et al. 2018), enabled us 
to build taxonomic community samples that we 
could compare directly with fossil faunas. We can 
interrogate the modern record to understand how 
traits are distributed in modern-day communities 
and how those distributions vary across space and 
climate (Allen et al. 2006). With an understanding 
of this modern variation, in this case within cate-

gorical traits of body size and diet, we could eval-
uate whether fossil faunas match modern commu-
nities in their community compositions. At long 
timescales, trait or diversity gradients observed 
today may not hold (Fenton et al. 2023), and anal-
yses of Quaternary mammal faunas have shown 
that taxa which occur in different environments 
today occurred together in the past, indicating that 
those faunas inhabited environments that were 
“non-analog”, or not equivalent to any environ-
ments observed in the modern world (Graham 
2005, Polly & Eronen 2011). While such non-an-
alog assemblages exist, we expect that modern 
patterns in community composition in terms of 
coarse categorical ecological traits should be fol-
lowed across Quaternary faunas. For example, 
we could deem a fossil fauna comprising 99% 
carnivores to be badly biased against other trophic 
levels based on ecological theory, and we can 
quantify this bias using statistical comparison to 
modern communities.

The modern day is the time point for which 
we have the most complete record of species 
distributions and, hence, the best sampling of 
co-occurring communities. However, we 
acknowledge that these species distributions are 
severely impacted by human activity and climate 
change (Borges et al. 2019, Pacifici et al. 2020, 
Faurby and Araújo 2018), and human impacts 
have fundamentally altered guild structures in 
extant communities (Malhi et al. 2016, Cooke 
et al. 2022). Our comparison of body size and 
dietary composition between fossil faunas and 
modern communities, therefore, also prompts 
consideration of whether community structures 
have changed over time. Over long timescales, 
ecological structures of communities may have 
evolved, so the relative diversities of species 
within body size and dietary categories in the past 
could differ from the range of variation observed 
in modern communities; however, such evolution 
in community structure can also only be discov-
ered through measurement of fossil faunas’ guild 
compositions (Andrews et al. 1979).

The primary purpose of this work was to 
show how trait-based biases manifest in the 
fossil record of Quaternary Eurasian mammals. 
Quantifying these biases through comparison 
to modern sites contributes to answering the 
question posed by Žliobaitė and Fortelius (2022) 
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of whether the fossil record is “looking under a 
streetlamp” shining light on only a few of the 
animals that lived in the mostly unilluminated 
past. In this case, the question is whether there 
are two types of streetlamps, which filter for vis-
ibility of only small or only large mammals. We 
defined body mass groups and these site types 
based on breaks in observed data, allowing us 
to measure the strength of size- and diet-based 
filters due to the combined action of taphonomic 
and sampling biases.

Material and methods

Occurrence data

Modern community samples were drawn from 
the Phylacine database (Faurby et al. 2018), 
which provides trait data (body size and diet) 
and range maps for 5831 mammal species. 
We used the Phylacine range maps to sample 
modern communities at 21 002 sample points 
across the Eurasian landmass (geography 
mapped in Fig. 1B). These sample points were 
defined in the Eco-ISEA3H database, which uses 
a discrete global grid system to divide the globe 
into hexagonal cells with equal areas (Mech-
enich & Žliobaitė 2023). Eco-ISEA3H resolu-
tion 9, which we used here, has 50.3 km spacing 
between hexagon centroid points. We considered 
those species whose range maps overlap with the 
centroid point of a hexagon to be present in the 
present community for that cell, and determined 
communities by genus by recording which 
genera have any species occurring in each cell. 
This range-based approach to defining commu-
nities is more suitable for comparison to fossil 
communities because it includes spatial averag-
ing across the hexagonal grid cells that parallels 
the temporal averaging across the depositional 
period of fossil sites (Saarinen et al. 2010, Du & 
Behrensmeyer 2018).

The fossil occurrences used in our analyses 
were drawn from the NOW Database (NOW 
— Database of fossil mammals, https://doi.
org/10.5281/zenodo.4268068, Žliobaite et al. 
2023) on 21 September 2023. This database is 
constantly updated and curated by a team of 
experts (Žliobaitė et al. 2023; geography of 

all sites mapped in Fig. 1A). We supplemented 
this NOW download with an additional 128 
localities from Russia and Kazakhstan, which 
are currently private due to use in other ongoing 
projects and which increase sampling of high-
er-latitude Asian sites. We drew the occurrences 
for these sites (as documented in the GitHub 
repository associated with this article at https://
github.com/abbaparker/Size-Diet-Bias) from the 
literature, and they will be publicly available in 
the future in the NOW database. This database 
lists occurrences by site, defining each locality 
as a geographically-constrained location where 
fossils have been found in one sedimentary layer 
or a sedimentary sequence. Therefore, the age 
ranges of localities can vary greatly, with some 
dated by absolute methods to within some thou-
sands of years, while others, especially localities 
surveyed earlier in history, have the ages of their 
deposits constrained only by mammalian bio-
stratigraphy within some million years or more. 
The database follows the locality designations 
of original publications, with updated dates and 
occurrences from recent papers where available. 
Sites with large age ranges, therefore, can rep-
resent either assemblages of fossils deposited 
quickly, but in strata that have been imprecisely 
dated, or assemblages that have been depos-
ited over a protracted period, in which case the 
resulting fauna includes time-averaging of the 
taxa that ranged across the area at several differ-
ent times. To account for possible issues with the 
most imprecisely dated sites, we removed data 
from sites whose age ranges were greater than 
2 Myr. For remaining sites, genus count does not 
increase at sites with wider ranges between their 
bounding dates (Appendix 1). Therefore, the 
first case, where localities’ assemblages typically 
date to a more constrained period, but lack of 
precise dating causes them to be assigned only to 
a broad time bin, seems to be more common. The 
relative consistency in genus count across site 
age ranges (Appendix 1) supports the assump-
tion that each of these sites can be consid-
ered a comparable community sample, though 
time-averaging on scales from seasons to many 
millennia certainly exists in many assemblages. 
While faunal changes that occurred over these 
periods of deposition act to inflate occurrence 
counts for sites, few assemblages include more 
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Fig. 1. The number of mammal genera observed at (A) 1018 Pleistocene and Holocene fossil sites in Eurasia, and 
(B) 21 002 modern sampling locations across Eurasia (occurrences from the Phylacine database (Faurby et al. 
2018) at Eco-ISEA3H hexagonal samples). The vertical (latitude) and horizontal (longitude) histograms accompa-
nying each map show the number of sites in every 5° bin of latitude or longitude, with the bar colors indicating the 
average genus count per sample within that bin.

genera than are typically observed at the closest 
modern sample point (hexagon centroids from 
the Eco-ISEA3H data set resolution 9).

Additional occurrence data filtering included 
excluding any sites with minimum ages over 
2.58 Ma, to limit to the Pleistocene. We did not 
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set a minimum age boundary because a high 
proportion of sites (n = 134) have age ranges 
crossing the Holocene/Pleistocene boundary. 
Sixteen sites had ages constrained fully to under 
11.7 kya; we retained this minority of Holocene 
sites in the data set but refer to the collective 
fossil sites as Pleistocene throughout the text for 
brevity. Additionally, we removed all sites out-
side the geographic boundaries of the Eurasian 
continent and all occurrences of marine mammal 
taxa (in families Phocidae, Otariidae, Odobeni-
dae, Delphinidae, Balaenidae, Balaenopteridae, 
Dugongidae, Eschrichtiidae, Iniidae, Monodon-
tidae, Neobalaenidae, Phocoenidae, Physeteri-
dae, Trichechidae, Ziphiidae, Platanistidae, and 
genus Enhydra).

Of the 11 875 occurrences in this subset 
of the NOW database, only 346 (2.9%) were 
not identified to the genus level, whereas 2817 
(23.7%) were unidentified to the species level. 
Therefore, we chose to carry out assemblage 
analyses at the genus level, so those occurrences 
could be included. Analyzing communities at 
the genus rather than species level has minimal 
impact; among the 10 397 genus occurrences at 
these sites, 8.7% had more than one species from 
the same genus present together (7.3% with two 
species, 1.0% with three species, 0.4% with four 
or more species per genus). In the modern world, 
75.4% of genus occurrences at global Eco-IS-
EA3H sampling points have one species occur-
ring in the genus (in Eurasia, this figure is 76.5% 
of occurrences, with 14.2% of genus occurrences 
having two co-occurring species and 9.3% of 
genus occurrences having three or more co-oc-
curring species within the genus).

Definition of small and large mammal 
groups

To create a data-defined mass-based cutoff 
between small and large mammals, we fit 
bimodal normal distributions to data sets of 
terrestrial mammal body mass. Throughout, we 
used log10 values of body mass in grams due to 
the geometric normality observed in biological 
variation, especially for body mass distributions 
(Gingerich 2000, Benson et al. 2022a). For the 
fossil genera occurring in NOW (n = 452), we 

used body mass estimates from the following 
sources: Phylacine database (n = 229) (Faurby 
et al. 2018), Cooke et al. (2022) (n = 60), the 
MOM database (Smith et al. 2003) (n = 10), the 
Pantheria database (n = 4) (Jones et al. 2009), 
and masses saved in the NOW database (n = 3). 
We took the average for each genus of its species 
occurring in each database, and where data was 
available from multiple data sets, we used the 
average mass value from the data set including 
the most species in the genus. For 146 occurring 
genera, there were no mass estimates available 
in the literature, so we assigned to those genera 
the average body mass of their family (averaged 
for all species in the family in the Phylacine 
database, which has the highest overall species 
sampling). We did not estimate body masses for 
three genera from families with no living repre-
sentatives.

Modern species and genus body masses were 
drawn from the Phylacine database (Faurby et 
al. 2018). As for the fossil occurrences, we 
removed fully marine taxa, as coded in the data-
base, as well as freshwater taxa from the families 
Delphinidae, Iniidae, Platanistidae, Phocoenidae, 
and Trichechidae, and the genera Enhydra and 
Neovison. For tests of body mass distributions, 
we removed species whose body masses in Phy-
lacine are phylogenetically imputed (rather than 
reported from measurement), then found genus 
averages across the species in each genus. For 
tests of body mass distributions in Eurasia, we 
considered only taxa with occurrences at any of 
the Eco-ISEA3H Eurasian centroid points.

For the distributions of mammal body masses 
depicted in Fig. 2, we fit bimodal normal distri-
butions using the normalmixEM function imple-
mented in the R package mixtools. For a number 
k distributions, this function determines the mean 
(μ) and standard deviation (σ) of normal distribu-
tions best fitting the data, as well as the mixing 
proportion λ describing what proportion of obser-
vations fall within each of the distributions. We 
set the σ values for each distribution to be equal, 
ensuring that the standard deviations of each 
distribution spanned an equal range of the mass 
values. We used the initial condition σ = 1 and 
μ = c(1,5), which began tests for means between 
log10 mass values from 1 to 5. We fit bimodal dis-
tributions (k = 2) for the body mass data sets of 
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all genera occurring in the Pleistocene of Eurasia 
(Fig. 2A), all modern genera (Fig. 2B), modern 
genera occurring on the Eurasian landmass 
(Fig. 2C), all modern species in the Phylacine 
database, and those modern species occurring in 
Eurasia (Appendix 2). For each of these bimodal 
distributions, we defined the cutoff point between 
large and small mammals within the data set at 
the x-value of the point where the two modelled 
distributions intersect. This point is the mass at 
which a taxon has an equal probability of belong-
ing to either of the two groups’ distributions, and 
the cutoff value is dependent on λ, the relative 
proportion of observations within each group. We 
compared those λ values, as indicators of relative 
occurrence rates between large and small mam-
mals, between data sets.

We assigned body masses to all genera occur-
ring at each of the 719 Pleistocene Eurasian sites 
with over four genus occurrences. Then, we 
calculated distribution statistics for body mass 
at each site. We fit both bimodal and trimodal 

normal distributions to the mean body masses in 
the data set to determine divisions between sites 
with small/large or small/medium/large mean 
body masses (Fig. 3, Appendix 3 including sites 
with 3 or fewer genus sample counts). The mean 
values for these distributions represent the mean 
body size preserved at these two/three types of 
sites. Where the curves cross (marked by dashed 
lines on Fig. 3), the mean body mass for a site 
has an equal probability of belonging to either 
site type. Our results used the trimodal normal 
distribution division to separate small, mixed, 
and large mammal sites; based on the divisions 
in Fig. 3B, small mammal sites are those with 
mean body mass by genus under log10 value 
2.8 (628 g), large mammal sites are those with 
mean body mass over log10 value 4.1 (12.7 kg), 
and mixed sites have mean masses between 
those two cutoffs. We counted large and small 
herbivores at each site, using the cutoff from the 
bimodal distribution in Fig. 2C, then calculated 
the percentage of genera at each site that were 
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small mammals. We then summarized these data 
for small, mixed, and large sites.

Dietary categorization

We used a simple binary classification of genus 
diets, with herbivores consuming a diet of 50% 
or more plant material, and all other taxa being 
classified as non-herbivores. This simplified cat-
egorization masks variation in the proportions of 
carnivores, omnivores, and insectivores within 
the non-herbivore category. Variation in the 
dietary composition of omnivores in particular 
complicates dietary categorization, and previous 
definitions of omnivory vary (Pineda-Munoz & 
Alroy 2014, Wilman et al. 2014, Lintulaakso et 
al. 2023, Reuter et al. 2023). We opted for this 
binary classification because it can be applied 
in a straightforward manner to categorizing the 
diets of extinct taxa. For modern genera, diet 
categories were determined based on diet data 
from Phylacine (Faurby et al. 2018), which 
reports the percentage of each species’ diet that 
is plant, invertebrate, and vertebrate material. We 
took the mean of the percentage plant material 

in the diets of species within each genus; if it 
was ≥ 50%, the genus was categorized as her-
bivorous, and, if not, non-herbivorous. We used 
the same dietary category as modern for fossil 
genera within the Phylacine data set (n = 378). 
For extinct fossil genera, we assigned the family 
average diet in cases where there was no varia-
tion in herbivore/non-herbivore categorization 
within modern genera in the family (n = 28). 
For extinct fossil genera, we assigned the family 
average diet in cases where there was no varia-
tion in herbivore/non-herbivore categorization 
within modern genera in the family (n = 32). For 
27 remaining genera, we determined their likely 
diets from the literature (Willemsen 1992, Parfitt 
& Harrison 2011, Domingo et al. 2016, Barto-
lini Lucenti & Rook 2021). We were unable to 
determine diet for 15 extinct genera that belong 
to modern families with variation in their diets.

Within modern community samples and 
fossil assemblages, we considered total counts 
of herbivore and non-herbivore genera. We cal-
culated the percentage of genera categorized 
as herbivores, and compared these percentages 
between fossil assemblages and modern com-
munities, as well as between small mammal 
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and large mammal fossil assemblages across 
geographic space and time. We tested for body 
mass and diet community composition only for 
fossil sites with four or more genera occurring. 
We chose this threshold because it matches the 
minimum number of mammal genera sampled at 
any of the modern Eurasian sample points geo-
graphically closest to these fossil sites.

Ordination of variation in mammalian 
community structures

To quantify structural differences between fossil 
assemblages and modern communities in Eurasia, 
we employed a generalized linear latent variable 
model (GLLVM; Hui et al. 2015). This model is 
based on four variables for each sample point: the 
number of genera observed that are small herbi-
vores, small non-herbivores, large herbivores, and 
large non-herbivores. GLLVMs summarize varia-
tion in ecological communities across latent vari-
ables (LVs) using occurrence or abundance data 
from those communities; these LVs can be used 
to relate guild structure to environmental gradi-
ents (Niku et al. 2019, Wilson & Parker 2023). 
Since we sampled only four guild categories (2 × 
2 body size and diet classes), we fit a single LV 
to a negative binomial distribution of the genus 
counts per guild. The GLLVM was run on data 
including all fossil sites and a random sample 
of 8000 modern communities, to reduce matrix 
row count due to computational limitations. This 
model was implemented using the gllvm function 
in the R package gllvm (https://cran.r-project.org/
web/packages/gllvm/index.html), with 1000 as 
the maximum number of interactions and incorpo-
rating a random row effect to account for non-in-
dependence of samples close in space (Niku et 
al. 2019). We then used a t-test to test whether 
the mean LV scores for the fossil assemblages, 
divided into small, mixed, and large mammal 
sites, differ from the mean LV score for modern 
Eurasian communities. We also used a Kolmog-
orov-Smirnov test to test whether the LV scores 
for the site groups differ in their distributions from 
the LV distribution for the modern sites. Differ-
ences were considered significant at p < 0.05.

To visualize variation in community structure 
between fossil assemblages and modern Eur-

asian samples, we used the proportion of occur-
ring taxa at each site that are small mammals and 
the proportion that are herbivores as plot axes. 
These proportions indicate trait-based commu-
nity structure at a broad scale; they also allow 
for comparison in size and trait composition 
between fossil assemblages and modern samples 
that differ greatly in their absolute occurrence 
counts. We calculated a convex hull around 
the modern sample points in this small propor-
tion vs. herbivore proportion space, using the 
function chull in R. We scored whether each 
Pleistocene site in the large, mixed, and small 
mammal site groups fell within that convex hull, 
and reported the percentage that do, for which 
the community composition in this space falls 
within modern observed variation.

Results

Division between small and large 
mammals

Large mammals are overrepresented in the fossil 
record of Pleistocene mammals in Eurasia. 
Whereas large mammals make up 20%–27% of 
named mammals in the modern data sets consid-
ered, they contribute 50.6% of genera described 
in this fossil record (Table 1 and Fig. 2). The 
bimodal distributions of modern mammal 
masses, summarized in Table 1 and Fig. 2, are 
generally consistent with previous analyses of 
body size distributions, which found that mam-
mals exhibit a right-skewed distribution of body 
masses (Brown et al. 1993, Gaston & Blackburn 
2000, Lovegrove & Haines 2004, Allen et al. 
2006, Lyons & Smith 2013). The small/large 
mammal cutoff values varied somewhat between 
samples, spanning from 1–3 kg in body mass 
(Table 1). The cutoff of 1.09 kg (log10 value 
3.04) recovered for mammal species in Eurasia 
agreed with the division of small and large 
mammals at 1 kg body mass that Lovegrove 
and Haines (2006) described as the interface 
between mammalian locomotory modes. How-
ever, because our community analyses were all 
at the genus level, we chose to use the equivalent 
cutoff calculated for modern genera in Eurasia. 
This cutoff is at 1.76 kg (log10 value 3.25), and 
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Table 1. Summary of the bimodal normal distribution fit (using R function normalmixEM) to five data sets of taxo-
nomic body mass data for mammals. Group 1 in each case is the “small mammal” group, and Group 2 is the “large 
mammal” group. The mean mass for each normal distribution and its standard deviation are shown, along with the 
percentage of taxa in each group. This percentage is taken into account when calculating the cutoff value between 
groups (see dashed lines in Fig. 2 and Appendix 2).

Data set	 Groups	 Mean mass	 SD	 Percentage	 Cutoff (log10 mass (g)
		  (log10 mass) (g)		  in group	 with equal probability
					     for both groups)

NOW Pleistocene Eurasia occurring	 Group 1	 1.98	 0.81	 49.4	 3.42
  genera	 Group 2	 4.89	 0.81	 50.6	 = 2.61 kg
Phylacine modern all terrestrial	 Group 1	 1.96	 0.81	 72.9	 3.56
  genera	 Group 2	 4.59	 0.81	 27.1	 = 3.61 kg
Phylacine genera in Eurasia	 Group 1 	 1.89	 0.72	 74.1	 3.25
	 Group 2	 4.19	 0.72	 25.9	 = 1.76 kg
Phylacine modern all terrestrial	 Group 1	 1.74	 0.76	 80.0	 3.31
  species	 Group 2	 4.24	 0.76	 20.0	 = 2.06 kg
Phylacine species in Eurasia	 Group 1	 1.65	 0.69	 77.7	 3.04
	 Group 2	 3.93	 0.69	 22.3	 = 1.09 kg

we used it throughout our analyses. Because 
1.76 kg was the lowest large/small division 
recovered within the genus data sets (Table 1), 
it included slightly more genera within the bet-
ter-sampled large mammal sites than the other 
cutoffs (Fig. 2).

Generic diversity

We compared the diversity of genera at the Pleis-
tocene Eurasian fossil sites and modern commu-
nity samples (Figs. 1, 4 and 5). The genus count 
at the nearest modern Eco-ISEA3H sample was, 
in almost all cases, higher than that observed 
for each fossil site (Fig. 2). There was low sam-
pling of fossil sites at high and low latitudes, 
with most sites falling between 35° and 55°N. 
This latitudinal band also contains the most land 
area in Eurasia (see Fig. 1B latitude histogram, 
counting equal-area hexagons), but the fossil 
record outside this band is still depauperate 
relative to available land area, especially in the 
Indomalayan tropics. In Fig. 4, the increased 
variation away from the line (indicating 1:1 
ratio of fossil to modern genera) at low latitudes 
(darker-colored points) emphasizes the paucity 
of the fossil record in diverse tropical regions. 
Today, Eurasian generic diversity peaks from 
10°S to 25°N latitude (Fig. 1B), but in the Pleis-
tocene, the highest genus counts are observed 
from 25° to 50°N.

Longitudinal patterns of genus count are 
obscured in the fossil record due to the low 
site count in the Middle East and central Asia 
(Fig. 1A). In modern samples, genus richness 
reaches over 100 at low-latitude sites around 
100°E, but does not exceed around 50 in Europe 
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(Fig. 5B). In contrast, fossil sites in Europe 
yielded high genus counts, almost matching 
those of East Asian sites (Fig. 5A). This relative 
enrichment of the low-longitude sites relative to 
higher longitude sites indicates either more thor-
ough fossil sampling and description in Europe 
relative to Asia or less contrast in environmental 
conditions across this longitudinal gradient at 
some times in the Pleistocene.

Fossil site types

There is a clear distinction between fossil sites 
that preserve large and small mammal fossils. 
The distribution of mean body masses for Pleis-
tocene Eurasian sites can be characterized as 
a bimodal distribution of sites with low/high 
mean body mass of occurrences (Fig. 3A), but 
a trimodal distribution fits the data more closely 
(Fig. 3B). This trimodal distribution suggests 
that some sites have taphonomic conditions that 
preserve mostly small mammals (red curve), 
others have taphonomic conditions that preserve 
mostly large mammals (blue curve), and others 
have exceptional preservation where both large 
and small mammals are preserved (purple curve). 
Using this trimodal distribution (Fig. 3B), 65.9% 
of sites fall into the “large mammal only” group, 
16.5% of sites fall in the “small mammal only” 
group, and 17.6% of sites are mixed sites. Small 

mammal sites are, on average, slightly older than 
the other sites (with a midpoint age of 1 Ma) and 
have wider age ranges reported (0.75 Ma, in con-
trast to 0.44 Ma on average for the other sites).

We broke down the occurrences in each site 
type in terms of body size and diet categories 
(Tables 2 and 3) for sites with four or more genera 
occurring. The four-genus threshold was set based 
on the minimum genus count at the sample of 
modern sites closest to the fossil sites (Fig. 4, 
excluding the single sample from a mammoth site 
on the Arctic island Severnaya Zemlya, where 
only one modern mammal genus occurs). We then 
compared sites with four or more genera with 
modern communities (Table 4) in terms of their 
community composition. Across all sites, there is 
a mean of approximately 10 large mammal genera 
and 4 small mammal genera occurring (Table 2). 
By diet category, all sites have a mean of approx-
imately 9 herbivores and 5 non-herbivore genera 
(69% herbivores). In contrast, modern Eurasian 
sites have a mean of 25 small mammal genera and 
15 large mammal genera, with 55% of the total 
genera being herbivores, on average (Table 4).

As expected, the small mammal sites have 
many more small than large mammals, and vice 
versa. Most of the mixed sites have between 
34%–58% small mammal genera. Modern 
mammal communities have an average of 61.7% 
small mammal genera (data plotted in Fig. 6A). 
Therefore, small mammals are generally under-
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Table 3. The average genus counts of herbivore and non-herbivore genera at different site types (non-herbivores 
are any genus where modern species consume < 50% plant foods), and the average percentages of herbivorous 
mammal genera within these site types as defined using the cutoffs in Fig. 3B. The percentages of non-herbivores, 
under this two-category classification, can be found by subtracting the percentage of small genera from 100%.

Sites	 Total genus	 Herbivore genus	 Non-herbivore	 Percentage
	 count	 count	 genus count	 herbivores

All
  mean	 13.83	 8.84	 4.7	 68.9
  max–min	 4–52	 0–29	 0–26	 0–100
  SD	 9.02	 5.10	 4.73	 0.2
Small
  mean	 10.76	 7.66	 3.04	 70.4
  max–min	 4–27	 0–23	 0–15	 0–100
  SD	 6.13	 5.09	 3.04	 25.9
Mixed
  mean	 23.59	 13.34	 9.85	 59.3
  max–min	 5–52	 1–29	 0–26	 20–100
  SD	 12.02	 6.65	 6.5	 17.1
Large
  mean	 12.16	 8.02	 3.83	 71.0
  max–min	 4–46	 2–29	 0–18	 18.2–100
  SD	 6.95	 3.96	 3.58	 17.9

Table 2. The average genus counts of small and large mammal genera at different site types (small/large cutoff = 
1.76 kg), and the average percentages of small mammal genera within these site types as defined using the cutoffs 
in Fig. 3B. The percentages of large mammal genera, under this two-category classification, can be found by sub-
tracting the percentage of small genera from 100%.

Sites	 Mean midpoint	 Mean site age		  Total genus	 Small genus	 Large genus	 Percentage
	 site age (Ma)	 range (Ma)		  count	 count	 count	 small genera

All	 0.75	 0.49	 mean	 13.83	 3.92	 9.9	 26.3
			   max–min	 4–52	 0–31	 0–33	 0–100
			   SD	 9.02	 5.5	 7.01	 0.33
Small	 1.02	 0.75	 mean	 10.76	 9.63	 1.12	 91.0
			   max–min	 4–27	 3–25	 0–8	 60–100
			   SD	 6.13	 5.37	 1.62	 11.7
Mixed	 0.87	 0.44	 mean	 23.59	 10.46	 13.1	 45.9
			   max–min	 5–52	 2–31	 2–32	 25–75
			   SD	 12.0	 5.75	 7.42	 12.5
Large	 0.65	 0.44	 mean	 12.16	 0.94	 11.22	 6.0
			   max–min	 4–46	 0–13	 3–33	 0–37.5
			   SD	 6.95	 1.63	 6.01	 8.5

represented in this record, even at mixed sites 
(see also Appendix 4). The mixed sites have, on 
average, more than twice as many occurrences 
(mean = 24) as the small- or large-only sites 
(respective means 11, 12) and therefore repre-
sent those sites with a higher preservation rate 
(Table 3), though they still do not match modern 
sites in generic diversity (Fig. 4). The more 
diverse mammal assemblages from the mixed 

sites have, on average, 59% herbivore genera, 
whereas the small and large mammal sites both 
average over 70% herbivores. Modern commu-
nities average 55% herbivore genera; this figure 
is 54% when only large mammals are counted, 
and 57% for only small mammals. Therefore, the 
mixed sites preserve assemblages with closer to 
the proportion of dietary guilds expected from 
modern communities.
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Community composition

Having defined the small, mixed, and large 
mammal fossil assemblages from the Pleistocene 
of Eurasia, we next quantified how the faunas 
they preserve compare in their trait composition 
to modern Eurasian faunas. We used the percent-
age of small mammal genera and the percentage 
of herbivore genera as two axes defining a com-
munity composition space (Fig. 6). Using these 
proportions rather than total counts enabled us to 
make comparisons with modern sites where total 
genus counts are much higher (see Appendix 4 
for how genus count in each trait category differs 
between fossil faunas and the nearest modern 
Eco-ISEA3H sample point). Within modern Eur-
asian communities, variation in this size/diet 
space relates to temperature (Fig. 6B) and lati-
tude (Fig. 6C). The fossil assemblages tend to 
have a higher proportion of herbivorous mam-
mals than the modern communities, and small 
and large mammal sites are separated along the 
body size proportion axis as expected (Fig. 6A). 

We used a convex hull to define the space on 
these axes occupied by modern communities; 
the counts of fossil sites falling inside and out-
side this hull are listed in Table 5. Under 20% 
of large mammal sites fall within the range of 
modern Eurasian variation, while just over a 
quarter of small mammal sites do. In contrast, 
the majority of mixed sites have size and diet 
proportions that are observed in modern commu-
nities — 80% of these sites with higher generic 
sampling fall within the modern convex hull.

Our GLLVM analysis also revealed compa-
rable community structure between mixed fossil 
sites’ faunas and modern communities. The single 
latent variable we used to summarize variation in 
counts of genera within size/diet guilds had posi-
tive loadings for large herbivores (1.0) and small 
non-herbivores (2.77), and negative loadings for 
large non-herbivores (–1.35) and small herbi-
vores (–1.13). Small and mixed sites had lower 
mean LV scores and greater standard deviations, 
in comparison to large sites or modern samples 
(Table 6 and Fig. 7). Fossil assemblages overall, 

Table 4. Genus counts by diet type for modern Eurasian communities containing all mammals, only large mam-
mals, and only small mammals, and the same for communities with four or more genera present. The 4+ genus 
subsamples are directly comparable to the fossil sites, where we consider only assemblages with four or more 
genera; sample counts here show how many modern Eurasian communities are above this threshold.

Sample	 Sample count		  Total	 Herbivore	 Non-herbivore	 Percentage
	 (number of		  genus	 genus	 genus count	 herbivores
	 Eco-ISEA3H		  count	 count
	 sampled
	 communities)

Total communities 	 21002	 mean	 39.18	 21.25	 17.87	 55.5
		  max–min	 1–111	 1–56	 0–59	 26.1–100
		  SD	 17.46	 8.51	 9.83	 8.5
Total communities	 20983	 mean	 39.21	 21.27	 17.89	 55.5
  with 4+ genera		  max–min	 4–111	 2–56	 1–59	 26.1–87.5
		  SD	 17.43	 8.49	 9.82	 8.4
Large mammal communities	 21002	 mean	 14.56	 7.85	 6.71	 54.4
		  max–min	 1–45	 0–26	 0–21	 0–100
		  SD	 7.31	 3.96	 3.69	 10
Large mammal communities	 20831	 mean	 14.66	 7.9	 6.76	 54.1
  with 4+ large genera		  max–min	 4–45	 2–26	 0–21	 22.2–100
		  SD	 7.26	 3.93	 3.66	 9.4
Small mammal communities 	 20965	 mean	 24.61	 13.34	 11.18	 57.1
		  max–min	 1–75	 0–38	 0–40	 0–100
		  SD	 11.8	 5.78	 7.08	 12.2
Small mammal communities	 20866	 mean	 24.72	 13.58	 11.24	 57.0
  with 4+ small genera		  max–min	 4–75	 2–38	 1–40	 18.2–85.7
		  SD	 11.77	 5.74	 7.06	 12
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as well as the small and large site subsamples, 
had significantly different mean LV scores (t-test) 
and significantly different distributions of LV 

scores (Kolmogorov-Smirnov test) vs. modern 
communities (Table 6). The LV scores of mixed 
sites, however, had a mean and distribution com-
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parable to those of modern mammal communities 
in Eurasia.

Discussion

Geographic biases

The Pleistocene fossil record of Eurasia is rela-
tively well-sampled compared to most regions 
and ages; this is visible from inspection of site 
densities mapped from the NOW Database or 
the Paleobiology Database, which shows much 
denser sampling of Pleistocene terrestrial fossil 
sites in North America and Europe (paleobiodb.
org). Large-scale comparisons of mammal assem-
blages are often only possible for these regions, 
which limits analysis of evolutionary trends and 
climatic relationships to these continents (e.g. 
Fritz et al. 2016, Huang et al. 2017, Janis 2023). 
The same bias in observation density exists in the 
modern world, where species records and ecolog-
ical studies are highly concentrated in Europe and 
North America (Martin et al. 2012), frequently 
leading studies of modern ecological traits to 
focus on patterns on these continents (van Buskirk 
2003, Olalla-Tárraga et al. 2006, Reif 2013). Our 
sample included both the densely-sampled record 
of Europe and many areas with sparse sampling, 
for example the Indomalayan tropics, where fossil 
genus counts are well below the diversity expected 
based on the modern latitudinal biodiversity gra-
dient (Fig. 1; Rolland et al. 2014). In this Pleisto-
cene sample, genus richness is highest on average 
at temperate-latitude sites. This is likely due to the 
poor preservation and exposure of fossils in dense 

vegetation-covered tropical regions, as well as 
sampling intensity centered on sites in continental 
Europe and China/southern Russia, in particular 
at sites with archaeological finds (see peaks in 
Fig. 5A). However, particularly for large mam-
mals, the higher relative generic diversity at high 
latitudes in the fossil record (see Appendix 5 for 
Fig. 5 with the axis exchanged for latitude) may 
reflect true patterns during interglacial periods and 
prior to megafaunal extinctions (Smith et al. 2018, 
Cooke et al. 2022).

Here, we took steps to address the non-uni-
form distribution of fossil sites across Eurasia 
in the NOW database by supplementing it with 
more records from China, Russia and central 
Asia. In our data set, small, mixed, and large 
mammal fossil assemblages were found across 
Eurasia, with no clear relationships between 
genus counts in guild categories and geography. 
However, the remaining areas with low site 
counts (Figs. 1A and 5A), notably in the Middle 

Table 5. Count of fossil faunas for which the propor-
tions of small mammals and herbivorous mammals 
plot (in Fig. 6) within the convex hull containing modern 
Eurasian mammal communities. Note that the convex 
hull used for these counts surrounds all modern sample 
points, while that plotted in Fig. 6 excludes outliers.

Sites	 Number	 Sites	 Sites	 Percentage
	 of sites	 inside	 outside	 of sites
		  modern	 modern	 inside hull
		  hull	 hull

Large	 483	 389	 94	 19.5
Mixed	 119	 96	 23	 80.7
Small	 116	 31	 85	 26.7

Table 6. Differences between means (t-test) and distributions (KS test) of the LV scores for the listed sets of fossil 
sites and the LV scores for 8000 randomly sampled Eurasian mammal communities. The LV scores summarize 
community composition in terms of genus count within the guild categories of large herbivores, large non-herbi-
vores, small herbivores, and small non-herbivores. The mean scaled LV score for the modern test points is 0.0027 ± 
0.0965 SD (distributions plotted in Fig. 7). Differences at p < 0.05 (set in boldface) were considered significant.

Sites	 Number	 t-test	 Mean ± SD scaled	 KS test
	 of sites	 	 LV1 score	
		  t	 p		  D	 p

Large	 483	 –6.202	 9.927e-10	 –0.0153 ± 0.0595	 0.2108	 < 2.2e-16
Mixed	 119	 1.38	 0.1704	 –0.0102 ± 0.1016	 0.1069	 0.1372
Small	 116	 –6.291	 5.62e-09	 –0.0651 ± 0.1155	 0.3427	 4.342e-12
All	 718	 –7.862	 1.065e-14	 –0.0225 ± 0.0811	 0.1696	 < 2.2e-16
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East and south and southeastern Asia, where 
modern tropical diversity leads us to expect 
richer fossil faunas (Fig. 4), remain a priority 
for exploration to enable synthesis of patterns 
in taxonomic richness and community structure 
across space and climate. The NOW database 
is continually updated, so future iterations of 
these analyses featuring more sites or increased 
sampling across mammal groups at existing sites 
may reveal stronger geographic patterns, includ-
ing for narrower time bins.

Body size distributions and biases

The bimodal distribution of mammal body 
masses in the fossil record (with means at body 
masses 95 g and 75 kg, Table 1) prompts con-
sideration of the components making up modern 
mammal mass distributions (Fig. 2). The long 
right tail of modern species (Appendix 2) or 
genus (Fig. 2B) mass distributions can be 
described as being composed of multiple normal 
distributions, with lower occupation of the larger 
mass categories (Brown et al. 1993, Lovegrove 
& Haines 2004). The theory behind the existence 
of normal distributions of body mass is that an 
optimum body mass exists for which reproduc-

tive output is maximized (Brown et al. 1993, 
Maurer 1998). Such optima exist because of 
metabolic scaling, wherein the energy acquired 
from food scales allometrically with body mass, 
so larger organisms acquire less energy per unit 
body mass (Brown & Sibly 2006). For mam-
mals, this optimum has been suggested to be 
100 g (Brown et al. 1993), which agrees in some 
cases with our results for the mean body size of 
the small mammal group in the bimodal distribu-
tions (Table 1), with the closest fit being the log10 
value 1.98 for small mammals in the Pleistocene 
fossil genera, equivalent to 95 g. Log-normal 
variation away from the optimum or mean is 
explained as being due to competition between 
species, as they partition resources in their envi-
ronments (Allen et al. 2006). The higher counts 
of smaller species (skewness in the distribution) 
can be explained by the smaller-scale niche par-
titioning that occurs between small-bodied taxa 
(Hutchinson & MacArthur 1959). Alternatively, 
this skewness could be accounted for by higher 
speciation rates for small taxa (Gould 1988, 
Maurer et al. 1992, but see Liow et al. 2008), 
which is expected since rates of all kinds also 
scale allometrically with body size (Brown et al. 
2004), or by elevated extinction risk for larger 
taxa (Janis & Carrano 1990, Cardillo 2003).
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Fig. 7. Densities of latent 
variable scores summa-
rizing guild composition 
at the 718 Eurasian Pleis-
tocene/Holocene fossil 
sites, divided into small 
mammal, mixed, and 
large mammal sites, and 
8000 randomly-sampled 
modern Eurasian mammal 
communities. The t-test 
and Kolmogorov-Smirnov 
test revealed that the 
small and large mammal 
sites are significantly dif-
ferent in community com-
position along this latent 
variable from modern 
samples, while mixed 
sites’ mammal assem-
blages are not significantly 
different (Table 6).
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However, our results showing a bimodal dis-
tribution in body masses among fossil mammals 
support that, rather than modern mammal masses 
being distributed unimodally with skewness, 
mammalian body mass distributions comprise 
multiple size optima, resulting in overlapping 
distributions. Such overlapping multi-modal 
distributions were identified in Lovegrove and 
Haines (2004), where each distribution is defined 
by a locomotory category. Plantigrade mammals 
are the smallest and more diverse, with digi-
tigrade and unguligrade mammals being suc-
cessively larger, with a different size optimum 
observed for each. The non-plantigrade large 
mammals are less diverse today than in the 
past due to Pleistocene extinctions, reducing the 
skewness of the total distribution (Lovegrove & 
Haines 2004). Lovegrove and Haines’s (2004) 
tests for bimodal cutoffs between large and small 
mammals vary across regions and spatial scales, 
but for the Nearctic realm, which overlaps with 
most of the Eurasian landmass we consider here, 
they find a cutoff at log10 mass value 3.14, simi-
lar to those in Table 1. In addition to differences 
in size optima based on locomotion, Liow et al. 
(2008, 2009) propose that mammals with small 
body size are better able to adopt hibernation/
torpor or burrowing behaviors to buffer against 
environmental change, which introduces selec-
tive pressures on size and can account for the 
relatively higher count of small mammal taxa.

The cutoff of 1.76 kg that we calculated 
between large and small Eurasian mammal 
genera differs from the round-number cutoffs 
frequently used by other researchers, such as 
500 g (Morgan et al. 1995, Croft 2001, Tou-
gard & Montuire 2006, Travouillon & Legendre 
2009, Lintulaakso & Kovarovic 2016) or 1 kg 
(Behrensmeyer et al. 1979, Du & Behrensmeyer 
2018, Fraser et al. 2022, Hardy & Badgley 
2023). Future studies distinguishing between 
body size guilds in the fossil record could utilize 
our methodology to tailor the cutoffs between 
those size guilds to the distribution of masses 
within their group of interest. Table 1 and Fig. 2 
show how these cutoffs can vary with geo-
graphic scope or taxonomic resolution. While 
in some cases, round numbers such as a 100 g 
mean for small mammal mass (Brown et al. 
1993) or a 1 kg division between locomotory 

guilds (Lovegrove & Haines 2004) are supported 
by theory, in most cases cutoffs for including 
taxa in size guilds should be informed by the 
statistical properties of the observed variation 
around multiple size modes, such as the two 
peaks in body mass frequency for fossil mammal 
genera (see Fig. 2A).

The roughly 50/50 division between small 
and large mammal genera we recover in the 
fossil record of Pleistocene Eurasia is unex-
pected based on these expectations from ecologi-
cal theory. It suggests that the record has a strong 
bias towards preservation and/or description 
of large mammals. Behrensmeyer et al. (1979) 
found that small animals have a lower likelihood 
of their bones fossilizing due to pre-burial pro-
cesses such as destruction of bones by carnivores 
and higher rates of surface weathering. Large 
mammals are disproportionately preserved both 
in the Holocene of Europe and in the Miocene 
globally (Crees et al. 2019, Žliobaitė & Fortelius 
2022), and other fossil records also exhibit bias 
towards preserving large body size (Cooper et al. 
2006, Brown et al. 2013b, 2022, Behrensmeyer 
et al. 2016). With regards to description, large 
mammals such as perissodactyls and proboscide-
ans are frequent topics of paleontological study 
(Žliobaitė & Fortelius 2022), and Crees et al. 
(2019) found that large Holocene mammal taxa 
were described earlier in history than smaller 
mammals. Even in the modern day, and espe-
cially in the historical record, there is bias in 
reporting levels of sightings of modern mam-
mals, with large mammals being more frequently 
noted as “charismatic megafauna” (Monsar-
rat & Kerley 2018). Alroy (2003) notes that, 
for modern mammals, taxonomic errors in the 
naming of small mammal taxa occur at a higher 
rate than for larger-bodied mammals, acting to 
inflate the population of species with masses 
plotting in the “small mammal” group.

However, the increased occupation of the 
large mammal size category in the Pleistocene of 
Eurasia relative to today also reflects the effects 
of Late Quaternary extinctions (Lovegrove & 
Haines 2004, Smith et al. 2018). Widespread 
extinction of mammals in the Late Quaternary is 
well-documented (Martin & Klein 1989, Flan-
nery & Roberts 1999, Barnosky et al. 2004, Faith 
2014). Large-bodied mammals were dispropor-
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tionately affected by these extinctions (Smith et 
al. 2018: fig. 1). This size selectivity was unprec-
edented relative to earlier vertebrate extinction 
events (Smith et al. 2018), and extinction mech-
anisms triggered by human impacts have been 
proposed to explain this selectivity (Barnosky et 
al. 2004, Sandom et al. 2014, Smith et al. 2018). 
Human hunting features selection for larger-sized 
prey, potentially uniquely among pressures 
reducing populations, so even with low rates of 
hunting humans could have driven mammal spe-
cies to extinction (Alroy 2001, Brook & Johnson 
2006, Ben-Dor & Barkai 2021). Multiple recent 
studies have concluded that human migration 
and growing population density are the most 
likely cause for megafaunal extinction (Koch & 
Barnosky 2006, Prescott et al. 2012, Sandom 
et al. 2014, Saltré et al. 2016, Araujo et al. 
2017, Andermann et al. 2020). These migra-
tions occurred concurrent with climatic changes, 
which also contributed to extinction risk, partic-
ularly during the last deglaciation, when rapid 
temperature changes were linked to mammalian 
extinctions at least in Europe (Cooper et al. 2015, 
Wan & Zhang 2017). Recovery from population 
crashes, whether triggered by rapid environmen-
tal change or hunting, is particularly challenging 
for large mammals because of their low repro-
ductive rates (Janis & Carrano 1991, Zuo et al. 
2012). The unique impact of humans over recent 
millennia may have led modern body mass distri-
butions in mammals (but also in other terrestrial 
vertebrates) to be depauperate in larger-bodied 
taxa, relative to what would have been the norm 
at other times in earth history.

In addition to bias in the genus count of 
small vs. large mammals in this Eurasian record, 
there is bias in the proportion of sites preserv-
ing small and large mammals. This result fits 
with paleontologists’ intuitive understanding that 
there are separate “small mammal” and “large 
mammal” sites. However, our fitting of bimodal 
and trimodal distributions to the mean body size 
of faunas found across a database of sites is an 
early attempt at quantifying this small site/large 
site divide: 67% of localities with four or more 
generic occurrences were classified as large 
mammal sites when using the cutoffs defined by 
the trimodal distribution shown in Fig. 3C. We 
suggest that future studies investigating ques-

tions specific to large mammal or small mammal 
communities use similar cutoffs based on the 
mean body size of taxa observed at sites. For 
example, selecting only the large mammal sites 
and removing small mammal occurrences there 
will result in a subset of sites with generally sim-
ilar preservation, allowing comparison between 
those large mammal faunas.

The higher occurrence of large mammal sites 
than small or mixed sites is likely driven by 
size-based recognition bias, as fossils of large 
bones could be recognized weathering out of 
sediments. Relative ease of surface collecting 
of large mammal bones, without need for the 
sieving and microscopy necessary for small 
mammal specimen collection and identification, 
may largely account for the approximately five-
fold higher count of large mammal than small 
mammal sites in this record. However, tapho-
nomic factors across depositional environments 
also favor the preservation of large mammals in 
the rock record over small ones (Behrensmeyer 
et al. 1979, 2000). Further research categorizing 
the depositional environments of these mammal 
sites could quantify the relative influence of such 
taphonomic biases vs. biases introduced in the 
human processes of selective collection and tax-
onomic identification.

Dietary biases

The majority of the sites included in this study 
have proportionally fewer non-herbivores than 
the modern communities do (Fig. 6). This bias 
against non-herbivore taxa that we recovered 
here, while noted previously (Wolff 1975, 
Andrews et al. 1979, Jernvall & Fortelius 2004), 
has received less attention in the literature than 
body size biases. In cases of archaeological 
sites, which are numerous among the sites stud-
ied here, herbivores may be over-represented 
because humans preferentially hunted herbivores 
in the Holocene (Crees et al. 2019). There is 
no analogous separation of herbivore-bearing 
and carnivore-bearing sites to the large/small 
site division discussed above (Fig. 6). Because 
carnivores have lower population densities, due 
to their higher trophic level, their fossils are less 
likely to be sampled at localities with lower sam-
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pling intensity (Damuth 1993, Turvey & Black-
burn 2011, Žliobaitė & Fortelius 2022). Because 
we lumped omnivores, insectivores, and carni-
vores together in our non-herbivore category, 
we could not distinguish preservation patterns 
between these categories. However, since most 
omnivores and insectivores are small mammals, 
their fossil records are likely poor. Our latent 
variable analysis resulted in the genus count of 
small non-herbivores, with double biases against 
them, having the largest impact on LV scores, 
with communities plotting further to the right 
in Fig. 7 being those with more representatives 
of this guild. Future evaluation of how com-
plete community sampling within fossil faunas is 
could use the presence of small non-herbivores 
to indicate good sampling.

The offset in proportion of herbivores and 
carnivores between fossil sites as a whole and 
modern communities may not be entirely a sam-
pling artifact. Populations of livestock have dis-
placed many native herbivore species (Veblen 
et al. 2016, Hempson et al. 2017, Filazzola et 
al. 2020). When most herbivory is done by a 
handful of domesticated species, the diversity of 
herbivores in communities drops, and the total 
biomass of wild mammals is today a small frac-
tion of the global biomass of livestock (Green-
spoon et al. 2023). Estimates of what species 
would co-occur in communities without human 
impacts, such as the “present natural” range map 
data set available for the Phylacine database 
(Faurby et al. 2018) can be used to test whether 
modern community herbivore proportions have 
been significantly shifted (down the y-axis of 
Fig. 6A) from their pre-anthropogenic state.

Additionally, non-analog community struc-
tures have been identified in the fossil record, 
for example in the Miocene of South Amer-
ica, where carnivores had low diversity (Croft 
et al. 2018), or the Plio-Pleistocene of Africa, 
where carnivores had higher diversity than today 
(Faith et al. 2019b). These are cases where 
differences in the composition of the carnivore 
guild are not due to biased sampling but reflect 
real differences in the structure of communities 
across continents or ages. We expect faunas of 
increasing age to fall farther outside modern eco-
space, and propose that future GLLVM analyses, 
including fitting additional latent variables, can 

be used to quantify how relative guild occupa-
tion across communities converged over time 
towards community structures observed today.

Comparability of fossil faunas and 
modern communities

As discussed above, the strong signal of anthro-
pogenic impacts on modern mammals pre-
vents interpretation of trait differences between 
modern communities and fossil faunas purely 
as biases in the fossil record. However, ordina-
tion of community trait variation across a large 
geographic range of modern sites, as in Fig. 6, 
reveals that the range of variation in trait com-
position of modern communities clusters relative 
to the more scattered trait proportions of fossil 
faunas. Furthermore, the temperature and lati-
tude color gradients in Fig. 6B and C reveal that 
even these coarse binary size and diet categories 
carry environmental signals, with high-latitude/
cooler regions having high proportions of her-
bivorous genera, and tropical/warmer regions 
having high proportions of small mammal 
genera. Taxon counts within guilds defined by 
size and diet, therefore, can act as ecometrics 
with utility for reconstructing paleoenvironments 
(Wilson & Parker 2023). This utility is limited, 
however, to fossil sites falling within the range 
of variation of modern training data (the convex 
hull in Fig. 6), which is a small proportion of the 
sites sampled here. We can deem sites plotting 
far from the modern cluster, for example those 
with 100% small or large mammals, as subject 
to strong biases in taphonomy and/or sampling, 
or else as representing faunas from truly non-an-
alog past environments. However, the fact that 
the sites with the best sampling, the mixed sites 
(Table 3), fall within modern variation suggests 
that the other Pleistocene Eurasian sites would 
have modern analogs as well if the complete 
communities what lived at those sites had been 
preserved.

The mixed sites, while making up only 17% 
of total sites, stand out as being comparable 
to modern communities. With their increased 
generic diversity and lower mean proportion of 
herbivores, they exemplify exceptional preser-
vation, at least for their mammal communities, 
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because they preserve a distribution of traits 
that can be reasonably considered to represent 
a functioning community (Nanglu & Cullen 
2023). Having geospatial range data for a highly 
comprehensive set of modern taxa, which are 
produced by the IUCN (https://www.iucnredlist.
org) and collected in the Phylacine database 
(Faurby et al. 2018), allows us to create com-
munity samples that, while abstracted relative 
to on-the-ground sampling, are standardized 
globally to allow for unbiased comparison. We 
drew genus counts in trait categories from these 
communities to quantify expectations based on 
modern communities. These figures (Table 4) 
can be compared to other assessments of fidelity 
in fossil faunas. As one example, Wolff (1975) 
conducted a study of Late Pleistocene sites in 
California and concluded that bulk sediment 
sampling yielded faunas with community com-
position comparable to modern mammal com-
munities; however, these samples yielded 94% 
herbivores and 10% large mammals, which 
would place them among the small mammal 
sites in Fig. 6A, and not within modern commu-
nity variation.

While the mixed sites are comparable to 
modern communities, large mammal sites are by 
far the most numerous. With this being the state 
of the record, one approach could be to focus 
research on sites falling in this mixed category, 
or intensifying field collection (e.g. sampling 
for small mammal material at large mammal 
sites) with the aim of shifting more sites into the 
mixed category, which generally exhibits higher 
genus counts (Nanglu & Cullen 2023). The other 
approach, focusing on data synthesis rather than 
collection work, is to limit analyses to the richer 
set of large mammal sites. Since the best record 
is that of large herbivores, then existing ecomet-
ric methods based on dental traits of these taxa 
remain a good target for future studies (Eronen et 
al. 2010, Liu et al. 2012, Evans 2013, Žliobaitė 
et al. 2016, 2018, Oksanen et al. 2019). Based 
on our quantification of the Eurasian record 
from the Pleistocene in comparison to today, we 
echo the advice of Damuth (1982) that analysis 
of fossil faunas should focus on a single trophic 
level, with primary consumers having the high-
est abundance in both living populations and the 
fossil record. Particularly, primary consumers 

with body sizes above 1.78 kg are the most 
abundant in the Eurasian Pleistocene record, so 
consideration of trait distributions within this 
group, rather than between groups, can minimize 
biases between faunas.

Conclusions

We introduced a method to define large and 
small mammal groups based on bimodal dis-
tributions, which calculates cutoffs based on 
statistical properties of body mass distributions 
instead of arbitrary cutoff values. This method, 
which revealed fundamental divisions between 
body size classes between 1–4 kg for modern 
and fossil mammal datasets, can also be used to 
calculate trait divisions for other groups. Using 
the cutoff of 1.76 kg defined for modern Eur-
asian genera, large mammals make up 50% 
of Eurasian genera occurring in the Pleisto-
cene, while they comprise 20%–30% of modern 
mammal taxa, indicating clear bias towards pres-
ervation and/or description of larger mammals. 
However, Pleistocene megafaunal extinctions 
also reduced the proportion of large taxa in com-
munities today, so quantification of how fossil 
communities were non-analog in terms of body 
size remains a goal for future work.

We also fit distributions to categorize fossil 
mammal sites as small mammal, mixed, or large 
mammal sites based on their mean body masses 
of preserved genera. The utility of this site cat-
egorization was demonstrated by the differences 
in community composition in terms of both size 
and diet that we quantified using convex hulls 
and latent variable ordination. Both large and 
small mammal sites differ significantly from 
modern communities in having a higher propor-
tion of herbivorous genera, approximately 70% 
on average. In contrast, the minority of mixed 
sites preserve dietary and size proportions more 
similar to modern faunas. Because over 60% of 
sites fell in the large mammal site type, we con-
clude that large-scale analyses of fossil mammal 
community composition may be limited to con-
sideration of these large mammal sites, but cau-
tion that biases against non-herbivorous taxa 
prevent those large mammal communities from 
being functionally complete samples.
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Appendix 1. The observed genus count for each of 
1018 sites with minimum ages under 2.58 Ma, plotted 
against the site age range (maximum age – minimum 
age). The bases for these ages are listed in the NOW 
database (https://doi.org/10.5281/zenodo.4268068) 
and in the occurrence file available on GitHub (https://
github.com/abbaparker/Size-Diet-Bias).
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Appendix 2. Body size distributions of modern mammal species. — A: All species occurring globally in the Phyla-
cine data set, with species for which mass was imputed removed. — B: The subset of those species occurring in 
Eurasia. Both histograms fit with a bimodal normal distribution where both distributions have equal standard devia-
tions, with y-axis scaling for the proportion of species occurring in each distribution (see Table 1).
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Appendix 3. Mean body size for all 1018 fossil locali-
ties, averaged across occurring genera. The same his-
togram subsampled to sites with four or more genera is 
shown in Fig. 3.

Appendix 4. Fossil genus count vs. genus count at the nearest modern sample, for (A) large mammal genera, (B) 
herbivore genera, (C) small mammal genera, and (D) non-herbivore genera; see also Fig. 4.
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Appendix 5. The number of mammal genera observed at (A) 1018 fossil sites in Eurasia, and (B) 21 002 modern 
sampling points across Eurasia, plotted against the latitude of their geographic locations. Site longitudes are indi-
cated by the color of each point; see also Fig. 5.


