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European bison (Bison bonasus) were widespread throughout Europe
during the late Pleistocene. However, the contributions of environmental
change and humans to their near extinction have never been resolved.
Using process-explicit models, fossils and ancient DNA, we disentangle
the combinations of threatening processes that drove population declines
and regional extinctions of European bison through space and across
time. We show that the population size of European bison declined
abruptly at the termination of the Pleistocene in response to rapid environ-
mental change, hunting by humans and their interaction. Human activities
prevented populations of European bison from rebounding in the Holo-
cene, despite improved environmental conditions. Hunting caused range
loss in the north and east of its distribution, while land use change was
responsible for losses in the west and south. Advances in hunting technol-
ogies from 1500 CE were needed to simulate low abundances observed in
1870 CE. While our findings show that humans were an important driver
of the extinction of the European bison in the wild, vast areas of its range
vanished during the Pleistocene-Holocene transition because of post-
glacial environmental change. These areas of its former range have been
climatically unsuitable for millennia and should not be considered in
reintroduction efforts.

1. Introduction

The European bison (Bison bonasus) is a large grazer that was once widely
distributed in Europe and western Asia [1]. During the Pleistocene-Holocene
transition, the population and geographical range of the European bison
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collapsed [2], with the species going extinct in the wild in 1927
[3]. Since its near extinction, enormous effort and resources
have been directed towards restoring healthy wild popu-
lations of European bison from captive survivors [3]. These
conservation measures have been incredibly effective, result-
ing in a progressive downgrading of extinction risk for
European bison, from extinct in the wild in the early twentieth
century to near threatened in less than 100 years [4].

As European bison increase in number and range size [4],
their long-term persistence relies on knowing how and why
they nearly went extinct in the first place. Currently, there is
much speculation as to whether the pathway to near extinction
for the European bison was a recent and abrupt human-driven
event, or a much longer and more drawn-out process that
involved past climatic and environmental change as well as
sustained hunting by humans [5]. A better biogeographic
understanding of the ecological processes of population
decline and range contraction for European bison is needed
to inform evidence-based solutions for its future protection
and recovery [6,7].

It has been hypothesized that the cause of the European
bison’s near extinction was habitat loss due to deforestation,
based on an assumption that the European bison is a forest
specialist [2]. However, this hypothesis is based on a relatively
short temporal perspective, founded on historical records
and fossil evidence from the Holocene, when Europe was
already mostly forested [8]. A competing theory is that the
European bison is not a forest specialist but primarily a
grazer, adapted to mosaic rather than strictly forest habitats
[5]. This is supported by stable isotope data from modern
and ancient European bison bone collagen, which show a
shift in habitat use from open to closed habitats in the early
to late Holocene—a response driven by wide-scale forest
expansion [9]. According to this theory, the European bison
became trapped in expanding suboptimal forest habitats
as Eurasia emerged from the last ice age [10]. At this time,
human populations that hunted European bison for food
and skins [2] were spreading north and becoming more ubi-
quitous across Eurasia [11]. Hence, it is argued that hunting
by humans, particularly in more populated open habitats,
further amplified the climate-driven retreat of European
bison to forested habitats [12]. A third view is that human
impacts alone were the primary cause of the range collapse
and population decline of Eurasian megafauna, including
the European bison [13,14]. What is clear from these com-
peting theories is that the contributions of environmental
change, humans and their interactions on the scale, rate
and geographical patterning of loss of the European bison is
still unclear.

Currently, there are approximately 7300 free-ranging
European bison [15]. Efforts to re-establish and conserve the
species in the wild are far-reaching. This is because the Euro-
pean bison is an ecosystem engineer with a key role in
maintaining landscapes and biodiversity [16]. By debarking
trees and browsing on tree seedlings, the European bison
restores threatened grassland habitats, preventing forest
encroachment [17]. Despite these important ecosystem ser-
vices, a poorly resolved understanding of the biogeography
of the European bison has meant that its rewilding has
been done without a strong understanding of habitats and
regions where it once thrived [5,18]. Consequently, European
bison have been released at sites ranging from the coastal
dunes of the Netherlands [16] to the mountains of the

French Alps [19], with mixed success [4]. Thus, continued n

reintroduction efforts to recover the European bison and
restore grasslands will benefit from a more thorough under-
standing of its past range dynamics, including the causes of
its range collapse and population decline, which, depending
on the hypothesis, occurred many centuries to millennia ago.

While correlative ecological niche models (ENMs) have
provided approximations of the range of the European
bison in the Holocene [20], these projections did not capture
(i) the full breadth of environmental conditions that the Euro-
pean bison is likely to have occupied and thrived in prior to
the Holocene, and (ii) the complexity of drivers that caused
population decline and range contraction during this period
[5]. Recent developments in process-driven ecological
models are providing more robust projections of the past
range and extinction dynamics of megafauna, including for
species that the European bison coexisted with during the
late Pleistocene [21]. These projections are being made
using spatially explicit population models (SEPMs) that
explicitly simulate functions of global change, ecological pro-
cesses and their interactions on the structure and dynamics of
geographical ranges of species [22]. Results from these simu-
lation studies—validated with real-world data—have shown
that pathways to range collapse and extinction are long and
lasting [6], and that species respond demographically to
biotic and abiotic stressors that operate at local-to-regional
scales, varying through time [23].

Here, we detect and decipher the potential drivers and
ecological processes responsible for the near extinction of
the European bison using a detailed validated simulation
approach that integrates high-resolution reconstructions of
past climates and densities of people, and inferences of
demographic change from fossils, historical records and
ancient DNA. This statistical simulation approach uses
new radiocarbon-dated fossils of European bison, represent-
ing some of the oldest ever found. Our 21 000-year
reconstructions of the structure and dynamics of the geo-
graphical range of the European bison reveal important
interactions between climatic warming and human press-
ures that drove the timing, magnitude, and pattern of
range contraction and population decline of the European
bison. They also show where the European bison would
be distributed today if hunting and land use change had
not occurred, providing much needed information for the
future management of this species.

We built 55000 SEPMs that simulate interactions between the
metapopulation dynamics of European bison, environmental
variability, human hunting and land use change [23]. We used
these models to reconstruct 21000 years of European bison
range dynamics across Eurasia. We validated model projections
of spatio-temporal abundance using pattern-oriented modelling
(POM) methods [24], drawing on inferences of demographic
change from historical accounts and 120 radiocarbon-dated fos-
sils. The latter included 14 previously unpublished radiocarbon
dates [25]. Models were coded in R v 4.2.0 using the package
paleopop [26].

To reconstruct the ecological niche of the European bison, we inter-
sected radiocarbon (**C) dated and georeferenced fossils with
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simulated climate and land use projections. To do this, we compiled
a database of "*C dated European bison fossils using published and
unpublished sources [25]. Radiocarbon dating of all new fossil
material (n = 14) was done using accelerator mass spectrometry at
the Laboratory of Ion Beam Physics, Eidgenossische Technische
Hochschule Ziirich, Switzerland [25]. No ultra-filtration pre-treat-
ment was needed, as the quality of the bone collagen had been
tested before accelerator mass spectrometry to verify collagen
yield, C:N proportion, %N in collagen and %C in collagen. Dated
fossils without geolocations were geocoded manually using the
name of the fossil site. The quality and reliability of all radiocarbon
dates was assessed based on dating method, stratigraphy, associ-
ation and material [27]. Only fossils with an age quality score
greater than 10 were used [28]. This resulted in 120 high-quality
1%C dates. The "*C ages of these fossils were calibrated using the
OxCal tool [29] and the IntCal13 curve [30].

Occurrence records from fossils were intersected with monthly
palaeoclimate data from the HadCM3 general circulation model
(GCM), downscaled to 0.5°x0.5° spatial resolution and bias-
corrected to current-day conditions [31]. The HadCM3 GCM has
previously been shown to accurately represent land and sea
surface temperatures, precipitation and ocean circulation [32].
We extracted monthly data for annual precipitation, winter temp-
erature and spring and summer evapotranspiration (electronic
supplementary material, methods). These three climatic variables
have been used previously to model the range dynamics of large
vertebrates in Eurasia, including during the Pleistocene-Holocene
transition [6,28]. These climatic variables limit forage availability in
winter and forage nutritional constraints in summer [3]. Monthly
climate data were temporally averaged over a 10-year period
(the generation length of the European bison; see below) using a
30-year sliding window [21]. Climate data were projected to an
Albers equal area projection centred on a reference latitude of
57.5°N and a reference longitude of 25°E, resulting in a grid-cell
resolution of 86.6 by 75.6 km.

We used a dynamic vegetation model (LPJ-GUESS) [8] to
determine habitat and resource availability for European bison.
This model is coupled to HadCM3 palaeoclimate data but does
not include herbivore feedbacks on plant structure or biomass,
which is still debated [33]. We estimated the combined biomass
of preferred plant functional types and adjusted these spatio-
temporal estimates of biomass according to land use, using
Hyde 3.2 [34]. Projections of adjusted biomass, representing
human-driven vegetation change for European bison, were con-
verted to the same Albers equal area projection as the climate
data and temporally downscaled to a decadal time step using
linear interpolation [21]. See electronic supplementary material,
Methods for more details.

To model the ecological preferences of European bison
spatio-temporally, we built a four-dimensional multi-temporal
ENM [35]. To do this, we intersected the location, calibrated
4C date and its associated uncertainty (+2 s.d.) [36] of fossil
occurrences with the climate variables and adjusted biomass.
We removed any duplicate data created by two fossil occurrences
falling within identical or overlapping spatio-temporal bins [21].
We used this dataset to create a Gaussian hypervolume of eco-
logical suitability, a technique for niche estimation that does
not require absence data [37]. We tuned the kernel density esti-
mation bandwidth by optimizing the mean square error using
cross-validation [37]. The resulting hypervolume was exhaus-
tively subsampled to generate thousands of plausible realized
niches [21,35] using niche marginality and volume [6,21]. Habitat
suitability was projected into geographical space at 10-year inter-
vals (the generational length of the European bison; see below).
Habitat suitability scores were scaled between zero and one for
each projection based on the 95th percentile of suitability for
all projections [21]. See electronic supplementary material,
methods for more details.

The population growth and expansion of Palaeolithic humans
across Eurasia following the last glacial maximum (LGM, a
period from 26.5 to 19 ka BP [38]) was modelled using a process-
explicit climate-informed spatial genetic model (CISGeM) that
accurately reconstructs global genetic patterns and arrival times
of anatomically modern humans [39]. This model has previously
been used to disentangle the impact of humans on megafauna
over palaeo timescales [6,28]. CISGeM simulates effective popu-
lation size (N,) using a cellular demographic model in which
local N, is a function of sea level, net primary productivity and
local demography [40]. We ran CISGeM from 120 ka BP to present
using climate data from the HadCM3 GCM [32]. To account for
parameter uncertainty in projections of N, we used published
upper and lower confidence bounds for CISGeM parameters [40]
to generate 4950 equally plausible unique models of human popu-
lation growth and migration. We did this using Latin hypercube
sampling [41].

We calculated the mean and standard deviation for N, in
each grid cell at each 25-year time step from 21 ka BF, then repro-
jected the values to the Albers equal area projection described
above. N, values were scaled between zero and one using the
95th percentile as an upper threshold, and used as a proxy for
relative abundance [6]. We linearly interpolated the outputs from
25-year to 10-year time steps to match the ENM projections.
We then generated plausible reconstructions of relative human
abundance by sampling within + 1 s.d. of N from a lognormal dis-
tribution. The centre of the sampling window within + 1 s.d. of
mean N, was a variable model parameter in our European
bison-climate-human process-explicit model [28]. The approach
assumes that N, and population abundance are positively related
[42], which is generally true [43].

We used spatio-temporal estimates of habitat suitability and
relative human abundance (from our ENMs and CISGeM,
respectively) as inputs to a SEPM that simulated landscape-level
population processes for the European bison, including metapo-
pulation and dispersal dynamics [21,28]. Each grid cell was
modelled with a scalar-type stochastic model that simulates the
finite rate of population increase ‘R’, its variance and the popu-
lation carrying capacity [44]. The approach has been used to
skilfully reconstruct inferences of past range dynamics of large-
bodied mammals [6], including a closely related species of bison
(Bison priscus) [28]. The SEPM was run at generational time
steps from 21 ka BP to 100 BP. A generation length of ten years
was set based on the difference between reproductive lifespan
and age at first birth [45].

Maximum annual growth rate and its variance were esti-
mated using time-series data (see electronic supplementary
material, methods). Population growth was modelled with a
Ricker logistic density dependence function [46], with carrying
capacity regulated by the habitat suitability in a given grid
cell [28]. At a habitat suitability of 1, the carrying capacity was
equal to the maximum density (electronic supplementary
material, table S1), reducing with lower habitat suitability [47].
A negative Allee effect was simulated using an abundance
threshold below which populations became locally extinct [21].
We estimated that between 5% and 25% of populations of
European bison disperse per generation, with a maximum dis-
persal distance of 0-300 km (electronic supplementary material,
table S1) [3]. A dispersal friction landscape [48] based on ice
sheet reconstructions [49] and land use change (see §2a above)
was used to ensure that bison only dispersed through ice-free
grid cells, and that their dispersal was lower in urban, agricul-
tural or pastoral environments. Harvesting was modelled as a
nonlinear function of prey density, human density, hunting rate
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and prey availability [6,28]. These model parameters are
described in more detail in the electronic supplementary
material, methods.

Models centred on best estimates of demographic processes
(population growth rate, dispersal, Allee effect), ecological attri-
butes (niche volume and climatic specialization) and human
hunting pressure (human abundance and hunting function)
were varied across wide but plausible ranges (electronic sup-
plementary material, table S1) using Latin hypercube sampling
of uniform probability distributions [41]. This resulted initially
in 25000 model parametrizations, each with a different combi-
nation of values for demography, environmental preferences
and exploitation by humans. Each model was run for a single
replicate and validated using POM methods [21].

(d) Model validation

We used POM methods to evaluate the accuracy of model simu-
lations and constrain parameter distributions [24]. Specifically,
we used approximate Bayesian computation (ABC) to evaluate
model projections against a multivariate target [50] consisting of
(i) correct spatio-temporal occurrence, (ii) persistence in the Cauca-
sus at the end of the simulation and (iii) two persisting refugial
populations in 1850 CE. Spatio-temporal occurrence was correct
if animals were simulated at a fossil site (and/or its eight nearest
neighbouring cells) at the time that the fossil was deposited +2 x
s.d. of the calibrated "C date. For the observation records, there
was no temporal band of uncertainty. For simulations that did
not result in persistence in the Caucasus Mountain region (as
well as Bialowieza Forest) at the end of the simulation, we applied
an annual penalty for each year that extirpation occurred before
1850 CE. Because European bison had collapsed to two refugia
by 1850 CE [3,51], we calculated the difference between the
simulated and expected number of populations extant at 1850 CE.

The best 0.25% of feasible parametrizations of European
bison-climate-human interactions were identified using the rejec-
tion algorithm in the abc package [52]. We then ran three further
rounds of POM (each with 10000 simulations) using informed
prior distributions based on these top models [28]. We ceased
POM after these three additional rounds, because Bayes factors
indicated that the posterior distributions had converged [53].
We did posterior predictive checks on the best 25 (0.25%) of 10
000 models from the final round of POM, using 1000 simulations
(based on the posterior distributions of their parameters) and did
a goodness-of-fit test with the gfit function [54]. We did two
additional independent validation tests of these best SEPMs.
Inferences of change in population size (based on N,) from ancient
DNA (aDNA; electronic supplementary material, methods figure
52) were used to assess whether these models could reconstruct
relative change in total population size, assuming that trends in
N, and population abundance are positively correlated [6]. His-
torical sighting records (1000-1500 CE) not used elsewhere in
model development or testing were used to test whether the
models could reconstruct recent patterns of extirpation. See
electronic supplementary material, methods for details.

The best European bison-climate-human interaction models
from the final round of simulations were used to generate
weighted ensemble averaged estimates of spatial abundance,
extirpation time, total population size and harvest rates. Esti-
mates were weighted by the inverse of the Euclidean distance
of the model from the validation targets, giving higher weights
to models that best reproduced the multivariate target.

(e) Statistical analysis

We used generalized additive models (GAMs) implemented in
the mgcv R package [55] to investigate the drivers of bison abun-
dance in the Pleistocene (21-11.7 ka BP), early-to-mid-Holocene
(11.7-425ka BP) and late Holocene (4.25-0.45ka BP). We

extracted total bison abundance at generational time steps from n

the best SEPMs chosen using POM. The drivers tested were
climate (average annual temperature), hunting pressure (human
population size) and land use change (human-driven change
in vegetation biomass) in occupied grid cells. European bison
abundances and the three covariates were aggregated to 100-
year time bins to remove the effects of short-term decadal
variation and temporal autocorrelation. This approach has been
used elsewhere [6].

All GAMs included model ID as a random effect. Fixed effects
and any interactions were modelled as penalized thin-plate
regression splines. Models were built using a double penalty
approach whereby coefficient estimates could be reduced to zero
for non-informative covariates [56]. GAMs were optimized using
maximum likelihood, with model selection based on a 7 test per-
formed on two times the difference in the minimized smoothing
parameter (i.e. maximum likelihood) between GAMs with and
without interactions. This approach is preferred over AIC selection
methods for models that include random effects [57].

(f) Model scenarios

We ran counterfactual scenarios to disentangle the spatio-tem-
poral roles that environmental change, human hunting and
land use change had on the range collapse of the European
bison [28]. We simulated three counterfactual scenarios: no hunt-
ing, whereby the human hunting rate was set to zero throughout
the simulations; no land use change, in which biomass of temper-
ate and boreal trees and shrubs was not reduced by land use
change; and no human pressures, which combined the effects of
the no land use change and no hunting scenarios.

Hunting pressure on European bison increased greatly after
1500 CE, due to technological advancements in hunting and cul-
tural shifts in land use [58], including establishment of royal
hunting reserves [51]. To address this, we ran scenarios of increased
hunting from 1500 CE to 1870 CE with harvest rates increasing at
10% intervals from 10 to 100% of pre-1500 CE maximum hunting
rate. We validated the final abundance in 1870 against a historical
estimate of 3560 European bison, with 2000 bison in the Caucasus
[51] and 1560 bison in Bialowieza Forest [3].

3. Results

(a) Pattern-oriented validation

Our best 25 SEPMs (0.0005% of all models) were able to
reconcile inferences of spatio-temporal occurrence and per-
sistence (electronic supplementary material, figure S1).
These models correctly reconstructed the timing and place
of occurrence of European bison at most fossil sites, and per-
sistence in the Caucasus (and Bialowieza Forest) in 1850 CE.
The target of two refugial populations of European bison in
1850 CE could not be simulated without increasing hunting
after 1500 CE (electronic supplementary material, figure S1;
see ‘Drivers of decline’ below). Importantly, goodness of fit
tests showed no significant difference between the distri-
butions of simulated and inferred summary metrics for all
validation targets (p>0.05), indicating a good fit of the
simulated to the observed data.

Independent validation tests confirmed that the best SEPMs
were robustly parametrized. Confidence intervals of trends in
simulated relative abundance overlapped aDNA estimates,
with high concordance between simulated and inferred rates of
decline in relative population size during the Pleistocene-Holo-
cene transition (electronic supplementary material, figure S2).
These best models reconstructed spatio-temporal occurrence at
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Figure 1. European bison abundance and its drivers projected from 21 000 BP to 450 BP (1500 CE). () Total European bison population size. The population time series
of the best 25 models are shown in light grey. (b) Camrying capacity, (c) harvested animals, (d) mean annual temperature and (e) total human population size for the
study region. Shading shows +1 s.d. Carrying capacity represents maximum potential European bison population size in the absence of human impacts. Changes in other
climate and environmental variables (incduding those used to estimate the bison niche) are shown in the electronic supplementary material, methods.

up to 4 of the 5 independent sites of historical occurrence
(mean = 3.3, s.d. = 1.11). Goodness-of-fit tests indicated a reason-
able resemblance between simulated occurrence and these
independent observations of occurrence (p > 0.05).

Reconciling inferences of population persistence and extir-
pation required European bison to have specific demographic
and ecological attributes (electronic supplementary material,
figure S3). Comparisons of prior and posterior distributions
(electronic supplementary material, table S1) show that the
European bison is likely to have had a realized niche character-
ized by a small-to-medium niche volume (58-72% of the volume
of the full potential realized niche volume) and medium-to-high
specialization (based on niche marginality). These comparisons
also showed that a small Allee effect (9 bison per 87 km x 76 km
grid cell) and a low maximum dispersal distance (110 km)
are needed to reconcile inferences of past population and

range dynamics from palaeo and historical archives. In each
generation, approximately 5% of bison permanently dispersed,
moving at least 76 km from their site of birth. In the best models,
maximum harvest was 5-21% of the bison population, with a
functional response closer to a type II than type III response
(electronic supplementary material, figure S4). The maximum
population density in the best models was 0.3 bison km™
(approx. 2000 bison per 87 km x 76 km grid cell), which falls
within the range of bison population densities measured in
Biatowieza Forest (0.2-1.5 bison km ™) [59].

(b) Population and range dynamics

Based on the ensemble average of the best SEPMs, the Euro-
pean bison was abundant and widely distributed at the LGM
(figures 1 and 2). Population numbers remained relatively
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Figure 2. Range collapse of the European bison. (a) Fossils and their radiocarbon dates for the European bison. (b) Simulated bison abundance for the end of the
last glacial maximum stadial (20 000 BP), immediately prior to the Balling—Allerad warming event (14 700 BP), the mid-Holocene (6000 BP) and at the end of
the simulation (450 BP or 1500 CE). Abundances are shown only for grid cells where at least 25% of the top models agreed that there was bison occupancy. See
electronic supplementary material, figure S6 for abundance maps that include cells with low model agreement.

stable, increasing slightly during the onset of deglacial warm-
ing. They then fell sharply at 14.7 ka BP (Bolling-Allerod
warming event), in response to rapid warming and a corre-
sponding reduction in bison carrying capacity. Following
14.7 ka BP, the range-wide carrying capacity of European
bison recovered, but abundance did not, probably because
of hunting by humans. Hunting of European bison increased
after 14.7 ka BP due to increased human abundance, which
remained high throughout the remainder of the simulation
(figure 1).

Reconstructions of spatio-temporal abundance of the
European bison show that by the mid-Holocene it had con-
tracted its range to central and eastern Europe and the
Caucasus, going extinct in southern Europe at approximately
11 ka BF, and in Western Europe at approximately 7 ka BP

(figure 2; electronic supplementary material, movie S1).
During the early deglaciation (21-18 ka BP), European bison
were distributed in disjunct metapopulations in Siberia,
the Caucasus, southern Europe and western Europe. From
18 ka BP, metapopulations in western and southern Europe
started to slowly move eastward and northward, merging
together some 6000 years later (electronic supplementary
material, movie S1). By 12kaBP the only remaining
European bison in Western Asia were in the refugium in
the Caucasus. The Siberian metapopulation declined in size
from 13 ka BF, going regionally extinct at 8 ka BP. By 1500
CE (or 450 BP), the European bison was restricted to north-
eastern Europe and a small refugium in the Caucasus,
attaining highest abundances in the Caucasus and in what
is now Poland and Ukraine (figure 2).

S60LET07 (06T g 20S Y 0id  qdsi/jeuinol/ba0-buiysijgndAianosiefos H



Downloaded from https://royal societypublishing.org/ on 03 January 2024

period | Pleistocene [—]early-to-mid Holocene— late Holocene

(@) ) (©
6 1 0.50 1
a1\
% 0.25 -
= 2 i3]
a 07
-0.25 1
-2
—4 1 - -0.50
m _#'_ _—I.I.ILMLII.I.I_ILI.IJ.,I.LI_
2000 4000 6000 —4 4 8 0 2x10%4x10%6x10*

human abundance

mean annual temperature

land use change index

Figure 3. Predictors of population decline in European bison. Partial effects plots for general additive models of drivers of bison abundance with respect to (a)
human abundance, (b) mean annual temperature and (c) land use change. Different colours show different time periods: Pleistocene (light blue), early-to-mid-
Holocene (dark blue) and late Holocene (green). Rug plots of sampling density are shown along the x-axis.

(c) Drivers of decline

Analysis of total population size of European bison from
our best SEPMs showed that hunting pressure was the
primary determinant of population decline during the Pleisto-
cene, early-to-mid-Holocene and late Holocene (figure 3).
The GAM of bison abundance regressed against mean
annual temperature, human abundance and land use change
explained 89% of variance in total population size (adjusted
R*=0.83). This was a significant improvement over the same
model with interactions between variables (delta maximum
likelihood = 123.13, df =12, p <0.001). A strong positive corre-
lation between temperature and European bison abundance
was detected during the Pleistocene, with a weakly positive
effect in the early-mid-Holocene. The effect of land use
change on vegetation biomass had a slight negative effect on
bison abundance in the Holocene (electronic supplementary
material, table S2).

Counterfactual scenarios revealed the spatio-temporal foot-
print of humans on the local persistence of European bison
(figure 4). In the absence of hunting and land conversion by
humans, European bison are likely to have persisted much
longer in Scandinavia, the Balkans, and present-day Germany
and southwestern Russia (electronic supplementary material,
figure S5). They also show that climatic change during the
Pleistocene was the primary determinant of range contractions
in Western Europe, Anatolia and Siberia (figure 4). During the
Holocene, hunting caused range loss in the north and east of
the European bison distribution, while change in land use
was responsible for losses in the west and south.

In the no hunting scenario, the range of the European bison
in 1500 CE extended farther east into Russia, while the Cauca-
sus refugium (where the European bison persisted until its
extinction in the wild) extended farther north (figure 4). In
the no land use change scenario, the European bison’s range
extended farther west in both continental Europe and the

Caucasus (figure 4). In the no human pressure scenario, there
were additional areas in southern Denmark and France
where the removal of both hunting and land use change
allowed European bison to persist to 1500 CE. A rasterized
map of causes of local extinctions of European bison
populations based on these counterfactual scenarios is
provided [60].

While our best SEPMs overshot the estimated population
size of European bison in 1870 CE (n = 3560) (figure 1), a 30%
increase in harvest rate after 1500 CE (in response to cultural
and technological changes in hunting, including guns [61])
was enough to deplete the population size to levels observed
in 1870 CE (figure 5).

4. Discussion

Using spatially explicit process-driven ecological models that
integrate extensive palaeontological and historical data, includ-
ing new radiocarbon-dated fossils, we were able to disentangle
the spatio-temporal effects of climatic change, human hunting
and land use change on the population and range dynamics
of European bison following the last ice age. We show that
the effects of natural and anthropogenic drivers varied from
the edge to the core of the European bison’s distribution.
Humans had the most pronounced impact in the centre of its
distribution, contributing heavily to the population decline
and range collapse of the European bison, while climatic
change is likely to have caused losses of peripheral populations.
By identifying areas where the European bison would have per-
sisted to 1500 CE in the absence of human pressures, we
pinpoint locations that are potentially climatically suitable for
reintroduction of European bison today.

Our high-resolution reconstruction of the range and
population dynamics of the European bison shows that its
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Figure 4. Drivers of range collapse for European bison. (a) The effect of climate (green) and humans (brown) on the extirpation of European bison. Population
abundance for the projected extant range in 1500 CE is shown in blue. (b,c) Maps of abundance of European bison are shown in 1500 CE without hunting (b) and
without land use change (c). Grid cells are 86.6 by 75.6 km. Abundances are shown only for grid cells where at least 25% of models in the baseline scenario agreed
that there was bison occupancy. Hatched areas indicate areas of very low abundance (<50 bison).
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Figure 5. Harvest increase needed to simulate population size in 1870 CE. Population size of European bison in 1870 CE in response to increased harvesting follow-
ing 1500 CE. Dashed horizontal line shows estimated population size of European bison in 1870 CE [3,51]. Estimates are based on the output from individual runs of

the best 0.25% of process-explicit models.

persistence was affected by biotic and abiotic stressors that
varied spatio-temporally. Increases in temperature had a
strong positive impact on European bison abundance, but
only in the Pleistocene, with subsequent warming having a
reduced impact. We show that environmental change in the
late Pleistocene caused the range of the European bison to
shift from a fragmented periphery to a centralized core popu-
lation in Europe where human abundances in Eurasia were
generally highest [40]. Here, European bison were hunted
for food and skins [62], and for noble prestige from the late
medieval period [63]. Reconciling inferences of demographic
change from the extensive fossil record of European bison
required process-explicit models to have a medium level of
sustained hunting by humans (5-21% maximum harvest
rate for European bison). These rates align with isotopic
evidence from human fossils from Europe during the late
Pleistocene, which suggest that 10% of average protein
intake came from bovines (aurochs and European bison)

[64]. Increasing geographical overlap between areas of high
bison abundance and high human abundance, along with
limited dispersal between increasingly isolated fragments
of populations of European bison, eventually led to the
demise of the species in the wild, both directly through
overexploitation by hunting, and indirectly through land
use change, reducing abundances to a level where mean
individual fitness is likely to have declined.

The abundance of European bison today is trending
upward following nearly 100 years of conservation interven-
tion [3]. However, the species still faces many threats and
obstacles to its long-term persistence [4]. Contemporary
threats include land use changes that reduce carrying
capacity and impose barriers to dispersing bison through
fragmentation [65], and poaching that reduces population
numbers [4,18]. These are the very same threats that put the
European bison on a pathway to extinction many millennia
ago, as shown by our validated models.
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As a priority species for conservation in Europe [66]
because of its important role in restoring grassland habitat
[67], a lot of money and time is being invested into expanding
the range and abundance of European bison [4], but with
mixed success. Of the 47 free-living European bison popu-
lations, only eight have more than 150 adults, and all eight
of these are dependent on supplemental feeding due to poor
habitat suitability [4]. Moreover, only 23% of reintroduced
populations of European bison have connectivity to other
populations [4]. Managers clearly need new information that
will help to maximize the probability of successful reintroduc-
tions of European bison, and potential flow-on benefits to
nature and people [16]. This information includes, but is not
limited to, knowledge of the geographical structure and
dynamics of the range of the European bison immediately
prior to and during its demographic decline [7]. Without this
biogeographic information, the consequences of improper
management decisions can be severe. Reintroductions of
European bison into unsuitable areas have already failed or
experienced serious problems due to slow-growing populations
succumbing to inbreeding depression (e.g. in Siberia [68]).

Our spatial reconstructions of European bison abundance
in 1500 CE provide critical new information to guide European
bison reintroductions. Poland, areas of Ukraine and areas
bordering western Russia are areas of highest projected abun-
dance in the fifteenth century. Today, Ukraine and western
Russia are characterized by widespread abandonment
of agricultural land [69], making them very suitable for
reintroductions of European bison. Indeed, over 50% of all
free-living European bison are found in these regions [18],
which is unfortunate given that it is currently an active conflict
zone. However, our modelling also shows that there are
other regions that are likely to have had medium-to-high
densities of European bison until at least 1500 CE, even with
sustained levels of hunting. These include Slovakia, Romania
and the Caucasus.

Maps of abundances of European bison in 1500 CE in
the absence of human pressures reveal additional potential
regions and sites for future reintroduction and habitat
restoration [60]. For example, we show that land use change
is likely to have contributed to the extirpation of European
bison in Germany, Czechia, Bulgaria and Serbia during the
late Holocene, indicating that these areas are also likely to
provide suitable current-day reintroduction sites if adequate
habitat restoration is done. These counterfactual simulations
also reveal areas that have been climatically unsuitable for
European bison for many millennia and thus should be
excluded from current translocation and reintroduction
efforts. Looking ahead, our process-explicit models of
European bison—climate-human interactions could be used
to identify reintroduction sites that are not only suitable for
conservation management today, but also under future
anthropogenic climate and environmental change.

Our reconstructions of the range and population dynamics
of the European bison also offer new and important bio-
geographical insights. We provide evidence for an isolated
metapopulation of European bison in Siberia until 7 ka BP
that went extinct due to deglacial environmental change. This
finding is consistent with inferences from ancient DNA of a
cold-adapted clade of European bison that went extinct
during the most recent deglaciation [1]. Our validated model-
ling suggests that this clade is likely to have survived for
longer than previously thought, persisting into the Holocene

in low abundances. We also show that in Europe at 21 ka BP [ 9 |

there were two main subpopulations of European bison, one
in Western Europe and one in Southern Europe, and these
subpopulations fused together in Central Europe at the termin-
ation of the Pleistocene. Population genomics could be done to
further verify this finding [70].

Our validated simulation models show that while human
pressures were a major contributor to the demographic and
range collapse of the European bison during the Pleistocene—
Holocene transition, environmental change was also needed
to cause its demise. Our findings rule out the hypothesis
that habitat loss due to deforestation was the primary cause
of the range contractions and near extinction of the European
bison, because the effect of land use change on bison abun-
dance was minor compared to mean annual temperature
and human hunting. Our results do not, however, rule out
the theory that European bison were primarily grazers that
were forced by environmental change and human pressures
into suboptimal forest habitat. They cannot definitively con-
firm it either, because the spatio-temporal resolution of our
data on palaeo-vegetation was not fine enough to conclusively
identify European bison preferences for open or closed habitat.

While our simulation approach was able to reconstruct
many key features of the range dynamics of the European
bison over the last 21000 years, the approach overestimated
its population size in 1870 CE. This is likely because of a
technological and cultural shift in bison hunting after 1500 CE
[61]. Indeed, we show that a 30% increase in harvest
efficiency after 1500 CE was enough to reconstruct the popu-
lation size of 3560 animals estimated in 1870 CE. Firearms
began to be banned by some European governments in the
sixteenth century in order to preserve game populations due
to overhunting with this new type of weaponry [71]. We also
found that reconstructing our validation targets required a rela-
tively short maximum dispersal distance for European bison.
Dispersal in our models represents permanent relocations to
new breeding territory, rather than the temporary movements
of individuals. While research on European bison dispersal in
Bialowieza Forest has found that cow groups (equivalent to
what was modelled here) disperse much shorter distances
than individual males [3], further tests of the dispersal estimates
that emerged from our model are needed. We also observed
high variance among the selected models in our validated
ensemble in their estimates of bison population size before 15
ka BP. The precision in this estimate would be improved by
more refined validation targets, particularly in estimates of
demographic change from Pleistocene fossils and ancient DNA.

By reconstructing past abundances and harvest rates, as
well as mapping the distribution of the European bison in
the absence of human pressures, we were able to decipher
the millennial processes of population decline, range contrac-
tion, and near extinction of the European bison, providing
data and models needed to improve the on-ground conserva-
tion and rewilding of European bison. New insights into the
biogeography of the species were made possible because our
validated process-driven ecological modelling framework
allowed us to reconstruct its abundance as well as its likeli-
hood of occurrence. Similar approaches could be used to
reconstruct the causes of population declines and range
collapses of other large herbivores being reintroduced to
Eurasia [6] and other continents [7], including American
bison (Bison bison), improving awareness of past threats and
enriching current conservation actions.



Downloaded from https://royal societypublishing.org/ on 03 January 2024

This work did not require ethical approval from a human
subject or animal welfare committee.

Data and code are accessible on Figshare and Zenodo:
https:/ /doi.org/10.5281/zenod0.7297867/ [26], https://doi.org/10.
6084/m9.figshare.23688981.v1  [60],  https://doi.org/10.6084/m9.
figshare.21624369.v1 [72] and https://doi.org/10.6084/m09.figshare.
21521190.v2 [25].

Supplementary material is available online [73].

We have not used Al-assisted technologies in
creating this article.

J.LAP.: conceptualization, data curation, formal
analysis, investigation, methodology, project administration,
software, validation, visualization, writing—original draft,
writing—review and editing; S.C.B.: data curation, formal analysis,
methodology, software, writing—original draft, writing—review
and editing; B.L.: formal analysis, methodology, writing—original
draft, writing—review and editing; A.L.v.L.: data curation, formal
analysis, methodology, writing—review and editing; R.K.: funding
acquisition, investigation, writing—original draft, writing—review
and editing; E.H.-K.: data curation, project administration, resources,
writing—review and editing; N.H.M.: resources, writing—review
and editing; V.R.: resources, writing—review and editing; M.K.:

resources, writing—review and editing; C.R.: conceptualization, m

formal analysis, funding acquisition, investigation, supervision,
writing—review and editing; D.AF.: conceptualization, formal
analysis, funding acquisition, investigation, methodology, project
administration, ~software, supervision, writing—original draft,
writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

We declare we have no competing interests.

D.AF. acknowledges funding from the Australian Research
Council (FT140101192, DP180102392), and a residency fellowship
from Danmarks Nationalbank. C.R. received funding from
DNRF-CMEC (DNRF9) and from Villum Fonden (25925). R.K.
received funding from the Polish National Science Centre
(N N304 301940 and 2013/11/B/NZ8/00914). Risa Trauner helped
geocode the historical records. Nikolai Spassov (Bulgarian Academy
of Sciences), Marine Arakelyan (Yerevan State University)
and Andranik Gyoniyan (National Academy of Sciences of Armenia)
contributed fossil samples. We honour the memory of Prof.
David Anatolie, who led studies of bison palaeontology at the
Academy of Sciences of Moldova, collecting fossil material for
this study.

Soubrier J et al. 2016 Early cave art and ancient
DNA record the origin of European bison. Nat.

of the Pleistocene. Am. Nat. 146, 765—794. (doi:10.
1086/285824)

semi-free-ranging herd of European bison (Bison
bonasus). PLoS ONE 11, e0147404. (doi:10.1371/

Commun. 7, 13158. (doi:10.1038/ncomms13158) 11. Shennan S, Downey SS, Timpson A, Edinborough K, journal.pone.0147404)

2. Pucek Z, Belousova IP, Krasinska M, Krasinski ZA, (olledge S, Kerig T, Manning K, Thomas MG. 2013 20. Kuemmerle T, Hickler T, Olofsson J, Schurgers G,
Olech W. 2004 Eurapean bison: status survey and Regional population collapse followed initial Radeloff VC. 2012 Reconstructing range dynamics
conservation action plan. Gland, Switzerland: IUCN. agriculture booms in mid-Holocene Europe. Nat. and range fragmentation of European bison for the
See https://portals.iucn.org/library/node/8501. Commun. 4, 2486. (doi:10.1038/ncomms3486) last 8000 years. Divers. Distrib. 18, 47-59. (doi:10.

3. Krasiska M, Krasiriski Z. 2013 European bison: the  12. Kerley GIH, Kowalczyk R, Cromsigt JPGM. 2012 1111/).1472-4642.2011.00849.x)
nature monograph. Berlin, Germany: Springer Conservation implications of the refugee species 21, Fordham DA et al. 2022 Process-explicit models
Science & Business Media. concept and the European bison: king of the forest reveal pathway to extinction for woolly mammoth

4. Plumb GE, Kowalczyk R, Hernandez-Blanco JA. 2020 or refugee in a marginal habitat? Ecography 35, using pattern-oriented validation. Ecol. Lett. 25,
Bison bonasus. IUCN Red List Threatened Species. See 519-529. (doi:10.1111/j.1600-0587.2011.07146.X) 125-137. (doi:10.1111/ele.13911)
https://www.iucnredlist.org/species/2814/45156279. 13. Sales LP, Galetti M, Carnaval A, Monsarrat S, 22. Pilowsky JA, Colwell RK, Rahbek C, Fordham DA.

5. Kerley GIH, Cromsigt JPGM, Kowalczyk R. 2020 Svenning J-C, Pires MM. 2022 The effect of past 2022 Process-explicit models reveal the structure
European bison conservation cannot afford to ignore defaunation on ranges, niches, and future and dynamics of biodiversity patterns. Sci. Adv. 8,
alternative hypotheses: a commentary on biodiversity forecasts. Glob. Change Biol. 28, ahj2271. (doi:10.1126/sciadv.abj2271)
Perzanowski et al. (2019). Anim. Conserv. 23, 3683-3693. (doi:10.1111/gcb.16145) 23. Fordham DA, Haythorne S, Brown SC, Buettel JC,
479-481. (doi:10.1111/acv.12605) 14. Lemoine RT, Buitenwerf R, Svenning J-C. 2023 Brook BW. 2021 poems: R package for simulating

6.  Canteri E, Brown SC, Schmidt NM, Heller R, Nogués- Megafauna extinctions in the late-Quaternary are species’ range dynamics using pattern-oriented
Bravo D, Fordham DA. 2022 Spatiotemporal linked to human range expansion, not climate validation. Methods Ecol. Evol. 12, 2364-2371.
influences of climate and humans on muskox range change. Anthropocene 44, 100403. (doi:10.1016/j. (doi:10.1111/2041-210X.13720)
dynamics over multiple millennia. Glob. Change ancene.2023.100403) 24. Grimm V et al. 2005 Pattern-oriented modeling of
Biol. 28, 6602—6617. (doi:10.1111/gch.16375) 15. Raczyriski J, Botbot M. 2022 European bison agent-based complex systems: lessons from ecology.

7. Tomlinson S et al. 2023 Reconstructing mechanisms of pedigree book 2021. Biatowieza, Poland: Biatowieza Science 310, 987-991. (doi:10.1126/science.1116681)
extinctions to guide mammal conservation biogeography. National Park. 25. Pilowsky JA, Brown SC, Llamas B, van Loenen A,
J. Biogeogr. 50, 1199—1212. (doi:10.1111/jbi.14616) 16.  Cromsigt JPGM, Kemp YJM, Rodriguez E, Kivit H. Kowalczyk R, Hofman-Kaminska E, Rahbek C,

8. Allen JRM, Forrest M, Hickler T, Singarayer JS, Valdes 2018 Rewilding Europe’s large grazer community: Fordham DA. 2022 Quality-controlled carbon-14
PJ, Huntley B. 2020 Global vegetation patterns of how functionally diverse are the diets of European dates of European bison (Bison bonasus) fossils.
the past 140,000 years. J. Biogeogr. 47, 2073—2090. bison, cattle, and horses? Restor. Ecol. 26, 891-899. Figshare. (doi:10.6084/m9.figshare.21521190.v2)
(doi:10.1111/jbi.13930) (doiz10.1111/rec.12661) 26.  Pilowsky JA, Brown SC, Fordham DA. 2022 Code for:

9. Bocherens H, Hofman-Kamiriska E, Drucker DG, 17. Kowalczyk R, Kaminski T, Borowik T. 2021 Do large Model code for Causes of range collapse and
Schmolcke U, Kowalczyk R. 2015 European bison as herbivores maintain open habitats in temperate extinction in the wild of European bison. Zenodo.
a refugee species? Evidence from isotopic data on forests? Forest Ecol. Manage. 494, 119310. (doi:10. (doi:10.5281/zen0do.7297867)

Early Holocene bison and other large herbivores in 1016/j.foreco.2021.119310) 27. Barnosky AD, Lindsey EL. 2010 Timing of Quaternary
Northern Europe. PLoS ONE 10, 0115090. (doi:10. ~ 18. Perzanowski K, Klich D, Olech W. 2022 European megafaunal extinction in South America in relation
1371/journal.pone.0115090) Union needs urgent strategy for the European bison. to human arrival and climate change. Quat. Int.

10. Zimov SA, Chuprynin VI, Oreshko AP, Chapin FS, Conserv. Lett. 15, 12923. (doi:10.1111/conl.12923) 217, 10-29. (doi:10.1016/j.quaint.2009.11.017)
Reynolds JF, Chapin MC. 1995 Steppe-tundra 19. Ramos A, Petit O, Longour P, Pasquaretta C, Sueur ~ 28. Pilowsky JA, Haythorne S, Brown SC, Krapp M,

transition: a herbivore-driven biome shift at the end

C. 2016 Space use and movement patterns in a

Armstrong E, Brook BW, Rahbek C, Fordham DA.


https://doi.org/10.5281/zenodo.7297867/
https://doi.org/10.6084/m9.figshare.23688981.v1
https://doi.org/10.6084/m9.figshare.23688981.v1
https://doi.org/10.6084/m9.figshare.21624369.v1
https://doi.org/10.6084/m9.figshare.21624369.v1
https://doi.org/10.6084/m9.figshare.21521190.v2
https://doi.org/10.6084/m9.figshare.21521190.v2
http://dx.doi.org/10.1038/ncomms13158
https://portals.iucn.org/library/node/8501
https://www.iucnredlist.org/species/2814/45156279
http://dx.doi.org/10.1111/acv.12605
http://dx.doi.org/10.1111/gcb.16375
http://dx.doi.org/10.1111/jbi.14616
http://dx.doi.org/10.1111/jbi.13930
http://dx.doi.org/10.1371/journal.pone.0115090
http://dx.doi.org/10.1371/journal.pone.0115090
http://dx.doi.org/10.1086/285824
http://dx.doi.org/10.1086/285824
http://dx.doi.org/10.1038/ncomms3486
http://dx.doi.org/10.1111/j.1600-0587.2011.07146.x
http://dx.doi.org/10.1111/gcb.16145
http://dx.doi.org/10.1016/j.ancene.2023.100403
http://dx.doi.org/10.1016/j.ancene.2023.100403
http://dx.doi.org/10.1111/rec.12661
http://dx.doi.org/10.1016/j.foreco.2021.119310
http://dx.doi.org/10.1016/j.foreco.2021.119310
http://dx.doi.org/10.1111/conl.12923
http://dx.doi.org/10.1371/journal.pone.0147404
http://dx.doi.org/10.1371/journal.pone.0147404
http://dx.doi.org/10.1111/j.1472-4642.2011.00849.x
http://dx.doi.org/10.1111/j.1472-4642.2011.00849.x
http://dx.doi.org/10.1111/ele.13911
http://dx.doi.org/10.1126/sciadv.abj2271
http://dx.doi.org/10.1111/2041-210X.13720
http://dx.doi.org/10.1126/science.1116681
https://doi.org/10.6084/m9.figshare.21521190.v2
http://dx.doi.org/10.5281/zenodo.7297867
http://dx.doi.org/10.1016/j.quaint.2009.11.017

Downloaded from https://royal societypublishing.org/ on 03 January 2024

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

4.

2022 Range and extinction dynamics of the steppe
bison in Siberia: a pattern-oriented modelling
approach. Global Ecol. Biogeogr. 31, 2483-2497.
(doi:10.1111/geb.13601)

Ramsey (B. 2017 Oxcal program, version 4.3.
Oxford, UK: Oxford Radiocarbon Accelerator Unit,
University of Oxford.

Reimer PJ et al. 2013 IntCal13 and Marine13
radiocarbon age calibration curves 050,000 years
cal BP. Radiocarbon 55, 1869-1887. (doi:10.2458/
azu_js_rc.55.16947)

Armstrong E, Hopcroft PO, Valdes PJ. 2019 A
simulated Northern Hemisphere terrestrial climate
dataset for the past 60,000 years. Sci. Data 6, 1-16.
(doi:10.1038/541597-019-0277-1)

Valdes PJ et al. 2017 The BRIDGE HadCM3 family of
climate models: HadCM3@Bristol v1.0. Geoscientific
Model Dev. 10, 3715-3743. (doi:10.5194/gmd-10-
3715-2017)

Berzaghi F, Verbeeck H, Nielsen MR, Doughty CE,
Bretagnolle F, Marchetti M, Scarascia-Mugnozza G.
2018 Assessing the role of megafauna in tropical
forest ecosystems and biogeochemical cycles—the
potential of vegetation models. Ecography 41,
1934-1954. (doi:10.1111/ec0g.03309)

Klein Goldewijk K, Beusen A, Doelman J, Stehfest E.
2017 Anthropogenic land use estimates for the
Holocene—HYDE 3.2. Earth Syst. Sci. Data 9,
927-953. (doi:10.5194/essd-9-927-2017)
Nogués-Bravo D. 2009 Predicting the past distribution
of species climatic niches. Global Ecol. Biogeogr. 18,
521-531. (doi:10.1111/j.1466-8238.2009.00476.)
Blaauw M. 2010 Methods and code for ‘classical’ age-
modelling of radiocarbon sequences. Quat. Geochronol.
5, 512-518. (doi:10.1016/j.quage0.2010.01.002)
Blonder B, Morrow (B, Maitner B, Harris DJ,
Lamanna C, Violle C, Enquist BJ, Kerkhoff AJ. 2018
New approaches for delineating n-dimensional
hypervolumes. Methods Ecol. Evol. 9, 305-319.
(doi:10.1111/2041-210X.12865)

Clark PU, Dyke AS, Shakun JD, Carlson AE, Clark J,
Wohlfarth B, Mitrovica JX, Hostetler SW, McCabe
AM. 2009 The last glacial maximum. Science 325,
710-714. (doi:10.1126/science.1172873)

Pilowsky JA, Manica A, Brown S, Rahbek C, Fordham
DA. 2022 Simulations of human migration into North
America are more sensitive to demography than
choice of palaeoclimate model. Ecol. Modell 473,
110115. (doi:10.1016/j.ecolmodel.2022.110115)
Eriksson A, Betti L, Friend AD, Lycett SJ, Singarayer
JS, von Cramon-Taubadel N, Valdes PJ, Balloux F,
Manica A. 2012 Late Pleistocene cimate change
and the global expansion of anatomically modern
humans. Proc. Natl Acad. Sci. USA 109, 16 089-16
094. (doi:10.1073/pnas.1209494109)

Stein M. 1987 Large sample properties of simulations
using Latin hypercube sampling. Technometrics 29,
143-151. (doi:10.1080/00401706.1987.10488205)
Fordham DA, Brook BW, Moritz C, Nogués-Bravo D.
2014 Better forecasts of range dynamics using
genetic data. Trends Ecol. Evol. 29, 436-443.
(doi:10.1016/j.tree.2014.05.007)

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Frankham R. 1996 Relationship of genetic variation to
population size in wildlife. Conserv. Biol. 10,
1500-1508. (doi:10.1046/}.1523-1739.1996.10061500.x)
Dunham AE, Akcakaya HR, Bridges TS. 2006 Using
scalar models for precautionary assessments of
threatened species. Conserv. Biol. 20, 1499-1506.
(doi:10.1111/j.1523-1739.2006.00474.x)

Pacifici M, Santini L, Di Marco M, Baisero D,
Francucci L, Marasini GG, Visconti P, Rondinini C.
2013 Generation length for mammals. Nat.
Conserv.-Bulgaria 5, 87-94. (doi:10.3897/
natureconservation.5.5734)

Ricker WE. 1954 Stock and recruitment. J. Fish. Res.
Bd. Can. 11, 559-623. (doi:10.1139/f54-039)
Schamberger M, Farmer AH, Terrell JW. 1982
Habitat suitability index models. FWS/0BS-82/10.
Bailey’s Crossroads, VA: US Fish and Wildlife Service.
Adriaensen F, Chardon JP, De Blust G, Swinnen E,
Villalba S, Gulinck H, Matthysen E. 2003 The
application of ‘least-cost’ modelling as a functional
landscape model. Landscape Urban Plann. 64,
233-247. (doi:10.1016/50169-2046(02)00242-6)
Peltier WR. 2004 Global glacial isostasy and the
surface of the ice-age earth: the ICE-5G (VM2) Model
and GRACE. Annu. Rev. Earth Planet. Sci. 32, 111-149.
(doi:10.1146/annurev.earth.32.082503.144359)
Gsilléry K, Blum MGB, Gaggiotti OE, Francois 0.
2010 Approximate Bayesian computation (ABC) in
practice. Trends Ecol. Evol. 25, 410-418. (doi:10.
1016/j.tree.2010.04.001)

Heptner VG, Nasimovich AA, Bannikov AG. 1961
Mammals of the soviet union volume I: artiodactyla
and perissodactyla. Moscow, Russia: Vysshaya Shkola
Publishers.

Gsillery K, Lemaire L, Francois 0, Blum M. 2015 abc:
an R package for approximate Bayesian computation
(ABC). Methods Ecol. Evol. 3, 475-479. (doi:10.
1111/j.2041-210X.2011.00179.x)

Berger JO, Pericchi LR. 1996 The intrinsic Bayes
factor for model selection and prediction. J. Am.
Stat. Assoc. 91, 109-122. (doi:10.1080/01621459.
1996.10476668)

Lemaire L, Jay F, Lee I-H, Gsilléry K, Blum MGB.
2016 Goodness-of-fit statistics for approximate
Bayesian computation. See https://arxiv.org/abs/
1601.04096v1.

Wood SN. 2022 mgcv: Mixed GAM computation
vehicle with automatic smoothness estimation.
See http://web.mit.edu/~r/current/arch/i386_
linux26/lib/R/library/mgcv/html/00Index.html.
Marra G, Wood SN. 2011 Practical variable selection
for generalized additive models. Comput. Stat. Data
Analysis 55, 2372-2387. (d0i:10.1016/j.csda.2011.
02.004)

Wood SN. 2017 Generalized additive models: an
introduction with R, 2nd edition. New York, NY:
Chapman and Hall/CRC.

Benecke N. 2005 The Holocene distribution of
European bison - the archaeozoological record.
Munibe Antropologia—~Arkeologia 57, 421-428.
Jedrzejewska B, Jedrzejewski W, Bunevich AN, Milkowski
L, Krasinski ZA. 1997 Factors shaping population densities

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

and increase rates of ungulates in Bialowieza Primeval
Forest (Poland and Belarus) in the 19th and 20th
centuries. Acta Theriol. 42, 399-451.

Pilowsky J et al. 2023 Spatially explicit causes of
extinction of the European bison from 21,000 years
before present to 1500 CE. Figshare. (doi:10.6084/
m9.figshare.23688981.v1)

Kirby K, Watkins C. 2015 Eurape’s changing woods
and forests: from wildwood to managed landscapes.
Wallingford, UK: CABI.

Kitagawa K, Julien M-A, Krotova O, Bessudnov AA,
Sablin MV, Kiosak D, Leonova N, Plohenko B, Patou-
Mathis M. 2018 Glacial and post-glacial adaptations
of hunter-gatherers: Investigating the late Upper
Paleolithic and Mesolithic subsistence strategies in
the southemn steppe of Eastern Europe. Quat. Int.
465, 192-209. (doi:10.1016/j.quaint.2017.01.005)
Samojlik T. 2005 Conservation and hunting:
Biatowieza forest in the time of kings. Biatowieza,
Poland: Mammal Research Institute, Polish Academy
of Sciences.

Wiing C et al. 2019 Stable isotopes reveal patterns
of diet and mobility in the last Neandertals and first
modern humans in Europe. Sci. Rep. 9, 4433.
(doi:10.1038/s41598-019-41033-3)

Bluhm H et al. 2023 Widespread habitat for
Europe’s largest herbivores, but poor connectivity
limits recolonization. Divers. Distrib. 29, 423—437.
(doi:10.1111/ddi.13671)

Council of the European Union. 1992 Council
Directive 92/43/EEC of 21 May 1992 on the
conservation of natural habitats and of wild fauna
and flora. Off. J. Eur. Union L 206, 7-50.
Directorate-General for Environment (European
Commission). 2021 EU biodiversity strategy for

2030: bringing nature back into our lives. Luxembourg:
Publications Office of the European Union. See https://
data.europa.eu/doi/10.2779/677548.

Sipko TP. 2009 European bison in Russia—past, present
and future. Eur. Bison Conserv. Newsl. 2, 148-159.
Alcantara C et al. 2013 Mapping the extent of
abandoned farmland in Central and Eastern Europe
using MODIS time series satellite data. Environ. Res.
Lett. 8, 035035. (doi:10.1088/1748-9326/8/3/035035)
Metcalf JL, Prost S, Nogues-Bravo D, DeChaine EG,
Anderson C, Batra P, Araujo MB, Cooper A, Guralnick
RP. 2014 Integrating multiple lines of evidence into
historical biogeography hypothesis testing: a Bison
bison case study. Proc. R. Soc. B 281, 20132782.
(doi:10.1098/rspb.2013.2782)

Nicholson C. 2010 Between menace and utility:
handguns in early sixteenth-century Bohemia. In
Bad behaviour, pp. 40-51. Canterbury, UK:
University of Kent.

Pilowsky JA et al. 2023 Process-explicit simulations
of European bison abundance in Eurasia from
21,000 years ago to 1500 CE. Figshare. (doi:10.
6084/m9.figshare.21624369.v1)

Pilowsky JA et al. 2023 Millennial processes of
population decline, range contraction, and near
extinction of the European bison. Figshare. (doi:10.
6084/m9.figshare.c.6960504)


http://dx.doi.org/10.1111/geb.13601
http://dx.doi.org/10.2458/azu_js_rc.55.16947
http://dx.doi.org/10.2458/azu_js_rc.55.16947
http://dx.doi.org/10.1038/s41597-019-0277-1
http://dx.doi.org/10.5194/gmd-10-3715-2017
http://dx.doi.org/10.5194/gmd-10-3715-2017
https://doi.org/10.1111/ecog.03309
https://doi.org/10.5194/essd-9-927-2017
http://dx.doi.org/10.1111/j.1466-8238.2009.00476.x
http://dx.doi.org/10.1016/j.quageo.2010.01.002
http://dx.doi.org/10.1111/2041-210X.12865
http://dx.doi.org/10.1126/science.1172873
http://dx.doi.org/10.1016/j.ecolmodel.2022.110115
http://dx.doi.org/10.1073/pnas.1209494109
http://dx.doi.org/10.1080/00401706.1987.10488205
http://dx.doi.org/10.1016/j.tree.2014.05.007
http://dx.doi.org/10.1046/j.1523-1739.1996.10061500.x
http://dx.doi.org/10.1111/j.1523-1739.2006.00474.x
http://dx.doi.org/10.3897/natureconservation.5.5734
http://dx.doi.org/10.3897/natureconservation.5.5734
http://dx.doi.org/10.1139/f54-039
https://doi.org/10.1016/S0169-2046(02)00242-6
http://dx.doi.org/10.1146/annurev.earth.32.082503.144359
http://dx.doi.org/10.1016/j.tree.2010.04.001
http://dx.doi.org/10.1016/j.tree.2010.04.001
https://doi.org/10.1111/j.2041-210X.2011.00179.x
https://doi.org/10.1111/j.2041-210X.2011.00179.x
http://dx.doi.org/10.1080/01621459.1996.10476668
http://dx.doi.org/10.1080/01621459.1996.10476668
https://arxiv.org/abs/1601.04096v1
https://arxiv.org/abs/1601.04096v1
http://web.mit.edu/~r/current/arch/i386_linux26/lib/R/library/mgcv/html/00Index.html
http://web.mit.edu/~r/current/arch/i386_linux26/lib/R/library/mgcv/html/00Index.html
http://dx.doi.org/10.1016/j.csda.2011.02.004
http://dx.doi.org/10.1016/j.csda.2011.02.004
http://dx.doi.org/10.6084/m9.figshare.23688981.v1
http://dx.doi.org/10.6084/m9.figshare.23688981.v1
http://dx.doi.org/10.1016/j.quaint.2017.01.005
http://dx.doi.org/10.1038/s41598-019-41033-3
http://dx.doi.org/10.1111/ddi.13671
https://data.europa.eu/doi/10.2779/677548
https://data.europa.eu/doi/10.2779/677548
http://dx.doi.org/10.1088/1748-9326/8/3/035035
http://dx.doi.org/10.1098/rspb.2013.2782
http://dx.doi.org/10.6084/m9.figshare.21624369.v1
http://dx.doi.org/10.6084/m9.figshare.21624369.v1
http://dx.doi.org/10.6084/m9.figshare.c.6960504
http://dx.doi.org/10.6084/m9.figshare.c.6960504

	Millennial processes of population decline, range contraction and near extinction of the European bison
	Introduction
	Methods
	Ecological niche
	Human density
	Process-explicit model
	Model validation
	Statistical analysis
	Model scenarios

	Results
	Pattern-oriented validation
	Population and range dynamics
	Drivers of decline

	Discussion
	Ethics
	Data accessibility
	Declaration of AI use
	Authors' contributions
	Conflict of interest declaration
	Funding
	References


