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Abstract
Aim: To determine the ecological processes and drivers of range collapse, population 
decline and eventual extinction of the steppe bison in Eurasia.
Location: Siberia.
Time period: Pleistocene and Holocene.
Major taxa studied: Steppe bison (Bison priscus).
Methods: We configured 110,000 spatially explicit population models (SEPMs) of 
climate–human–steppe bison interactions in Siberia, which we ran at generational 
time steps from 50,000 years before present. We used pattern-oriented modelling 
(POM) and fossil-based inferences of distribution and demographic change of steppe 
bison to identify which SEPMs adequately simulated important interactions between 
ecological processes and biological threats. These “best models” were then used to 
disentangle the mechanisms that were integral in the population decline and later 
extinction of the steppe bison in its last stronghold in Eurasia.
Results: Our continuous reconstructions of the range and extinction dynamics of 
steppe bison were able to reconcile inferences of spatio-temporal occurrence and the 
timing and location of extinction in Siberia based on hundreds of radiocarbon-dated 
steppe bison fossils. We showed that simulating the ecological pathway to extinction 
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1  |  INTRODUC TION

Several hypotheses have been proposed for how extinctions manifest 
in space and time (Davidson et al., 2009; Owens & Bennett, 2000), 
but generalities across landscapes and time periods have been diffi-
cult to formulate (Laliberte & Ripple, 2004). Theories of range shifts, 
population declines and extinctions are now being tested directly 
using historical and palaeo-reconstructions (Fordham et al.,  2021, 
2022), permitting inferences of how biodiversity is likely to respond 
to future environmental change (Fordham et al., 2020). However, re-
constructing past demographic changes at landscape scales poses 
unique modelling challenges, including the reliance on indirect prox-
ies to draw inferences about range collapses and the timing and loca-
tion of extinction (Dietl et al., 2015); uncertainty in reconstructions 
of past climates (Rutherford et al., 2005) and human-driven environ-
mental threats (Ellis et al., 2021; Pilowsky, Manica, et al., 2022); and 
a lack of information on the ecological lifestyles and traits of many 
species (Fordham et al., 2016).

Some of these issues can be addressed, at least in part, using 
process-explicit models, particularly if they are combined with 
pattern-oriented modelling (POM) techniques (Box  1). Process-
explicit models simulate ecological and evolutionary mechanisms 
responsible for spatio-temporal patterns of biodiversity (Pilowsky, 
Colwell, et al.,  2022). These mechanisms include extirpation, 
movement, ecological interactions, adaptation and speciation. 
Unlike correlative approaches, such as species distribution models, 
process-explicit models establish causal links between process and 
pattern (Urban et al., 2016). However, high data demand and model 
complexity have meant that, to date, they have been used less fre-
quently in studies of the structure and dynamics of patterns of biodi-
versity. This is steadily changing, owing to increased data availability, 
computational power (Pilowsky, Colwell, et al.,  2022) and a grow-
ing need for stronger inferences about the causes of contemporary 
and ancient changes in biodiversity (Fordham et al., 2020; Pontarp 
et al., 2019; Rangel et al., 2018).

POM methods (Grimm & Railsback, 2012) can directly address 
some of the problems of data availability and subsequent param-
eter uncertainty in process-explicit models of species distributions 

and community dynamics (Canteri et al., 2022; Fordham et al., 2022; 
Rangel et al., 2018). Although POM was first used in ecology and 
evolution to optimize uncertain parameters in individual- and agent-
based models (Thulke et al., 1999), it has since been used to simu-
late demographic change using spatially explicit population models 
(Canteri et al., 2022; Fordham et al., 2022), genetic diversification 
in lineages of species (Knowles & Alvarado-Serrano, 2010), changes 
in community structure (Colwell & Rangel, 2010) and evolutionary 
shifts in populations (Barnes & Clark, 2017). It uses optimization rou-
tines to determine model parameter values based on observed (or 
inferred, if operating across palaeo time frames) empirical patterns 
(Grimm & Railsback,  2012), increasing the likelihood of capturing 

for steppe bison in Siberia in the early Holocene required very specific ecological 
niche constraints, demographic processes and a constrained synergy of climate and 
human hunting dynamics during the Pleistocene–Holocene transition.
Main conclusions: Ecological processes and drivers that caused ancient population 
declines of species can be reconstructed at high spatio-temporal resolutions using 
SEPMs and POM. Using this approach, we found that climatic change and hunting 
by humans are likely to have interacted with key ecological processes to cause the 
extinction of the steppe bison in its last refuge in Eurasia.

K E Y W O R D S
climate change, distribution, extinction dynamics, mechanistic model, metapopulation, 
palaeoclimate, range shift, spatially explicit population model, steppe bison, synergistic threats

BOX 1 Biodiversity modelling terms

Approximate Bayesian computation (ABC): A statisti-
cal technique that uses Bayesian statistics to estimate the 
distributions of model parameters by comparing simulated 
probability distributions of summary statistics against their 
observed distributions (Beaumont et al., 2002).

Correlative models: Models that statistically relate en-
vironmental variables to observation data in order to infer 
biological patterns (Pilowsky, Colwell, et al., 2022).

Pattern-oriented modelling (POM): An approach for 
optimizing model parameters using independent validation 
targets (Grimm et al., 2005).

Process-explicit models: Models that represent the 
dynamics of an ecological system as explicit functions 
of the processes that drive change in that system. Also 
known as process-based and mechanistic models (Connolly 
et al., 2017).

Spatially explicit population models (SEPMs): Process-
explicit models that simulate mortality, reproduction and 
movement in a network of populations on a landscape map 
(Dunning Jr et al., 1995).

 14668238, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.13601 by U

niversity O
f H

elsinki, W
iley O

nline L
ibrary on [02/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  2485PILOWSKY et al.

key biological processes in model simulations. This strategy assumes 
that observed patterns are fingerprints of underlying ecological and 
evolutionary processes, enabling models to be parameterized ini-
tially using uncertain but plausible information on these processes 
(Gallagher et al., 2021).

Despite offering new opportunities to gain a better understand-
ing of the mechanisms that regulate biodiversity under past climate 
and environmental change, POM methods are only now being used 
in conjunction with spatially explicit population models (SEPMs) 
to reconstruct species' range and extinction dynamics over palaeo 
time-scales (but see Canteri et al.,  2022; Fordham et al.,  2022). 
SEPMs simulate movement, mortality and reproduction in networks 
of populations over time (Anderson et al., 2009; Hanski, 1998), al-
lowing the identification of ecological mechanisms and threats that 
caused ancient extinctions and range collapses (Canteri et al., 2022). 
POM optimization is done using patterns inferred from the fos-
sil record and ancient DNA (Fordham et al., 2022). Here, we show 
the utility of combining POM methods with SEPMs to reconstruct 
and disentangle the extinction dynamics of the steppe bison (Bison 
priscus) in Eurasia. The approach uses multiple rounds of SEPM op-
timization to reconstruct continuously the interactions between the 
ecological lifestyle and demography of steppe bison and drivers of 
global change (climatic change and human activities) over a period 
going back 50,000 years. We do this using the R package paleopop 
v2.1.0 (Haythorne et al., 2021) that we developed as an extension to 
poems (Fordham et al., 2021), adding important new functionality for 
modelling species range dynamics over multi-millennial time-scales.

The steppe bison was one of the many large herbivores that dom-
inated the “mammoth steppe” biome of the Ice Age (Guthrie, 1989), 
all of which declined in range size as the mammoth steppe was re-
placed by a taiga–tundra ecotone during the Pleistocene–Holocene 
transition (Lorenzen et al., 2011; Markova et al., 2015). The relative 
abundance of steppe bison (based on reconstructions of effec-
tive population size) peaked during the late Pleistocene (Shapiro 
et al., 2004), when the mammoth steppe was maximally distributed 
(Anderson & Lozhkin,  2001), with regional extinction in Eurasia 
at c. 8.7 kilo-years before present  (kyr bp) (Boeskorov et al., 2016) 
and global extinction in North America some 6–8 kyr later (Shapiro 
et al.,  2004). In Eurasia, isotopic analysis of late Pleistocene fos-
sils shows that the steppe bison was a strict grazer that did not 
migrate seasonally (Julien et al.,  2012). Here, they competed with 
the European bison (Bison bonasus) for ecological dominance until 
climate-induced vegetation change following the Last Glacial 
Maximum [LGM; a period from 26.5 to 19 kyr bp (Clark et al., 2009)] 
restricted the less ecologically flexible steppe bison to Siberia 
(Soubrier et al., 2016).

The processes leading to the megafaunal extinctions of the 
mammoth steppe during the late Pleistocene and early Holocene 
are uncertain, with intense debate regarding the timing, location and 
the roles of human hunting and climatic change (Mann et al., 2019; 
Stuart, 2015; Wang et al., 2021). Here, we configure 110,000 SEPMs 
of climate–human–steppe bison interactions in Siberia, which we 
test against inferences of demographic change and range collapse 

inferred from fossils using POM methods. Our continuous recon-
structions of the range and extinction dynamics of steppe bison 
from 50 kyr bp reveal the ecological processes and threats that led 
to the demise of the steppe bison in its last stronghold in Eurasia at 
c. 9 kyr bp.

2  |  MATERIAL S AND METHODS

The steppe bison is an extinct species of bison that was once 
widespread in the steppe of the Northern Hemisphere (Markova 
et al.,  2015). Its relative abundance (based on reconstructions 
of effective population size) peaked during the late Pleistocene 
(Shapiro et al., 2004), when the mammoth steppe biome was maxi-
mally distributed (Anderson & Lozhkin, 2001), and it became re-
gionally extinct in Eurasia c.  8.7 kyr bp (Boeskorov et al.,  2016). 
We simulated the ecological pathway to extinction for the steppe 
bison in Siberia.

2.1  |  paleopop

paleopop is an object-oriented R package (Haythorne et al., 2021) 
that we developed to simulate range and extinction dynamics of 
species over multiple millennia, enabling causal insights into likely 
past driver–state relationships. paleopop uses a lattice-grid popu-
lation model to simulate ecological processes (demography and 
ecological requirements) and their interactions over long tempo-
ral scales. paleopop is an extension to the R package poems v.1.0.1 
(Fordham et al., 2021), which implements SEPMs and POM meth-
ods to identify ecological processes of range shifts and extinctions 
(Figure 1). paleopop adds three major features to poems: (1) the ca-
pacity to simulate long-term processes of landscape change (sea 
level rise; movement of glacial ice sheets) occurring over glacial–
interglacial cycles; (2) a palaeo-population simulator optimized for 
simulating demographic change resulting from metapopulation and 
dispersal dynamics over multiple millennia; and (3) a palaeo-results 
object suitable for storing the data-heavy output from the palaeo-
population simulator.

2.2  |  Steppe bison niche

2.2.1  |  Fossil data

We gathered radiocarbon-dated data on steppe bison fossils from the 
palaeontological literature (for details, see Supporting Information 
Appendix  S1). We regularized inconsistent and outdated species  
names, discarding any records where the species was ambiguous (e.g., 
“bison” without clear indicators of whether it was the steppe bison or 
another bison species). In cases where a site name was available but lati-
tude and longitude were not, we compared maps from the source liter-
ature against OpenStreetMap and Google Earth to geocode locations 
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2486  |    PILOWSKY et al.

manually. The quality of all radiocarbon dates was assessed based 
on stratigraphy, association and the material dated. We retained 378 
records rated as “reliable” (Barnosky & Lindsey, 2010). We calibrated 
these radiocarbon dates using the OxCal v.4.4 tool (Ramsey, 2017) and 
the IntCal13 curve (Reimer et al., 2013), which returned calibrated age 
and standard deviation estimates. The fossil record can be accessed 
from Figshare (Pilowsky et al., 2021).

2.2.2  |  Climate data

Palaeoclimate simulations of precipitation, temperature and latent 
heat flux used to model the ecological niche of the steppe bison 

(see below) are from the HadCM3B coupled ocean–ice–atmosphere 
model (Valdes et al.,  2017). These palaeoclimate simulations in-
corporate monthly and interannual climate variability (directly 
from model output) and millennial-scale variability (by assimilating 
model and Greenland ice core data) and have been downscaled to 
0.5° × 0.5° spatial resolution (Armstrong et al., 2019). We extracted 
monthly data for the study region of Siberia (Supporting Information 
Appendix S1, Figure S1.1) from 50 to 5 kyr bp and generated 30-year 
averages at a 12-year (generational; see description of the process-
explicit model below) time step for: (1) total annual precipitation; (2) 
mean boreal winter (DJF) temperature; and (3) total evapotranspira-
tion during boreal spring and summer (MAMJJA). Evapotranspiration 
(ET) was calculated by dividing the average monthly latent heat 

F I G U R E  1  Modelling species range dynamics over palaeo time-scales. The modelled dynamic palaeo-region changes temporally owing 
to climatic change and associated rising sea levels and melting ice sheets. Spatially explicit population models (SEPMs) are built by coupling 
a demographic model with a grid-lattice-type spatial structure of habitat suitability. Latin hypercube sampling is used to sample SEPM 
parameter space exhaustively, resulting in tens of thousands of parameter combinations, each of which is used to parameterize an SEPM. 
The palaeo-population simulations include ecological processes (including dispersal and extinction) responding to key threats of human 
hunting and climatic change. These simulations reconstruct outputs of past population size and abundance maps. Pattern-oriented modelling 
(POM) is used to identify models that reconcile patterns of demographic change inferred from palaeo-archives. This involves optimizing 
values of SEPM parameters by comparing the distributions of posterior and prior parameter ranges (posterior distributions) for successive 
iterations of model building and testing. Models that do best at simulating inferred patterns of range and extinction dynamics are used to 
generate validated projections.
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    |  2487PILOWSKY et al.

flux by the latent heat of vaporization based on average monthly 
temperatures:

where heat flux and temperature are the modelled monthly heat flux 
(in watts per square metre) and temperature (in degrees Celsius) for 
each month.

The mean temperature of the coldest month, mean temperature 
of the warmest month and annual precipitation have been used pre-
viously to model the ecological niche and distribution of high-latitude 
herbivores, including the steppe bison (Lorenzen et al., 2011) and the 
American bison (Bison bison) (Metcalf et al., 2014). This is because 
the temperature variables are likely to capture the upper and lower 
thermal limits of the species, and precipitation drives demographic 
rates in extant bison species (Koons et al., 2012). Given that spring 
and summer evapotranspiration was moderately correlated with the 
temperature of the warmest month (Kendall's τ  = .548), we chose 
to model only spring and summer evapotranspiration because it 
captures better the structure of vegetation available as forage in 
the warmer months (Guthrie, 2006). We used average temperature 
across all boreal winter months (DJF) instead of only the coldest 
month, because it captures better the stressors and limitations cre-
ated by winter conditions (DelGiudice et al., 1994, 2001). None of 
the three variables were correlated with each other by more than 
Kendall's τ = .5.

2.2.3  |  Niche model

We generated continuous habitat suitability maps (based on prob-
ability of occurrence) for the steppe bison in Siberia from 50 to 5 
kyr bp using ecological niche models (Nogués-Bravo, 2009). To do 
this, we paired fossil occurrences with our three selected climate 
variables, accounting for dating uncertainty (Fordham et al., 2022). 
Climate data were paired spatially, as determined by the grid cell 
where the fossil occurred, and temporally, as determined by the 
band of uncertainty [±2SD, which is commonly used for calibrated 
radiocarbon date distributions (Blaauw,  2010)] around the cali-
brated radiocarbon date. We removed any duplicate climate data 
created by two fossil occurrences falling within identical or over-
lapping spatio-temporal bins (Canteri et al.,  2022). We used this 
climate dataset to create a full (multi-temporal) Gaussian hypervol-
ume, optimized for appropriate bandwidth (Blonder et al.,  2018), 
which provided an estimate of the fundamental niche of steppe 
bison (Nogués-Bravo, 2009).

Given that the realized climatic niche of steppe bison is likely to 
be a subset of its fundamental niche (Soberón & Nakamura, 2009), 
we thoroughly subsampled the full hypervolume of potentially liv-
able climatic conditions (Supporting Information Appendix S1, Figure 
S1.2) and determined the realized niche using SEPMs and POM (see 
section 2.4 below). We did this by cutting the full hypervolume into 

smaller hypervolumes (n = 1000) of different volumes and margin-
alities (climatic specialization) using outlying mean index analysis 
(Dolédec et al.,  2000). We projected the hypervolumes back into 
geographical space, creating time series of maps of habitat suitabil-
ity based on the probability density of the climate hypervolume at 
the set of environmental conditions in each grid cell (77.8 km × 71.0 
km grid cell resolution) from 50 to 5 kyr bp. We scaled the suitability 
scores of each projection to a zero to one interval, based on the 95th 
percentile of maximum habitat suitability values in grid cells across 
time and space.

2.3  |  Palaeolithic humans

The expansion of Palaeolithic humans into northern Eurasia was 
modelled using a process-explicit climate-informed spatial genetic 
model (CISGeM) that has been shown accurately to reconstruct 
the dispersal of Homo sapiens out of Africa (Eriksson et al., 2012). 
CISGeM simulates local effective population size (Ne) based on a 
cellular demographic model, with carrying capacity modulated by 
net primary productivity. We ran CISGeM from 120 kyr bp to the 
present using the HadCM3B ocean–ice–atmosphere model (Valdes 
et al., 2017) and 4950 parameter combinations that had previously 
been shown to reconstruct patterns of human migration and growth 
robustly (Eriksson et al., 2012). We calculated the mean and variance 
of the 4950 simulation results (Supporting Information Appendix S1, 
Figure S1.3) and scaled the projections of Ne between zero and one 
(taking an approach identical to the scaling of steppe bison habitat 
suitability projections). We then resampled the outputs from the 
time step of CISGeM (25 years) to the time step of the bison simula-
tions (12 years). To parameterize human hunting in our demographic 
models, we generated 50,000 potential trajectories of relative 
human density (using relative Ne as a proxy) in Siberia by sampling 
a lognormal distribution of relative effective population size (based 
on the mean and variance of the 4950 simulations), accounting for 
spatially autocorrelated stochasticity (see Supporting Information 
Appendix  S1 for an extended description of the methods used to 
reconstruct human densities in Siberia).

2.4  |  Process-explicit model

We generated an SEPM in paleopop that simulated the ecological pro-
cesses of movement and demographic change (extinction), respond-
ing to shifting climates, sea levels, ice sheets and human hunting. 
Key ecological processes we modelled for the steppe bison included 
density-dependent population growth, dispersal and source–sink 
dynamics. These processes were simulated at generational time 
steps (12 years) using scalar-type SEPMs (Fordham et al. 2018). 
Habitat suitabilities from the potential realized niche models were 
used to structure the metapopulation by providing estimates of rela-
tive upper abundance in space and time (Fordham et al., 2022), as-
suming no adaptation to climatic or environmental change over the 

(1)

ET (mm∕month) =

(

heat flux

(2.501 − 0.00237 × temperature) × 1 × 106

)

× 86,400 × 30
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course of the simulation. Simulations were run at 12-year time steps 
from 50 to 5 kyr bp. To ensure stable metapopulation dynamics at 
the beginning of the simulation (Fordham et al., 2018), all simulations 
were preceded by a burn-in period of 100 generations, whereby grid 
cell upper abundance values were held at 50 kyr bp values for the 
burn-in period.

2.4.1  |  Demography

Demographic rates for congeneric species (B. bison and B. bonasus) 
were used as surrogates for the steppe bison (Fordham et al., 2016). 
We estimated the maximum annual growth rate and its variance 
using time series data for B.  bison and B.  bonasus (for details, see 
Supporting Information Appendix S1). We scaled these growth rates 
to a generational time step based on the 12-year generation length 
of B. bison (Pacifici et al., 2013). After testing the stability of popu-
lation dynamics with different density dependence functions, we 
modelled population growth with Ricker logistic density depend-
ence (Ricker,  1954), with the carrying capacity dependent on the 
habitat suitability in a given grid cell. At a habitat suitability of one, 
the carrying capacity was equal to the maximum density (Table 1), 
reducing with lower suitability scores. We modelled a negative Allee 
effect, using a quasi-extinction threshold below which populations 
immediately dropped to zero (Fordham et al., 2018).

We simulated natal dispersal based on empirical estimates 
for B.  bison (Jung,  2017). Between 5 and 25% of the population 
dispersed per generation, with a maximum dispersal distance of 
100–500 km (Table  1). A dispersal friction landscape (Adriaensen 
et al., 2003) based on ice sheet reconstructions was used to ensure 
that bison dispersed only through ice-free grid cells. Human hunting 
was simulated based on relative abundance (see above). The harvest 

z parameter shaped the hunting function from a type II (z  =  1) to 
type III (z = 2) functional response (Brook & Bowman, 2002), with 
the maximum harvest set from 0 to 35% (Fordham et al.,  2022). 
All demographic parameters are described in more detail in the 
Supporting Information (Appendix S1).

2.4.2  |  Model simulations

To address parameter uncertainty, which is inevitably high for extinct 
species (Brook & Bowman, 2004), we created 50,000 unique SEPM 
parameterizations using Latin hypercube sampling (Stein, 1987), draw-
ing samples from uniform prior distributions for 11 model parameters 
(Table 1). This stratified sampling of the priors allowed us to generate 
a large suite of SEPMs, covering the parameter space of demographic 
processes, ecological requirements (based on realized niche breadth 
and specialty) and hunting pressure. We selected realized niches to 
generate the carrying capacity landscapes in each simulation. Each 
sampled combination of parameters, including niche estimates, was 
integrated into an SEPM and simulated for a single replicate (Fordham 
et al., 2022). Fifty thousand simulations took 214 h in parallel on an 
eight-core Windows machine with a 3.6 GHz processor.

2.5  |  Pattern-oriented modelling

2.5.1  |  Validation targets

POM (Grimm et al.,  2005) was used to evaluate different SEPM 
parameterizations. Simulations were validated using POM meth-
ods by comparing simulated estimates of spatio-temporal occur-
rences in Siberia, and the timing and location of extinction, with 

Parameter Mean prior Mean posterior

Ecological niche

Niche volume 0.5 (0–1) 0.438 (0.332–0.775)

Niche outlier marginality index (OMI) 0.5 (0–1) 0.197 (0.166–0.237)

Human harvesting

Maximum harvest (%) 17.5 (0–35) 25.3 (9.5–34.1)

Harvest function (z) 1.5 (1–2) 1.46 (1.04–1.89)

Human density (p) 0.5 (0–1) 0.782 (0.585–0.984)

Movement

Dispersing fraction 0.15 (0.05–0.25) 0.212 (0.121–0.249)

Maximum dispersal distance (km) 300 (100–500) 419 (285–495)

Population model

Maximum growth rate (r) 2.07 (1.31–2.84) 2.066 (1.566–2.816)

Variance of growth rate 0.123 (0–0.245) 0.172 (0.095–0.228)

Allee effect (abundance threshold) 250 (0–500) 212 (126–298)

Maximum density (bison per grid cell) 1875 (500–3250) 2542 (1840–3203)

Note: All priors are uniformly distributed. For details, see Materials and Methods.

TA B L E  1  Parameter distributions: The 
prior and posterior means, minima and 
maxima are shown for parameters in the 
process-explicit model of steppe bison 
range and extinction dynamics
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fossil-based inferences (Supporting Information Appendix  S1). We 
estimated the timing of extinction in Siberia from the fossil re-
cord to be 8734 yr bp (95% confidence interval: 8810–8657 yr bp)  
using a Gaussian-resampled, inverse-weighted method (Bradshaw 
et al.,  2012) that accounts for the Signor–Lipps effect (Signor 
et al., 1982). We estimated the extinction location to be in the Lena 
River basin, based on the youngest fossil (Pilowsky et al.,  2021). To 
calculate spatio-temporal occurrence, we set a spatio-temporal win-
dow of uncertainty around each steppe bison fossil in our study re-
gion (n = 31), then quantified the agreement between simulated and 
inferred occurrence. The spatial window was based on the grid cell 
and its eight nearest neighbours, and the temporal band of uncertainty 
was based on ±2SD of the calibrated date. The same temporal band 
of uncertainty was used to quantify climatic conditions for the multi-
temporal niche. A simulated presence of bison within the inferred win-
dow of occurrence was treated as a correctly simulated occurrence.

2.5.2  |  Statistical procedure

POM was done in the R package abc v.2.1 (Csilléry et al., 2012) using 
approximate Bayesian computation with the rejection algorithm to 
select the 100 best models. All summary metrics for analysis were 
scaled based on their standard deviations (van der Vaart et al., 2015). 
The POM procedure was repeated using informed priors from pre-
vious model runs. This was done until Bayes factors indicated that 
the posteriors had converged (Supporting Information Appendix S2, 
S2.1). The procedure involved running four additional rounds of 
10,000 simulations each, selecting the best 100 models each time 
and using the posterior distributions as the priors for the subsequent 
round. Posterior predictive checks were done to determine whether 
the posterior distributions resulted in a good resemblance between 
simulated and observed data (Gelman et al., 2014).

2.6  |  Counterfactual scenarios

Counterfactual scenarios create possible alternatives to what oc-
curred historically (Mondal & Southworth,  2010). We used coun-
terfactual analysis to determine the consequences of rates of past 
climatic change and hunting by humans on the decline and extinc-
tion of steppe bison in Siberia (Fordham et al., 2022). We created an 
optimized ensemble based on the 100 best models selected from 
the final round of simulations, which served as a “baseline scenario” 
(non-counterfactual) of what is historically likely to have occurred in 
Siberia based on our POM approach. We used this optimized ensem-
ble of models to simulate two counterfactual scenarios: no harvest, 
which modelled no hunting of steppe bison by humans from 50 kyr 
bp (i.e., steppe bison responding only to climate change); and constant 
climate, which held climatic suitability for steppe bison in Siberia 
at LGM values from 21 kyr bp to the end of the simulation. For the 
constant climate scenario, the density of humans remained dynamic. 
Demographic and ecological parameters for the counterfactual 

scenarios were generated using random draws from the posterior 
distributions of the optimized ensemble model, using the Latin hy-
percube sampling approach described above. The counterfactual 
and baseline scenarios were compared using 10,000 simulations per 
scenario.

3  |  RESULTS

Our validated simulations showed that the range of the steppe bison 
in Siberia contracted in a north-easterly direction until 33 kyr bp, 
when the range fragmented into smaller populations (Figure 2). This 
fragmentation continued through the Pleistocene–Holocene transi-
tion, resulting in only refugial populations in north-eastern Siberia 
from 11 kyr bp (Supporting Information Movie S1). The time of ex-
tinction in Siberia was simulated to occur at 7.4 kyr bp (±1.5 kyr bp), 
based on the ABC-weighted average of the best 100 process-explicit 
models. The oldest end of the window of uncertainty in our simu-
lated estimate of time of extinction overlapped with the time of ex-
tinction based on the fossil record (8.81–8.66 kyr bp; see Materials 
and Methods). The youngest end overlapped with independent en-
vironmental DNA evidence of prolonged persistence of steppe bison 
in north-eastern Siberia, with the youngest inference of occurrence 
being at 6.4 ± 0.6 kyr bp (Wang et al., 2021). This ensemble of “best 
models” projected the last surviving population to be in the east 
Siberian highlands, occurring c. 500 km from the last known fossil, 
located at Batagaika in the Lena River valley (Murton et al., 2017).

The capacity of SEPMs to simulate fossil-based inferences of tim-
ing and location of extinction was high after five iterations of POM 
(Figure 3). Bayes factors showed convergence in prior and posterior 
distributions after these five iterations of POM (all Bayes factors were 
less than one; Supporting Information Appendix  S2, Figure S2.1). 
Posterior predictive checks showed that these posterior parameter 
distributions resulted in reasonable resemblance between simu-
lated and observed data for extinction location and extinction time 
(p > .01; Supporting Information Appendix S2, Table S2.1). However, 
there was a poorer fit between the simulated spatio-temporal occur-
rence of bison at fossil sites and the observed fossil-based inference 
of spatio-temporal occurrence (p < .01).

3.1  |  Posterior distributions of model parameters

Comparison of posterior and prior parameters showed that accu-
rately reconstructing inferences of range contraction and the timing 
and location of extinction from the fossil record required specific 
demographic and niche constraints and hunting pressure (Figure 4). 
Posterior distributions showed that specific niche requirements were 
needed to reconstruct the range and extinction dynamics of steppe 
bison. The posterior distributions for niche volume and outlying 
mean index (Table 1) indicated that steppe bison in Siberia fulfilled a 
subset of core climatic conditions available to the species across its 
entire multi-temporal range. This was shown by a small-to-medium 
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2490  |    PILOWSKY et al.

niche volume (60% of the full multi-temporal niche volume) and small 
outlying mean index. Among demographic processes, the posterior 
distributions showed that a high variance in growth rate, a medium-
sized Allee effect, high maximum density and high dispersal (in terms 
of both maximum dispersal distance and dispersing fraction) were 
important for reconstructing range and extinction dynamics of the 
steppe bison in Siberia (Table 1). Furthermore, hitting validation tar-
gets required high human densities and high rates of harvest (Table 1).

3.2  |  Counterfactual scenarios

In a no hunting scenario, the total population size of steppe bison in 
Siberia was higher throughout the simulation compared with the base-
line (with hunting), and they did not go extinct before the end of the 

simulation at 5 kyr bp (Figure 5). Before 30 kyr bp in the no hunting sce-
nario, the range of the steppe bison extended further south and west, 
fragmenting into smaller subpopulations only in the final 5000 years of 
the simulation (Supporting Information Movie S1). In a constant climate 
scenario, in which the climate was unvarying from 21 kyr bp, total popula-
tion size stabilized at 19 kyr bp (Figure 5), while the range contracted to 
two large subpopulations that were linked by dispersal, both of which 
persisted to the end of the simulation (Supporting Information Movie S1).

Neither of the counterfactual scenarios did as well as the 
baseline model at predicting the timing and location of extinction 
(Supporting Information Appendix  S2, Figure S2.2). Models with-
out human hunting (no hunting scenario) were generally better able 
to simulate spatio-temporal occurrence than the constant climate 
and baseline scenarios. This was because the absence of hunting 

F I G U R E  2  Validated reconstruction of the extinction of the steppe bison in Siberia. (a) The map shows the multi-model average estimate of 
the time of extirpation for the best models according to pattern-oriented modelling. The location of the site of extinction based on fossil data is 
marked with a cross. (b) The time series shows simulated total population size for steppe bison in Siberia. Vertical lines show extinction time as 
estimated from the fossil record and Greenland interstadial 12. The latter is a period of climatic warming between 47.9 and 46.0 kyr bp.
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    |  2491PILOWSKY et al.

F I G U R E  3  Reconstructions of validation targets using pattern-oriented modelling (POM). Validation targets for POM are: (a) extinction 
location, evaluated by difference (in kilometres) between simulated extinction location and the location based on the youngest fossil; (b) 
extinction time, evaluated by difference (in years) between simulated and inferred time of extinction based on the fossil record; and (c) 
fossil-based occurrence, evaluated by the number of sites where spatio-temporal occurrence is simulated correctly. For (a) and (b), the target 
for POM was zero (no difference between simulated and target value). For (c), the target was 31, which is equal to the total number of fossil 
occurrence sites. Different colours show five successive iterations of POM. For further details, see the Materials and Methods.

F I G U R E  4 Regression-adjusted posterior distributions for parameters. Maximum (max) dispersal distance and the fraction of bison that 
dispersed in each generation (dispersing fraction) combine to simulate dispersal. Maximum density of bison in each grid cell, Allee effect, variance 
(var.) and maximum growth rate all interact to simulate population growth. Human density (relative human density), harvest z (shape of the harvest 
function) and maximum harvest (maximum proportion of bison hunted) determine the hunting rate. Volume and outlying mean index (OMI) are 
measures of climatic niche space (the size of the climatic niche and the marginality of climatic preferences, respectively). All prior distributions 
were uniform. Parameters are described in more detail in the Materials and Methods. Unscaled parameter ranges are provided in Table 1.
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2492  |    PILOWSKY et al.

by humans resulted in larger areas of occupied habitat in Siberia 
through time (Supporting Information Movie S1).

4  |  DISCUSSION

We were able to reconcile inferences of spatio-temporal occur-
rence and the timing and location of extinction for steppe bison 
in Siberia based on hundreds of radiocarbon-dated fossils. Our 
ensemble of “best models” projected extinction to have occurred 
in the east Siberian highlands at 7.4 kyr bp, occurring on average 
1300 years after the fossil estimate. This is consistent with fossil-
based estimates of extinction often being hundreds to thousands 
of years earlier than the likely timing of the extinction event (Haile 
et al.,  2009; Wang et al.,  2021), because they represent the last 
time that a species was abundant (Mann et al., 2019). We show that 
simulating the ecological pathway to extinction for steppe bison 
in its last refuge in Eurasia required very specific ecological niche 
constraints, demographic processes and hunting dynamics. It also 
required these processes to respond to climatic change, human 
abundance and their interaction during the Pleistocene–Holocene 
transition. Counterfactual scenarios confirmed that human hunt-
ing and climatic change were both pivotal long-term drivers of re-
gional extinction for the steppe bison in Siberia and, most probably, 

Eurasia more generally. These results demonstrate how SEPMs and 
POM methods can be used in macroecology and palaeoecology to 
disentangle the mechanisms that were integral in the decline and 
later extinction of species.

The processes leading to the megafauna extinctions of the late 
Pleistocene and early Holocene are uncertain, with intense debate on 
the roles of human hunting and climatic change (Mann et al., 2019; 
Stuart, 2015). The steppe bison was an iconic herbivore that domi-
nated the “mammoth steppe” of the Ice Age Arctic (Guthrie, 1989). 
Although the timing, location and causes of megafaunal extinctions in 
this biome are contested (Cooper et al., 2015; Koch & Barnosky, 2006; 
Stuart, 2015), our process-explicit models show that a synergy of cli-
matic change and exploitation by humans most probably drove the 
steppe bison, and perhaps other herbivores of the mammoth steppe, 
to extinction during the late Pleistocene and early Holocene.

POM revealed the ecological processes that regulated the ex-
tinction dynamics of steppe bison. Reconstructing fossil-based evi-
dence of spatio-temporal occurrence and extinction in the northern 
Lena River valley requires steppe bison to have an ecological niche 
volume of 59–74% of the size of the full multi-temporal niche 
(Nogués-Bravo, 2009). This reduced niche volume has low margin-
ality (Dolédec et al., 2000), meaning that the ecological niche for 
steppe bison in Siberia represented the core climatic preferences 
of steppe bison more generally. Among demographic processes, 

F I G U R E  5  Alternative scenarios of extirpation and population decline. Counterfactual scenarios simulate: (a) climate change but no human 
harvesting of bison (no hunting); and (b) no climate change from 21 kyr bp, but harvesting of bison before and after that time [constant climate 
since Last Glacial Maximum (LGM)]. Maps show when populations in each grid cell went extinct locally. Populations that survived to the end of 
the simulation are shown in bright blue (extant). Line graphs show the simulated trajectories of total abundance in Siberia (±1SD). They include 
timing of Greenland interstadial 12 and timing of extinction in Siberia inferred from fossils. For details, see Figure 2.
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dispersal and the effect of small population size on extirpation 
are likely to have influenced the range and extinction dynamics of 
steppe bison. Hitting our multivariate validation target required a 
pronounced Allee effect and the capacity for high dispersal, among 
other demographic constraints. Evidence for an Allee effect at 
low population densities has been found in natural populations of 
other temperate and polar ungulates: bighorn sheep (Ovis canaden-
sis), chamois (Rupicapra rupicapra), elk (Cervus elaphus), pronghorn 
(Antilocapra americana) and woodland caribou (Rangifer tarandus) 
(Kramer et al., 2009). This has been attributed largely to coopera-
tive defence and predator satiation reducing mortality at high den-
sities, although mate selection at low density could also be a factor 
(Kramer et al., 2009). A high capacity for movement, including long-
distance dispersal, was also needed to reconstruct inferences of 
demographic change from the fossil record. Research on American 
bison has shown that they migrate seasonally in response to forage 
availability in winter (Gates & Larter, 1990). They will also disperse 
towards unoccupied habitat when population densities become 
high (Plumb et al., 2009).

Reconciling inferences of range collapse and extinction from 
the palaeo-record required hunting by humans. More specifically, 
humans needed to be found in medium to high regional densities 
(based on projections for Siberia), with high harvest offtake. Holding 
the hunting of bison constant to zero exploitation and analysing the 
effect of this constraint on dynamic processes and emergent pat-
terns revealed that human hunting was a crucial and chronic driver 
of extinction of steppe bison in Siberia. Without hunting by humans, 
steppe bison maintained a wider distribution and larger population 
size and did not go extinct by 5 kyr bp (the end of the simulation). 
Instead, bison persisted in two small subpopulations in the far north 
of Siberia with suitable climatic conditions. This finding aligns with 
archaeological evidence showing that human hunters in Siberia re-
lied heavily on bison prey during the Pleistocene–Holocene transi-
tion (Vasil'ev, 2003) and that bison were disproportionately selected 
by hunters (Pushkina & Raia, 2008).

Keeping climatic conditions constant for steppe bison (but not 
humans) since the LGM in the constant climate counterfactual sce-
nario showed that hunting alone could not have driven the steppe 
bison to extinction. Without deglacial warming negatively affecting 
range and abundance, steppe bison were projected to be at large 
abundances at 5 kyr bp despite hunting by humans. Taken together, 
our counterfactual hypotheses of the drivers of range collapse and 
extinction of steppe bison show that human hunting and climatic 
change were important determinants of the ecological pathway to 
extinction for steppe bison in Siberia. This association is likely to 
have been synergistic, with humans accelerating the range collapse 
of steppe bison during the Pleistocene–Holocene transition, has-
tening the extirpation of populations that had become fragmented 
owing to deglacial warming and associated shifts in vegetation. A 
similar mechanistic explanation has been proposed for the extinc-
tion of the woolly mammoth (Fordham et al., 2022).

Although we have shown that the application of POM meth-
ods to process-explicit modelling provides a powerful approach 

for continuously reconstructing range dynamics over thousands 
of years, the approach is only as accurate as the validation targets 
being used. Our validation targets were independent from the data 
used to parameterize the model. They captured a hierarchy of demo-
graphic responses (Gallagher et al., 2021), and they were estimated 
robustly using statistical techniques applied to fossil data (Bradshaw 
et al., 2012). Therefore, we have confidence in our POM and results, 
including the posterior distributions for model parameters and their 
multi-model averaged projections of range and extinction dynam-
ics (Grimm & Railsback,  2012). However, for many other species, 
an abundant and spatially representative fossil record will not be 
available to optimize SEPMs of species range dynamics using POM. 
Here, other types of palaeo-validation data could be considered, in-
cluding ancient DNA estimates of past population change (Fordham 
et al., 2014) and inferences of spatio-temporal occurrence from en-
vironmental DNA in sediments and ice cores (Wang et al., 2021). For 
threatened species or for species that went extinct recently (such as 
the thylacine in Australia), historical sightings can provide important 
sources of validation data (Fordham et al., 2021).

Posterior predictive checks of our process-explicit model 
showed that the posterior ranges of model parameters reconstruct 
extinction time and location reasonably well (Gelman et al., 2014). 
However, it was more difficult to reconcile fossil evidence of spatio-
temporal occurrence. Indeed, this target was easier to reconstruct 
in simulations without human hunting, because in the no hunting 
scenario, steppe bison maintained larger ranges through time. 
Larger ranges resulted in occurrence being higher not only at fossil 
sites, but also in areas that were unlikely to have been habitable by 
steppe bison during periods in the past. It is possible that the diffi-
culty with correctly simulating spatio-temporal occurrence at fossil 
sites could stem from the hunting dynamics in our process-explicit 
model. These dynamics were relatively simple, not accounting for 
technological developments that are likely to have occurred during 
the time frame of the simulation (Goebel, 2002). The wide poste-
rior range for the functional response of human hunting of steppe 
bison extends from the selected best models having a diverse 
range of hunting strategies, suggesting that a variety of parameter 
values can give a close fit to inferences of extinction dynamics from 
the fossil record. Also, the model we used to simulate the peopling 
of Siberia (and Eurasia more generally in CISGeM) does not account 
for topography, which could have caused barriers to movement, 
particularly in the Siberian highlands (Eriksson et al., 2012), affect-
ing spatio-temporal harvest rates.

Our process-explicit modelling shows that climatic change and 
hunting by humans in Siberia during the late Pleistocene and early 
Holocene is likely to have interacted with key ecological require-
ments and demographic processes of steppe bison to cause their 
extinction in Eurasia during the early Holocene. Moreover, it shows 
that process-explicit models validated with POM methods can con-
tinuously simulate the ecological processes and drivers that cause 
the population declines of species over many millennia, in addition 
to the final extinction event. Although synthesis of long- and short-
term causes of population decline (Caughley, 1994) remains rare, the 
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integrated computational framework used here provides new op-
portunities to establish ecological pathways to extinction over long 
time periods. If applied to a diverse range of species, generalities in 
ecological processes of extinction could be identified.
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