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Abstract

Processes leading to range contractions and population declines of Arctic megafauna
during the late Pleistocene and early Holocene are uncertain, with intense debate
on the roles of human hunting, climatic change, and their synergy. Obstacles to a
resolution have included an overreliance on correlative rather than process-explicit
approaches for inferring drivers of distributional and demographic change. Here, we
disentangle the ecological mechanisms and threats that were integral in the decline
and extinction of the muskox (Ovibos moschatus) in Eurasia and in its expansion in
North America using process-explicit macroecological models. The approach inte-
grates modern and fossil occurrence records, ancient DNA, spatiotemporal recon-
structions of past climatic change, species-specific population ecology, and the growth
and spread of anatomically modern humans. We show that accurately reconstruct-
ing inferences of past demographic changes for muskox over the last 21,000years
require high dispersal abilities, large maximum densities, and a small Allee effect.
Analyses of validated process-explicit projections indicate that climatic change was
the primary driver of muskox distribution shifts and demographic changes across its
previously extensive (circumpolar) range, with populations responding negatively to
rapid warming events. Regional analyses show that the range collapse and extinc-
tion of the muskox in Europe (~13,000years ago) was likely caused by humans op-
erating in synergy with climatic warming. In Canada and Greenland, climatic change
and human activities probably combined to drive recent population sizes. The im-
pact of past climatic change on the range and extinction dynamics of muskox during
the Pleistocene-Holocene transition signals a vulnerability of this species to future
increased warming. By better establishing the ecological processes that shaped the
distribution of the muskox through space and time, we show that process-explicit
macroecological models have important applications for the future conservation and

management of this iconic species in a warming Arctic.
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CANTERI ET AL.

1 | INTRODUCTION

The Arctic is warming almost twice as fast as the rest of the world
(Meredith et al., 2019; Screen & Simmonds, 2010), with mean an-
nual temperatures forecast to increase by 3-12°C (above 2010
conditions) by the end of the 21st century (Lee et al., 2021). This
warming is causing biodiversity change, which is disrupting the
structure and function of ecological systems (Post et al., 2019).
However, climatic conditions in the Arctic have rarely been stable,
with temperatures fluctuating enormously during glacial-interglacial
cycles (Dansgaard et al., 1993), resulting in large biotic change. These
climate-driven biotic changes include declines in species distribu-
tions, population sizes and genetic diversity (Hansen et al., 2018;
Lorenzen et al., 2011), regional and range-wide extinctions (Cooper
et al.,, 2015; Stuart, 2015), shifts in community assembly (Wang
et al., 2021), and ecosystem function (Zimov et al., 1995).

During the late Quaternary, vast areas of Earth's terrestrial eco-
systems experienced warming events that are similar in magnitude
and pace to conditions predicted for the end of the 21st century
(Brown et al., 2020). Establishing biotic responses to these past
warming events can improve projections of future biodiversity,
through a better understanding of how different spatiotemporal
scales of climatic change affect biodiversity (Fordham et al., 2020).
However, this often requires integrating ecological and evolution-
ary models with fossil and molecular inferences of biotic change
(Fordham et al., 2014; Nogues-Bravo et al., 2018). Although this has
generally been done correlatively (Svenning et al., 2011), process-
explicit models are increasingly being used to directly simulate the
ecological processes and the global change drivers that shaped spa-
tiotemporal patterns of biodiversity (Pilowsky et al., 2022). These
new approaches in macroecology (Connolly et al., 2017) are improv-
ing knowledge of eco-evolutionary dynamics (Hagen et al., 2021),
allowing contested ecological and evolutionary theories to be as-
sessed (Rangel et al., 2018), and biodiversity to be better understood
and managed (Fordham et al., 2016).

The geographic distributions of Arctic species are highly dy-
namic (Beumer et al., 2019), with ranges forecast to shift in future
decades (van Beest et al., 2021), due to demographic processes
(population growth and dispersal) responding to spatiotemporal
variations in abiotic and biotic conditions (Brown et al., 1996), af-
fecting source-sink dynamics (Gaston, 2003). Thus, making robust
projections of past and future range shifts for Arctic species requires
spatially explicit population models (SEPMs) that simulate metapop-
ulation and dispersal dynamics under climate and environmental
change (Anderson et al., 2009). SEPMs that directly reconstruct spa-
tiotemporal variations in demographic change, can not only establish
dynamic responses of species to climatic shifts and anthropogenic
activities, but also disentangle the spatiotemporal impacts of each
of these drivers (Fordham et al., 2022). This is particularly so, if spa-
tiotemporal patterns inferred from the paleo-record and or historical
observations are used to assess whether a model is adequate in its
parameterization and structure to simulate the underlying mecha-
nisms (Fordham et al., 2016; Nogues-Bravo et al., 2018).

S i ey L

New approaches for reconstructing species' responses to mul-
tiple millennia of global change use inferences of demographic and
distributional change from fossils and ancient DNA (aDNA) as in-
dependent, objective targets to identify whether models have the
structural complexity and parameterization needed to simulate spe-
cies' range shifts and extinction risk (Fordham et al., 2022). Under
this pattern-oriented approach (Grimm et al., 2005), competing
models are evaluated based on their ability to reconstruct biogeo-
graphical patterns inferred from paleo-archives, such as time and lo-
cation of extirpation and colonization events, and changes in relative
abundance (Fordham et al., 2021). This approach, which integrates
the disciplines of macroecology, paleoecology, climatology, and
genomics, is revealing the chains of causality that lead to species'
range collapse and extinction over decades to millennia (Fordham
et al., 2022).

The Artic is an ideal system for using the past to inform contem-
porary conservation management and policy, because some Arctic
regions experienced rates of warming that are analogous to future
forecasts (Fordham et al., 2020). It also has a relatively high number
of plant and animal fossils with good spatial and temporal coverage
(Chevalier et al., 2020; Nogues-Bravo et al., 2018), a large volume of
sequenced ancient DNA from a diverse range of species (Orlando &
Cooper, 2014; Smith et al., 2003; Willerslev et al., 2003), and paleo-
climate reconstructions with high temporal resolutions (Steffensen
et al., 2008). Consequently, the causes of late Quaternary ex-
tinctions of Arctic megafauna have been well studied (Cooper
et al., 2015; Lister & Stuart, 2008; Lorenzen et al., 2011), including,
most recently, with process-explicit models and pattern-oriented
validation methods (Fordham et al., 2022). However, the range
dynamics of Arctic species that survived the climatically unstable
Pleistocene/Holocene transition are less well understood. Here, we
use process-explicit macroecological models to establish the eco-
logical mechanisms underpinning the range dynamics of the muskox
(Ovibos moschatus)—a cold-adapted Arctic herbivore that regulates
the structure and function of tundra ecosystems (Post, 2013; Post
& Pedersen, 2008)—over the last 21,000years, to better understand
the regulatory roles of climatic change and exploitation by humans
on muskox abundance through space and time.

The muskox is naturally distributed in Northern Canada,
Canadian Islands, and North and East Greenland, with translo-
cated populations in Russia, Alaska (US), and Western Greenland
(Cuyler et al., 2020). During the late Pleistocene, the muskox had
a Holarctic distribution, stretching from Europe to North America
(Markova et al., 2015). Its Eurasian range contracted during the last
deglaciation [i.e., 19-11 ka BP (thousand years before present); Clark
et al. (2012)], with the last surviving population going extinct ~2.6 ka
BP in Taymyr (Russia; Campos et al., 2010; Markova et al., 2015).
Conversely, when the range of the muskox was collapsing in Eurasia,
North American populations were expanding their range on their
route to colonizing Greenland (Hansen et al., 2018). Previously,
warming has been suggested to be the primary driver of muskox
extirpation in Eurasia, with little or no contribution of human activ-
ities such as harvesting (Campos et al., 2010; Lorenzen et al., 2011).
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However, the ecological processes of range collapse of muskox in
Eurasia and its range expansion in North America remain mostly a
mystery, having never been reconstructed at high spatiotemporal
resolutions, and not using validated process-explicit macroecologi-
cal models. Here, we use a process-explicit modeling framework to
(i) examine the role of climatic warming on muskox abundance and
(ii) test the hypothesis that humans did not contribute to the range
contraction of muskox in Eurasia during the Pleistocene, or its rate of
range expansion in North America in the Holocene.

We built 100,000 plausible SEPMs that continuously recon-
structed the range and population dynamics of the muskox since
21ka BP under different conceivable levels of climate-driven re-
source availability and human exploitation. Models that could recon-
cile inferences of demographic change from fossils were identified
using pattern-oriented methods (Grimm & Railsback, 2012) and
used to determine the likely chains of causality responsible for the
contemporary distribution of muskox. Simulations from these val-
idated models were analyzed statistically to better establish the
drivers responsible for the extinction of muskox in Eurasia and its
range expansion in North America. We show that climatic change
was probably the primary driver of the structure and dynamics of
the geographic range of muskox, with human activities, and their in-
teractions with climatic changes, being important in some regions.

2 | MATERIALS AND METHODS

We built process-explicit macroecological models of muskox that
simulate interactions between metapopulation dynamics, climate
variability, and hunting by humans (Figure 1). We used these models
to continuously reconstruct 21,000years of range contraction and
expansion across Eurasia and North America. We refined the pa-
rameter space of our simulations of spatiotemporal abundance with
pattern-oriented methods (Grimm & Railsback, 2012), using infer-
ences of range shifts, extirpation, and colonization events estimated
from hundreds of fossils. The approach is described in detail in the
Supplementary Methods. Supporting appendices can be found in
Canteri et al. (2022), including the fossil and modern occurrence re-
cord (Appendix 1), the R code for running the models (Appendix 2)
and a table explaining the variables used for the statistical analysis
(Appendix 3).

2.1 | Ecological niche

To reconstruct the ecological niche of the muskox through space
and time, we intersected radiocarbon dated and georeferenced fos-
sils, and modern observations of muskox, with gridded climatic data:
paleoclimate reconstructions and interpolated current-day climate
observation.

Fossils from the Late Pleistocene and Holocene were com-
piled from publicly available databases and published literature
(see Supplementary Methods). The quality and reliability of all

radiocarbon dates were assessed (Barnosky & Lindsey, 2010) and
only fossils with an age quality score >10 were used. The radiocarbon
ages of these fossils were calibrated using OxCal and the IntCal20
calibration curve (Bronk Ramsey, 2009; Reimer et al., 2020). This re-
sulted in 135 reliable fossil ages with geolocations and calibrated
ages younger than 21ka BP: the limit of our high temporal resolution
paleoclimatic data (Figure S1; Appendix 1). Fossil data were supple-
mented with modern occurrence observations for muskox in North
America for the period 1700AD-2019 AD (Figure S1; Appendix 1).
These records were retrieved from GBIF (GBIF.org, 2019).

Occurrence records from observations and fossils were inter-
sected spatiotemporally with seven climatic variables: average
minimum daily temperature in January, average maximum daily tem-
perature in January, average maximum daily temperature in July,
precipitation seasonality, annual precipitation, temperature season-
ality, and evapotranspiration in spring and summer. Paleoclimate
data came from the TraCE-21ka simulation (Liu et al., 2009) ac-
cessed through PaleoView (Fordham et al., 2017) and is described
in detail in Fordham et al. (2017). Independent validation shows that
the TraCE-21ka simulation closely reproduces inferences of tem-
perature change over the last 21,000years (Brown et al., 2020; Liu
etal., 2009). Because TraCE-21 data are not available after 1989 AD,
we harmonized recent climate observations from CRU TS v4 (Harris
et al., 2020) with the TraCE-21ka simulation using the change fac-
tor method (Beyer et al., 2020). All climate data were resampled to
a 1°x1° resolution. Climate variables were tested for collinearity.
Three variables with |r| <0.7 (Dormann et al., 2013) were retained
for modeling the ecological niche of the muskox: average mini-
mum daily temperature in January, annual precipitation, and total
evapotranspiration in spring and summer. These three climatic vari-
ables have been used previously to model the range dynamics of
large vertebrates in Eurasia (Lorenzen et al., 2011; Nogues-Bravo
et al., 2010; Yannic et al., 2014, 2020). These climatic variables are
important distal predictors for arctic grazers, as they influence plant
community composition and primary productivity, and thus forage
availability and quality, which ultimately affect vital demographic
rates and muskox population dynamics (Asbjornsen et al., 2005;
Desforges et al., 2021). While important proximal predictors,
such as snow depth and snow conditions (Asbjornsen et al., 2005;
Desforges et al., 2021), were considered, they are difficult to simu-
late at a Holarctic scale (Foster et al., 1996), particularly over paleo
time scales.

The climate occurrence data were used to build a three-
dimensional hypervolume of climate suitability through time
(Nogués-Bravo, 2009), generating a biologically relevant represen-
tation of the climatic conditions over which the muskox occurred
at fossil and modern occurrence sites. We built a Gaussian hyper-
volume of climate suitability using the “hypervolume” R package
(Blonder et al., 2014). We tuned the kernel density estimation (KDE)
bandwidth using cross-validation (Blonder et al., 2014). We used the
“hypervolume” package because it does not require absence data
and because it generates projections that are less sensitive to ex-
trapolation (Blonder et al., 2017).
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FIGURE 1 Modeling the range dynamics of muskox using spatially explicit population models. Spatially explicit population models
(SEPMs) account for spatiotemporal change in habitat suitability and demography (a). Uncertainty in climate-human-muskox interactions
is modeled by generating thousands of models with unique combinations of parameter values sampled from wide but plausible ranges,
using Latin Hypercube sampling (b). Each model simulates changes in spatiotemporal abundance in response to climatic change and hunting
by humans (c). Model projections are validated using Approximate Bayesian Computation and pattern-oriented methods, which compare
observed or inferred patterns (targets) to simulated patterns (d). Prior and posterior distributions can be visualized to identify important
model parameters (e). A subset of “best” models can be used to generate validated projections of abundance and extinction dynamics (f).

The resulting hypervolume, which approximates the fundamental
niche of the muskox (Nogués-Bravo, 2009), was exhaustively subsa-
mpled to generate thousands of potential realized niches (Fordham
et al.,, 2022). Subsampling of the niche was done using Outlier Mean
Index (OMI) analysis (Dolédec et al., 2000), using plausible bounds of
climatic specialization and niche breadth (Fordham et al., 2022). For
each niche subsample (n = 2500), we generated spatial projections
of climate suitability from 21ka BP to 1500AD at 8-year genera-
tional time steps. This allowed the realized niche of the muskox to
be identified using process-explicit macroecological modeling (de-
scribed below). Methods used to model the ecological niche of the

muskox are described in detail in the Supplementary Methods.

2.2 | Human relative abundance

Relative abundance and expansion of humans in Eurasia and North
America was modeled using a Climate Informed Spatial Genetics
Model (CISGeM; Eriksson et al., 2012). Pattern-oriented modeling
(POM) has shown that CISGeM can accurately reconstruct arrival
times of anatomically modern humans and current-day distributions
of effective population sizes (N,; Eriksson et al., 2012; Raghavan

et al., 2015). This is done in CISGeM by modeling local N, as a func-
tion of genetic history, local demography, paleoclimate, sea level,
and net primary productivity over the last 125k years (Eriksson
et al., 2012; Raghavan et al., 2015).

Arrival time, occupancy, and density (here N,) of humans were
forced in CISGeM by spatiotemporal estimates of climate, sea level
changes, and ice sheet dynamics over the past 125k years, operating
at 25-year time steps. To do this, climate data from the HadCM3
global circulation model prior to the last glacial maximum were har-
monized with TraCE-21 data (Fordham et al., 2022). To account for
parameter uncertainty in spatiotemporal projections of N, we used
published upper and lower confidence bounds for CISGeM param-
eters (Eriksson et al., 2012) to generate ~4000 different plausible
models of human migration (each with a unique combination of
parameters), using Latin hypercube sampling (McKay et al., 1979).
We rejected model simulations that were unable to successfully
replicate arrival times in North America. We then calculated the
multi-model mean and standard deviation for each grid cell at each
time step in the model from 21ka BP and used this information
to generate 100,000 potential human migration and population
growth scenarios (Fordham et al., 2022). All N, values were scaled
between 0 and 1 (using the 95th percentile of the values from the
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multi-model mean) and used as a measure of relative abundance of
humans in the process-explicit macroecological model (Fordham
et al., 2021). CISGeM and its application are described in detail in
the Supplementary Methods.

2.3 | Climate-human-muskox interactions

The range dynamics of the muskox were simulated using a SEPM
framework (Fordham et al., 2021). Demographic processes (popula-
tion growth, dispersal, source-sink dynamics, and Allee effect) were
simulated as dynamically responding to changing climatic conditions,
human harvesting, and their interactions, from 21 k BP until 1500 AD.
We did this using lattice-based stochastic demographic models, op-
erating at a generational time step of 8years (Hansen et al., 2018).
These process-explicit models have been shown to be successful
at projecting the range dynamics of species (Fordham et al., 2018,
2021), including extinct megafauna (Fordham et al., 2022). SEPMs
were built using the “poems” and “paleopop” R packages (Haythorne,
Fordham, et al., 2021; Haythorne, Pilowsky, et al., 2021).

Driver-state relationships simulated the effects of climatic
change and hunting by humans on key ecological processes of
extinction: lability of the ecological niche, dispersal, population
growth, and Allee effect. Dispersal was simulated using a distance-
based function that limited movement to resource-depleted areas,
and blocked movement across grid cells covered by sea or glacial
ice (Fordham et al., 2021). Carrying capacities and initial abundances
were generated as a function of habitat suitability (i.e., availabil-
ity of resources; Fordham et al., 2018), and proportion of glacial
ice present in a grid cell. We modeled density-dependent growth
using a logistic function (Ricker, 1954). Harvesting was modeled as a
function of prey density, human density, exploitation rate, and prey
availability (Alroy, 2001; Fordham et al., 2022). An Allee effect was
used to simulate rapid extinction at small population size (Fordham
etal,, 2013).

Models were parameterized using best estimates for demo-
graphic processes (population growth rate and variance, dispersal,
Allee effect), environmental attributes (niche breadth and climatic
specialization), and threats (human abundance and exploitation
rate). Values for these processes were varied across biologically
plausible ranges (Table S1), using Latin Hypercube sampling of uni-
form probability distributions (Fordham et al., 2021). This resulted
in 100,000 conceivable model parametrizations, each with different
demographic processes and rates of climate change and exploita-
tion by humans. Each model was run for a single replicate (Prowse
et al., 2016). The process-explicit model is described in detail in the
Supplementary Methods.

2.4 | Pattern-oriented modeling

We used POM to validate model simulations and optimize model pa-
rameters (Grimm et al., 2005). The capacity of models to replicate

inferences of occupancy, extirpation, and colonization events from
thefossilrecord was tested using Approximate Bayesian Computation
(ABC) analysis (Csilléry et al., 2010). We did this using a multivariate
validation target, consisting of occupancy at fossil sites (age+1 SD),
arrival time in Greenland, timing of regional extirpation in Eurasia,
and distance from extinction location in Eurasia. Estimates for these
targets are in Table S2.

We used POM and ABC to identify and select the top 1% of
model simulations (n = 1000) that most closely replicate the vali-
dation targets. We did this using the rejection method (Csilléry
et al., 2012). We calculated the parameter distributions of selected
models (i.e., posterior distribution) and compared them with their
prior ranges (van der Vaart et al., 2015). We mapped muskox abun-
dance in space and time using an ensemble average of the selected
simulations (weighted by the Euclidean distance from the targets)
and calculated timing of extirpation and change in total and regional
population size. The regions were Europe, with the Ural Mountains
defining the eastern boundary; Asia, between the Urals and the
Lena River; Beringia, between the Lena River and Alaska; and North
America, encompassing Northern Canada and Greenland (Fordham
et al., 2022; Table S2). All multi-model average reconstructions of
spatiotemporal abundance accounted for probability of occurrence
and Allee effect (Fordham et al., 2022). The POM methods are de-
scribed in detail in the Supplementary Methods.

We compared changes in relative total population size (effec-
tive population size) from aDNA with change in relative total pop-
ulation size from the “best” models selected using POM validation
procedures. The methods and data used to calculate effective pop-
ulation size are described in the Supplementary Methods. This sec-
ondary test, using independent targets, tested whether the “best”
models, did indeed adequately capture the ecological processes
of range dynamics and their driver-state relationships (Grimm &
Railsback, 2012). The correlation between the simulated trends in
total abundance for the selected models and abundance trends in-
ferred from aDNA was calculated. We also compared magnitudes of
change in relative population size for the last deglaciation (19-11ka
BP) and Holocene (11ka BP-1500AD) across both groups. To do
this, we calculated the magnitude of change in abundance between
the start and end, of the last deglaciation, and the start and end of
the Holocene, for each of the selected models and for an equiva-
lent number of uniformly sampled points within the 95% CI of the
N, trend at those specific time points. We then did a Welch's t-test
to determine if there were significant differences in magnitude of

change for each period between the aDNA and our simulations.

2.5 | Statistical analysis

We used machine learning techniques to statistically identify and
distinguish the relative effects of climate and humans on the extinc-
tion risk of the muskox during the last deglaciation period. For the
selected simulations, we calculated five spatiotemporal descriptors
for climatic change and five spatiotemporal descriptors for human
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FIGURE 2 Prior and posterior
distributions for modeled parameters.

(a) Shows scaled parameter ranges

for prior (broken line) and posterior
(colored line) parameters in the muskox
SEPM. Circles and diamonds represent
the mean of the prior and posterior
distributions, respectively. Raw values
for prior and posterior parameter ranges
are provided in Table S1. (b) Shows the
density of the posterior distribution
compared to a uniformly distributed
prior. Variable demographic parameters
in the muskox SEPM are variation in
population growth rate (Environmental
stochasticity); maximum population
growth rate (Growth rate max); proportion
of individuals dispersing at each time
step (% dispersers); maximum dispersal
distance (Max dispersal distance); Allee
effect; and maximum abundance (Density
max). Variable harvest parameters are
percentage of the population that is
harvested (Harvest max); extent to which
harvest follows a Type Il to Type Il
functional response (Harvest z). Variable
parameters describing ecological niche
requirements are distance between
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harvesting (these are described in detail in Appendix 3, Canteri
et al., 2022) at the regional level. We calculated expected minimum
abundance (EMA) during the last deglaciation for Asia, Beringia, and
North America, which is a measure of risk of population decline and
extinction (McCarthy & Thompson, 2001). We used time to extinc-
tion in Europe instead of EMA, because the muskox went extinct
before the end of the last deglaciation in Europe (Table S2). We used
a similar approach to assess the roles of climate and human harvest-
ing during the Holocene (stopping at 1500 AD) on population abun-
dance of muskox in North America and East Beringia (Alaska, USA)
in 1500AD (i.e., the end of the simulation).

Random forest classification trees, implemented with the
“ranger” package in R (Wright & Ziegler, 2017), were used to statisti-
cally identify spatiotemporal effects of climate and human drivers on
EMA and time to extinction. We constructed 1000 trees and tuned
the number of variables and minimum node size at each split via 10
x 10-fold cross-validation, to maximize model accuracy. Variable im-
portance scores were calculated using unscaled permutation impor-
tance (Strobl et al., 2007) and converted to % contribution of the

variance explained.
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3 | RESULTS

Based on the multi-model ensemble average of the best 1% of plau-
sible SEPMs, the muskox is projected to have declined in popula-
tion size and contracted their range in a northeasterly direction in
Eurasia during the last deglaciation (Figures 3 and 4); and to have
expanded its populations in North America (north of 50° latitude)
during the Holocene, colonizing Greenland (Video S1). These “best”
models, according to POM methods, correctly projected spatiotem-
poral occurrence in up to 96% of fossil sites (94 +11) and predicted
the timing of extirpation (particularly in Europe; Figure 4) and the
distance from the last fossil in Eurasia (Figure S5) with good accuracy
(RMSE: 324 +883; distance from extinction location: 1161 +241km).
However, they did predict a mean arrival time in Greenland that
is ~2 k years earlier than expected from the current fossil record
(Figure S5).

Validation using genetic inferences of change in total popula-
tion size showed that projections of total population size for the
best SEPMs matched changes in population size inferred from an-
cient DNA reasonably closely (r = 0.64 + 0.07). Both reconstructions
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show a steep decline in total population size at the beginning of
the deglaciation period, stabilization, and then an increase during
the Holocene (Figure S6). The means of the slopes for magnitude
of change in relative population size between selected simulations
(mean slope = -0.0000188) and those inferred from N, (mean
slope = -0.0000193) were not significantly different for the last
deglaciation [t(1955.6) = 0.99, p = .32]. However, they were sig-
nificantly different in the Holocene [t(1334.3) = -25.53, p<.001],
with our selected simulations (mean slope = 0.0000203) showing an
earlier increase in relative population abundance compared to the
estimates from N, (mean slope = 0.0000385) as shown in Figure Sé.

3.1 | Demographic and ecological processes

To reconstruct inferences of past demographic changes from fos-
sils, SEPMs for muskox required large maximum densities, high
dispersal abilities (a high proportion of dispersing individuals, with
a long dispersal tail), and small Allee effects (Figure 2). Moreover,
the ecological niches of muskox needed to have large volumes and
low specialization, with selected niches closely approximating the
fundamental (multi-temporal) niche of the muskox. The posterior
distribution of some parameters more closely matched their prior
distribution (Figure 2), suggesting a lesser role in the structure
and dynamics of the geographic range of the muskox. These non-
identifiable parameters included some demographic parameters
(environmental stochasticity and maximum growth rate) and pa-
rameters linked to harvesting by humans [exploitation rate (Harvest
Max) and prey functional response (Harvest z)].

3.2 | Structure and dynamics of the geographic
range

Our simulations accurately reconstructed inferences of the past dis-
tribution, extirpation, and abundance of the muskox over the last
21k years. Multi-model averaged estimates of timing of extirpation
(Figure 3a) show a range collapse in Eurasia in a north-eastward di-
rection, with severe and wide-scale population declines occurring
after large magnitude and rapid warming at ~14.7 ka BP (Figure 4).
Populations in central Europe are projected to have gone extinct
before 17 ka BP, persisting in north-eastern Europe until ~13ka BP,
which is in strong agreement with the fossil record (Figure S5). While
population abundances of muskox in north-eastern Europe are pro-
jected to have declined sharply following the 14.7 ka BP warm-
ing event, our simulations suggest that their regional extinction in
Europe occurred during a secondary warming phase, immediately
following the 14.7 ka BP event (Figure 4).

In North America, populations that persisted during the last gla-
cial maximum south of the Laurentide ice sheet, are projected to have
moved in a northerly direction from 17 ka BP in response to melting
of the ice sheet (Video S1), going extinct south of the ice sheet at
approximately 13ka BP (Figure 3). From 14.5 ka BP, populations

in Alaska migrated toward the Canadian Arctic Archipelago and
Greenland (Video S1), colonizing much of North America north of
65° in latitude. North America north of 55° in latitude is projected
to have been colonized by 6 ka BP (Video S1). The simulated dis-
tribution of muskox in North America in 1500AD (Figure 3b; the
end of the simulation) aligns closely with the current endemic dis-
tribution of muskox (Figure 3c), with the southern boundary of the
simulated distribution matching the southern boundary of today's
non-translocated range.

In Asia and Beringia, the distribution of the muskox is projected
to have contracted in a northerly direction, with animals being iso-
lated in fragments by 13ka BP, and with populations persisting at
low densities in Siberia and Beringia until 1500AD (Figure 3b). Our
models project persistence in Asia at 1500 AD, which does not align
with fossil evidence of regional extinction at ~2.6 ka BP. However,
the areas where these populations are projected to have persisted in
low numbers are the same areas where muskox have been recently
translocated (Figure 3c; Cuyler et al., 2020).

The total population size of muskox is projected to have declined
during the last deglaciation period (19-11ka BP) and then increased
during the Holocene (Figure 4) owing to range expansion in North
America. The largest declines in regional population size occurred
during or immediately following the 14.7 warming event, where
regional temperatures warmed at rates of up to 3°C per century
(Figure 4). In North America, the population size of muskox also de-

clined with an abrupt increase in temperature at around ~7 ka BP.

3.3 | Climate-human-muskox interactions

Climatic changes explained 62%, 74%, and 45% of the variance in
EMA during the last deglaciation period in Asia, Beringia, and North
America, respectively (Figure 5). There was minimal evidence for an
impact of activities of humans on EMA in these three regions prior to
the Holocene, with human parameters explaining only 0.4%, 1.4%,
and 2.3% of the variance (Figure 5). Large contractions in climate
suitability and a faster pace of loss in suitable climatic conditions
resulted in lower EMA in Asia (Figure S8). In Beringia and North
America, a northern movement of climate suitability positively influ-
enced EMA, while large changes in climate suitability had a negative
effect (Figures S9 and S10).

Post-simulation statistical analysis of time to extinction in
Europe showed that the effects of climate and humans were similar,
explaining 13% and 10% of the variance, respectively. Timing of ex-
tinction occurred sooner in simulations where climate suitability in
Europe declined quicker in a westerly direction, and where humans
expanded slowly in a northerly direction following the last glacial
maximum (Figure S7).

In Eastern Beringia (Alaska, USA), climate change had the larg-
est influence on simulated abundance during the Holocene. Climatic
change explained 17% of the variance in muskox population size in
1500AD in Eastern Beringia, with humans explaining <1% of vari-
ance. Abundance in Eastern Beringia was negatively influenced
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FIGURE 3 Change in the distribution of muskox over the last 21,000years. Projected time of extirpation of muskox (a). Areas simulated
to be occupied in 1500 AD, with their relative densities (b). Panel (c) shows the current natural distribution of muskox (extant), and where
muskox have recently been translocated for conservation purposes (Cuyler et al., 2020).

by large changes in climatic conditions (shifting in a north-east di-
rection), slow paces of increased climatically suitability, and large
amounts of habitat fragmentation (Figure S11). While in North
America (excluding Alaska), humans and climate are likely to have
been equally important drivers of abundance during the Holocene
(Figure 6). Climatic changes during the Holocene explained 7.8% of
the variance in muskox population size, while indices of human ac-
tivities explained 8.2%. Population size at 1500AD was negatively
correlated with human expansion (magnitude and pace) during the
Holocene and the degree to which climate suitability shifted in a
southerly direction during this period (Figure S12). A lower explained
variance for Holocene models is expected because climate-human-
muskox interactions during the Holocene are affected by climate
and human processes happening before the Holocene (Figure 5),
which are not directly considered in this analysis.

4 | DISCUSSION

Spatially explicit population models that continuously simulate
climate-human-muskox interactions indicate that the population
structure and range dynamics of muskox have been shaped by de-
glacial climatic change, with rapid warming events causing popu-
lation crashes and range contractions. Conversely, more stable
climatic conditions during the Holocene enabled the populations
of muskox in North America to grow and expand. Human activities,
including harvesting, are likely to have operated in synergy with
climatic change to affect abundances of muskox in some regions,

contributing to its extirpation in Europe approximately 12,000years
ago, and to its contemporary population structure in North America.
We show that reconciling past inferences of demographic changes
from the fossil record and aDNA requires specific demographic and
niche constraints, and regional variations in rates of climatic change,
exploitation by humans, and their interaction.

Differences between the posterior and prior distributions of
SEPM parameters indicate that long-distance dispersal and meta-
population processes, and their interactions with climatic change
and human activities, are important ecological mechanisms driving
the structure and dynamics of the geographic range of the muskox.
The role of human activities in driving muskox population dynam-
ics has previously been rejected, due to low numbers of muskox re-
mains at archaeological sites (Lent, 1999). This has been interpreted
as indicating small levels of range overlap between muskox and
Paleolithic humans (Lorenzen et al., 2011). However, our simulations
show that the ranges of Paleolithic humans and muskox are likely to
have overlapped in Eurasia for long periods of time during the most
recent deglacial period (Video S2), with humans probably having a
pronounced effect on population abundances in areas more densely
populated by humans, such as Europe (Fordham et al., 2022). These
impacts on muskox populations by humans are likely to have been
both direct (i.e., through hunting) and indirect, with humans regu-
larly occupying pathways between resource-rich zones, potentially
hindering important metapopulation processes (Cooper et al., 2015).

We show that simulating inferences of demographic change from
fossils and aDNA requires a northeasterly contraction of the Eurasian
range of the muskox during the late Pleistocene and an expansion
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FIGURE 4 Temporal changes in population size. Total population size (mean abundance +1 SD; left y axis; colored lines) and mean annual
temperature (thin black line; right y axis) since 21 ka BP simulated for Europe (a), Asia (b), Beringia (c), North America (d) and for its once
entire Holarctic range (e). The geographical division of sub-regions is shown in the inset of panel (a). The yellow vertical lines represent time

of extinction based on the fossil record.

of its range and abundance in North American during the Holocene.
Simulated population sizes of muskox declined abruptly in response
to the Dansgaard-Oeschger warming event (~14.7 ka BP), when tem-
peratures increased by as much as 10°C in <50years (Dansgaard
et al., 1993), signaling a vulnerability of muskox to abrupt climatic
warming. This and other abrupt warming events of the Pleistocene
(Botta et al., 2019) caused severe range contractions and population
crashes for other megafaunal species, including the Cave lion (Stuart &
Lister, 2011), woolly rhinoceros (Lord et al., 2020; Stuart & Lister, 2012),
and woolly mammoth (Fordham et al., 2022; Stuart & Lister, 2012).

These rapid warming events are likely to have affected snow
conditions, and more specifically snow accumulation, negatively
impacting the breeding success and survival of the muskox
(Desforges et al., 2021). They are also likely to have altered wind
and precipitation patterns, intensifying the frequency of rain-on-
snow events, which today prevent Arctic ungulates from accessing
food, increasing mortality (Berger et al., 2018). Following the ter-
mination of the Pleistocene, population sizes of muskox increased,
resulting in simulated population sizes at 1500AD that were
like those at the height of the last glacial maximum (Figure 4e).
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FIGURE 5 Effects of climate and (a)

1 6611
&= [Blobal Change Biology sAYYA N I 2A'%

Europe (b) Asia

humans on muskox abundance at the
termination of the last deglaciation. 0.20
Drivers of time to extinction in Europe
(a), and of expected minimum abundance
(EMA) at 11 ka BP in Asia (b), Beringia (c),
and North America (d). Bars represent
individual contributions of measures of
climatic change and human activities

on explained variance in EMA or time

to extinction. Variables are divided into

Variable Importance

0.10 .
- I III .
0.00 I 0.0

0.2

0.1

Variable Importance

magnitude (M) and pace (P) of change in
climate suitability and human expansion, (c)
movement north (N) and east (E) of core
climate suitability (climate centroid) and
human abundance (human centroid),
amount of fragmentation in climatically
suitable areas (climate fragmentation),
and growth in the human population
(Human population change). All variables
are explained in detail in Appendix 3
(Canteri et al., 2022). Pie charts show the
variance explained (%) by climate (blue)

0.4

0.3

0.2

0.1

Variable Importance

0.0

Beringia (d) NorthAmerica

0.4

0.3

0.2

- ) II
-____ 0.0 I-_- —

Variable Importance

and humans (red). White areas in the pie
charts represent unexplained variance.

Bars
M P

N E

Il cimate suitability
|.:| Climate centroid

Climate fragmentation .

Pies
M P

- Human expansion . Climate

N_E Humans
.:‘ Human centroid .
I:] Unexplained

Human population change

Population growth and range expansion was a feature of muskox
range dynamics in North America during the Holocene, owing
to more gradual rates of warming compared to the Pleistocene.
However, populations crashed at ~7 ka BP in our simulations,
probably in response to temperatures being as warm or warmer
than today (Kaufman, 2004; Wanner et al., 2008).

Our simulations of range contraction for muskox in Eurasia
during the Pleistocene align with existing vegetation reconstruc-
tions and vegetation models, showing that the shrub and steppe
tundra biomes, preferred by the muskox, became fragmented and
were gradually replaced by temperate and boreal forests, as a re-
sult of warmer and wetter climatic conditions (Allen et al., 2020;
Binney et al., 2017). Furthermore, our models correctly simulate
the expansion of muskox in North America from Alaska to the
northern part of Canada, Canadian Islands, and into Greenland.
This pattern is supported by genetic data, which shows signs of
multiple founder effects during the colonization of the Canadian
Arctic Archipelago and Greenland (Hansen et al., 2018); and fossil
data, suggesting that the species entered Greenland from Ellesmere
Island via the Nares Strait (Bennike, 1999). In North America, a
moisture gradient shift in the tundra biome toward wetter condi-
tions, following the retreat of the Laurentide ice sheet starting at
14 ka BP, favored mesic specialists like muskox and reindeer, while
dryland specialists like horse, bison, and mammoth went extinct
(Mann et al., 2013).

Tundra is the preferred habitat of muskox (Beumer et al., 2019;
Schmidt et al., 2016), where it consumes a wide variety of plants
(Kristensen et al., 2011; Schmidt et al., 2018). In Europe, climate-
driven transformation of tundra to forest vegetation began at
the onset of the deglaciation period, being complete by 13ka BP
(Binney et al., 2017). While the timing of this transformation in
vegetation coincides with our projections of population declines
in Europe, and its later extinction from the region, we show that
humans are likely to have played an additional and important role
in the extirpation of muskox in Europe. Measures of human activ-
ities had nearly as strong an influence on the simulated timing of
extirpation in Europe as did measures of climatic change. Thus,
a synergy between human activities and climate-induced vegeta-
tional changes likely hastened the extinction of muskox in Europe
during the late-Pleistocene.

A comparison of the effects of climate and humans during the
Holocene on muskox abundance in North America also shows
that human activities, as well as climatic change, probably shaped
the structure and size of muskox populations. Muskox remains are
more frequently associated with Holocene-age human artifacts in
North America, potentially indicating a more specialized muskox-
hunting culture in this region following the Holocene (Lent, 1999),
which our results corroborate. Furthermore, it is hypothesized that
humans reached Greenland by following the muskox, using the so-
called “Muskox Way” (Lent, 1999), suggesting that muskox played
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FIGURE 6 Effects of climate and humans on muskox final abundance. Drivers of final abundance in Eastern Beringia (Alaska, USA) (a)
and North America (b) during the Holocene. Bars represent individual contributions of measures of climatic change and human activities on
explained variance in population size at 1500 AD. Pie charts show the variance explained (%) by climate (blue) and humans (red). White areas
in the pie charts represent unexplained variance. See Figure 5 for further details.

an important role in the establishment of humans in Arctic North
America and, subsequently, in Paleo-Inuit culture.

While our process-explicit models do well at reconstructing infer-
ences of range shifts and demographic change from fossils, they were
unable to simulate the extinction of muskox in Eurasia at ~2.6 ka BP
(Campos et al., 2010; Markova et al., 2015). Rather they simulate per-
sistence of muskox in areas of Siberia (its last refuge in Eurasia) where
they have been recently translocated and where populations are cur-
rently increasing (Cuyler et al., 2020). Although it is likely that the
muskox went extinct in Eurasia after 2.6 ka BP (Wang et al., 2021), it is
unlikely that they would have been in Eurasia during the 16th century
as projected by our model. Possible reasons for simulating prolonged
persistence in Siberia include an absence of inter-specific interac-
tions in the model, other than muskox-human interactions. Bears
and wolves, which are primary predators of muskox (Heard, 1992;
Reynolds et al., 2002), could have amplified the effect of Holocene
warming on muskox persistence in Eurasia. Moreover, our SEPM for
muskox does not account for land use change during the Holocene,
where pastoralism and agriculture began as early as 4 ka BP in Siberia
(Stephens et al., 2019). It also does not account for potential dis-
eases. Infectious diseases and pathogens have caused recent popu-
lation declines of muskox of up to 85% in Alaska and Canada (Cuyler
et al., 2020), with the range dynamics of common pathogens being
sensitive to climatic warming (Kafle et al., 2020).

We project a time of arrival in Greenland that on average is approx-
imately 2000years earlier than the time estimated from the fossil re-
cord (~5 ka BP). This could be because our models are coarse, resulting
in overly high connectivity between the Canadian Arctic Archipelago
and Greenland, preventing isolation between populations, as deter-
mined by their genetic structure (Hansen et al., 2018). However, there
is also a real possibility that muskox did colonize Greenland earlier
than previously thought and that older fossils are still yet to be dis-
covered. Extirpation and extinction events of megafaunal species are
commonly revised as younger fossils and environmental DNA are dis-
covered, often causing persistence to be extended by several millen-
nia (Haile et al., 2009; Murchie et al., 2021; Wang et al., 2021). Because
the fossil record indicates when a species was abundant (Bradshaw
et al., 2012), it is possible that Greenland was colonized at 7 ka BP (as
predicted by our models), but abundances remained low until ~5 ka
BP, when the first muskox fossils appear in the fossil record. Indeed,
ice-free areas of Greenland were occupied by reindeer at ~9 ka BP,
long before the estimated arrival date for muskox (Meldgaard, 1986).

While our model was able to simulate important demographic
changes, it was not able to account for the effect of demographic fac-
tors operating at finer spatial scales. These include, but are not limited
to, narrow intervening bodies of open water in the Canadian Arctic
Archipelago, which are likely to have influenced dispersal capacity.
Such factors could impact important aspects of muskox biology, as
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indicated by high genetic differentiation observed between popu-
lations in the Canadian mainland, Canadian Arctic Archipelago, and
Greenland (Hansen et al., 2018). Moreover, our SEPMs of the range
and population dynamics of muskox could potentially be improved
through the use of multiple paleoclimate simulations (Fordham
etal., 2011).

Using SEPMs, integrated with inferences from fossils and aDNA,
we were able to disentangle the ecological mechanisms and driv-
ers likely to have been responsible for the range collapse of muskox
in Eurasia during the late Pleistocene and its expansion in North
America during the Holocene. We show that while the structure and
dynamics of the geographic range of muskox has been shaped by
climate at the circumpolar scale, the activities of humans probably
affected the range and extinction dynamics of muskox in particu-
lar regions, at particular times. We also show that muskox popula-
tions are likely to have crashed during periods of rapid warming and
in ancient warm periods. Given that these Arctic warming events
are directly comparable to 21st century projections (Fordham
et al., 2020), our results suggest a high vulnerability of muskox to
future climate warming. More generally, our process-explicit models,
optimized and validated on inferences of past demographic change
from fossils and aDNA, provide a new validated modeling framework
for conserving muskox and other Arctic grazing megafauna under
future climatic and environmental change, including pinpointing new
sites for translocations.
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