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Abstract

Anthropogenic activities are threatening biodiversity worldwide, with impacts on every biome on
Earth. A better understanding of how species will respond to different magnitudes and rates of
anthropogenic-induced climatic change and other global change drivers is therefore needed to predict
extinction risk and avert future species loss. In this PhD dissertation, | combine contemporary
occurrence records and genetic sequences, paleo-archives, and process-explicit models to improve
our understanding of biodiversity change and extinction risk, and to test whether inferences from the
past can provide more informed predictions of future climate change impacts. In Chapter II, |
analysed thousands of mitochondrial DNA sequences across ~1000 bird species to identify whether
a relationship exists between conservation status and intra-specific genetic diversity. Results show
that threatened birds have lower levels of genetic diversity compared to non-threatened ones,
indicating that current assessment criteria already indirectly prioritize the conservation of species
with low genetic diversity. Nevertheless, a small proportion of non-threatened species carries low
genetic diversity, making them more vulnerable to future environmental changes than their
conservation status indicates. In Chapter 11l and Chapter 1V, I used hundreds of thousands of
models, that explicitly simulate demographic and dispersal processes responding to different degrees
of habitat change and human hunting pressures, to reconstruct the distributions of the muskox and
the reindeer over the last 21,000 years. These models, validated using inferences of past demographic
change from fossils and ancient DNA, were able to determine the ecological processes that favoured
the survival of the two species until present day and to disentangle the roles of climate and humans
in driving their range and population dynamics. Results show that high dispersal ability, small Allee
effect and broader climatic requirements are important processes for correctly replicating
demographic and biogeographic patterns of both species. They also show that while muskox range
dynamics were mostly driven by climatic changes, with small contributions of human hunting,
reindeer populations were highly regulated by a synergy of human and climatic pressures, with
regional differences. In Chapter 1V, validated projections of the past were also used to inform future
predictions of reindeer extinction risk. Results show that, although population and range size are
expected to decline, the estimated magnitudes of reduction have already been experienced by the
species during times of abrupt warming events. Researching past biodiversity dynamics can therefore
unlock valuable knowledge on future species responses to climate change and help improve

management decisions aiming to safeguard biological diversity under global change.
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Summary

Anthropogenic activities are threatening biodiversity worldwide, with impacts on every biome on
Earth. A better understanding of how species will respond to different magnitudes and rates of
anthropogenic-induced climatic change and other global change drivers is therefore needed to predict
extinction risk and avert future species loss. In this PhD thesis, | explore biodiversity responses to
global change drivers across different levels of biotic organization, from genetic to biogeographic
responses, to gain a better understanding of biotic change and extinction risk. In Chapter II,
thousands of mitochondrial DNA sequences across ~1000 bird species were analysed to identify
whether a relationship exists between conservation status and intra-specific genetic diversity. Results
show that threatened birds have lower levels of genetic diversity compared to non-threatened ones,
indicating that current assessment criteria already indirectly prioritize the conservation of species
with low genetic diversity. Nevertheless, a small proportion of non-threatened species harbours low
genetic diversity, making them more vulnerable to future environmental changes than their
conservation status indicates. Still, in this context, extinction risk is assessed by only considering the
latest stages of the extinction process, when populations reach critically small sizes. However,
population and range declines can start many millennia before the final extinction event. Correlative
approaches have normally been used to describe and predict species range dynamics, but they do not
include the demographic and dispersal processes that determine species distributions and survival
through time. Therefore, a better understanding of how these processes interact with extinction
drivers through time and space is needed to better estimate past and future biotic change and predict
extinction risk. This can be achieved by using process-explicit models, integrated with fossil and
modern occurrence records, ancient DNA, and paleoclimate reconstructions, which improve the
calibration, prediction, and evaluation of ecological models. In Chapter 111 and Chapter 1V, | used
hundreds of thousands of models, that explicitly simulate demographic and dispersal processes
responding to different degrees of habitat change and human hunting pressures, to reconstruct the
distributions of the muskox and the reindeer over the last 21,000 years. The aim was to determine the
ecological processes that favoured their survival until present day and to disentangle the roles of
climate and humans in driving the range dynamics of the two species. Models were validated using
inferences of past demographic change from fossils and ancient DNA. Results show that high
dispersal ability, small Allee effect and strong constraints in the climatic requirements are important
processes for correctly replicating demographic and biogeographic patterns for both species. They

also show that while muskox range dynamics were mostly driven by climatic changes, with small
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contributions of human hunting, reindeer populations were highly regulated by a synergy of human
and climatic pressures, with regional differences. In Chapter 1V, validated projections of the past
were also used to inform future predictions of reindeer extinction risk. Results show that, although
population and range size are expected to decline, the estimated magnitudes of reduction have already
been experienced by the species during times of abrupt warming events. Researching past biodiversity
dynamics can therefore unlock valuable knowledge on future species responses to climate change
and help improve management decisions aiming to safeguard biological diversity under global

change.
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Resumé

Menneskeskabte aktiviteter truer biodiversiteten pa verdensplan med indvirkning pa alle biomer pa
Jorden. En bedre forstdelse af, hvordan arter vil reagere pa forskellige pavirkninger af
menneskeskabte klimaaendringer og andre globale pavirkninger er derfor ngdvendig for at forudsige
udryddelsesrisiko og afvaerge fremtidige artstab. | denne ph.d.-afhandling udforskes biodiversitets
reaktioner pa globale divere pa tveers af forskellige niveauer af biotisk organisation, fra genetiske til
biogeografiske reaktioner, for at fa en bedre forstaelse af biotiske a&ndringer og risiko for udryddelse.
| Chapter 11 analyseres tusinder af mitokondrielle DNA-sekvenser pa tveers af ~1000 fuglearter for
at identificere, om der eksisterer en sammenhang mellem bevaringsstatus og intra-specifik genetisk
diversitet. Resultater viser, at truede fugle har lavere niveauer af genetisk diversitet sammenlignet
med ikke-truede fugle, hvilket indikerer, at de nuverende vurderingskriterier allerede indirekte
prioriterer bevaring af arter med lav genetisk diversitet. Ikke desto mindre har en lille del af ikke-
truede arter lav genetisk diversitet, hvilket gar dem mere sarbare over for fremtidige miljgeendringer,
end deres bevaringsstatus indikerer. Alligevel vurderes udryddelsesrisiko i denne sammenhang ved
kun at overveje de seneste stadier af udryddelsesprocessen, nar populationer nar kritisk sma starrelser.
Dog kan befolknings- og udbredelsesfald starte mange artusinder fer den endelige
udryddelsesbegivenhed. Korrelative tilgange er normalt blevet brugt til at beskrive og forudsige
arternes reekkeviddedynamik, men de inkluderer ikke de demografiske og spredningsprocesser, der
bestemmer arternes udbredelse og overlevelse gennem tiden. Derfor er der behov for en bedre
forstaelse af, hvordan disse processer interagerer med udryddelsesdrivere gennem tid og rum for
bedre at kunne vurdere tidligere og fremtidige biotiske forandringer og forudsige udryddelsesrisiko.
Dette kan opnas ved at bruge proceshaserede modeller, integreret med fossile og moderne
heendelsesregistre, &ldgammelt DNA og palaeoklima-rekonstruktioner, som forbedrer kalibrering,
forudsigelse og evaluering af gkologiske modeller. I Chapter 111 og Chapter 1V er der brugt
hundredtusindvis af modeller, der eksplicit simulerer demografiske og spredningsprocesser, der
reagerer pa forskellige grader af habitateendringer og menneskeligt jagttryk, til at rekonstruere
fordelingen af moskusoksen og rensdyret over de sidste 21.000 ar. Malet var at bestemme de
gkologiske processer, der begunstigede deres overlevelse indtil i dag, og at adskille klimaets og
menneskers roller i at drive raekkevidden af de to arter. Modellerne blev valideret ved hjelp af
slutninger om tidligere demografiske &ndringer fra fossiler og gammelt DNA. Resultater viser, at hgj
spredningsevne, lille Allee-effekt og steerke begreensninger i de klimatiske krav er vigtige processer

for korrekt at replikere demografiske og biogeografiske mgnstre for begge arter. De viser ogsa, at
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mens moskusokseomradets dynamik for det meste var drevet af klimatiske @ndringer, med sma
bidrag fra menneskelig jagt, var rensdyrpopulationer staerkt reguleret af en synergi af menneskelige
og klimatiske pres med regionale forskelle. I Chapter IV bliver validerede fremskrivninger af
fortiden ogsa brugt til at informere om fremtidige forudsigelser om risiko for udryddelse af rensdyr.
Resultater viser, at selvom populationen og udbredelsesstarrelsen forventes at falde, er de estimerede
storrelser af reduktion allerede blevet oplevet af arten i tider med pludselige
opvarmningsbegivenheder. At forske i tidligere biodiversitetsdynamikker kan derfor frigare
veerdifuld viden om fremtidige arters reaktioner pa klimazndringer og hjelpe med at forbedre
forvaltningsbeslutninger, der sigter mod at beskytte biologisk mangfoldighed under globale

forandringer.
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Preface

This PhD dissertation is the result of a three-year joint PhD programme at the University of Adelaide
and the University of Copenhagen. The work presented in this thesis was conducted at the Center for
Macroecology, Evolution and Climate at the University of Copenhagen for the first year, and at the
Environment Institute and School of Biological Sciences at the University of Adelaide for the last
two years. The ideas presented in this thesis are based on extensive work done by my two academic
advisors. Specifically, it is a development, among others, of Lorenzen et al. (2011), Nogues-Bravo et
al. (2018), and Fordham et al. (2020), the latter being a publication to which I gave my contribution.
The aim of this PhD dissertation is to gain a better understanding of biodiversity change and
extinction risk. As there are multiple levels of biodiversity, biodiversity responses to extinction
drivers differ depending on the level considered, from genes to ecosystems. The work presented in
this PhD dissertation starts at the genetic level and then scales up to the population and species levels,
where paleo-archives are integrated with a new generation of ecological models to understand past
species responses to climatic changes and human hunting, and to help guide the conservation of
species. This thesis is divided in five chapters. The first chapter is an introduction of the state-of-the-
art concepts and approaches this thesis builds upon, starting from an overview of current trends in
global biodiversity change across all levels of biodiversity, knowledge gaps preventing the accurate
prediction of future biodiversity change that can be solved by looking at the past, the Late Quaternary
and the Arctic as model systems, patterns and processes behind species distributions and extinction
dynamics, and, finally, new modelling approaches and data that can be used to fill the knowledge
gaps and improve future predictions of extinction risk. The following three chapters are research
papers, the core of this thesis. The last chapter is a summary of results, integrated with a discussion
in the context of the state-of-the-art. In this last chapter, a discussion of future directions is also

included. Lastly, an appendix includes the online published version of Chapter I1.
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Chapter [: Introduction

Global Biodiversity Change

Anthropogenic activities are impacting biodiversity worldwide, resulting in biodiversity loss and
profound alterations (Pereira et al., 2012). Biodiversity loss refers to species extinctions and loss of
genetic diversity, while alterations to biodiversity are the consequence of changes in abundance,
community structure and range shifts (Pereira et al., 2012). There are six major drivers of global
biodiversity change: habitat change and degradation, overexploitation, pollution, invasive species,
climate change, and co-extinctions. Habitat change, overexploitation and invasive species are
currently the biggest drivers of biodiversity loss and alteration worldwide, as they directly affect
population and range size and ecosystem function (Pereira et al., 2012). The loss of species and
populations can result in a cascading effect of co-extinctions (Brook et al., 2008) and in loss of
functional diversity, which induces shifts in species’ behavioural and physiological responses (Young
et al., 2016). Finally, climate change is expected to be an additional driver of biodiversity loss and
alteration in the future, as it induces range shifts, and it increases the extinction risk for species that
are unable to move, have narrow climatic niches, or are unable to phenotypically adapt (Pereiraetal.,
2012). These global change drivers are likely to work in synergy and hasten the dynamics of
extinction (Brook et al., 2008). For example, climate change is expected to interact with the other
global change drivers by reducing habitat quality, which is exacerbated by direct habitat loss, habitat
fragmentation, and overexploitation, and by potentially increasing suitable conditions for invasive
species (Brook et al., 2008).

Recent trends of change have been recorded worldwide, across all levels of biodiversity.
Ecosystem extent and condition have suffered a 47% decline (IPBES, 2019). Due to land use alone,
~58% of terrestrial areas are biotically compromised, with the largest effects recorded in grasslands
(Newbold et al., 2016). According to the IUCN Red List of Threatened Species, 979 species have
gone extinct or extinct in the wild since 1500 (IUCN, 2021). Considering that species are still being
discovered and described, with an estimated 5 to 9 million animal species, it has been calculated that
we are likely losing ~11,000 to 58,000 species annually (Dirzo et al., 2014). We are currently losing
species at rates between 8 and 100 times higher than background rates (Ceballos et al., 2015), with
faster extinction rates than the ones involved in the Big 5 mass extinctions over geological times
(Barnosky et al., 2011). Beyond global extinctions, local extirpation of populations has caused many

species to currently occupy only a small portion of their historical range (Ceballos & Ehrlich, 2002;
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Chapter I: Introduction

Ripple et al., 2016). These reductions in population and range size result in losses of intraspecific
genetic diversity, as a consequence of stronger effects of inbreeding (Keller, 2002), genetic drift
(Reed & Frankham, 2003), and the accumulation of deleterious mutations (Lynch et al., 1995).
Genetic diversity loss reduces the potential for adaptation and evolution of a species in response to
environmental changes (Banks et al., 2013), and is thus important for the prediction of the viability
of species and populations under future global change drivers. Still, genetic diversity tends to be
overlooked when assessing the extinction risk of species, as assessments only rely on measures of
decline in range and population sizes (e.g. IUCN, 2019). In Chapter Il of this PhD dissertation, I
explore the relationship between genetic diversity and conservation status in birds, to investigate
whether genetic diversity can improve our understanding of extinction risk.

Future projections of global biodiversity change are highly uncertain, as variations in the
projected intensity of anthropogenic activities result in multiple scenarios of climate and land-use
change (IPCC, 2014; Pereira et al., 2010). Also, methodological issues and differences in models’
structure can provide different results, making it difficult to agree on a specific future scenario
(Pereira et al., 2010). Future species responses to global change drivers depend on the ability of
species to tolerate and adapt to environmental change in situ, or to track and disperse to new
environmentally suitable habitats (Nogues-Bravo et al., 2018). Species that will not be able to adapt
or disperse may go extinct (Nogues-Bravo et al., 2018). However, there is still a significant gap in
the role of different processes regulating biodiversity change, and accurately predicting future
biodiversity change and extinction risk requires a deeper understanding of these processes. The
impact of different rates and magnitudes of climate change on adaptation, evolution and range shifting
remains obscure, as well as the interaction between these processes in determining extinction risk
(Nogues-Bravo et al., 2018). Finally, the interaction between multiple global change drivers makes it
harder to predict future extinctions. However, the integration of paleoecology, paleogenomics, and
process-explicit models is quickly becoming the answer to fill these knowledge gaps (Nogues-Bravo
etal., 2018). With fine spatial and temporal resolution of fossils and ancient genomes, abrupt climatic
shifts and megafaunal extinctions, the Late Quaternary (last ~130,000 years) offers the perfect natural
laboratory to explore the roles of adaptation and dispersal under climate change (Fordham et al., 2020;

Nogues-Bravo et al., 2018).



The spatiotemporal context: cold areas of the Late Quaternary

The spatiotemporal context: cold areas of the Late Quaternary

The Late Quaternary, specifically the last 21,000 years, is the period chosen in Chapter 111 and
Chapter IV to investigate species responses to global change drivers. During this period,
approximately 40% of terrestrial ecosystems experienced past climatic shifts at magnitudes and rates
similar to what is predicted for the future (Brown et al., 2020). Between ~130,000 and ~11,700 years
ago, climate shifted abruptly multiple times. Just over the last ~ 21,000 years, it is possible to count
six rapid warming or cooling events (Andersen et al., 2004; Grootes et al., 1993), in some cases with
temperature increases up to 10 °C in just a few centuries and decades (Dansgaard et al., 1993). These
climatic changes had profound impacts on species and ecosystems (Botta et al., 2019). Paleogenetic
approaches and the fossil record suggest that climate change has promoted adaptation at different
levels, like macroevolutionary divergences, adaptive evolution, and phenotypic adaptation,
depending on the time scale considered (Nogues-Bravo et al., 2018). Climate change has also driven
range shifts and population declines (Lorenzen et al., 2011; Ordonez & Williams, 2013), extinctions
(Cooper et al., 2015), changes in functional diversity, phylogenetic diversity, and community
composition (Eiserhardt et al., 2015; Ordonez & Svenning, 2017; Ordonez et al., 2016), and shifts in
ecosystem function (Malhi et al., 2016; Zimov et al., 1995).

During the Late Quaternary, anatomically modern humans spread across the globe. Models
simulate the spread and colonisation of humans across Europe, Asia, and Australasia by 40,000 years
BP (Eriksson et al., 2012; Timmermann & Friedrich, 2016), and recent archaeological discoveries
suggest that humans were already present in Mexico at the terminus of the Last Glacial Maximum
(Ardelean et al., 2020). The rapid expansion of anatomically modern humans likely amplified the
effects of climate and environmental change on biodiversity via direct effects of hunting (Barnosky
& Lindsey, 2010; Koch & Barnosky, 2006), but also indirectly through habitat alteration, introduced
predators and “hyperdiseases” (Koch & Barnosky, 2006).

Between 50,000 and 4,000 years before present, about 90 genera of mammals weighing > 44
kg (megafauna) disappeared across continents (Brook & Barnosky, 2012; Stuart, 2015). Extinction
was total for mammalian species > 1,000 kg, and > 50% for species weighting > 30 kg (Stuart, 2015).
Given regional and continental variations in the velocity and severity of megafaunal extinctions
during the Late Quaternary, the relative contributions of climate change and human hunting are still
debated (Koch & Barnosky, 2006; Monjeau et al., 2017). Resolving the debate has led to use the Late
Quaternary as a model for understanding extinctions and extinction dynamics (Fordham et al., 2021;
Stuart et al., 2004; Stuart & Lister, 2012).



Chapter I: Introduction

The Arctic is a robust model system for using the past to understand extinction dynamics and
predict future biodiversity loss. Some Arctic regions have experienced rates of warming that are
analogous to future forecasts (Fordham et al., 2020), and have 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 paleoclimate reconstructions with high-temporal
resolutions (Steffensen et al., 2008).

The Arctic is also one of the regions that are expected to be more impacted by climate change.
Indeed, Arctic regions are warming almost twice as fast as the rest of the world (Meredith et al., 2019;
Screen & Simmonds, 2010), with mean annual temperatures forecast to increase by 3°C — 12°C
(above 2010 conditions) by the end of the 21% century (Lee et al., 2021). The accelerating warming
of the Arctic is already shifting plant phenology, with longer growing seasons and shorter flowering
seasons (Post et al., 2019). Alterations of wind and precipitation patterns are more likely, with an
increased frequency of rain-on-snow events that prevent access to food for herbivores (Berger et al.,
2018). Population crashes in muskox (Ovibos moschatus) and reindeer (Rangifer tarandus) have also
been recorded due to parasites and diseases, which are shifting their distributions in a northerly
direction (Kafle et al., 2020; Vors & Boyce, 2009).

Muskox and reindeer are the only two remaining megaherbivore species in the polar regions,
the survivors of the Late Quaternary extinctions. They play key roles in the tundra ecosystem. As
generalist species, they eat a wide variety of plants (Kristensen et al., 2011; Schmidt et al., 2018),
preventing wooded taxa to expand in distribution and thus facilitating the maintenance of the tundra
ecosystem (Olofsson et al., 2009). Their grazing effects are among the main drivers of vegetation
dynamics (Van Der Wal, 2006) and several studies have shown that herbivory might induce resistance
and resilience of the tundra vegetation to climatic changes (Olofsson et al., 2009; Post, 2013; Post &
Pedersen, 2008). The rapid warming of the Arctic is concerning, but the responses of species and the
tundra ecosystem are complex. For example, the increased productivity of the arctic vegetation due
to climate change may benefit the muskox, which relies on the spring green-up for breeding success
(Post et al., 2019). Thus, being able to understand and predict these mixed responses is essential for
effective conservation strategies and management decisions.

Chapters 111 and 1V of this PhD dissertation are based in this spatiotemporal context, where
the impacts of climatic change and human hunting on muskox and reindeer populations over the last

21,000 years are being investigated. Being survivors of the Late Quaternary extinctions, muskox and



Conservation Biogeography

reindeer are the perfect study species to identify the ecological processes and traits that facilitate

resilience against global change drivers and to better predict their responses in a warming Arctic.

Conservation Biogeography

This PhD dissertation also takes roots in the field of conservation biogeography, which applies
biogeographical theories and approaches, concerning the distribution of species, to the conservation
of biodiversity (Whittaker et al., 2005). This includes theories regarding the patterns and processes
that determine species geographical ranges and extinction pathways.

The size, shape, boundaries and internal structure of a species’ range are the result of
spatiotemporal responses of demographic and dispersal processes to changes in environmental
conditions (Brown et al., 1996). There is high variation in the size of species ranges. Many species
have small to moderate range sizes, and only few species have very large ones (Brown et al., 1996).
Furthermore, closely related species tend to have similar range sizes compared to distantly related
ones (Brown et al., 1996). This variability in range size is structured across space in a latitudinal
gradient, with larger ranges at higher latitudes (Brown et al., 1996). Processes that determine the size
of a species range include colonisation and extinction dynamics (source-sink dynamics), and
ecological niche processes or environmental limitations (Brown et al., 1996). Regarding the shape of
a species range, it has been noticed that the periphery-to-area ratio tends to remain constant (Brown
et al., 1996). Plus, peripheral areas are more fragmented compared to the centre, where population
abundances are higher and habitat conditions are assumed to be more favourable (Brown et al., 1996;
Gaston, 2003). Biotic interactions seem to be the limiting factor of distributions at lower latitudes,
compared to higher latitudes where environmental factors are the key players (Brown et al., 1996).
Finally, range boundaries can be smooth or highly unstable (Brown et al., 1996; Holt & Keitt, 2005),
but they are extremely dynamic, and constantly changing based on range shifts, expansions and
contractions (Brown et al., 1996).

Few hypotheses have been proposed to describe how ranges contract. The demographic
hypothesis is based on demographic characteristics of populations and suggests that the contraction
of the range starts in the periphery and moves inwards towards the centre (Rob Channell & Mark V.
Lomolino, 2000). The demographic hypothesis assumes that extinction probability increases with
declines in population size, that populations are larger and less variable in the centre of the range, and
that environmental change uniformly drives population declines across the entire range (Rob

Channell & Mark V. Lomolino, 2000). The contagion hypothesis suggests that contraction starts in
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one point along the edge of the range and then spreads like a contagion through the centre until
reaching the other edge, with populations last impacted by the extinction driver persisting the longest
(Lomolino & Channell, 1995). Finally, the refuge hypothesis assumes that the variation in the
intensity of anthropogenic pressures within a species range will determine which populations go
extinct first and which will persist in fragments (Ceballos & Ehrlich, 2002). Multiple studies have
shown that species tend to persist in the periphery of their historical range (R. Channell & M. V.
Lomolino, 2000; Lomolino & Channell, 1995, 1998) giving support to the contagion hypothesis.
However, none of these hypotheses has been able to prevail in describing patterns of range contraction
(Lucas et al., 2016), as multiple hypotheses can be applied to different species, and investigations that
explicitly integrate the processes driving range dynamics are still lacking.

In summary, multiple processes and drivers are involved in extinction dynamics. Processes
during the early stages of decline differ from the ones involved in the final stages of extinctions, and
there are spatiotemporal variations in the extinction drivers and their interaction. Until recently, most
of the research looking at extinction dynamics has focused on the latest stages of the extinction
process, when populations under the effects of genetic and stochastic processes reach critically small
sizes (Frankham, 2005; Simberloff, 1986). Less attention has been paid to early-stage population
declines, without considering the initial stages of range contractions and the final extinction event as
a continuum (Caughley, 1994). By taking advantage of process-explicit models, new studies are
showing that extinction pathways can start many millennia before the final extinction event (Fordham
et al., 2021), and are now able to disentangle the impacts of multiple extinction drivers across space
and time (Fordham et al., 2021). In this thesis, the demographic and dispersal processes that shape
species ranges, and their interaction with extinction drivers, are explicitly simulated to reconstruct
the range and population dynamics of two cold-adapted species over multiple millennia (Chapter 111
and Chapter 1V). Local extirpation and colonisation events are being simulated over large time

scales, to gain a better understanding of range contractions, range shifting and extinction pathways.

Process-explicit models, paleoclimate reconstructions, genes,

and fossils

The study of population and geographical range dynamics has been dominated by the use of
correlative models. Ecological niche models (ENMs), also called species distribution models (SDM)
or bioclimate envelope models (BEM), use the climatic and environmental conditions in sites of

occurrence of a species to find correlates in space and time, resulting in maps of suitable habitats that
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can potentially support a species (Franklin, 2010). ENMs were initially used for describing species-
environment relationships, to test ecological or biogeographical hypotheses about species ranges
(Austin, 1987; MacArthur, 1958; Whittaker, 1956). In the last few decades, ENMs have been widely
used for prediction, to estimate occurrence in areas where data is lacking (Fois et al., 2018), or to
forecast the future distribution of species under global change (Thomas et al., 2004), including the
success of potential translocations or biological invasions (Guisan et al., 2013; Peterson, 2003), thus
being implemented in conservation biology and climate change research (Franklin, 2010; Guisan &
Zimmermann, 2000). ENMs have also been used for hindcasting species distributions under past
climatic changes, to test biogeographic and evolutionary scenarios, and for quantifying past climate
change impacts on current-day distributions (Svenning et al., 2011; Varela et al., 2011).

One of the greatest limitations of ENMs is that, as correlative models, they assume that the
current distribution of a species is the best indicator of its climatic requirements (Pearson & Dawson,
2003), without considering biotic interactions, evolutionary change, dispersal, and the other
population processes that play key roles in determining species distributions and dynamics through
time (Elith & Leathwick, 2009; Lavergne et al., 2010; Pearson & Dawson, 2003; Wisz et al., 2013).
Overcoming this limitation and improving ENMs prediction have led to the development of process-
explicit models.

Process-explicit (or process-based) models can be defined as ‘models that characterize
changes in a system’s state as explicit functions of the events that drive those state changes’ (Connolly
et al., 2017). They incorporate ‘causality’ (Connolly et al., 2017), as they translate the interaction
between an organism and its environment into fitness and survival components (Kearney & Porter,
2009). Process-explicit models have their origin in Global Dynamics Vegetation Models (DGVMs),
which simulate the biogeochemical cycles that determine the vegetation responses to environmental
drivers (Prentice et al., 2007). This new process-explicit approach has proven to improve predictions
when compared to ENMs projections, accounting only for variations in climate (Fordham,
Bertelsmeier, et al., 2018; Hickler et al., 2004). Process-explicit models are increasingly being used
to simulate the ecological processes and the global change drivers that shaped past spatiotemporal
patterns of biodiversity (Fordham et al., 2020). These new approaches are improving knowledge of
eco-evolutionary dynamics (Hagen et al., 2021), allowing to assess contested ecological and
evolutionary theories (Rangel et al., 2018), and to better understand and manage biodiversity
(Fordham et al., 2016).
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Process-explicit models are more complex than statistical models, leading to multiple risks
and limitations. For example, there is a higher risk of modelling errors and of confirmation bias,
where researchers might be less inclined to interrogate models to reveal weaknesses or failures
(Connolly et al., 2017). Additionally, process-explicit models often require more time, effort,
resources, and data (Kearney & Porter, 2009). However, research at the intersection of paleoecology,
paleoclimatology, paleogenetics, and macroecology is integrating process-explicit models with
paleo-archives (e.g., fossil and pollen records, paleoclimate reconstructions, ancient DNA), to
improve model calibration, prediction, and evaluation (Nogues-Bravo et al., 2018).

The fossil record has been previously used to establish historical baseline conditions for
ecological restoration (Fordham et al., 2016; Jackson & Hobbs, 2009). However, it can provide also
key information that integrated with process-explicit models can improve future projections of range
and population dynamics (Fordham et al., 2016). As fossils represent snapshots in time and space
where a species was present, they can be used to build multi-temporal niches, representing the full
range of environmental conditions that a species has occupied through time and better approximating
the fundamental niche of the species (Nogués-Bravo, 2009). Not only do they represent ‘presence’
data, but they also give information on patterns like population change, colonisation and extinction
events that can be used for evaluating whether models are correctly parameterized to replicate those
patterns (Fordham et al., 2016; Fordham et al., 2020). Despite multiple temporal and spatial biases in
the fossil record, linked to the modes of fossilization, preservation, and analysis of fossils (Barnosky
& Lindsey, 2010; Behrensmeyer et al., 2000; Moreno-Amat et al., 2017; Rodriguez-Rey et al., 2015),
and to geological processes that may cause fossil displacement (Behrensmeyer et al., 2000), the
quality and reliability of fossils and their age are becoming more precise thanks to new protocols and
advanced statistical techniques (Barnosky & Lindsey, 2010; Fordham et al., 2020; Rodriguez-Rey et
al., 2015; Stuart et al., 2004).

Paleoclimate reconstructions are commonly used to test ecological theories and to determine
the impacts of climate change on past and current species diversity (Cooper et al., 2015; Jackson &
Blois, 2015; Williams et al., 2013). Paleoclimate reconstructions have commonly been available at
low-temporal resolutions, represented by climate snapshots separated by multiple millennia, thus
assuming that climate changed across millennia at a linear pace (Fordham, Saltre, et al., 2018).
However, records from terrestrial, marine and ice cores show that climate shifts in the past were
abrupt, with fluctuations happening within centuries or decades (Mayewski et al., 2004; Steffensen

et al., 2008). Therefore, paleoclimate reconstructions at high-temporal and spatial resolutions are
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needed to better understand ecological and evolutionary responses to climatic changes (Fordham,
Saltre, et al., 2018). Atmosphere-ocean general circulation (AOGCM) models use information on the
physical components of the climate system (like atmosphere, ocean, land and sea ice), to simulate
past or future global-scale climate scenarios (Flato et al., 2013). For example, the Hadley Centre
Climate Model version 3 (HadCM3) (Gordon et al., 2000) and the Community Climate System Model
version 3 (CCSM3) (Collins et al., 2006) can produce realistic simulations of climate at monthly time
steps for the last 50,000 years (Braconnot et al., 2012), and new software tools like PaleoView
(Fordham et al., 2017), facilitate the access of paleoclimate reconstructions at customized temporal
scales since the Last Glacial Maximum (Fordham, Saltre, et al., 2018; Fordham et al., 2017).

Finally, genetic information has multiple applications in ecological models. Historical and
ancient DNA (aDNA) extracted from museum specimens and fossils can reveal climate-induced
range shifts and population dynamics, inferred from estimates of effective population size (Ne)
coupled with paleoclimate simulations (Lorenzen et al., 2011). DNA extracted from historical
specimens can also provide insights into adaptive and evolutionary responses, which can be
accounted in future forecasts of species distributions and extinction risk (Fordham et al., 2014).
Sedimentary and environmental DNA can be used to assess spatiotemporal variations in species
occurrence and community compositions (Fordham et al., 2014; Wang et al., 2021), and
contemporary DNA can be used to infer dispersal and metapopulation dynamics from estimates of
gene flow and genetic structure across populations (Fordham et al., 2014; Yannic et al., 2020). All
this information can directly be integrated into ecological models in either the calibration or validation
phase (Fordham et al., 2014), providing opportunities to strengthen predictions of future global
biodiversity change and species extinction risk.

In this PhD dissertation, the correlative approaches widely used to describe range and
extinction dynamics are being advanced by integrating process-explicit models with fossils,

paleoclimate reconstructions and aDNA (Chapter 111 and Chapter V).

Grand objectives and specific aims

Given the concerning trends of current and expected biodiversity change, accurately predicting future
biodiversity declines, alterations and species susceptibility to extinction is becoming a pressing task
in conservation. Doing so requires dissecting the processes that shape biodiversity patterns, and
modelling frameworks that robustly validate the observed patterns over space and time. In this PhD

dissertation, I combine contemporary occurrence records and genetic sequences, paleo-archives, and
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process-explicit models to improve our understanding of extinction dynamics and extinction risk, and
to test whether inferences from the past can provide more informed predictions of future climate
change impacts. Specifically, | use mitochondrial DNA sequences of birds to assess whether a
relationship exists between intraspecific genetic diversity and extinction risk (Chapter II). | then
move away from the latest stages of the extinction process and use long-term ecological proxies to
gain a deeper understanding of extinction risk, by reconstructing the range dynamics of muskox and
reindeer over the last 21,000 years (Chapter 111 and Chapter IV). Doing so allows us to determine
the ecological traits that facilitated the survival of these two species during the Quaternary/Holocene
transition, and to disentangle the spatiotemporal effects of climate change and human hunting on
population abundances. The techniques involved in Chapter 111 and Chapter 1V include the use of
fossils and paleoclimate reconstructions to build multi-temporal niches of the species, integrated in
process-explicit models that explicitly simulate the demographic, population and dispersal processes
that shape the geographic distribution of species in response to climatic changes and human harvest.
Inferences of demographic changes from fossils and aDNA are used to validate the models, which
are in turn used to build informed projections of population and range dynamics under future climate
change (Chapter 1V). Ultimately, this novel approach could provide useful for testing ecological
theories behind range contractions and extinction pathways, and, ultimately, for building effective

conservation strategies that aim to prevent future species loss.
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Chapter II: IUCN Red List protects avian genetic diversity

Brevia

Low genetic diversity may be associated with an increase in species’ extinction risk (Spielman et al.
2004, Frankham 2005). Still, global conservation assessments do not consider relevant genetic-based
estimates for evaluating species threat status. Rather, they rely primarily on changes in population
abundance and range size, with the inherent assumption that intra-specific genetic variability is tightly
correlated with population size and range area (Frankham 1996). If this assumption was universally
true, species considered to be at high risk, because of small range sizes and/or low abundances, should
have lower levels of genetic diversity than low-risk species and vice-versa. However, contradictory
evidence, for birds and mammals (Reed 2010), suggests that omitting genetic diversity from threat
classification criteria could potentially lead to under- or over-estimating the actual extinction risk of
species.

Here, we investigate whether bird species considered at risk of extinction, by widely used
threat assessment criteria (IUCN 2021), have less intra-specific nucleotide diversity than non-
threatened bird species (Supporting information). To accomplish this aim, we established differences
in intra-specific nucleotide diversity for threatened (Vulnerable — VU, Endangered — EN and
Critically Endangered — CR) vs non- threatened bird species (Least Concern — LC and Near
Threatened — NT) by compiling 28,403 publicly available avian mitochondrial DNA (mtDNA)
sequences from GenBank. We calculated cytochrome-b (cyt-b) nucleotide diversity for 1,036 species
(approximately 10% of all bird species), with an average number of sequences per species being 27
* 44 (Supporting information). The average sequence length (base-pairs) across species was 887 *
201. Using phylANOVAs, to control for phylogenetic signal (Freckleton et al. 2002), corrected for
varying sample sizes between groups, we show that threatened species have significantly lower cyt-
b nucleotide diversity (p < 0.05, in 953 out of the 1000 phylANOVA repetitions; mean p = 0.010 +
0.025) than non-threatened species (Fig. 1la; Supporting information), with medium to large effect
size in 97.2% of repetitions (02 > 0.06). The mean effect size was 0.16 + 0.05 (Supporting
information).

Our results reveal that current threat assessment criteria indirectly prioritize species with low
levels of cyt-b nucleotide diversity, which can be at greater risk of extinction by virtue of low genetic
diversity (Frankham 2005) (Fig. 1c). For example, the African houbara (Chlamydotis undulata, VU)
is among the birds with the lowest cyt-b nucleotide diversity in our data set (<10th percentile: GD <
0.0015; Fig. 1d), and its persistence is affected by inbreeding and/or genetic drift (Korrida et al. 2012).

Moreover, the millerbird (Acrocephalus familiaris, CR) and the inaccessible finch (Nesospiza
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acunhae, VU) are both range-restricted small-island endemics with limited cyt-b nucleotide diversity
(< 10th percentile; Supporting information), making them particularly vulnerable to rapid
environmental changes from introduced predators and extreme climatic events (Vincenzi et al. 2017).
Although mtDNA has been shown, under some circumstances, to be of limited use for inferring
population size (Bazin et al. 2006, Nabholz et al. 2009), the low levels of nucleotide diversity in
threatened species of birds suggest a correlation, direct or indirect, between cyt-b nucleotide diversity
and small population or range size. For species that have not experienced large range contractions
and population declines in recent times (non-threatened species), we found that cyt-b nucleotide
diversity was generally high (> 90th percentile: GD > 0.0302). Higher levels of genetic diversity
might, through the process of local adaptation, aid species’ resilience to rapid environmental changes
(DeWoody et al. 2021) and reverse or slow species’ decline (Fig. 1c). However, in some instances,
non-threatened species can harbour low genetic diversity, most probably due to recent or past
bottlenecks (Weber et al. 2000).

Four per cent of all non-threatened birds analysed had low levels of cyt-b nucleotide diversity
(< 10th percentile; Fig. 1b). For example, the sooty tit (Aegithalos fuliginosus, LC; Fig. 1d) is the
non-threatened species with the lowest cyt-b nucleotide diversity in our data set (Supporting
information). Despite having a restricted range, the sooty tit is considered as ‘Least Concern’, due to
a population that is suspected to be stable (IUCN 2021). Low nucleotide diversity for the sooty tit
signals that extinction risk for the species might be higher than its IUCN threat status indicates,
encouraging further assessments of its conservation status using census and genomic techniques. Low
genetic diversity in non-threatened species can result from recent or past dramatic demographic
events, after which levels of intra-specific genetic diversity remain temporally low, while the overall
population size increases (Weber et al. 2000). For these species, whole-genome studies will help
reveal the role of genetic diversity in long-term species survival.

While our results could be contingent on the length of sequences, sample size, and geographic
and taxonomic biases associated with genetic sequences in public repositories such as GenBank, we
found no correlation between nucleotide diversity and average sequence length or number of
sequences (Supporting information). Furthermore, we found a low phylogenetic signal (A = 0.56, p <
0.001), and the phylANOVAs confirm the independence of the data in relation to the evolutionary
history of the species (Supporting information). Indeed, there is a significant difference between the
F-statistics calculated on the actual data and the F-statistics calculated with simulated data (null

hypothesis; Supporting information). Lastly, our results do not reflect geographic biases in our
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dataset, which covers ~57% of all avian families and all zoogeographic realms (Supporting
information). Despite existing challenges with using mitochondrial data and single genetic markers
(Carling and Brumfield 2007), including the real possibility that genetic diversity calculated using
mtDNA might not reflect genome-wide diversity or the diversity of specific functionally relevant
parts of the genome, the relationship between conservation status and genetic diversity, explored in
this paper, concords with long-standing expectations from the literature (DeWoody et al. 2021),
including findings from meta-analyses across smaller subsets of taxa (Spielman et al. 2004,
Willoughby et al. 2015) using nuclear DNA (allozymes, microsatellites, minisatellites), and other
mtDNA genes (Petit-Marty et al. 2021).

Species-level conservation criteria capture low levels of intra-specific nucleotide variability
in species of greatest concern. Nonetheless, low levels of nucleotide diversity are present in a small
proportion of non-threatened birds, causing them, in theory, to be more vulnerable to rapidly changing
environmental conditions than their conservation status, alone, indicates (Frankham 2005). As
genomic techniques get cheaper, the inclusion of whole-genome data in relevant measures of genetic
diversity is a likely near-term prospect for conservation. Future research should aim to integrate large-
scale field-work campaigns with strategic sequencing of contemporary and historical specimens from

biological collections, in order to unravel eco-evolutionary determinants of increased extinction risk.
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Figure 1. Genetic diversity in threatened and non-threatened bird species. (a)
Threatened species have significantly lower intra-specific cyt-b nucleotide diversity than non-
threatened species. (b) Percentage of threatened (T) and non-threatened (NT) species with the lowest
(< 10th percentile) and highest (> 90th percentile) values of cyt-b nucleotide diversity. (c) Conceptual
figure showing a species experiencing declines (negative trend) in range size and/or population
abundance through time, enhancing its extinction risk. Due to low or high genetic diversity (GD; low
or high GD), the same species might be of greater (red dashed line) or lesser (blue dashed line)
extinction risk, respectively, potentially producing a mismatch between the evaluated extinction risk
(black solid line) and the actual extinction risk (latent extinction risk, LE). (d) Examples of a non-
threatened (sooty tit: Aegithalos fuliginosus; photo credits: Tim Melling) and a threatened bird species
(African houbara: Chlamydotis undulata) with some of the lowest levels of cyt-b nucleotide diversity
(< 10th percentile).
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Supporting Information

Summary

We tested for significant differences in the intra-specific genetic diversity of Threatened versus Non-
threatened species, by compiling a dataset of genetic sequences of birds, doing species-specific
alignments, and calculating genetic diversity. Because closely related species share evolutionary
history and, therefore, might show similar values of genetic diversity, we identified the phylogenetic
signal (Pagel’s A = 0.56, P < 0.001; see “Analyses” section below) and accounted for it directly in
our analysis of genetic diversity. We did this using phylANOVAs (Revell 2019). To account for
differences in group sizes (threatened versus non-threatened) we re-sampled the data without
replacement. Lastly, we explored the geographic coverage of species in the dataset, using
zoogeographical realms, and identified the species with the lowest and highest values of genetic

diversity.

Dataset compilation

We retrieved all the mitochondrial DNA (mtDNA) sequences for birds available in GenBank (181,290
sequences) (Benson et al. 2003), using “mitochondrion” as the search query and by filtering by
taxonomic group (class: Aves). We chose the cytochrome-b (cytb) locus of the mtDNA because it
maximized the number of sequences and species covered. We compiled a dataset consisting of 45,348
cytb sequences of bird species and their associated metadata, retrieved from GenBank the 5™ of April
2018. Sequence information includes: Accession Number, Species Name, Locus Name and Sequence

Length (number of base pairs).

Species names in GenBank are provided either at the species level or at the subspecies level. No
specific taxonomy is followed in GenBank, and the species names are not updated according to recent
taxonomic changes. Because there is not one universal taxonomy for Aves, we merged three different

taxonomies, following the steps below.

1) To calculate the phylogenetic signal (and account for phylogenetic autocorrelation in our
analysis), we aligned the GenBank names with the taxonomy of the Hackett Tree sourced
from (Jetz et al. 2012), which is the most comprehensive phylogeny of birds at the species
level. We matched the GenBank names, at the species level, to the BirdLife International
Checklist v3 (2010) (BirdLife International 2010), which is the main taxonomy used by (Jetz

et al. 2012). If a name failed the matching process, we looked manually in Avibase (Lepage
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2)

3)

et al. 2014) to verify its presence as a synonym in the Checklist. If no equivalent name was
available, we discarded the species and its sequences from the analyses. All the new species
names were then matched to the nomenclature provided by (Jetz et al. 2012), to verify their

presence in the phylogeny.

We did the same process to standardize the original GenBank names, at the species level, to
the 10C v2.2 taxonomy (Gill et al. 2009), to identify the zoogeographic realms inhabited by
the bird species (Holt et al. 2013).

We used the latest taxonomy at the time, the HBW-BirdLife Checklist v2 (2017) (HBW and
BirdLife International 2017), to assign the different IUCN Red List categories to the new
species names (aligned with the Hackett Tree taxonomy). Categories include: Extinct (EX),
Extinct in the Wild (EW), Critically Endangered Possibly Extinct (CR(PE)), Critically
Endangered Possibly Extinct in the Wild (CR(PEW)), Critically Endangered (CR),
Endangered (EN), Vulnerable (VU), Near Threatened (NT), Least Concern (LC) and Data
Deficient (DD, i.e. species for which the data is too scarce to make an assessment). A category
was assigned only if the new species names had a positive match in the checklist, either under
the “Species” column or the “Synonyms” column. Sometimes, the species names were not
recognized anymore by the latest taxonomy, and therefore they were assigned to the category
“NR” (i.e., Not Recognized). We then grouped species into Threatened and Non-Threatened,
whereby Threatened species were CR(PE), CR(PEW), CR, EN and VU; while Non-
Threatened were NT and LC species (IUCN 2012).

Hybrid, extinct, domesticated species, and species with uncertain nomenclature were excluded from

the alignments and the calculation of genetic diversity. Hybrids were easily recognised as they are

reported in GenBank as a combination of the parent species, e.g., “Saxicola rubetra x Phoenicurus

phoenicurus”. Species with uncertain nomenclature are usually reported only by the genus name,

e.g., “Adelomyia sp. JAMG”. Domesticated species were identified both by checking the World
Watch List (FAO 2000) of the Food and Agriculture Organisation of the United Nations (FAQ) and
other sources. Because different species of parrots and birds of prey are used as pets by humans, we

thoroughly checked the source literature to verify whether the individuals sequenced were either

taken from captive individuals or from wild populations. When no information about the location was

provided, we followed a conservative approach and excluded the sequences.
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After doing species-specific alignments and calculating genetic diversity (described in the sections
below), we further checked for taxonomic splits and found 184 species with possible taxonomic
uncertainty. For each of these 184 species, we reviewed the source literature to identify which
sequences belonged to the species name under consideration or to new taxonomic splits included in
the phylogeny. If the sequences belonged to species not included in the phylogeny, we corrected the

alignments by removing the sequences.

To perform additional checks on the correctness of sequences and taxonomy, we built a phylogenetic
tree for each “Genus” in our dataset and checked that all sequences belonged to the correct species.
We used Geneious v9.1.8 (Kearse et al. 2012) to align the sequences belonging to the species in the
same “Genus”, and we built phylogenetic trees using the PhyML plugin (Guindon et al. 2010), with
a HKY85 substitution model and default parameters. Based on the phylogenetic tree, we corrected
the sequences that were wrongly assigned and, for species showing clade divergence, we removed
sequences belonging to separate clades. The final dataset consisted of genetic diversity values for
1,036 species, with 934 Non-threatened and 102 Threatened species. The final dataset consists of

mean 27 sequences per species, median 11 sequences and a standard deviation of 44.

The final selection of species covers approximately 10% of all bird species, representing ~57% of all
avian families, and all biogeographical realms. We estimated the geographical representation by
checking the zoogeographic realms (Holt et al. 2013) our species inhabit. The dataset provided by
Holt et al. 2013 includes a list of species names for each realm. Therefore, for each realm, we matched
the species in our dataset to the list of species names and calculated the percentage of species
represented by our dataset, compared to the total number of species inhabiting the realm. Some
species might belong to multiple zoogeographic realms because breeding and wintering ranges may
not be confined to the same realm. Our final dataset covers the 5.5% of the total number of species
present in the Afrotropical realm, the 9.0% in the Australian, the 12.6% in the Madagascan, the 18.8%
in the Nearctic, the 8.9% in the Neotropical, the 6.5% in the Oceanian, the 12.1% in the Oriental, the
28.7% in the Palearctic, the 9.1% in the Panamanian, the 24.3% in the Saharo-Arabian and the 22.3%
in the Sino-Japanese realm.

Species-specific alignments
Because the sequences downloaded from GenBank might contain more than one locus, we isolated
the regions of the sequences that belong to cytb, by mapping all the sequences to a well-known

species’ complete genome (Gallus gallus gallus: AP003322) in Geneious v9.1.8 (Kearse et al. 2012).
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The regions of the sequences that successfully assembled to the reference were then extracted. Some
sequences were either wrongly mapped by the algorithm or failed the assemblage test. One
explanation for the failure could be that some species have a re-organization in the position of the
loci along the mtDNA and therefore they could not match with the reference during the assemblage.
They were therefore mapped again using a reference species which is known to have the gene order
differing from the standard order in birds (Phylloscopus inornatus KF742677.1 and DQ792800)
(Qing et al. 2015), to maximize the extraction of cytb regions. 44,675 sequences successfully
assembled to the reference sequences, while 673 sequences were discarded because unsuccessfully
mapped to the references. At the end of the process, the length of the sequences can vary greatly
within the same locus, ranging from complete cytb sequences (1,143 base pairs, bp) to less than 100
base pairs (bp).

We did species-specific alignments by using default settings of MUSCLE and a gap open penalty of
-1000, to avoid an excessive creation of gaps (Edgar 2004). Each species-specific alignment was then
manually checked for errors (e.g., insertions, deletions, untrue gaps), using Geneious v9.1.8. Because
the MUSCLE algorithm forces the sequences to overlap, some alignments contained gaps. Gaps can
be either incorrectly generated during the alignment process (untrue gaps) or they can result from the
presence of non-overlapping sequences (i.e., sequences that belong to different areas of the gene). In
the latter case, the sequences were re-mapped to a reference genome (Gallus gallus gallus:
AP003322), to identify their specific position within the locus and to verify that the sequences were
non-overlapping or overlapping only in few base pairs. After detecting the correct position of the
sequences, we manually removed the gaps and moved the sequences to non-overlapping positions or
their respective positions. Sometimes, few gaps were necessary to keep the correctness of the
alignments, as some sequences missed the transcription of some nucleotide bases when uploaded to
GenBank. While checking the alignments one by one, the reading frame was translated to verify that
all sequences were free of stop codons, therefore representing true mtDNA sequences and not
pseudogenes (or numts). Some alignments contained identical sequences identified with different
accession numbers. In GenBank, the “NC_” prefix is used to define complete genomes (Pruitt et al.
2002). Because we extracted the cytb locus from all the sequences, the sequences with “NC _” as a
prefix were identical to other sequences belonging to the same individuals. The sequences with the

prefix “NC_” were therefore removed from the alignments to avoid duplicates.
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Calculation of genetic diversity

Genetic diversity (GD) can be calculated using different metrics (Hughes et al. 2008). The most
common for mtDNA is haplotype diversity (h), which identifies unique haplotypes in the population
(Nei 1987). Metrics that consider haplotypes require sequences to be of the same length. Because the
data uploaded to GenBank does not fulfil this requirement, we used nucleotide diversity (r) as a
measure of genetic diversity. Nucleotide diversity () can be calculated as the average number of
different nucleotides per site for pairs of sequences (Nei et al. 1979, Goodall-Copestake et al. 2012).
However, this definition assumes sequences to be of the same length. Because the sequences in the
species-specific alignments differ in the total number of base pairs (bp), we account for the difference
in length in each pairwise comparison, to obtain an unbiased measure of . We followed part of the

methodology described in (Miraldo et al. 2016), which is mathematically shown in Equation 1:

n— n
1
=TEZ
2 i=1j

§|g

Equation 1

where (121

sequence i and sequence j. The k;; of each pairwise comparison is divided by the length of the

) is the number of pairwise comparisons and k;; is the number of variable sites between

overlapped sequences (m;;). To avoid under-estimates of r, only sequences that overlap in at least
50% of the longer sequence are used to calculate nucleotide diversity. Likewise, very short sequences
(< 60 bp, ~5% of the total length of the cytb gene) were discarded from the alignments before
calculating genetic diversity (Accession numbers: AY141960.1, AY141961.1, AY141962.1,
AY141963.1, AY141964.1, AY141965.1, AY141966.1, AY141967.1, AY141968.1, AY141969.1,
KC875857.1). These calculations were done in Matlab R2018b (MATLAB 2018). After obtaining
intra-specific genetic diversity values for each species, we removed species with zero values, because
they are likely to be an artefact of the methodology we employed to calculate genetic diversity. Zero
values can result from sequences being too short to show variability or because sequences get
eliminated by the 50% overlap criteria. Finally, we kept only species with > 5 sequences, because

estimations based on <5 may lead to unreliable estimates of genetic diversity (Miraldo et al. 2016).

Analyses

We used analysis of variance to determine differences in intra-specific genetic diversity between

Threatened and Non-threatened species. We used Pagel’s lambda (A) (Pagel 1999) to compute the
25



Chapter II: IUCN Red List protects avian genetic diversity

phylogenetic signal, using the ‘phytools’ R package (Revell 2019). A value of A < 1 means that the
trait is less similar among species compared to what is expected given their relatedness, while a value
of A >1 has the opposite explanation (Pagel 1999). We obtained A = 0. 5559083, with P < 0.001 from
the likelihood ratio test. Although the signal is relatively low, we used phylogenetic ANOVASs
(phylANOVA) to account for any phylogenetic autocorrelation. Because our genetic diversity values
do not meet the assumption of normality, required by the ANOVA, the GD values were transformed

using a power transformation:

GDpt = IT*0.15
Equation 2
where 0.15 is the lambda value defined by Tukey’s Ladder of Power, using the ‘rcompanion’ R
package (Mangiafico 2016).

We did 1,000 phylANOVAs (package ‘phytools’ in R) using re-sampling (number of species = 50)
to ensure equal sample size for the two groups. The phylANOVA first computes the F-statistic using
a normal one-way ANOVA based on the given data. Then, it generates new data by simulating a
generic trait along the tree and calculates the F-statistic using a one-way ANOVA on the generated
data. It performs this last step for 1,000 times (default). Lastly, it compares the F-value from the given
data to the F-values from the generated data and outputs a p-value, together with the ANOVA table
on the given data. Because the phylANOVA function does not return the F-values from the simulated
data, we modified the function to output the F-values of both the given and the simulated data, so we
could view their distributions. The distributions of the F-values and of the p-values from the 1,000
repetitions are shown in Figure S1. Our results are contingent on the fragmented and scarce
availability of avian genetic sequences (mean 27 sequences per species; median 11, standard
deviation 44), which may not represent all the populations within species. In order to estimate the
effect size in our models, we calculated omega-squared (w?) for each of the pnylANOVA repetitions.
Omega-squared is a less biased measure of the strength of association between variables and
represents the proportion of the total population variance that is explained by the group of interest
(Hays 1963, Okada 2013). Omega-squared is defined in Equation 3 (Hays 1963) as:

S5, — df,MS,
~ (SS, + SS,) + MsS,,

0)2

Equation 3
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Where SS,, is the sum of squares between groups, df;, is the degrees of freedom between groups,
MS,, is the mean of squares within groups, and SS,, is the sum of squares within groups. Because
omega-squared is less influenced by the sample size, it is preferred to other effect size metrics used
in one-way ANOVA (Okada 2013, Lakens 2013). Omega-squared takes values + 1, and effect size is
considered small if w? = 0.01, medium if w? = 0.06 and large w? = 0.14 (Cohen 1988, Lakens 2013).
97.2% of the phylANOVA repetitions have a medium or large effect (w? > 0.06). The distribution of
w? values from the 1,000 repetitions can be found in Figure S1. In the main text, we report mean and
standard deviation of the distribution of p-values and omega-squared values from the 1,000

repetitions.

To identify Non-threatened and Threatened bird species with particularly low and high values of
genetic diversity, we split the genetic diversity values in percentiles and identified the species falling
in the lowest and the highest percentile based on three thresholds: 1) lowest 5" and highest 95™
percentile; 2) lowest 10" and highest 90" percentile; 3) lowest 20™ and highest 80" percentile. We
filtered for species that have >10 sequences, to account for possible variance in the estimations of
genetic diversity (Miraldo et al. 2016). 7 (6.9%) Threatened species and 21 (2.2%) Non-threatened
species fall in the lowest 5™ percentile, while 0 (0%) Threatened and 26 (2.8%) Non-threatened
species fall in the highest 95" percentile. 11 (10.8%) Threatened and 43 (4.6%) Non-threatened
species fall in the lowest 10" percentile, while 0 (0%) Threatened and 57 (6.1%) Non-threatened
species fall in the highest 90" percentile. 20 (19.6%) Threatened and 87 (9.3%) Non-threatened
species fall in the lowest 20™ percentile, while 1 (1%) Threatened and 111 (11.9%) Non-threatened
species fall in the highest 80" percentile. Because the pattern is similar even if using different
thresholds, we decided to show the species falling in the lowest 101 (non-transformed GD = 0.0015)

and highest 90™ percentile (transformed GD = 0.378). The list of species is shown in Table S1.

Genetic diversity can be affected by the number of sequences for each species and the sequences
length. In the first case, a sample size too low might not give a well representation of the species, and
in the latter case, it can be difficult to find variability if sequences are too short. Therefore, we
performed simple sensitivity analyses to identify potential biases. We performed a correlation test
using the Kendall’s rank correlation coefficient (Kendall 1938) to measure the relationship between
genetic diversity and the number of sequences for each species. Because each species is represented
by an alignment of multiple sequences, sequence length was calculated as the average length of

sequences for each species. We tested the relationship between genetic diversity and average
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sequence length using the Kendall’s rank correlation coefficient. The results of these analyses are

shown in Figure S2.

All the data and code used for the analyses are publicly available on DataDryad at:
https://doi.org/10.5061/dryad.pzgmsbcn6
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Figure S1. Results from the 1,000 phylANOVA repetitions. A) The distribution of the F-
values calculated on the actual data (blue) and the distribution of the F-values calculated on the
simulated data (pink) during the 1,000 phylANOVA repetitions. The ANOVAs performed with the
simulated data represent the null hypotheses. The two distributions overlap only in a small area, which
represents the area where the null hypotheses cannot be rejected. The p-value in phylANOVA is given
by the proportion of F-values, calculated on the actual data (blue), that are greater or equal to the F-
values calculated on the simulated data (pink). Given that the overlap between distributions is small,
the majority of the phylANOVA models are statistically significant. B) Histogram showing the
distribution of p-values from the 1,000 phylANOVA repetitions. The repetitions with p-values > 0.05
reflect the overlap in the F-values distributions (A). C) Histogram showing the distribution of the
omega-squared (w?) values from the 1,000 repetitions. Omega-squared measures the proportion of

total variation in the population associated to the factor of interest.
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Figure S2. Sensitivity analyses. Sequence number and sequence length correlation

to genetic diversity. (A) Correlation between genetic diversity and number of sequences for the

1,036 species included in the analyses. The correlation coefficient is Kendall’s rank coefficient. (B)

Distribution of the number of sequences among the 1,036 species included in the analyses. The

minimum number of sequences is 6, and the maximum is 573. (C) Correlation between genetic

diversity and the average sequence length for each species. The correlation coefficient is Kendall’s

rank coefficient. (D) Distribution of the average sequence length for each species. The minimum

length is 64 base-pairs (bp) and the maximum is the full cytochrome-b gene (1143 bp).
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Table S1. List of species with the lowest (£ 10" percentile) and highest (= 90"
percentile) genetic diversity (GD) values in the dataset. The species are sorted from the

lowest to the highest genetic diversity values within the percentile.

Low GD (< 10™ percentile) High GD (> 90" percentile)

Threatened

Non-Threatened

Threatened

Non-Threatened

Platalea minor

Aegithalos fuliginosus

Basileuterus

hypoleucus
Nesospiza acunhae Zonotrichia Eopsaltria australis
leucophrys
Chlamydotis undulata | Dendragapus Malacocincla
fuliginosus malaccensis

Anodorhynchus
hyacinthinus

Chen canagica

Sylvietta rufescens

Charadrius obscurus

Larus occidentalis

Rhipidura javanica

Puffinus yelkouan

Phoebetria palpebrata

Hylophilus

ochraceiceps

Acrocephalus

Halobaena caerulea

Nectarinia jugularis

familiaris

Goura cristata Milvus milvus Lepidothrix coronata

Pterodroma madeira  Zosterops Phoenicurus ochruros
xanthochroa

Pterodroma solandri

Dendroplex kienerii

Bleda eximius

Pterodroma magentae

Fringilla teydea

Malacoptila rufa

Anser anser

Phylloscopus

trochiloides

Anas strepera

Cardinalis cardinalis

Plectrophenax

hyperboreus

Taraba major

Anas platyrhynchos

Aulacorhynchus

derbianus
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Icterus abeillei

Chloropsis

cochinchinensis

Ficedula albicilla

Copsychus saularis

Larus heermanni

Capito auratus

Gavia immer

Forpus

xanthopterygius

Zosterops japonicus

Chiroxiphia caudata

Paroaria coronata

Tachymarptis melba

Catharus fuscescens

Colluricincla

megarhyncha

Newtonia archboldi

Ithaginis cruentus

Parus rufescens

Aegotheles bennettii

Rhegmatorhina

berlepschi

Dendrocincla

fuliginosa

Aythya fuligula

Francolinus coqui

Xiphorhynchus

obsoletus

Sclerurus mexicanus

Lonchura spectabilis

Sclerurus rufigularis

Plectrophenax nivalis

Bleda notatus

Pachyptila salvini

Saltator coerulescens

Puffinus pacificus

Scytalopus speluncae

Parus atricapillus

Basileuterus

culicivorus

Anairetes reguloides

Bernieria zosterops

Leucosticte

tephrocotis

Alethe poliocephala

Lagopus muta

Pycnonotus goiavier

Parus cyanus

Microcerculus

marginatus

Zonotrichia

atricapilla

Tyto alba
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Lonchura melaena

Pomatorhinus

schisticeps

Aegolius acadicus

Phaeothlypis

fulvicauda

Calidris ptilocnemis

Aphelocoma unicolor

Sitta pygmaea Hylophylax naevius
Bambusicola Premnoplex
thoracicus brunnescens

Garrulax delesserti

Trogon rufus

Henicorhina

leucosticta

Athene noctua

Colonia colonus

Collocalia esculenta

Habia rubica

Chlorospingus

ophthalmicus

Glyphorynchus

spirurus

Adelomyia

melanogenys

Bleda syndactylus

Arremon

aurantiirostris

Aulacorhynchus

prasinus

Schiffornis turdina

Xenops minutus

Megascops

guatemalae
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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 over reliance on
correlative rather than process-explicit approaches for inferring drivers of distributional and
demographic change. Using process-explicit macroecological models that integrate modern and fossil
occurrence records, ancient DNA, spatiotemporal reconstructions of past climatic change, species-
specific population ecology and the growth and spread of anatomically modern humans, 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. We show that
accurately reconstructing inferences of past demographic changes for muskox over the last 21,000
years requires high dispersal abilities, large maximum densities, and a small Allee effect. 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 reveal that the range collapse and extinction of the muskox in Europe (~
13 thousand years ago) was caused by hunting by humans operating in synergy with climatic
warming. In Canada and Greenland, climatic change and human activities combined to drive recent
population sizes. The impact 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 disentangling the ecological processes that shaped the distribution of the muskox
through space and time, we show that process-explicit models have important applications for the

future conservation and management of this iconic species in a warming Arctic.
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Introduction

Introduction

The Arctic is warming almost twice as fast as the rest of the world (Meredith et al., 2019; Screen &
Simmonds, 2010), with mean annual temperatures forecast to increase by 3°C — 12°C (above 2010
conditions) by the end of the 21% 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
changes. These climate-driven biotic changes include declines in species distributions, 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 ecosystems experienced warming
events that are similar in magnitude and pace to conditions predicted for the end of the 21 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 evolutionary 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 simulate
the ecological processes and the global change drivers that shaped spatiotemporal patterns of
biodiversity (Fordham et al., 2020). These new approaches in macroecology (Connolly et al., 2017)
are improving knowledge of eco-evolutionary dynamics (Hagen et al., 2021), allowing contested
ecological and evolutionary theories to be assessed (Rangel et al., 2018), and biodiversity to be better
understood and managed (Fordham et al., 2016).

The geographic distributions of Arctic species are highly dynamic (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), affecting 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 metapopulation and dispersal dynamics under climate and
environmental change (Anderson et al., 2009). SEPMs that directly reconstruct spatiotemporal

variations in demographic change not only establish dynamic responses of species to climatic change
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and anthropogenic activities, but can also disentangle the spatiotemporal impacts of each of these
drivers (Fordham, Brown, et al., 2021). This is particularly so, if spatiotemporal patterns inferred
from the paleo-record and or historical observations are used to assess whether a model is adequate
in its parameterisation and structure to simulate the underlying mechanisms (Fordham et al., 2016;
Nogues-Bravo et al., 2018).

New approaches for reconstructing species’ responses to multiple millennia of global change
use inferences of demographic and distributional change from fossils and ancient DNA (aDNA) as
independent, objective targets to identify whether models have the structural complexity and
parameterisation needed to simulate species’ range shifts and extinction risk (Fordham, Brown, et al.,
2021). Under this pattern-oriented approach (Grimm et al., 2005), competing models are evaluated
based on their ability to reconstruct biogeographical patterns inferred from paleo-archives, such as
time and location of extirpation and colonization events, and changes in relative abundance
(Fordham, Haythorne, et al., 2021). This approach, which integrates the disciplines of
(macro)ecology, paleoecology, climatology, and genomics, is revealing the chains of causality that
lead to species’ range collapse and extinction over decades to millennia (Fordham, Brown, et al.,
2021).

The Artic is an ideal system for using the past to inform contemporary 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 etal., 2003; Willerslev et al., 2003), and paleoclimate reconstructions with high-temporal
resolutions (Steffensen et al., 2008). Consequently, the causes of late Quaternary extinctions 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 methods (Fordham,
Brown, et al., 2021). 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 reveal the range dynamics of the muskox (Ovibos moschatus) — a cold-
adapted Arctic herbivore that regulates the structure and function of the tundra ecosystem (Post, 2013;
Post & Pedersen, 2008) — over the last 21,000 years, and to potentially predict its responses to

climatic change.
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The muskox is naturally distributed in Northern Canada, Canadian Islands, and North and
East Greenland, with translocated 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, with the last surviving population going extinct ~ 2.6 ka BP (thousand years before
present) in Taymir (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 colonising Greenland (Hansen et al., 2018). Previously, warming has been advocated
as the primary driver of muskox extirpation in Eurasia, with little or no contribution of human
activities such as harvesting (Campos et al., 2010; Lorenzen et al., 2011). However, the ecological
processes of range collapse of muskox in Eurasia and range expansion in North America remain a
mystery, having never been reconstructed at high spatiotemporal resolutions using validated process-
explicit macroecological models.

We built one-hundred thousand plausible SEPMs that continuously reconstructed the range
and population dynamics of the muskox since 21 ka BP under different levels of climate-driven
resource availability and human exploitation. We used fossil evidence of past changes in the
distribution and demography of muskox and pattern-oriented methods to validate these simulations.
Models that could reconcile inferences of demographic change from fossils were used to determine
the chains of causality responsible for the contemporary distribution of muskox, and to disentangle
the ecological processes and drivers responsible for its extinction in Eurasia and range expansion in
North America. We show that accurately reconstructing past demographic changes for muskox over
the last 21,000 years from fossils and aDNA requires high dispersal abilities, large maximum
densities, and a small Allee effect. Climatic change was the primary driver of the structure and
dynamics of the geographic range of muskox, with exploitation by humans and its interaction with

climatic changes being important in some regions.

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 21,000 years of range contraction and expansion across Eurasia
and North America. We refined the parameter space of our simulations of spatiotemporal abundance

with pattern-oriented methods (Grimm & Railsback, 2012), using inferences of range shifts,
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extirpation and colonisation events estimated from hundreds of fossils. The R code for the models
can be found in Appendix 2 and the approach is described in detail in the Supplementary Methods.
Appendix 1, Appendix 2, and Appendix 3 in support of this manuscript can be downloaded from this
link: https://protect-au.mimecast.com/s/2JGoCoV140cK15mDi11ZQD?domain=datadryad.org

Ecological niche

To reconstruct the ecological niche of the muskox through space and time, we intersected radiocarbon
dated and georeferenced fossils, 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 compiled 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 resulted in 135 reliable
fossil ages with geolocations and calibrated ages younger than 21 ka BP: the limit of our high-
temporal resolution paleoclimatic data (Figure S1; Appendix 1). Fossil data was supplemented with
modern occurrence observations for muskox in North America for the period 1700 AD — 2019 AD
(Figure S1; Appendix 1). These records were retrieved from GBIF (GBIF.org, 2019).

Occurrence records from observations and fossils were intersected spatiotemporally with
seven climatic variables: average minimum daily temperature in January, average maximum daily
temperature in January, average maximum daily temperature in July, precipitation seasonality, annual
precipitation, temperature seasonality, and evapotranspiration in spring and summer. Paleoclimate
data came from the TraCE-21 ka simulation (Liu et al., 2009) accessed through PaleoView (Fordham
et al., 2017) and is described in detail in Fordham et al. (2017). Because TraCE-21 data is not
available after 1989 AD, we harmonised recent climate observations from CRU TS v4 (Harris et al.,
2020) with the TraCE-21 simulation using the change factor method (Beyer et al., 2020). All climate
data was resampled to a 1° x 1° resolution. Climate variables were tested for collinearity. Three
variables with |r| < 0.7 (Dormann et al., 2013) were retained for modelling the ecological niche of the
muskox: average minimum daily temperature in January, annual precipitation, and total
evapotranspiration in spring and summer (Figure S2). These three climatic variables have been used

previously to model the range dynamics of large vertebrates in Eurasia (Lorenzen et al., 2011;
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Nogues-Bravo et al., 2010; Yannic et al., 2020; Yannic et al., 2014). 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 simulate at a Holarctic scale
(Foster et al., 1996), particularly over paleo time scales.

The climate-occurrence data was used to build a 3-dimensional hypervolume of climate
suitability through time (Figure S3), generating a biologically relevant representation of the climatic
conditions over which the muskox occurred at fossil and modern occurrence sites (Nogués-Bravo,
2009). We built a gaussian hypervolume 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 extrapolation (Blonder et
al., 2018).

The resulting hypervolume, which approximates the fundamental niche of the muskox
(Nogues-Bravo, 2009), was exhaustively subsampled to generate thousands of potential realized
niches (Fordham, Brown, et al., 2021). Subsampling of the niche was done using Outlier Mean Index
(OMI) analysis (Dolédec et al., 2000), using plausible bounds of climatic specialisation and niche
breadth (Fordham, Brown, et al., 2021). For each niche subsample (n = 2500), we generated spatial
projections of climate suitability from 21 ka BP to 1500 AD at 8-years generational time steps. This
allowed the realized niche of the muskox to be identified using process-explicit macroecological
modelling (described below). Methods used to model the ecological niche of the muskox are

described in detail in the Supplementary Methods.

Human relative abundance

Relative abundance and expansion of humans in Eurasia and North America was modelled using a
Climate Informed Spatial Genetics Model (CISGeM) (Eriksson et al., 2012). Pattern-oriented
modelling has shown that CISGeM can accurately reconstruct arrival times of anatomically modern
humans and current-day distributions of effective population sizes (Ne) (Eriksson et al., 2012;
Raghavan etal., 2015). This is done in CISGeM by modelling local Ne as a function 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).
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Arrival time, occupancy, and density (here Ne) of humans were forced in CISGeM by
spatiotemporal estimates of climate, sea level changes and ice sheet dynamics over the past 125 k
years, operating at 25-year time steps. To do this, climate data from the HadCM3 global circulation
model prior to the last glacial maximum was harmonized with TraCE-21 data (Fordham, Brown, et
al., 2021). To account for parameter uncertainty in spatiotemporal projections of Ne, we used
published upper and lower confidence bounds for CISGeM parameters (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 21
ka BP and used this information to generate 100,000 potential human migration and population
growth scenarios (Fordham, Brown, et al., 2021). All Ne values were scaled between 0 and 1 (using
the 95" percentile of the values from the multi-model mean) and used as a measure of relative
abundance of humans in the process-explicit macroecological model (Fordham, Haythorne, et al.,

2021). CISGeM and its application are described in detail in the Supplementary Methods.

Climate-human-muskox interactions

The range dynamics of the muskox were simulated using a spatially explicit population modelling
(SEPM) framework (Fordham, Haythorne, et al., 2021). Demographic processes (population growth,
dispersal, source-sink dynamics and Allee effect etc.) were simulated as dynamically responding to
changing climatic conditions, human harvesting, and their interactions, from 21k BP until 1500 AD.
We did this using lattice-based stochastic demographic models, operating at a generational time step
of 8 years (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; Fordham, Haythorne, et al., 2021),
including extinct megafauna (Fordham, Brown, et al., 2021). 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
(Haythorne, Fordham, et al., 2021). Carrying capacities and initial abundances were generated as a

function of habitat suitability (i.e., availability of resources) (Fordham et al., 2018), and proportion
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of glacial ice present in a grid-cell. We modelled density dependent growth using a logistic function
(Ricker, 1954). Harvesting was modelled as a function of prey density, human density, exploitation
rate, and prey availability (Alroy, 2001; Fordham, Brown, et al., 2021). An Allee effect was used to
simulate rapid extinction at small population size (Fordham et al., 2013).

Models were parameterised using best estimates for demographic processes (population
growth rate and variance, dispersal, Allee effect), environmental attributes (niche breadth and
climatic specialisation), and threats (human abundance and exploitation rate). Values for these
processes were varied across biologically plausible ranges (Table S1), using Latin Hypercube
sampling of uniform probability distributions (Fordham, Haythorne, et al., 2021). This resulted in
100,000 conceivable model parametrizations, each with different demographic processes and rates of
climate change and exploitation 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.

Pattern-oriented modelling

We used pattern-oriented modelling (POM) to validate model simulations and optimize model
parameters (Grimm et al., 2005). The capacity of models to replicate inferences of occupancy,
extirpation and colonisation events from the fossil record were 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 validation 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
abundance 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, Brown, et al., 2021)
(Table S2). All multi-model average reconstructions of spatiotemporal abundance accounted for
probability of occurrence and Allee effect (Fordham, Brown, et al., 2021). The POM methods are

described in detail in the Supplementary Methods.
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We compared changes in relative total population size (effective population size) from aDNA
with change in relative total population size from the ‘best” models selected using POM validation
procedures. The methods and data used to calculate effective population size are described in the
Supplementary Methods. This secondary 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 inferred from aDNA was calculated. We
also compared magnitudes of change in relative population size for the last deglaciation (19 ka BP —
11 ka BP) and Holocene (11 ka BP — 1500 AD) across both groups. To do this we calculated the
magnitude of change in abundance between 19 ka BP and 11 ka BP, for the deglaciation, and between
11ka BP and 1500 AD, for the Holocene, for each of the selected models and for an equivalent number
of uniformly sampled points within the 95% CI of the Ne 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.

Statistical analysis

We used machine learning techniques to identify and distinguish the effects of climate and humans
on the extinction risk of the muskox during the deglaciation period (19 ka BP — 11 ka BP; (Clark et
al., 2012)). For the selected simulations, we calculated five spatiotemporal descriptors for climatic
change and five spatiotemporal descriptors for human harvesting (these are described in detail here:
Appendix 3) 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 extinction 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 harvesting during the
Holocene (11 ka BP — 1500 AD) on population abundance of muskox in North America and East
Beringia (Alaska, US) in 1500 AD (i.e., the end of the simulation).

Random forest classification trees, implemented with the ‘ranger’ package in R (Wright &
Ziegler, 2017), were used to identify spatiotemporal effects of climate and human drivers on EMA
and time to extinction. We constructed 1,000 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
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importance scores were calculated using unscaled permutation importance (Strobl et al., 2007) and

converted to % contribution of the variance explained.

Results

To reconstruct inferences of past demographic changes from fossils, SEPMs for muskox required
large maximum densities, high dispersal abilities, small Allee effects and niches that approximate the
fundamental niche of the species (Figure 2). Based on the multi-model ensemble average, the muskox
is projected to have declined in population size and contracted their range in a north easterly direction
in Eurasia during the last deglaciation (Figure 3 and Figure 4); and to have expanded its populations
in North America (north of 50° latitude) during the Holocene, colonising Greenland (Movie S1).

The ‘best’ models, according to POM methods implemented using ABC, correctly projected
spatiotemporal occurrence in up to 96% of fossil sites (94 + 11) and predicted the timing of extirpation
(especially the extinction time in Europe; Figure 4) and the distance from the last fossil in Eurasia
(Figure S5) with good accuracy (RMSE: 324 + 83; distance from extinction location: 1161 + 241
km). 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 population size showed that projections
of total population size for the best SEPMs matched changes in population size inferred from ancient
DNA reasonably closely (i = 0.64 + 0.07). Both reconstructions show a steep decline in total
population size at the beginning of the deglaciation period, stabilisation, 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 Ne (mean slope
= -0.0000193) were not significantly different for the last deglaciation (t(1955.6) = 0.99, p = 0.32).
However, they were significantly different in the Holocene (t(1334.3) = -25.53, p < 0.001), with our
selected simulations (mean slope = 0.0000203) showing an earlier increase in relative population
abundance compared to the estimates from Ne (mean slope = 0.0000385) as shown in Figure S6.

Demographic and ecological processes

Models needed to have large maximum densities, high dispersal abilities (a high proportion of
dispersing individuals, with a long dispersal tail), and a small Allee effect to simulate the validation
targets (Figure 2). The ecological niches of muskox needed to have large volumes and low

specialisation, with selected niches closely approximating the fundamental niche of the muskox. The
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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 parameters linked to harvesting by humans [exploitation rate (Harvest

Max) and prey functional response (Harvest z)].

Structure and dynamics of the geographic range

Our simulations accurately reconstruct the past distribution, extirpation, and abundance of the
muskox across the last 21 k years. The multi-model average estimate of timing of extirpation (Figure
3a) simulated a range collapse in Eurasia in a north-eastward direction, experiencing severe and wide-
scale population declines following large magnitude and rapid warming ~ at 14.7 ka BP (Figure 4).
Populations in central Europe went extinct before 17 ka BP, persisting in north-eastern Europe until
~13 ka BP, which is in strong agreement with the fossil record (Figure S5). Population abundance of
muskox declined sharply following the 14.7 ka BP warming event. The simulations suggest that a
secondary warming phase, immediately following the 14.7 event, caused the extinction of muskox in
Europe (Figure 4).

In North America, populations that persisted during the last glacial 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 (Movie S1), going extinct south of the ice sheet at approximately 13 ka BP
(Figure 3). From 14.5 ka BP, populations in Alaska migrated towards the Canadian Arctic
Archipelago and Greenland (Movie S1), colonising much of North America north of 65° in latitude.
North America north of 55° in latitude is projected to have been colonised by 6 ka BP (Movie S1).
The simulated distribution of muskox in North America in 1500 AD (Figure 3b; the end of the
simulation) aligns closely with the current endemic distribution 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 isolated in fragments by 13 ka BP, and with populations
persisting at low densities in Siberia and Beringia until 1500 AD (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).
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The total population size of muskox is projected to have declined during the deglaciation
period (19 ka BP — 11 ka 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 declined with an

abrupt increase in temperature at around ~7 ka BP.

Climate-human-muskox interactions

Climatic changes explain 62%, 74%, and 45% of the variance in expected minimum abundance
(EMA\) during the deglaciation period in Asia, Beringia, and North America, respectively (Figure 5).
The impact of exploitation by humans on EMA in these three regions was minimal prior to the
Holocene, with human hunting activities 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 influenced EMA, while the magnitude of change in this
climate suitability had a negative effect (Figures S9 — S10).

In Europe, the effects of climate and humans were similar, explaining 13% and 10% of the
variance in time to extinction, respectively. Timing of extinction 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), causing
relatively high levels of hunting in Europe.

In Eastern Beringia (Alaska, US), climate change is simulated to have had the largest
influence on abundance during the Holocene. Climatic change explained 17% of the variance in
muskox population size in 1500 AD in Eastern Beringia, with human hunting explaining < 1% of
variance. Abundance in Eastern Beringia was negatively influenced by the extent of change in core
climatic conditions in a north-east direction, a slower pace of increased climatically suitability, and
larger amount of habitat fragmentation (Figure S11). While in North America (excluding Alaska),
humans and climate are projected 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 activities explained 8.2%. Population size at 1500
AD was negatively influenced by human expansion (magnitude and pace) during the Holocene, and
by a southern movement in climate suitability during this period (Figure S12). A lower explained

variance for Holocene models is expected because the climate-human-muskox interactions occurring
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during the Holocene are affected by climate and human processes happening before the Holocene

(Figure 5), which are not directly considered in this analysis.

Discussion

Spatially explicit population models (SEPMs) that continuously simulate climate-human-muskox
interactions show that the population structure and range dynamics of muskox have been shaped by
deglacial climatic change, with rapid warming events causing population crashes and range
contractions. Conversely, more stable climatic conditions during the Holocene enabled the
populations of muskox in North America to grow and expand. Hunting by humans, operating in
synergy with climatic change, affected muskox in some regions, contributing to its extirpation in
Europe approximately 12,000 years ago, and 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, human exploitation, and their interaction.

Differences between the posterior and prior distributions of SEPM parameters indicate that
long-distance dispersal and metapopulation 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 dynamics
has previously been rejected, due to low numbers of muskox remains at archaeological sites (Lent,
1999). This has been interpreted as indicating small level of range overlap between muskox and
Palaeolithic humans (Lorenzen et al., 2011). However, we show that the ranges of Palaeolithic
humans and muskox are likely to have overlapped in Eurasia for long periods of time during the most
recent deglacial period (Movie S2), with human harvesting having a pronounced effect on population
abundances in areas more densely populated by humans, such as Europe (Movie S2). These impacts
on muskox populations by humans are likely to have been both direct and indirect, with humans
regularly 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 north-easterly contraction of the Eurasian range of the muskox during the late Pleistocene, and an
expansion of its range and abundance in North America during the Holocene. Population sizes of

muskox declined abruptly in response to the Dansgaard-Oeschger warming event (~14.7 ka BP),
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when temperatures increased by as much as 10 °C in less than 50 years (Dansgaard et al., 1993),
signalling 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 etal., 2020; Stuart & Lister, 2012), and woolly mammoth (Fordham, Brown, et al., 2021; 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 termination of the
Pleistocene, population sizes of muskox increased, resulting in simulated population sizes at 1500
AD that were similar to those at the height of the last glacial maximum (Figure 4e). While population
growth and range expansion were a feature of muskox range dynamics in North America during the
Holocene, owing to more gradual rates of warming compared to the Pleistocene, populations did
crash at ~7 ka BP, 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 reconstructions 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 result 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 Trait (Bennike, 1999). In North
America, a moisture gradient shift in the tundra biome towards wetter conditions, following the retreat
of the Laurentide ice sheet starting at 14 ka BP, favoured mesic specialists like muskox and reindeers,
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,
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being complete by 13 ka 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 activities had nearly as strong an influence
on the simulated timing of extirpation in Europe as did measures of climate change. Thus, a synergy
between human hunting and climate-induced vegetational 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, shaped the
structure and size of muskox populations. Muskox remains are more frequently associated with
Holocene-age human artefacts 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 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 inferences 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 persistence of muskox
in areas of Siberia (its last refuge in Eurasia) where they have been recently translocated and where
populations are currently 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 16™ century as projected by our model. Possible reasons for simulating prolonged
persistence in Siberia include an absence of inter-specific interactions 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 diseases. Infectious diseases and pathogens have caused
populations of muskox to decline by 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).
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We project a time of arrival in Greenland that on average is approximately 2,000 years earlier
than the time estimated from the fossil record (~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 determined by their genetic structure
(Hansen et al., 2018). However, there is also a real possibility that muskox did colonise Greenland
earlier than previously thought and that older fossils are still yet to be discovered. Extirpation and
extinction events of megafaunal species are commonly revised as younger fossils and environmental
DNA are discovered, often causing persistence to be extended by several millennia (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 colonised 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 reindeers 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 factors 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 had an effect on dispersal limitation. Such factors could impact important aspects
of muskox biology, as indicated by high genetic differentiation observed between populations in the
Canadian mainland, Canadian Arctic Archipelago, and Greenland (Hansen et al. 2018).

Using SEPMs, integrated with inferences from fossils and aDNA, we were able to unravel the
ecological mechanisms and drivers 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, hunting by humans, operating in synergy with climate change, affected the range
and extinction dynamics of muskox in particular regions, at particular times. We also show that
muskox populations crashed in response to rapid warming and ancient warm periods. Given that these
Arctic warming events are directly comparable to 215 century projections (Fordham et al., 2020), our
results suggest a high vulnerability of muskox to future climate warming. More generally, our
process-explicit models, optimised and validated on inferences of past demographic change from
fossils and aDNA, provide a new validated modelling 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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Figure 1. Modelling the range dynamics of muskox using spatially explicit
population models.

Spatially explicit population models (SEPMSs) account for spatiotemporal change in habitat suitability
and demography (a). Uncertainty in climate-human-muskox interactions is modelled 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).
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Figure 2. Prior and posterior distributions for modelled parameters

a) shows scaled parameter ranges for prior (broken line) and posterior (coloured 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 (% of dispersers); maximum dispersal distance (Max
Dispersal Distance); Alle 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 the climatic conditions of the occupied and
potential fundamental niche (OMI), and breadth of climatic conditions the species can occupy

(volume).
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Figure 3. Change in the distribution of muskox over the last 21,000 years.

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 been recently translocated for conservation purposes (Cuyler et al., 2020).
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Figure 4. Temporal changes in population size.

Total population size (mean abundance + 1 SD; left y axis) (coloured 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.
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Figure 5. Effects of climate and humans on muskox abundance at the termination of

the last deglaciation.

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 magnitude (M) and pace (P) of change in climate suitability and human
expansion, 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. Pie charts show the variance explained (%) by climate (blue) and
humans (red). White areas in the pie charts represent unexplained variance.
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Figure 6. Effects of climate and humans on muskox final abundance.

Drivers of final abundance in Eastern Beringia (Alaska, US) (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.
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Supplementary Methods

Data

Fossil records and modern occurrences

We compiled dated georeferenced fossil records and modern observations of muskoxen (Ovibos
moschatus). This database was used to model the ecological niche of the muskox over the last 21,000
years and to estimate the timing of regional extirpation events.

Fossil records provide geolocations of individual animals that roamed in Eurasia and North
America during the Late Pleistocene and Holocene. All records were obtained from the literature and
publicly available databases, including Stage3, Neotoma, CARD, PIDBA (Anderson et al., 2010;
Martindale et al., 2016; van Andel, 2002; Williams et al., 2018). For each fossil record, we obtained
information about its location, age, dating method, and association with human remains. We
calibrated all radiocarbon dates using the OxCal and the IntCal20 calibration curve (Bronk Ramsey,
2009; Reimer et al., 2020). For fossils with no associated radiocarbon dating error (n = 70), we
assumed an error equal to the mean error of fossils in a time bin of + 10,000 years around the date.

The quality of dates for all fossils was assessed using the criteria defined by Barnosky &
Lindsey (2010). We discarded all records identified as unreliable (i.e., score < 10) according to the
criteria (n = 41). Records with calibrated dates older than 21,000 years BP were also excluded (n =
193), as were records without location data (n = 10). This filtering resulted in 135 fossil records
(Appendix 1; Figure S1).

Modern records of muskox (n = 4,683) were retrieved from GBIF (GBIF.org, 2019). We
removed records with missing or incorrect coordinates (e.g., latitude and longitude = 0), missing date
information, and records from re-introduction or translocation areas, fossils, and zoo specimens. The
remaining records come from museum specimens, and human (citizen science projects) or machine
(camera-traps) observations. We filtered out unreliable records, by constraining records to the known
range limits of the species. We retained observations from a translocated population in Kangerlussuaq
(West Greenland) after consulting species’ experts, as this population expanded rapidly after the
translocation event, indicating an area with extremely suitable conditions for the species. This

filtering resulted in 248 modern records of muskox (Appendix 1; Figure S1).
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Paleoclimate data

We used PaleoView (Fordham et al., 2017) to generate gridded paleoclimate reconstructions for the
Northern Hemisphere for the period 21,000 BP to 0 BP. Climatic variables were chosen by
considering the potential direct and indirect effects on population dynamics of the species.
Temperature in boreal spring-summer and mean annual precipitation are important distal predictors
for grazing arctic species because they drive primary productivity, and subsequently food availability
and quality, which in turn indirectly determines the breeding success and the viability of offspring
(Asbjornsen et al., 2005). Evapotranspiration in spring and summer affects the productivity of
vegetation (Rosenzweig, 1968), hence providing a good proxy of food availability and survival and
reproduction for arctic ungulates during the following autumn and winter (Desforges et al., 2021).

We generated continuous 30-year average projections of average minimum daily temperature
in January, average maximum daily temperature in January and July, temperature seasonality, total
annual precipitation, and precipitation seasonality at generational time steps (8 years; see below) for
the last 21,000 years (Figure S2). We also generated monthly, seasonal, and annual reference
evapotranspiration (ET) using mean minimum temperature, mean maximum temperature, monthly
precipitation (all extracted from PaleoView) and solar radiation estimated from latitude, using a
modified Hargreaves equation (Equation 5 in Droogers & Allen, 2002). Combinations of mean annual
temperature, mean temperature of the warmest month, mean temperature of the coldest month, mean
winter temperature, mean summer temperature, annual precipitation, precipitation seasonality and ET
have been previously used to model range dynamics of large vertebrates in Eurasia (Lorenzen et al.,
2011; Nogues-Bravo et al., 2010; Yannic et al., 2020; Yannic et al., 2014).

The spatial resolution of the paleoclimatic data was resampled from 2.5 x 2.5 to 1 x 1°
resolution, using bilinear interpolation. All fossil records were paired to paleoclimate projections by
intersecting climatic values in each specific georeferenced fossil location for the period = 1SD around
the age of the fossil (Fordham, Brown, et al., 2021). Values for precipitation and ET were then
rounded to 2 decimal places, with temperature rounded to one decimal place. Fossil records that had
identical climate values in space and time were then merged to keep unique records only. For
example, in a location (grid-cell) with records: fossil A = 10,800 — 7,500 cal BP; fossil B = 11,500 —
10,000 cal BP; fossil C = 11,200 — 9,400 cal BP, the resulting set of climatic conditions will belong
only to fossil A (10,800 — 7,500) and fossil B up to the starting age of fossil A (11,500 — 10,800).
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Modern climate data

As PaleoView projections do not go beyond 1989 AD (Fordham et al., 2017), we used the CRU TS
v. 4.03 (Harris et al., 2020) to pair the modern climate with the modern occurrences of the species.
The CRU climate data contains temperature and precipitation data from 1901 to 2018 at a 0.5 x 0.5°
resolution. We resampled the resolution to a 1 x 1° grid cell resolution using bilinear interpolation.
To align the CRU data with PaleoView, we used a change factor bias correction (Beyer et al., 2020),
allowing us to align the modern climate data to PaleoView at 1974 AD. This resulted in continuous
projections of our climate variables from 21,000 BP to 2018 AD.

We paired the historical (GBIF) records with the climate data by assuming that the individuals
were present on the same location for one generation. We extracted all the climatic values associated
to half a generation before and after the year of the observation, in a specific location. As an example,
a muskox record dated 2001 will be associated to climatic values that span the interval 1998-2004,
with a generation length of 8 years. We excluded records that did not have matching years. As for the

paleoclimate, we removed duplicated sets of values.

Muskox niche

We used the climatic values associated with fossil and modern occurrence records to derive a multi-
temporal n-dimensional hypervolume of the climatic niche requirements of the muskox, representing
the climatic space where the species can persist and thrive (Blonder et al., 2014; Nogués-Bravo,
2009). We did this using the ‘hypervolume’ package in R (Blonder et al., 2014).

Before building the niche models we tested for collinearity among climatic variables, applying
a threshold |r| > 0.7 (Dormann et al., 2013). We used the three least correlated variables (Jr] < 0.7) to
generate the niche hypervolume: 1) average minimum daily temperature in January; 2) annual
precipitation; 3) total ET in boreal spring and summer. We built gaussian hypervolumes, tuning the
kernel density estimation (KDE) bandwidth using cross-validation (Blonder et al., 2014). The final
multi-temporal hypervolume contained 3,551 points (set of climatic conditions; Figure S3) and
approximates the fundamental niche of the muskox (Nogués-Bravo, 2009).

We exhaustively subsampled the full multi-temporal niche hypervolume by cutting ‘boxes’
with different widths (from 0.5 to 1, every 0.05), and moving them throughout the 3-dimensional
space. These subsamples are representative of the potential realised niche used by the muskox and
allowed the actual realized niche of the muskox to be identified in a later step using process-explicit
macroecological modelling (see below). This subsampling process generated 4,496 unique niche
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subsamples. We calculated marginality (OMI) of each unique niche subsample using the ade4 R
package (Thioulouse et al., 2018), based on the method described in Dolédec et al. (2000). The
breadth of each niche subsample was calculated based on the volume of the resulting 3-dimensional
hypervolume. To do this, each subsample hypervolume was generated, using the KDE bandwidth of
the full niche hypervolume. To relate each subsample to the full niche, the data was scaled and centred
based on the mean and SD of the full niche. We used measures of marginality and volume to select
2,500 potential realised niches for muskox, ensuring that the distributions of marginality and breadth
for the 4,496 niche samples were maintained.

We used the 2,500 models of the potential realised niche of the muskox to project climate
suitability through space and time (every 8 years), using the ‘hypervolume project’ function in the
hypervolume R package (Blonder et al., 2014), for the period 21,000BP to 1500 AD.

Projections using this kernel density approach at its default settings, produce similar results
to the standard maximum entropy method (Blonder et al., 2018). Ecological niche models of climate
suitability were then reprojected using bilinear interpolation to a Lambert Azimuthal Equal Area

projection centred on -15° east and 57° north, with a resolution of 100 km x 100 km.

Human density

We modelled the peopling of Eurasia and North America by Paleolithic humans using the Climate
Informed Spatial Genetic Model (CISGEM), where genetic history and local demography is informed
by paleoclimatic and paleo-vegetation reconstructions of net primary productivity (NPP) (Eriksson
etal., 2012), which has been shown to be a primary determinant of global hunter-gatherer population
densities (Tallavaara et al., 2018). The model has previously been shown to reconstruct arrival times
of anatomically modern humans and current-day distributions of global and regional genetic diversity
(Eriksson et al., 2012; Raghavan et al., 2015). It simulates local effective population sizes (Ne) as a
function of genetic history, local demography as well as primary productivity (Eriksson et al., 2012;
Raghavan et al., 2015). Like other numerical models of early human migration (Timmermann &
Friedrich, 2016), arrival, occupancy, and density (here Ne) are forced by spatiotemporal estimates of
climate and sea level changes over the past 125 thousand years.

In CISGEM, the world is represented by a hexagonal grid, each cell approximately 100 km
wide. The potential number of people who can live in each cell (carrying capacity) is determined by
reconstructions of NPP done by coupling the HadCM3 paleoclimate model to the Miami vegetation
model (Lieth, 1975). Every 25 years (approximately the generation time of humans), the carrying

capacity is updated to allow for changes in climate, as well as sea level and ice sheet extent. At each
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generation, any cell that is inhabited will grow with a rate r (until it reaches the local carrying
capacity), sending out migrants to other inhabited cells at rate m, or colonists to previously
uninhabited cells at rate c. The relationship between carrying capacity and NPP, as well as the values
of other demographic parameters, were fitted using pattern-oriented methods (Grimm et al., 2005)
using an Approximate Bayesian Computation framework (Csilléry et al., 2010). Targets for model
calibration were pairwise genetic differentiation among a large panel of modern-day human
populations. In other words, the demography was calibrated to produce realistic genetic
differentiation patterns across the globe. Eriksson et al. (2012) provide a detailed description of
CISGEM parameters and procedures.

Based on the ABC fit provided by Eriksson et al. (2012), we took the best 4,000 parameter
combinations and reconstructed population sizes through time. Effective population size in 21,000
BP was initialised (for each parameter combination) with values based on the HadCM3 climate
model. A burn-in period of approximately 80 generations (where climatic conditions were held
constant at 21,000 BP conditions) was used to ensure equilibrium effective population size at the
beginning of the simulation. We filtered for runs in which humans colonize North America and
Greenland, and we calculated average Ne £ SD. The final average and SD in human populations was
projected to match the climate suitability projections. Finally human densities based on Ne were

scaled between 0 and 1, using the 95™ percentile of the ensemble mean as threshold.

Process-explicit models

Ecological niche models of climate suitability and CISGEM estimates of human population size were
coupled with stochastic demographic models to simulate extinction and colonization dynamics and
other metapopulation processes at the landscape level (Figure 1). The resulting process-explicit
macroecological model was coded in R using the ‘poems’ and ‘paleopop’ packages (Haythorne,
Fordham, et al., 2021; Haythorne, Pilowsky, et al., 2021). The models were run at generational time
steps (8 years) from 21,000 BP to 1,500 AD.

Generation Length

We used a generation length of 8 years following Hansen et al. (2018), based on long-term life-history
observations of the species. The value agrees with the generation length calculated using the method
used by IUCN Red List guidelines (IUCN, 2019):
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GL = Z xlxmx/z L, m,

where the summations are from age (X) O to the last age of reproduction; mx is (proportional to) the
fecundity at age x; and Ix is survivorship up to age x (i.e., Ix = S0 - S1 --- Sx-1 where S is annual

survival rate, and 10 =1 by definition).

Upper abundance

The upper abundance (carrying capacity) of each cell was based on climate suitability (VanDerWal
et al., 2009). To convert climate suitability to upper abundance, we assumed that the maximum area
of suitable habitat in any given cell was < 2,500 km? not 10,000 km?. This approach appropriately
addresses the mismatch between the spatial scale of the model and how the muskox is likely to have
used the landscape (Fordham et al., 2013; Fordham, Brown, et al., 2021). For muskox, we set upper
abundance at 1.42 individuals/km? and allowed it to vary, across models, at a rate between 0.04 and
2.8 animals/km? (Table S1). The estimates are based on maximum densities of muskox in highly

suitable areas in the Canadian Islands and Greenland (Cuyler et al., 2020).

Population growth

We used time series data on population abundance to calculate finite rates of population increase and
their variance, and maximum population growth rate (Brook & Bradshaw, 2006). Specifically, we
fitted linear models to time series data from Russia (n = 2), Alaska (n = 2), Canada (n = 1), Greenland
(n = 3) and Norway (n = 1) (Cuyler et al., 2020) (Figure S4), using the ‘fit_easylinear’ function of
the growthrates package in R (Petzoldt, 2020). To better understand model fit and its sensitivity to
the number of data points in the time series, we repeatedly fitted models to 3, 4, 5, 6 and 7 data points
for each time-series. We then selected, for each time series, the estimate of maximum growth rate
resulting from the model with the highest R?. This provided a maximum annual growth rate estimate
(Rmax; lambda) of 1.31 for muskox in Taimyr (Russia), based on a model fit with 4 continuous data
points. The parameter range for Rmax was 1.06 to 1.31. The lower range of the estimates comes from
the Cape Thompson (Alaska) time series, with model fit to 3 data points. We scaled Rmax to the
generation level by taking the exponent (1.318) and treated this as an upper estimate of Rmax in the
model, with a parameter range of maximum RO = 1.54 — 8.82.

We used time series data (1998 — 2006) for a population of muskox in Greenland, that is
stable, to calculate the standard deviation (SD) in population growth rate (Cuyler et al., 2020). We

calculated SD in population growth at a generational time step by repeatedly running an annual model
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for 500 years and then calculating the standard deviation of population growth at a generational level
once the population had reached carrying capacity (Fordham, Brown, etal., 2021). Doing this resulted
in an estimate of SDro of 0.30, which we treated as an upper estimate based on model simulations.
The upper and lower bounds for SDro were set at 0 to 0.3. (Table S1).

Density dependence was modelled in the process-explicit simulations using a Ricker-logistic
function (Ricker, 1954). A Ricker-logistic function was chosen because it assumes an almost
exponential growth rate when populations abundances are small and predicts a decrease in population
growth rate when populations approach carrying capacity, reflecting competition for resources at

carrying capacity.

Dispersal

Information on muskox dispersal is very limited, and we therefore used information on observed
range expansion for a muskox population (Reynolds, 1998) and movement of muskox lungworms
(Kafle et al., 2020) to arrive at an estimate of 500 km as being the upper limit for maximal dispersal
per generation (Table S1). We modelled a mean dispersal rate of 15% of the population moving per
generation at an average maximum distance of 250 km. We set upper and lower bounds on these
estimates of 5 — 25% and 0 — 500 km, respectively.

Dispersal was modelled using the following equation:

(554)
=Ja\ /), D <Dpux (2)
0, D = Dpax

m;;
Where movement (m) between cell i and j is a function of the parameters a, b, and Dmax; and Dij is
the distance between the two populations. The parameter a is 0.5 x the total proportion of dispersers
that leave a cell at each time step and b and Dmax are modelled as one of 9 combinations depending
on the estimate of D [Appendix 3 (Table 2) in Fordham, Brown, et al. (2021)]. This approach prevents
large dispersal rates to closely neighbouring cells (i.e., the drainage effect) by pre-calculating a fixed
proportion of individuals that should move to a given cell based on a, Dmax and Dij.

Dispersal was limited depending on the habitat suitability within source and target cells, and
on the proportion of ice present in target cells. Dispersal was completely blocked to cells covered by
the sea and reduced to cells containing glacial ice. We did this using a friction map and distance-

equivalence multipliers, calculated using a cost-surface generator (Fordham, Haythorne, et al., 2021).
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For example, if two patches of highly suitable habitat are separated by a strait, following the land

towards the second patch is less costly than directly crossing the strait.

Allee effect

We set a local quasi-extinction threshold (Fordham et al., 2013) which made cell abundance zero if
abundance fell below the Allee threshold. Due to lack of information on Alle effect for muskox, we
followed the methodology used for the woolly mammoth in Fordham, Brown, et al. (2021). The range
of values for the Allee effect were 0 (i.e., no Allee effect) to 500 individuals per grid cell (Table S1).

Environmental correlation

This was a fixed parameter in our models that was set to b = 850 km (Pearson et al., 2014), where b
is the decay constant of an exponential decline model. This parameter accounts for similarity in

environmental fluctuations for populations located close together versus further apart.

Human hunting

Human hunting of muskox was modelled as a function of the timing of arrival and relative density
(using Ne as a proxy for abundance) of humans at a given cell. Using Latin Hypercube sampling (see
below) we generated 10,000 plausible reconstructions of human population abundance, by sampling
within £ 1 SD of Ne using a lognormal distribution (Fordham, Brown, et al., 2021). Because
information on exploitation of muskox by anatomically modern humans is lacking, we let the
maximum exploitation rate vary between 0% and 25% of the population abundance, under a Type Il
to a Type Il functional response (Fordham, Brown, et al., 2021). Harvesting is modelled as a function
of density of prey population (current muskox population size, divided by maximum muskox
population size), maximal exploitation rate (F), prey density at which exploitation is half-maximal
(G), and a measure of departure from maximal exploitation (z). The equations used to model harvest
can be found in (Fordham, Brown, et al., 2021). In our models, the parameter z is a variable parameter,
which takes values between 1 and 2 (Alroy, 2001). A value of z = 1 results in a Type Il functional
response, where exploitation is modulated only by prey density and human satiation, implying
complete naivety of prey. At z > 1.5 hunting success takes on an increasingly sigmoidal Type Il
functional response, under which prey become harder to hunt at low densities. This might result from
prey adaptation (evolved or learned behaviour), prey switching by hunters, or prey being in refugia
(Brook & Bowman, 2004; Brook & Johnson, 2006). Parameter G was set constant to 0.4 (Alroy,

81



Chapter IlI: Spatiotemporal influences of climate and humans on muskox range dynamics

over multiple millennia

2001; Brook & Johnson, 2006), and F varied from 0 to 0.25. The harvesting pressure was set globally

—i.e., there were no regional differences in harvesting pressure.

Latin Hypercube Sampling and model simulations

We generated process-explicit macroecological models using combinations of values for
demographic parameters and environmental attributes that varied across plausible ranges (Fordham,
Haythorne, et al., 2021). Sampling of these values was done using Latin Hypercube sampling from
uniform distributions, providing a robust coverage of the multi-dimensional parameter space
(Fordham et al., 2016). We produced 100,000 conceivable models with different combinations of
parameters values, each of which we ran as a single replicate (Prowse et al., 2016).

Models were initialised at carrying capacity in all areas except Greenland, where abundance
was set to zero in any cells with carrying capacity greater than zero. We did this because although
ice-free areas were present in Greenland during the Last Glacial Maximum, these were unlikely to

have sustained vegetation and animals (Bennike, 1999).

Pattern-oriented modelling
We used pattern-oriented modelling (POM) techniques (Grimm et al., 2005) to evaluate the adequacy

of the process-explicit macroecological models to simulate mechanistic responses to climate change
and human exploitation, and to reconstruct known range dynamics and the current distribution of the
muskox. Model simulations of changes in abundance through time and space were assessed using a

multivariate target based on inferences from the fossil record and historical observations.

Observed and modelled summary statistics

We extracted summary statistics for each simulation and calculated the deviation from the simulated
and inferred pattern. We did this for:

e Occupancy pattern: agreement between simulated and inferred occupancy. Occupancy at a
fossil site was correctly simulated if there was positive abundance in that grid cell (or the 8
surrounding cells) during the calibrated age + 1SD. We summed the number of records where
there was agreement between simulated and inferred occupancy.

e Local extirpation pattern: based on the fossil record, we calculated times of extirpation across
three sub-regions: Europe (with the Ural Mountains defining the eastern boundary), Asia

(between the Urals and the Lena River), West Beringia (eastern Siberia) (Fordham, Brown,
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et al., 2021) (Table S2). We used the ‘GRIWM’ method (Bradshaw et al., 2012) to calculate
regional extinction time, which accounts for the Signor-Lipps effect (Signor et al., 1982). The
resulting extinction times were: 12,254 BP (95% CI. 12,345 BP — 12,160 BP) for Europe,
2,738 BP (95% ClI: 2,856 BP — 2,569 BP) for Asia and 3,157 BP (95% ClI: 3,437 BP — 2633
BP) for Beringia. We calculated the Root Mean Square Error (RMSE) of the difference
between the simulated and inferred regional extinction times, from the fossil records, and
from each simulation (Fordham, Haythorne, et al., 2021).

Distance from extinction location. The last remnant population of muskox in Eurasia was
found in the Taimyr peninsula (Campos et al., 2010; Markova et al., 2015). Therefore, the
distance from the extinction location for model simulations was calculated as the difference
between the centre of Taimyr (Longitude = 94.3, Latitude = 72.9) and the location of the last
simulated population. For persistent populations, we calculated a weighted centroid based on
population abundance of the last populations persisting in Eurasia, and then calculated the
distance to the centre of Taimyr.

Arrival time in Greenland. We used ‘GRIWM’ to calculate an arrival time in Greenland of
5,607 BP (95% CI: from 5,752 BP to 5,461 BP) based on the fossil records. This estimate
aligns with estimates published elsewhere (Lent, 1999). Simulated time of arrival was
calculated as the first positive abundance in Greenland and the number of generations away
from the inferred arrival window was noted. If the arrival time in our simulations fell within

the mean + 1SD arrival time based on the fossil records, the penalty was 0.

Approximate Bayesian Computation analysis

We used Approximate Bayesian Computation (ABC) (Csilléry et al., 2010) to validate our 100,000

process-explicit simulations using the ‘abc’ package in R (Csilléry et al., 2012). Specifically, we used

ABC to fit the simulation models to data and estimate (i.e., refine) the posterior distribution of model

parameters. There were 12 variable parameters in the process-explicit models, covering demographic,

harvest, and niche parameters (Table S1). We scaled the data and used the ‘rejection’ method in the

ABC, with a tolerance of 0.01. With the rejection method, Euclidian distances are calculated between

each summary statistic and the target. Simulations were accepted if the sum of the distances fell below
the threshold defined by a tolerance value of 0.01 (Csillery et al., 2012). ABC modelling is therefore

selecting simulations that can simultaneously replicate multiple key biogeographical patterns.
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Effective population size

Trends in effective population size (Ne), as Bayesian Skyline plots, can be used as an independent
validation of the change in total population size. The Bayesian Skyline plot of effective population
size for muskox was calculated using a previously compiled dataset, containing 266 radiocarbon-
dated fossils of muskox, out of which 138 have associated aDNA sequences, which are available in
GenBank (Clark et al., 2016). Sequences were aligned in Geneious v1.9.8 (Kearse et al., 2012) using
default settings of the MUSCLE algorithm (Edgar, 2004). Radiocarbon dates were calibrated using
OxCal and the IntCal13 calibration curve (Reimer et al., 2016). We reconstructed the genealogy using
BEAULi v.1.10.4 and BEAST v1.10.4 (Suchard et al., 2018). We used the average calibrated date of
each fossil record as prior information for the tip-dates, and the standard deviation to derive
uncertainty in the tip-dates. We used jModelTest v2.1.10 (Posada, 2008) to find the best substitution
model and, based on Akaike’s Information Criterion (AIC), we selected the TN93 + Gamma +
Invariant Sites substitution model. We used a strict molecular clock, a Coalescent Bayesian Skyline
Tree Prior, a constant Skyline Model and the UPGMA starting tree. The Markov Chain Monte Carlo
run was set with a chain length of 108 and to log parameters every 10* simulations to avoid possible
autocorrelation during the MCMC analysis. We then analysed the output using Tracer v1.7.1
(Rambaut et al., 2018). Our approach resembles the approach used by (Foote et al., 2013) to
investigate changes in mammal Ne based on aDNA and contemporary sequences. The resulting
estimate of Ne for the muskox mirrors estimates elsewhere (Campos et al., 2010; Figure S6).

To use inferences of demographic change from aDNA as an independent validation target, we
compared simulated trends in total relative population size for selected models (from the ABC
validation) and trend in relative effective population size inferred from aDNA, using the average
correlation coefficient. We also compared magnitudes of change in relative population size for the
last deglaciation (19 ka BP — 11 ka BP) and Holocene (11 ka BP — 1500 AD) across both groups. To
do this we calculated the magnitude of change in abundance between 19 ka BP and 11 ka BP, for the
deglaciation, and between 11ka BP and 1500 AD, for the Holocene, for each of the selected models
and for an equivalent number of uniformly sampled points within the 95% CI of the Ne 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.
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Timing of extirpation and probability of occurrence
The top 1% of models, determined by ABC analysis to best replicate known biogeographical patterns,
were used to generate an ensemble average of total population abundance (weighted by the inverse
of the Euclidean distance of the model from the idealized targets), accounting for probability of
occurrence (Fordham, Brown, et al., 2021). Based on the ensemble average of population abundance,
we generated an extirpation map showing the timing of extirpation in each grid cell up to 1500 AD.
To generate spatiotemporal estimates of probability of occurrence, we produced a binary
presence/absence map for each time step for each of the selected simulations. We then calculated an
average probability of occurrence across the selected simulations. To determine a minimum threshold
for occurrence, we calculated the probability of occurrence that maximized the area under the
receiving operating curve for the fossil record based on predictions from a binomial GLM. We
extracted the mean probability of occurrence for each fossil across time and for 10 randomly sampled
background points (Merow et al., 2013) for the same temporal interval. Using 10 repeats of 10-fold
cross validation, we built 100 binomial GLMs using different thresholds between 0 and 1 at 0.01
intervals. AUC was calculated for each of the models with the smallest threshold (0.06) being chosen
that maximized AUC (AUC = 0.987). Probability of occurrences below the threshold were set to 0
and those above the threshold to 1. The binary map was then used as a multiplier to the ensemble
weighted average of total population abundance. An Allee effect was applied based on the weighted

average values of the selected simulations.

Drivers of extinction risk and final population abundance

We assessed the different roles that climate change and human harvesting could have had on the
extinction risk of muskox during the deglaciation period (between 19 ka BP and 11 ka BP), by
analysing the selected simulations using random forest classification trees, implemented with the
‘ranger’ package in R (Wright & Ziegler, 2017). To do this, we divided the study region into four
sub-regions: Europe (with the Ural Mountains defining the eastern boundary), Asia (between the
Urals and the Lena River), Beringia (including eastern Siberia and Alaska (US)), and North America
(northern Canada and Greenland) and determined spatiotemporal differences in the impacts of climate
and humans on Expected Minimum Abundance (EMA), which is a measure of extinction risk
(McCarthy & Thompson, 2001). Expected minimum abundance was scaled by abundance at the start
of the simulation (Fordham, Brown, et al., 2021). For each subregion and each selected simulation,
we calculated a suite of metrics defining the magnitude, pace and movement of climate change and

human expansion during the deglaciation period. These metrics are described in detail in Appendix
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3, and are based on Fordham, Brown, et al. (2021). As the muskox goes extinct in Europe in our
selected simulations before the end of the deglaciation, we used time to extinction instead of EMA
for Europe.

We also assessed the relative roles of climate change and human harvesting on the final
population abundances of muskox in Eastern Beringia and North America, where the species is
extant. The muskox was reintroduced in Alaska after going extinct in the last century due to
overhunting (Lent, 1998, 1999). Therefore, we considered Alaska as an endemic part of the range,
given that the species was still present in the area at 1500 AD (end of our simulations). For each sub-
region, metrics defining climate change and human expansion were calculated over the Holocene
period (between 11 ka BP and 1500 AD). Final population abundance at 1500 AD were calculated
using a 3-generation smoother to account for stochasticity.

Random forest classification trees, implemented with the ‘ranger’ package in R (Wright &
Ziegler, 2017), were used to identify spatiotemporal effects of climate and human drivers on EMA
and time to extinction. We constructed 1,000 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
importance scores were calculated using unscaled permutation importance (Strobl et al., 2007) and

converted to % contribution of the variance explained.
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Figure S1. Distribution of fossil records and modern occurrences of muskox over the

study region.

a) The distribution of fossil records over the study region, with red circles representing older fossils
and blue circles representing more recent records. b) The distribution of modern occurrences obtained
from GBIF (GBIF.org, 2019), representing sightings of individuals occurring only in areas where the

muskox is endemic, except for a translocated population in Kangerlussuaq (West Greenland).
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Figure S2. Climate trends for selected variables over the study region.

The plots show climatic trends for the three variables used to build the climatic niche of the muskox.
Paleoclimate variables were generated using PaleoView with an interval step of 8 years and an
interval size of 30 years, for the period 21,000 BP to 0 BP. These variables were selected because
they indirectly affect the breeding success and survival of arctic herbivores. The deglaciation period,

through to the Holocene, shows multiple abrupt climate oscillations, across all variables.
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Figure S3. Muskox Niche Hypervolume.

Here is represented the multi-temporal niche hypervolume of the muskox in 2-dimensions and 3-
dimensions. The hypervolume was built based on 3 climate variables: average minimum daily
temperature in January, annual precipitation and reference evapotranspiration in spring and summer.
These variables were chosen because they indirectly affect the survival of the species and because
they were the least correlated variables. The hypervolume gives a representation of the climatic space

where the species can persist and thrive.
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Figure S4. Time-series data of muskox populations.

The plots show the time-series data on population abundance used to calculate finite rates of
population increase and their variance, and maximum population growth rate. The time-series data
come for populations from Russia (Taimyr, Wrangel Island), Alaska (Nunivak Island, Cape
Thompson), Canada (North West Victoria Island), Greenland (Angujaartorfiup Nunaa, Zackenberg,
Jameson land) and Norway (Dovre) (Cuyler et al., 2020). We repeatedly fitted linear models to 3,4,5,6
and 7 data points of the time-series. We then selected, for each time series, the estimate of maximum
growth rate resulting from the model with the highest r2. This gave the range of annual maximum
growth rate for muskox, which we scaled to generation length by taking the exponent. We used the
Zackenberg time-series data for the interval 1998 — 2006, that is stable, to calculate the standard

deviation (SD) in population growth rate (Cuyler et al., 2020).
98



Supplementary Methods

Selected simulated metrics

Fossil occupancy Colonization penalty
100000
100000 o
10000 4
10000 1
1000 +
= = 10004
3 =1
Q [=]
Q Qo
1004 100
10 10
0 0
0 25 50 75 100 125 -400 0 400
Fossils Penalty
Extinction pattern (RMSE) Distance from extinction location
10000+ 10000
1000 4 1000 4
€ €
- =]
8 1004 8 1004
10 10
0 04
0 360 660 QC‘]O 0 10.00 20'00 BOIDG AOlOO 50'00
RMSE Distance (km)

Figure S5. Model validation.

The histograms show the differences between simulated summary metrics and observed targets for
fossil occupancy, penalty in time of colonization of Greenland, root mean square error (RMSE) of
the difference in time of extirpation across three regions in Eurasia, and distance from extinction
location. The blue bars represent the summary metrics from all the 100,000 simulations, while the
yellow bars represent the metrics for the best 1% models, selected through pattern-oriented modelling
and Approximate Bayesian Computation analysis. The red vertical lines represent the observed target

value. The y-axes are on the log-scale. Targets are described in detail in Table S2.
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Figure S6. Effective population size (Ne) and simulated total population sizes.

Black lines show the total population size for each of the selected models, with the thick black line
showing the total population size from the multi-model average. The blue banding represents the 95%
Cl around the mean (blue line) in effective population size (Ne). All values on the y-axis have been
scaled between 0 and 1. The dashed vertical line represents the separation between the deglaciation
period (19 ka BP — 11 ka BP) and the Holocene period (11 ka BP — 0 BP).
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Figure S7. Accumulated Local Effects plots of the predictor variable for expected

minimum abundance in Europe during the deglaciation period (19 ka — 11 ka BP).

Tick marks inside the x-axis represent deciles of the distribution of the x-variable. Relationships
between the axes below the 10" and above the 90™ deciles should be interpreted carefully. The blue
lines show a LOESS curve fitted to the data. The variables are described in Appendix 3. For the
latitudinal movement (Clim_Cent_North_Pace_S), negative values indicate a southern movement.
Similarly, for the longitudinal movement (Clim_Cent_East Pace_S), negative values indicate a
western movement of the centroid of climate suitability. The same is valid for the centroid movement
in human expansion (Hum_Cent_Pace N_S, Hum_Cent_Pace E_S). Other variables include the
pace of change in climate suitability (Clim_Pace_S), with positive values indicating a rapid increase
in suitable areas, magnitude of contraction in climate suitability (Clim_Mag), magnitude of
fragmentation (ENN_Mag), magnitude and pace of human expansion (Hum_Mag_10,

Hum_Pace _10_S, respectively), and magnitude of human population change (Hum_Pop_Mag).
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Figure S8. Accumulated Local Effects plots of the predictor variable for expected

minimum abundance in Asia during the deglaciation period (19 ka — 11 ka BP).

Tick marks inside the x-axis represent deciles of the distribution of the x-variable. Relationships
between the axes below the 10™ and above the 90" deciles should be interpreted carefully. The blue
lines show a LOESS curve fitted to the data. The variables are described in Appendix 3. For the
latitudinal movement (Clim_Cent_North_Pace_S), negative values indicate a southern movement.
Similarly, for the longitudinal movement (Clim_Cent_East _Pace_S), negative values indicate a
western movement of the centroid of climate suitability. The same is valid for the centroid movement
in human expansion (Hum_Cent_Pace_N_S, Hum_Cent_Pace _E_S). Other variables include the
pace of change in climate suitability (Clim_Pace_S), with positive values indicating a rapid increase
in suitable areas, magnitude of contraction in climate suitability (Clim_Mag), magnitude of
fragmentation (ENN_Mag), magnitude and pace of human expansion (Hum_Mag_10,

Hum_Pace 10 S, respectively), and magnitude of human population change (Hum_Pop_Mag).
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Figure S9. Accumulated Local Effects plots of the predictor variable for expected

minimum abundance in Beringia during the deglaciation period (19 ka — 11 ka BP).

Tick marks inside the x-axis represent deciles of the distribution of the x-variable. Relationships
between the axes below the 10" and above the 90™ deciles should be interpreted carefully. The blue
lines show a LOESS curve fitted to the data. The variables are described in Appendix 3. For the
latitudinal movement (Clim_Cent_North_Pace_S), negative values indicate a southern movement.
Similarly, for the longitudinal movement (Clim_Cent_East Pace_S), negative values indicate a
western movement of the centroid of climate suitability. The same is valid for the centroid movement
in human expansion (Hum_Cent_Pace N_S, Hum_Cent_Pace E_S). Other variables include the
pace of change in climate suitability (Clim_Pace_S), with positive values indicating a rapid increase
in suitable areas, magnitude of contraction in climate suitability (Clim_Mag), magnitude of
fragmentation (ENN_Mag), magnitude and pace of human expansion (Hum_Mag_10,

Hum_Pace _10_S, respectively), and magnitude of human population change (Hum_Pop_Mag).
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Figure S10. Accumulated Local Effects plots of the predictor variable for expected
minimum abundance in North America during the deglaciation period (19 ka — 11 ka
BP).

Tick marks inside the x-axis represent deciles of the distribution of the x-variable. Relationships
between the axes below the 10" and above the 90™ deciles should be interpreted carefully. The blue
lines show a LOESS curve fitted to the data. The variables are described in Appendix 3. For the
latitudinal movement (Clim_Cent_North_Pace_S), negative values indicate a southern movement.
Similarly, for the longitudinal movement (Clim_Cent_East Pace_S), negative values indicate a
western movement of the centroid of climate suitability. The same is valid for the centroid movement
in human expansion (Hum_Cent_Pace N_S, Hum_Cent_Pace E_S). Other variables include the
pace of change in climate suitability (Clim_Pace_S), with positive values indicating a rapid increase
in suitable areas, magnitude of contraction in climate suitability (Clim_Mag), magnitude of
fragmentation (ENN_Mag), magnitude and pace of human expansion (Hum_Mag 10,

Hum_Pace_10_S, respectively), and magnitude of human population change (Hum_Pop_Mag).
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Figure S11. Accumulated Local Effects plots of the predictor variable for final

abundance in East Beringia (Alaska, US), during the Holocene period (11 ka BP — 1500
AD).

Tick marks inside the x-axis represent deciles of the distribution of the x-variable. Relationships
between the axes below the 10th and above the 90th deciles should be interpreted carefully. The blue
lines show a LOESS curve fitted to the data. The variables are described in Appendix 3. For the
latitudinal movement (Clim_Cent_North_Pace_S), negative values indicate a southern movement.
Similarly, for the longitudinal movement (Clim_Cent_East Pace_S), negative values indicate a
western movement of the centroid of climate suitability. The same is valid for the centroid movement
in human expansion (Hum_Cent_Pace N_S, Hum_Cent Pace E_S). Other variables include the
pace of change in climate suitability (Clim_Pace_S), with positive values indicating a rapid increase
in suitable areas, magnitude of contraction in climate suitability (Clim_Mag), magnitude of
fragmentation (ENN_Mag), magnitude and pace of human expansion (Hum_Mag_10,

Hum_Pace _10_S, respectively), and magnitude of human population change (Hum_Pop_Mag).
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Figure S12. Accumulated Local Effects plots of the predictor variable for final
abundance in North America, during the Holocene period (11 ka BP — 1500 AD).

Tick marks inside the x-axis represent deciles of the distribution of the x-variable. Relationships
between the axes below the 10th and above the 90th deciles should be interpreted carefully. The blue
lines show a LOESS curve fitted to the data. The variables are described in Appendix 3. For the
latitudinal movement (Clim_Cent_North_Pace_S), negative values indicate a southern movement.
Similarly, for the longitudinal movement (Clim_Cent_East _Pace_S), negative values indicate a
western movement of the centroid of climate suitability. The same is valid for the centroid movement
in human expansion (Hum_Cent_Pace_N_S, Hum_Cent_Pace_E_S). Other variables include the
pace of change in climate suitability (Clim_Pace_S), with positive values indicating a rapid increase
in suitable areas, magnitude of contraction in climate suitability (Clim_Mag), magnitude of
fragmentation (ENN_Mag), magnitude and pace of human expansion (Hum_Mag_10,

Hum_Pace 10 S, respectively), and magnitude of human population change (Hum_Pop_Mag).
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Movie S1. Spatiotemporal abundances of muskox since the Last Glacial Maximum.

https://universityofadelaide.box.com/s/x6gxrwup3uOwe7oulle84e821d1e7065

Left panel shows simulated relative abundance of muskox (ensemble mean of the ‘best’ models)
across space and time, since 21 ka BP. Blue diamonds represent fossil locations at fossil age + 1SD.

Right panel shows trend in total simulated abundance across the study region through time.

Movie S2. Relative harvest of muskox populations over the last 21,000 years.

https://universityofadelaide.box.com/s/wgkwu23y00v90hxh3glzyewpzjykfOvh

Total number of harvested individuals in each grid cell at each time step, scaled between 0 and 1.
Bars in inset panel show total relative number of harvested individuals in each sub-region at each

time step.
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over multiple millennia

Table S1. Fixed and variable parameters for the spatially explicit population models.

Parameters used in the demographic and harvest components of the models, with information on
whether variables had fixed or variable ranges (Type) and their initial (or prior) values (Value/range).

References for demographic and harvest parameter values are provided below the table.

Parameter Description Type Value/range Posterior
range
Demographic parameters
2570
Time steps Simulation years fixed (21 kaBP —1500 NA
AD)

Years per time step
Generation length | (Hansen et al., 2018; fixed 8 NA
Pacifici et al., 2013)

Lattice Number of grid cells fixed 6160 NA

Transition rate Population stages fixed 1 (adults only) NA

Maximum growth rate
Growth rate per time step variable 0.43-2.18 0.59-211
(Cuyler et al., 2020)

Environmental
Environmental stochasticity per time
stochasticity step

(Cuyler et al., 2020)

variable 0.00-0.30 0.01-0.28

Maximum density per
Upper Abundance | grid cell variable 100 — 7000 1432 — 6864
(Cuyler et al., 2020)
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Dispersal rate

Proportion of
dispersers

Dispersal target K

Allee effect

Occupancy
threshold

Maximum dispersal
distance per time step
(Kafle et al., 2020;
Reynolds, 1998)
Percentage of the
population that disperses
at each time step (cell-
based)

(Fordham, Brown, et al.,
2021)

Dispersal rate negatively
affected by target
population abundance
(N)

Region-wide Allee
effect

(Fordham, Brown, et al.,
2021)

Number of populations
on the landscape that
determines region-wide
extinction

variable

variable

fixed

variable

fixed

0-500

0% - 25%

10

0-500

167 — 477

6% - 24%

NA

1-171

NA

Human parameters

Harvest G

Harvest Max.

Harvest z

Humans SD
multiplier

Humans p-value

Prey density at which
exploitation is half-
maximal

Maximum proportion of
the population harvested
at each time step (cell-
based)

Departure from maximal
exploitation,
determining the type of
response of the
populations

Multiplier to the
standard deviation in
human abundance

p-value at which human
density values are
chosen from the
lognormal distribution

fixed

variable

variable

variable

variable

5% - 25%

NA

6% - 24%

1.05-1.95

0.05-0.95

0.04-0.94

109



Chapter IlI: Spatiotemporal influences of climate and humans on muskox range dynamics
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Table S2. Observed statistics (targets) for

Approximate Bayesian Computation (ABC) validation.

pattern-oriented modelling and

Targets used in the ABC analysis and validation step include an occupancy pattern, identified by

positive abundance at fossil sites at fossil calibrated age + SD, Root Mean Square Error (RMSE) of

the difference between simulated and observed times of extinction in Eurasia across three sub-

regions, distance from the extinction location in Eurasia (Taimyr) and arrival time in Greenland. To

calculate occupancy pattern, fossil records that overlapped in space and time have been merged to

count as one.

Target

Occupancy
pattern

Extirpation
pattern

Extinction
location

Arrival time

Description

Agreement
between
simulated and
inferred
occupancy at
fossil sites.

Time of
extinction in 3
sub-regions of
Eurasia based on
the fossil record.

Centroid
coordinates of
extinction
location in
Eurasia
(Taimyr).
Time of arrival
in Greenland
based on the
fossil record.

Value

1191
(fossils)

12,254 BP 1
(Europe)
2,738 BP !
(Asia)
3,157 BP!
(Beringia)

94.32
(Longitude)
72.94 (Latitude)

5,607 BP !

97.5% CI:
Lower

NA

12,345 BP !
(Europe)
2,856 BP !
(Asia)
3,437 BP1!
(Beringia)

NA

5,752 BP !

2.5% CI: Upper

NA

12,160 BP !
(Europe)
2,569 BP !
(Asia)
2,633BP1!
(Beringia)

NA

54601 BP !

AIl estimates were calculated using the fossil record, which is available in Appendix 1. The estimates for
extinction time and time of arrival were calculated using the GRIWM method (Bradshaw et al. 2012).
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Abstract

Understanding how different rates and magnitudes of past climatic changes and anthropic
pressures shaped species range and population dynamics could improve forecasts of species
responses to future global change. Using spatially explicit population models and pattern-
oriented validation methods, we disentangle the ecological mechanisms and threats that drove
21,000 years of reindeer (Rangifer tarandus) range dynamics across its Holarctic distribution,
allowing us to predict the effects of future climatic variability with improved confidence. We
show that reconciling inferences of past demographic change from fossils and ancient DNA
requires an interaction between high dispersal ability and spatiotemporal differences in the
effects of human and non-human factors. Macroecological models, built and validated on the
past, show that humans and climatic warming have regulated the range and abundance of
reindeers for 21,000 years, causing population declines and range contractions that are as large
as what is being predicted for the future. Our results highlight the importance of disentangling
demographic and biogeographic responses to past abiotic and biotic stressors when assessing

species survival under future climate change.

Introduction

The reindeer (Rangifer tarandus), also known as caribou, is the most abundant large terrestrial
herbivore in the Arctic (1). However, its populations have experienced a 40% decline over the
last 30 years, due to human-driven habitat change and fragmentation (2). While climatic change
is expected to negatively interact with these current threats, and further amplify population
declines (3), the direct threat that Arctic warming poses to reindeer persistence remains unclear
(4). This is partly because reindeers survived severe and abrupt warming events in the past (5)
that caused other Arctic megafaunal species to go extinct (6).

Drivers of late Pleistocene and early Holocene megafaunal extinctions remain
uncertain, with an ongoing debate on the relative roles of climate change and human hunting
(7-10). In the Arctic, overkill by Palaeolithic hunters is thought to have hastened the extinction
of many species during the last deglaciation, whose populations were already depleted by
extreme and rapid climatic shifts (7, 11). It has been suggested that the survival of some (but
not all) megafaunal species, could reflect ecological lifestyles and/or biological traits that made

them more resilient to past climatic changes (12). These include attributes such as larger
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climatic tolerances (13), higher rates of population increase (12), and better dispersal
capabilities (14). In addition to these ecological mechanisms, evolutionary responses could
have also aided persistence during periods of adverse climatic change (15, 16). Nevertheless,
ecological and evolutionary resilience to past climate and environmental changes in the Arctic
is likely to reflect not only intrinsic factors (e.g., the biology of the species), but also extrinsic
factors (e.g., the rate and magnitude of the stressors) and their interaction in space and time
7).

Climatic conditions in the Arctic have rarely been stable, with temperatures fluctuating
enormously during glacial-interglacial cycles (5), leading to evolutionary adaptations in Arctic
mammals that include the reorganization of the cardiovascular system (15, 16, 18) and the
development of mechanisms for temperature regulation (16). These allowed for important
adjustments to new environmental conditions. Large magnitude fluctuations in climatic
conditions, operating over centuries, as well as millennia, caused Arctic mammals to shift,
contract, and expand their ranges (19-21). For species with limited dispersal capabilities or
slow reproductive rates, abrupt climatic changes in the past caused regional and range-wide
extirpations (12, 22). Given the large magnitude and pace of the current warming of the Arctic,
with temperatures forecast to increase by up to 12 °C above 2010 conditions by the end of the
21% century (23), it is more likely that survival will be determined by these sorts of ecological
responses to centennial climatic changes, rather than evolutionary responses.

Phenological shifts (a mode of plasticity) have already been documented in the Arctic,
across many taxa (24-27). Today, Arctic warming is causing tundra vegetation growth to begin
earlier in the year (28), moving forward the breeding and parturition season for Arctic
mammals (29-31). This ecological response to warming has caused shifts in foraging, predator-
prey dynamics (26, 32), and changes in the timing of species migrations (29). Movement to
track shifting habitats has been the most common ecological response of Arctic mammals to
warming (20, 33), and it will be paramount for the future survival of Arctic mammals and many
other species (34).

Reindeers persisted through periods of the Pleistocene when the Arctic warmed by as
much as 10 °C in a matter of decades (35). They did this by contracting their distribution to
climatic refugia (19, 36, 37), from which they expanded their range and increased their
abundance in response to more favourable rates of climate warming during the Holocene (37,

38). It is likely that reindeers were able to persist through these abrupt warming events in the
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past, because of a wide climatic tolerance, relatively fast growth rates, and a high dispersal
capacity (19) — traits possibly associated with ecological resilience (39). However, exactly
how these ecological preferences and biological traits interacted spatiotemporally with
extrinsic factors to enable reindeer to survive periods of extreme climate disruption has not
been resolved. Addressing this knowledge gap is important, not only for understanding the
ecology and biogeography of reindeer in the Arctic, but also for predicting its resilience to
future environmental change.

Process-explicit models integrated with evidence of demographic change from paleo-
archives, museum collections, and genomics can now be used to empirically reconstruct past
biological events, so as to identify processes that regulate biodiversity dynamics (40). While
these approaches have been used to reveal how ecological lifestyles and biological traits
interact dynamically with human- and non-human factors to cause population declines and
extinctions (11), they have not been used to establish ecological characteristics associated with
resilience to climate and environmental change. Likewise, they have never been used to project
future extinction risk, despite potentially providing a more complete understanding of the
ecological processes that regulate species responses to climate and environmental change.

Here we use process-explicit macroecological models to reconstruct 21,000 years of
range dynamics of reindeer, a cold-adapted Arctic herbivore that regulates the structure and
function of the tundra ecosystem (41, 42), and that also provides important socio-economic
value for many circumpolar indigenous cultures (3). To establish the ecological processes that
enabled reindeer to survive periods of gradual and extreme climate warming, whilst also being
exploited for food, bones, and skins (43), we built thousands of plausible spatially explicit
population models (SEPMs) that explicitly simulated demographic processes responding to
different levels of climate-driven resource availability and human exploitation. Models that
could reconcile inferences of demographic change from fossils and aDNA were used to
determine the chains of causality responsible for the contemporary distribution of reindeer, and
to disentangle the ecological processes and drivers responsible for its range contraction in
Eurasia and expansion in North America. They were also used to inform projections of future
extinction risk.

We reveal that humans and climatic warming have regulated the range and abundance
of reindeers for 21,000 years, causing population declines and range contractions that are as

large as what is being predicted for the future. Our results also show that reindeer resilience to
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past climatic change and exploitation is likely to have been aided by an interaction between

high dispersal ability and important spatiotemporal differences in threatening processes.

Results

Process-explicit macroecological models successfully simulated vital aspects of the range and
population dynamics of reindeers as inferred from fossils and aDNA. The ‘best models’, top
0.5% of all models, selected and validated using pattern-oriented modelling (POM) methods
(44), implemented using Approximate Bayesian Computation (ABC) (45), closely reconciled
inferences of spatiotemporal occurrence, arrival time in Greenland, regional extirpation, and
trend in population size (Figure 1A). They also correctly projected eDNA evidence of
spatiotemporal occurrence with 93% agreement in site-based occurrence.

Accurately reconstructing inferences of past demographic changes from fossils and
aDNA required a highly constrained set of demographic parameters, human hunting pressures
and climatic requirements. A high dispersal capacity (a high proportion of dispersing
individuals and long dispersal distances), small Allee effect, high density, and wide ecological
niche (large volume and low specialisation) were all needed to simulate past shifts in the range
and abundance of reindeers (Figure 1B). A medium to high rate of exploitation by humans was
also needed to reconstruct inferences of past demographic changes.

The ‘best models’ (models that most closely matched the POM validation targets)
reconstructed a large range contraction across the Holarctic, in response to abrupt climatic
warming in the Late Pleistocene (Figure 2A). In Europe, reindeers went extinct in our
simulations in the Iberian Peninsula at 14.43 + 2.98 ka BP, in South Central Europe at 13.83 +
2.75 ka BP, except for some isolated populations in the Austrian and Swiss Alps which
persisted until 7 ka BP, where patches of tundra and conifer forest are likely to have persisted
for longer (46, 47). They went extinct in the British Isles at 10.04 £ 2.26 ka BP, and in North
Central Europe at 4.34 + 4.3 ka BP (Figure 2A), which coincide with the advancement of
temperate deciduous forests in the two sub-regions (46, 47). In North America, populations
were simulated to persist during the Last Glacial Maximum south of the Laurentide ice sheet
(Movie S1). Following the melting of the glacial ice, the range moved in a north-easterly
direction (Movie S1), causing a northward contraction of the southern boundary between 15 —
7 ka BP (Figure 2A). We show that reindeer populations in Alaska and south of the glacial ice
remained unconnected until 11 ka BP, when a first contact was made in central Canada (Movie
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S1). They remained partly unconnected for another 3,000 years until they reached full
connectivity ~8 ka BP (Movie S1). These observations are supported by phylogenetic analyses
and genetic models (48, 49).

The simulated distribution of the reindeer at 1500 C.E. (the end of the simulation; Figure
2B) aligns closely with the current endemic distribution of the species (Figure 2C), with
persistence today being in areas of higher simulated densities. These areas also coincide with
regions where present-day reindeer populations have high levels of genetic diversity (38), in

the core of their geographic range.

Climate-human-reindeer interactions

Reindeer abundance declined substantially during the last deglaciation (19 — 11 ka BP) and
increased during the Holocene (Figure 3). The steepest declines and increases in population
abundance occurred during abrupt warming and cooling events, respectively. However, the
magnitude and timing of these declines differed regionally (Figure 3A). The largest relative
decline in abundance during the last deglaciation was in Asia, with population declines
beginning as early as 19 ka BP. In Europe and Beringia population abundance declined by as
much as 62% in 60 generations following the 14.7 ka BP warming event. In Europe, this was
followed by an increase in population size above pre-14.7 ka BP levels for ~1,000 years (in
response to a cooling event at 13.9 ka BP). In North America, declines in reindeer population
abundance during the last deglaciation were much more gradual (Figure 3A). In the Holocene,
abrupt population increases occurred in Beringia and North America at ~3 ka BP and ~7 ka BP
respectively, in response to increased regional habitat suitability (Figure 3A). These sharp
increases coincide with the Neoglacial cooling of the Arctic (50), which occurred immediately
after the Holocene Thermal Maximum (between 4 ka and 9 ka BP, depending on locality) (51).
The population size of reindeers then stabilised for the remainder of the Holocene (Figure 3).

Generalised additive models (GAM), indicate that large decreases in population
abundance in Asia until the Holocene (11.7 ka BP) were the result of climatic warming
impacting habitat suitability, with no negative role of humans (Figure 3A, 4). Similarly, in
Beringia and North America, reindeer abundances were negatively affected by warming,
without a noticeable effect of human density (Figure 4). The positive relationship between
human and reindeer density in Asia during the deglaciation reflects a geographic separation in
areas of high reindeer and human relative densities (Movie S1 and Movie S2), resulting in
human harvesting mostly affecting populations at the southern range limits (Movie S3).
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Reindeer numbers increased rapidly in the northernmost parts of Asia during the last
deglaciation (Movie S1), while humans experienced their largest increases in population size
in the south (Movie S2).

Conversely, humans in combination with climate warming in Europe are likely to have
driven regional declines in reindeer population numbers during the last deglaciation (Figure 4).
During this period, human densities in Europe were much higher than elsewhere (Figure 3A,
Movie S2), and archaeological evidence suggests that regional exploitation rates were high
(52), with reindeer bones and antlers frequently found at archaeological sites (53). The negative
role of humans on reindeer abundance in Europe continued into the Holocene, becoming an
even more important regulatory pressure than temperature (Figure 4).

Humans are also likely to have had negative effects on reindeer abundance in Asia
during the Holocene (Figure 4), when human densities increased and expanded north (Movie
S2). Population fluctuations in Beringia and North America during the Holocene are the result
of temperature increases, with no negative effect of humans (Figure 4). In North America, the
relationship between reindeer and human abundance was positive, due to high human
population growth occurring in southern marginal areas of the reindeer range (Movie S2).

Tests of counterfactual hypothesis of reindeer range dynamics confirmed the regulatory
roles that climate and humans have had on the demography and range dynamics of reindeers
over the last 21,000 years. They show that reindeers could have persisted in climate refugia in
Europe for many millennia in the absence of harvesting by humans (Figure 5, Figure S6). They
also reveal much longer persistence times in North America and Asia, in the southern parts of
the range (Figure 5, Figure S6). Furthermore, these tests show that climate warming was
needed for animals to colonise Greenland and some areas of North America, and to correctly
reconstruct inferences of colonisation and extinction dynamics from the fossil record (Figure
5).

Extinction risk from future climate change

Reindeers are projected to decrease in abundance over the 21% century (Figure 6), contracting
their distributions in Asia and North America (Figure 6C), persisting in core contemporary
habitat (Movie S4). Based on models that account for ecological responses to past warming
events, we project that the expected minimum abundance (EMA) of reindeers will decline by
15% (+ 11%) and its range area will shrink by 13% (+ 8%) by 2100 under a business-as-usual
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greenhouse gas emission scenario (RCP8.5). However, reductions could be as high as 70% and
57%, for EMA and range area respectively (Figure 6).

Our simulations reveal that these future rates of decline in EMA and range area
occurred in the past during periods of rapid climatic warming. Reductions of EMA > 15% over
12 generations (equivalent to the period between 2016 and 2100, upon which future forecasts
were calculated) happened at the beginning of the deglacial period, as the Holarctic range of
reindeers began to warm, occurring repeatedly during or immediately following the 14.7 ka BP
warming event (Figure S9). Likewise, reductions in range area > 13% happened immediately
after the 14.7 ka BP event (Figure S9). The climatic conditions occupiable by reindeers in 2100
(RCP 8.5) will be similar to those that were found at the southern limit of their range at the
Last Glacial Maximum (21 ka BP) i.e., south of 50°N (Figure S10). During the Holocene
Thermal Maximum, when temperatures were similar or even warmer than today (54), there is
likely to have been a much greater overlap in future occupiable climatic conditions (Figure
S10).

Discussion

Macroecological models that explicitly simulate biotic responses to climatic change and human
hunting show that these extrinsic factors, and their interactions with ecological processes, have
shaped the range and abundance of reindeers over the last 21,000 years, causing population
declines and range contractions that were as large as what is being predicted for the future. We
show that the impacts of climate and human threats on reindeer persistence were heterogeneous
in space and time, and that a high dispersal capacity is likely to have aided reindeer resilience
to abrupt warming events and human exploitation in the past. Reconciling inferences of past
demographic changes from fossils and aDNA also required reindeer to have a broad climatic
tolerance, to attain high densities, and to experience only a weak Allee effect. These are
biological traits likely associated with ecological resilience to climate and environmental
change.

Our macroecological models — built and validated on the past — project a 13-15%
reduction of reindeer range and population size by 2100, respectively, as a consequence of
human-induced Arctic warming. However, we also show that in the past reindeers have
persisted through similar magnitudes of decline, surviving in climatic refugia. For example,

reindeer total abundance decreased by 35% and its range shrunk by 10% over 60 generations
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in response to the 14.7 ka BP Dansgaard-Oeschger event, when temperatures increased by up
to 10 °C in less than 50 years (5). While these past warming events caused major demographic
changes, reindeers were able to bounce back and quickly expand their ranges in response to
more favourable climatic conditions, which resulted in the opening up of new available habitats
with the melting of the ice sheets in Fennoscandia and North America (55).

We show that demographic responses to hunting by humans, as well as climate
warming, is needed to reconstruct inferences of past demographic change for reindeers.
Harvesting, at medium to high levels, was needed to correctly simulate the past range dynamics
of reindeer at the continental scale. However, the importance of human exploitation on
regulating reindeer abundance varied spatiotemporally. Hunting during the last deglaciation
into the Holocene had pronounced negative effects on reindeer abundance in Europe, likely
hastening climate-driven declines of reindeer populations in this region by up to 7,000 years.
The effects of humans on reindeers in Asia, Beringia, and North America were more nuanced,
particularly at the regional level. Hunting by humans had its strongest impact on reindeer
abundance in Asia and in North America at the southern range limit, where relative human
densities were higher (56). It is likely that the effects of humans on reindeer abundance were
not only direct, but also indirect via habitat change and alteration (57). Although a synergy
between climate and humans in regulating the range dynamics of reindeer had been previously
advocated (19), we have revealed spatiotemporal differences in the impacts of these two
threatening forces.

Despite a long history of climatic disturbance and exploitation, the reindeer is today the
most abundant large terrestrial herbivore in the Arctic (1), with a global population size
numbering in the millions (2). Its survival during periods of abrupt climatic change is likely to
have been facilitated by its high dispersal capacity, a demographic trait that when lacking has
resulted in the extinction of other Arctic mammals (22). A high dispersal capacity enabled
reindeer to reach important refugial populations during adverse climatic and environmental
conditions, and to enhance persistence through population connectivity, which is corroborated
by genetic inferences of low levels of isolation-by-distance for reindeer (19). A high capacity
to track suitable habitats, enabled reindeers to move to areas with lower relative human
densities and, thus, to indirectly avoid overhunting. A low Allee effect (as shown by our
models) could have allowed reindeers to persist in low numbers, promoting stability through

metapopulation processes (58).
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Reindeers have high ecological plasticity, with current populations living in a wide
variety of landscapes, ranging from tundra to boreal forests (59). Our models show that
reindeers have a wide climatic tolerance, suggesting less sensitivity to climate and
environmental changes (60). Conversely, Arctic mammals that went extinct during the
Pleistocene/Holocene transition likely had reduced climatic tolerances, as evidence suggests
they had smaller climatic and geographic envelopes compared to the survivors (13). These
smaller niches were likely associated with a specialisation for cold and arid environments (55,
61), which disappeared during the Holocene as the moisture gradient in the tundra shifted to
wetter conditions, favouring mesic specialists like muskox and reindeer (55).

We show that reindeers can occupy areas with climatic conditions similar to those
forecast for the future, and that they were able to rebound after abrupt warming events.
Nevertheless, our future projections suggest a reduction in population size, with extirpations in
some areas of Russia and North America, where populations are currently declining (62). Our
results concord with correlative projections for reindeer, which forecast poleward range shifts
(34, 38), extirpations in southern regions, and high fragmentation of the range, being most
severe in North America than Eurasia (38). Although future Arctic warming is forecast to be
similar in magnitude and pace to past events (63), absolute temperatures will be higher than
experienced since the Last Interglacial (~ 120 ka BP) (64), affecting the entire Arctic ecosystem
(4). With subarctic species expanding poleward, bringing diseases, and increasing the
competition for resources (65), it is likely that climate change will have impacts on reindeers
that have not been explicitly considered in our macroecological models.

Our findings are dependent on currently available projections of past climatic change,
human expansion, and inferences of demographic changes from fossils and aDNA. Therefore,
the uncertainty around estimates of past range and population dynamics of reindeer is likely to
be reduced with new fossil discoveries and more accurate projections of growth and migration
of anatomically modern humans. Simulations could also be potentially improved by accounting
for the effect of topography operating on the demography of the species at finer spatial scales
than the resolution of our models. These include, but are not limited to, elevation and bodies
of open water in the Canadian Arctic Archipelago, which are likely to have limited dispersal
and connectivity among populations (66).

Here, we opened a window into late Quaternary biodiversity dynamics using process-

explicit macroecological models to synthesise inferences of past demographic change from
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fossils and aDNA, revealing the ecological processes and threats that have shaped the range
and abundance of reindeers over the last 21,000 years. This new historic perspective has shown
the importance of identifying ecological responses to varying biotic and abiotic stressors for
metapopulations, and for using this information in simulation models to assess the future

survival of species under climate change.

Materials and Methods

We built process-explicit macroecological models for reindeer that simulate interactions
between metapopulation dynamics, climate variability, and human harvesting (Figure S1). We
used these models to continuously reconstruct 21,000 years of range contraction and expansion
across Eurasia and North America. Simulations of spatiotemporal abundance were optimised
with inferences of demographic change from hundreds of fossils and aDNA sequences using
pattern-oriented methods (67). The R code for the models can be found at Appendix 2. The
approach is described in detail in the Supplementary Methods. Appendix 1 and Appendix 2 in
support of this manuscript can be accessed at:

https://github.com/ecanteri/Ecological resilience reindeer.qgit

Reindeer niche

Radiocarbon dated and georeferenced fossils for reindeers from the Late Pleistocene and
Holocene were sourced from publicly available databases and published literature (see
Supplementary Methods for details and sources). The reliability of radiocarbon ages was
assessed (68) and calibrated using OxCal and the IntCal20 calibration curve (69, 70). This
resulted in 939 reliable fossils with ages younger than 21 ka BP (Appendix 1; Figure S2). Fossil
data was supplemented with modern occurrence observations retrieved from GBIF
(https://doi.org/10.15468/DL.QW3LPI) (71) for the period 1700 C.E. — 2019 C.E. (Figure S2;

Appendix 1). We discarded fossil material before 21 ka BP, due to constraints in the temporal

extent of the paleoclimatic data (72).

Fossil and observation locations and time periods (calibrated age £ 1 SD for fossils)
were intersected with paleoclimate simulations of average minimum daily temperature in
January, annual daily average precipitation, and total evapotranspiration in spring and summer,
using the TraCE-21 ka simulation of the transient climate of the last 21,000 years (73), accessed

through PaleoView (72). These climatic variables affect the population dynamics of large
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herbivores in polar regions (Supplementary Methods). Because TraCE-21 data is not available
after 1989 C.E., we harmonised recent climatic observations from CRU TS v4 (74) with the
TraCE-21 simulation using the change factor method (75). All climate data were resampled to
a 1° x 1° resolution.

The paired climate-occurrence data was used to generate a biologically relevant
representation of the climatic conditions over which reindeers occurred at fossil and modern
occurrence sites (76). The resulting 3-dimensional hypervolume (Figure S3), which
approximates the fundamental niche of the reindeer (76), was exhaustively subsampled to
generate thousands of potential realized niches (11). This allowed the realised niche of the
reindeer to be identified using process-explicit macroecological modelling (see below).
Subsampling of the niche was done using Outlier Mean Index (OMI) analysis (77), using
plausible bounds of climatic specialisation and niche breadth (11).

Spatial projections of climate suitability from 21 ka BP to 1500 C.E. (pre-
industrialisation) for each niche subsample (n = 2500) were generated at 7-years generational
time steps (78), accounting for latitudinal variation in grid-cell size and temporal variation in
the proportion of a cell that is covered by land or sea ice. Methods used to model the ecological

niche of the reindeer are described in detail in the Supplementary Methods.

Human relative abundance

The relative abundance and expansion of palaeolithic humans in Eurasia and North America
were modelled using a Climate Informed Spatial Genetics Model (CISGeM) (79). Pattern-
oriented modelling has shown that CISGeM can accurately reconstruct arrival times of
anatomically modern humans and current-day distributions of global and regional genetic
diversity (79, 80). This is done in CISGeM by modelling local effective population size (Ne)
as a function of genetic history, local demography, paleoclimate, sea level and net primary
productivity over the last 125k years (79, 80). Arrival time, occupancy, and density (here Ne)
of humans are forced in CISGeM by spatiotemporal estimates of climate, sea level changes
and ice sheet dynamics, operating at 25-year time steps for the past 125 k years. To do this,
climate data from the HadCM3 global circulation model prior to the last glacial maximum was
harmonized with TraCE-21 data (81). To account for parameter uncertainty in spatiotemporal
projections of Ne, we used published upper and lower confidence bounds for CISGeM
parameters (79) to generate 4,950 plausible models of human migration, each with a unique
combination of parameters.
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We rejected CISGeM model simulations that were unable to successfully replicate
human arrival times in North America (81). We then calculated the ensemble mean and
standard deviation for each grid-cell at each time step in the model from 21 ka BP to 1500 C.E.
and used this information to generate 100,000 potential human migration and population
growth scenarios (11). All Ne values were scaled between 0 and 1 (using the 95™ percentile of
the values from the multi-model mean) and used as a measure of human relative abundance in
the process-explicit macroecological model (see below). CISGeM and its application are

described in detail in the Supplementary Methods.

Climate-human-reindeer interactions

Process-explicit macroecological models of the range dynamics of reindeer were generated
using spatially explicit population models (82). Demographic processes (population growth,
dispersal, source-sink dynamics and Allee effect) were simulated as dynamically responding
to changing climatic conditions, human harvesting, and their interactions, from 21 ka BP until
1500 C.E. (Figure S1) at a generational time step of 7 years (78). Model parameters centred on
best estimates for demographic processes (population growth rate and variance, dispersal,
Allee effect), environmental attributes (niche breadth and marginality), and threats (human
abundance and exploitation rate), were varied across biologically plausible ranges (Table S1),
using Latin Hypercube sampling of uniform probability distributions (82). This produced
100,000 possible model parametrizations, each with different demographic processes and rates
of climatic change and exploitation by humans. Each model was run for a single replicate (83).
SEPMs were built using the ‘poems’ and ‘paleopop’ R packages (84, 85). Their structure and
parameters are described in detail in the Supplementary Methods.

We used pattern-oriented modelling (POM) to evaluate different combinations of
model parameters (44), by cross-matching model simulations with inferences of demographic
change from fossils and aDNA, using Approximate Bayesian Computation (ABC) (86). We
did this using a multivariate validation target, consisting of occupancy at fossil sites (age £ 1
SD), arrival time in Greenland and timing of regional extirpation in Europe (both corrected for
the Signor-Lipps effect) (87), and slope of trend in effective population size (Ne) estimated
from aDNA (11). Estimates for these targets are in Table S2.

POM methods and ABC were used to identify the top 0.5% of model simulations (n =
500) that most closely reconcile with the validation targets. In ABC analysis, we used the
rejection method (88), modified so that the Euclidean distances are scaled by the standard
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deviation of the data and not the median absolute deviation (89). The parameter distributions
of selected models (i.e., posterior distribution) were compared with their prior ranges (89) using
Bayes Factor analysis (90). To improve model fit, we used informed priors derived from the
posterior distribution of the selected models and ran additional 10,000 simulations. We
repeated this optimisation procedure three times, each time selecting the best 50 models. Model
fit was tested using posterior predictive checks (Figure S5, see Supplementary Methods for
details).

Reindeer abundance, human density, and number of harvested individuals were
mapped in space and time using an ensemble average of the best selected models (weighted by
the Euclidean distance from the multivariate target) (82). The ensemble average of reindeer
abundance was then used to calculate time of extirpation and change in range-wide and regional
population size (11). We validated our abundance maps using environmental DNA (eDNA)
evidence of reindeer occurrence during the Late Pleistocene and Holocene (56 occurrences)
(91). This secondary test, using independent validation data, was done to confirm whether the
selected models did indeed adequately capture the past distribution and range dynamics of the

species (67).

Impacts of climate change and harvest on reindeer abundance

To disentangle regional and temporal effects of climatic change and human hunting on reindeer
population abundance, we used Gaussian generalised additive models to analyse projections of
abundance from the ensemble average of the best-performing simulations (92). We analysed
the abundance response in four separate subregions (Europe, Asia, Beringia, and North
America) and for two periods of time (Deglaciation: 21 — 11.7 ka BP; Holocene: 11.7 ka BP —
1500 C.E.). We used mean abundance over 100-year time bins as our response variable, with
average temperature (°C) and human density (scaled Ne) as predictors. Time and regions were
used as random effects.

The effects of climatic changes and hunting by humans on reindeer abundance and
distribution were further tested by examining the biological consequences of two possible
alternatives to past events: 1) ‘No Harvest’, in which models include climatic change but no
hunting by humans, and 2) ‘Stable Climate’, in which human hunting is modelled but climatic
conditions at 21 ka BP are kept constant until the end of the simulation. Counterfactual
scenarios were parameterised using informed priors, from the posterior distribution of the
selected models. We ran 10,000 simulations for each scenario. We compared the ability of the
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models to reconcile the POM validation targets and calculated the difference in time of
extirpation between the baseline (Harvest and Variable Climate) and the two alternative

scenarios.

Future impacts of climate change

To assess future responses of reindeer to human-induced climatic change, we used the
parameterization of validated simulations of the past to simulate spatiotemporal abundances
from 2016 C.E. to 2100 C.E., under two Representative Concentration Pathways: a mitigation
policy scenario (RCP4.5.) and a “business-as-usual” scenario (RCP8.5) (93). We accessed
future projections of climate change using StableClim (94), which have been harmonized to
the TraCE-21 data (Figure S7). We ran 10,000 simulations for each scenario using informed
priors derived from the posterior distribution of the process-explicit macroecological models
that did best at replicating the POM targets. Initial abundances were restricted to the current
range of the species (2). Simulations accounted for the effect of future land-use change (95) on
carrying capacity (See Supporting Methods).

For each simulation of future reindeer abundance, we calculated Expected Minimum
Abundance (EMA) and range area. We measured extinction risk by estimating the percentage
of change in EMA and range area between 2016 and 2100 C.E. We repeated the process for
the past simulations over windows of 12 generations, to identify whether magnitudes of
reductions similar to future predictions have happened in the past (see Supplementary Methods
for details). Finally, we quantified the location of analogues of future climate change at the
Last Glacial Maximum (21 ka BP) and the Holocene Thermal Maximum (6.5 ka BP): climatic
conditions of occupied cells that range within the minimum and maximum of the climatic

conditions of occupied cells in 2100 C.E.
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Figure 1. Model performance and posterior distributions for modelled
parameters.

A, Histograms show the distribution of summary statistics for simulations of the final run of
simulations and the previous two (blue bars). Yellow bars show the summary statistics for
simulations of Run 3 selected using POM and ABC. Red vertical lines show the values used
as validation targets in ABC. Y-axes are on the log scale (1e06). B, Density of the posterior
distribution compared to a uniformly distributed prior (values are scaled). Variable
demographic parameters in the SEPM are: variation in population growth rate (Environmental
stochasticity); maximum population growth rate (Growth Rate Max); proportion of individuals
dispersing at each time step (% of dispersers); maximum dispersal distance (Max Dispersal
Distance); Alle 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 11 to Type 11 functional response (Harvest z). Variable parameters describing
ecological niche requirements are: distance between the climatic conditions of the occupied
and potential fundamental niche (OMI), and breadth of climatic conditions the species can

occupy (niche volume).
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Extirpation (ky BP)

Figure 2. Change in the distribution of reindeer over the last 21,000 years.
A, Projected time of extirpation of reindeer. B, Areas simulated to be occupied in 1500 C.E.,

with their relative densities. C, the current natural distribution of reindeer (2).
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Figure 3. Trends in simulated total abundance.

A, Reindeer relative abundance (mean simulated abundance £ 1 SD), habitat suitability (dark
grey thin line), and human density (light grey thick line) in Europe, Asia, Beringia, and North
America. Region subdivision is represented as an inset in the North American panel. B shows
multi-model average relative abundance (mean + 1 SD) on the left y-axis and mean temperature
on the right y-axis (blue line), over the full Holarctic region. Orange vertical lines show the

time of major climatic events since 21 ka BP.
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Figure 4. Effect of temperature and human density on reindeer abundance.

Relationship between trends in reindeer abundance and average temperature and human
density for Europe, Asia, Beringia, and North America. Coloured lines represent the effect (y-
axis) of average temperature and human density (x-axes) on reindeer abundance over the last
deglaciation (21 — 11.7 ka BP) (A) and over the Holocene (11.7 ka BP — 1500 C.E.) (B)
according to generalised additive models. The shading represents the 90% CI around the
effects. Coloured points represent the partial residuals. Rugs on the x-axis show the distribution

of the predictors for each region.
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between the baseline and each scenario (D: Stable Climate; E: No Harvest).
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(B) for the period 2016 — 2100 under two RCP trajectories (RCP4.5: blue; RCP8.5: red). C,
Difference in absolute abundance between 2100 and 1500 and between 2100 and 2016. Warm
colours indicate higher abundances in 1500 or 2016 compared to the future, while cool colours
indicate higher abundances in 2100. Pale yellow indicates no change and dark grey indicates

areas of future extirpation. Projections are based on outputs from 10,000 optimised models.
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Supplementary Methods

Data

Fossil records and modern occurrences

We compiled dated georeferenced fossil records and modern observations of reindeers (Rangifer
tarandus) to model the ecological niche of the species over the last 21,000 years, and to estimate
regional extinction and colonisation events.

Fossil records provide geolocations of individual animals that roamed in Eurasia and North
America during the Late Pleistocene and Holocene. All records were obtained from the literature and
publicly available databases, including Stage3, Neotoma, CARD, and PIDBA (96-99). For each fossil
record, we obtained information about its location, age, dating method, and association with human
remains. We calibrated the radiocarbon dates using the OxCal online tool and the IntCal20 calibration
curve (69, 70). To assess the quality of the fossil records, we followed the criteria defined by
Barnosky & Lindsey (68). We discarded unreliable records (i.e., score < 10; n = 297), records with
no date (n = 5), and records with calibrated dates older than 21,000 years BP (n = 449). We obtained
a final number of 939 fossil records, that we used to calibrate the climatic niche (Appendix 1; Figure
S2).

Modern records of reindeers (n = 16,564) were retrieved from GBIF

(https://doi.org/10.15468/dl.cl2hdw) (71). We removed records with missing or incorrect

coordinates, missing date information, and records from re-introduction or translocation areas, fossils,
and zoo specimens. The remaining records come from museum specimens, and human (citizen
science projects) or machine (camera-traps) observations. We filtered out unreliable records, by
constraining records to the known range limits of the species. This filtering resulted in 5,239 modern

observations of reindeers to be used for the calibration of the climatic niche (Appendix 1; Figure S2).

Paleoclimate data

We used PaleoView (72) to generate gridded paleoclimate reconstructions for the Northern
Hemisphere and for the period 21,000 BP to 0 BP. Climatic variables were chosen by considering the
potential direct and indirect effects on population dynamics of the species. Temperature in spring-
summer and mean annual precipitation are important distant predictors for grazing arctic species

because they drive primary productivity and therefore food availability and quality, which in turn
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indirectly determines the breeding success and the viability of offspring (100). Extreme winter and
snow conditions limit access to food and cause increased energy costs reducing fecundity and
increasing mortality of arctic ungulates (100, 101). The temperature of the coldest month can
therefore be used as proximal predictor for physiological constraints.

We generated continuous 30-year average projections for average minimum daily temperature
in January, average maximum daily temperature in January, average maximum daily temperature in
July, precipitation seasonality, annual precipitation, and temperature seasonality at generational time
steps (7 years; see below). We also generated monthly, seasonal, and annual reference
evapotranspiration (ET) using mean minimum temperature, mean maximum temperature, monthly
precipitation (all extracted from PaleoView) and solar radiation estimated from latitude, using a
modified Hargreaves equation [Equation 5 in Droogers and Allen (102)]. Combinations of mean
annual temperature, mean temperature of the warmest month, mean temperature of the coldest month,
mean winter temperature, mean summer temperature, annual precipitation, precipitation seasonality
and ET have been previously used to model range dynamics of large vertebrates in Eurasia (19, 38,
48, 103). These climatic variables are also 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 reindeer population dynamics (104).
While important proximal predictors, such as snow depth and snow conditions (100, 104) were
considered, they are difficult to simulate at a Holarctic scale (105), particularly over paleo time scales.

The spatial resolution of the paleoclimatic data was resampled from 2.5 x 2.5 to 1 x 1°
resolution, using bilinear interpolation. All fossils were paired to the paleoclimate projections by
intersecting climatic values in each specific georeferenced fossil location for the period + 1SD around
the age of the fossil (11). Values for precipitation and ET were then rounded to 2 decimal places, with
temperature rounded to one decimal place. Fossil records that had identical climate values in space
and time were then merged to keep unique records only. For example, in a location with records:
fossil A =10,800 — 7,500 cal BP; fossil B = 11,500 — 10,000 cal BP; fossil C = 11,200 — 9,400 cal
BP, the resulting set of climatic conditions will belong only to fossil A (10,800 — 7,500) and fossil B
(11,500 - 10,800).

To better capture the climatic niche of the species, we decided to randomly sample points
from the Eurasian part of the range of the species, as defined by the IUCN Red List (2), because most
of the modern records were North American observations. We downloaded from the IUCN Red List

website (2) the shapefile of the range of the species and constrained it to Eurasia. We calculated the

154



Supplementary Methods

point density (individuals/m?) in North America, using the GBIF data we already had, and we
calculated the number of points that we would have to sample in Eurasia to obtain the same point
density. Because we already had some observations (mainly in Scandinavia), we calculated the
number of GBIF points already covering the Eurasian range and we subtracted them from the total
number of points to be sampled. This resulted in an additional 127 points for minimum temperature
in January, annual precipitation and reference evapotranspiration in spring and summer for the year

0 BP (1950 C.E.) to be randomly sampled from the Eurasian range.

Modern climate data

As PaleoView projections do not go beyond 1989 C.E. (72), we used the CRU TS v. 4.03 (74) to pair
the modern climate with the modern occurrences of the species. The CRU climate data contains
temperature and precipitation data from 1901 to 2018 at a 0.5 x 0.5° resolution. We resampled the
resolution to a 1 x 1° grid cell resolution using bilinear interpolation. To align the CRU data with
PaleoView, we used a change factor bias correction (75), allowing us to align the modern climate
data to PaleoView at 1974 C.E. This resulted in continuous projections of our climate variables from
21,000 BP to 2018 C.E.

We paired the historical (GBIF) records with the modern climate by assuming that the
individuals were present on the same location for one generation. We extracted all the climatic values
associated to half a generation before and after the year of the observation, in a specific location. As
an example, a reindeer record dated 2001 will be associated to climatic values that span the interval
1998-2004, with a generation length of 7 years. We excluded records that did not have matching

years. As for the paleoclimate, we removed duplicated sets of values.

Climatic niche

We used the climatic values associated with fossil and modern occurrence records to derive a multi-
temporal n-dimensional hypervolume of the climatic niche requirements of the reindeer, representing
the climatic space where the species can persist and thrive (76, 106). We did this using the
‘hypervolume’ package in R (106).

Before building the niche models we tested for collinearity among climatic variables, defining
as threshold |r| > 0.7 (107). We used the three least correlated variables (|r| < 0.7) to generate the niche
hypervolume: 1) average minimum daily temperature in January; 2) annual precipitation; 3) total ET

in spring and summer. We built gaussian hypervolumes, tuning the kernel density estimation (KDE)
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bandwidth using cross-validation (106). The final hypervolume contains 30,426 set of climatic
conditions (data points, Figure S3), and approximates the fundamental niche of the reindeer (76).

We exhaustively subsampled the full multi-temporal niche hypervolume by setting cutting
‘boxes’ with different widths (from 0.5 to 1, every 0.05), and moving throughout the 3-dimensional
space. These subsamples are representative of the potential realised niche used by the reindeer and
allowed the actual realised niche of the reindeer to be identified in a later step using process-explicit
macroecological modelling (see below). This process generated 7,405 unique niche subsamples. We
calculated marginality (OMI) of each unique niche subsample using the ‘ade4’ R package (108),
based on the method described in (77). The breadth of each niche subsample was calculated based on
the volume of the resulting 3-dimensional hypervolume. To do this, each subsample hypervolume
was generated, using the KDE bandwidth of the full niche hypervolume. To relate each subsample to
the full niche, the data was scaled and centred based on the mean and SD of the full niche. We used
measures of breadth and marginality to select 2,500 potential realised niches for reindeer, ensuring
that the distributions of marginality and breadth for the 7,405 niche samples were maintained.

We used the 2,500 potential realised niches and the full niche for the reindeer to project
climate suitability through space and time (every 7 years), using the ‘hypervolume project’ function
in the ‘hypervolume’ R package (106), for the period 21,000 BP to 1500 C.E. Projections using this
kernel density approach at its default settings produce similar results to the standard maximum
entropy method (Blonder et al., 2018). Ecological niche models of climate suitability were then
reprojected using bilinear interpolation to a Lambert Azimuthal Equal Area projection centred on -
15° east and 57° north, with a resolution of 100 km x 100 km.

Human densities

We modelled the peopling of Eurasia and North America by Paleolithic humans using the Climate
Informed Spatial Genetics Model (CISGeM), where genetic history and local demography is
informed by paleoclimatic and paleo-vegetation reconstructions of net primary productivity (NPP)
(79), which has been shown to be a primary determinant of global human population densities (109).
The model has previously been shown to reconstruct arrival times of anatomically modern humans
and current-day distributions of global and regional genetic diversity (79, 80). Like other numerical
models of early human migration (56), arrival, occupancy, and density (here Ne) are forced by
spatiotemporal estimates of climate and sea level changes over the past 125 thousand years.

In CISGeM, the world is represented by a hexagonal grid, each cell 100 km wide. The

potential number of people who can live in each cell (carrying capacity) is determined by
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reconstructions of NPP done by coupling the HadCM3 paleoclimate model to the Miami vegetation
model (110). Every 25 years (approximately the generation time of humans), the carrying capacity is
updated to allow for changes in climate, as well as sea level and ice sheet extent. At each generation,
any cell that is inhabited will grow with a rate r (until it reaches the local carrying capacity), sending
out migrants to other inhabited cells at rate m, or colonists to previously uninhabited cells at rate c.
The relationship between carrying capacity and NPP, as well as the values of other demographic
parameters, were fitted using pattern-oriented methods (111) using an Approximate Bayesian
Computation framework (86). Targets for model calibration were pairwise genetic differentiation
among a large panel of modern-day human populations. In other words, the demography was
calibrated to produce realistic genetic differentiation patterns across the globe. Eriksson et al. provide
a detailed description of CISGeM parameters and procedures (79).

Based on the ABC fit (79), we took the best 4,950 parameter combinations and reconstructed
population sizes through time. Effective population size in 21,000 BP was initialised (for each
parameter combination) with values based on the HadCM3 climate model. A burn-in period of
approximately 80 generations (where climatic conditions were held constant at 21,000 BP conditions)
was used to ensure equilibrium effective population size at the beginning of the simulation. An upper
plausible threshold for Ne was set at 500 individuals per grid-cell based on estimates of true
abundance in modern-day hunter-gatherer societies (112). We filtered for runs in which humans
colonize North America and Greenland, and we calculated average Ne £ SD. The final average and
SD in human populations was projected to match the climate suitability projections. Finally human
densities based on Ne were scaled between 0 and 1, using the 95™ percentile of the ensemble mean as
threshold.

Process-explicit models

Ecological niche models of climate suitability and CISGeM estimates of human population size were
coupled with stochastic demographic models to simulate extinction and colonization dynamics and
other metapopulation processes at the landscape level (Figure S1). The resulting process-explicit
macroecological model was coded in R using the ‘poems’ and ‘paleopop’ packages (84, 85). The

models were run at generational time steps (7 years) from 21,000 BP to 1,500 C.E.

Generation length

We used a generation length of 7 years following the calculations from Pacifici et al. (78), according
to the following equation:
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GL = R_span * 0.29 + AFR

Where R_span is the species reproductive life span, defined as the difference between the age at last
reproduction and the age at first reproduction (AFR) (113, 114). A generation length of 7 years for
the reindeer has also been approved by expert knowledge.

Upper abundance

The upper abundance (carrying capacity) of each cell was based on climate suitability (115). To
convert climate suitability to upper abundance, we assumed that the maximum area of suitable habitat
in any given cell was < 2,500 km? not 10,000 km?2. This approach appropriately addresses the
mismatch between the spatial scale of the model and how reindeers are likely to have used the
landscape (11, 116). We set upper abundance at 3.3 reindeers/km? and allowed it to vary between 0.4
and 6.2 individuals/km?. These values are based on density estimates for populations that have been
monitored during winter (117). Reindeers tend to aggregate in very high numbers to forage during
summer, resulting in biased estimate of population densities (118). We specifically looked for

estimates resulting from monitoring schemes occurring during other seasons.

Population growth

We used time series data of population abundance (Figure S4) to calculate finite rates of population
increase and their variance, and maximum population growth rate (119). Specifically, we fitted linear
models to time series data from Finland (n = 4), Norway (Svalbard) (n = 3) and Norway (mainland)
(n =3) (120-122), using the ‘fit_easylinear’ function of the ‘growthrates’ package in R (123). These
time-series are either density or count data, contain no gaps and have more than 5 years of sampling.
We used only the increasing subsets of the time-series to calculate maximum growth rate. To better
understand model fit and its sensitivity to the number of data points in the time series, we repeatedly
fitted models to 3, 4, 5, 6 and 7 data points for each time-series. We then selected, for each time
series, the estimate of maximum growth rate resulting from the model with the highest R?. The upper
range of the estimates comes from Brgggerhalvgya (Svalbard) time-series, with a model fit to 3 data
points. The lower range of the estimates comes from the Rakkonjarga (Norway) time-series, with a
model fit to 5 data points. This resulted in a parameter range for Rmax of 1.087 — 1.347. We scaled
Rmax to the generation level by taking the exponent (1.3477) and treated this as an upper estimate of

Rmax in the model, with a parameter range of maximum R0 = 1.75 — 7.94.
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We used time series data for 4 populations around carrying capacity to calculate the standard
deviation (SD) in population growth rate (120-122). We used the years 1998-2013 of the Reindalen
(Svalbard) time-series, the years 2005 — 2013 of the Rakkonjarga (Norway) time-series, and the full
time-series for Palojarvi (Finland) and Snghetta (Norway). For each time series, we modelled a
fictional population already at carrying capacity, fluctuating for 700 years (100 generations). We set
an initial abundance of 1000 individuals, with carrying capacity at 1000 individuals. Doing this
resulted in a mean estimate of SDro of 0.35, which we treated as an upper estimate based on model
simulations. The upper and lower bounds for SDro were set at 0 to 0.35 (Table S1).

Density dependence was modelled in the process-explicit simulations using a Ricker-logistic
function (124). A Ricker-logistic function was chosen because it assumes an almost exponential
growth rate when populations abundances are small and predicts a decrease in population growth rate

when populations approach carrying capacity, reflecting competition for resources at carrying
capacity.

Dispersal

Studies indicate that the reindeer is a highly mobile species, being the species with the longest
terrestrial migrations (125). The round-trip Euclidean migration distance within a year was calculated
to be 1350 km (125), making the one-way distance 675 km. We treat the latter as the maximum
distance the species can disperse in one generation, assuming that individuals are able to move that
far. We use an average maximum distance of 385 km, which agrees with the range shift and expansion
monitored during one generation for populations in Alaska (117, 126). We set upper and lower
bounds on the percentage of population dispersing per generation of 5 —30% (119) and on maximum
dispersal distance of 100 — 675 km.

Dispersal was modelled using the following equation:

2
m:: =144 b

ij D < Dpax (2)

0, D = Dyax

Where movement (m) between cell i and j is a function of the parameters a, b, and Dmax; and Dij is
the distance between the two populations. The parameter a is 0.5 x the total proportion of dispersers
that leave a cell at each time step and b and Dmax are modelled as one of 9 combinations depending
on the estimate of D (Appendix 3 [Table 2] in Fordham et al. (11)). This approach prevents large
dispersal rates to closely neighbouring cells (i.e., the drainage effect) by pre-calculating a fixed

proportion of individuals that should move to a given cell based on a, Dmax and Dij.
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Dispersal was limited depending on the habitat suitability within source and target cells, and
on the proportion of glacial ice present in target cells. Dispersal was completely blocked to cells
covered by the sea and fractionally reduced to cells containing glacial ice. We did this using a friction
map and distance-equivalence multipliers, calculated using a cost-surface generator (82). For
example, if two patches of highly suitable habitat are separated by a strait, following the land towards

the second patch is less costly than directly crossing the strait.

Allee effect

We set a local quasi-extinction threshold (116) which made cell abundance zero if abundance fell
below the Allee threshold. Due to lack of information on Alle effect for reindeer, we followed the
methodology used for the woolly mammoth in Fordham et al. (11). The range of values for the Allee
effect were O (i.e., no Allee effect) to 500 individuals per grid cell (Table S1).

Environmental correlation

This was a fixed parameter in our models that was set to b = 850 km (60), where b is the decay
constant of an exponential decline model. This parameter accounts for similarity in environmental

fluctuations for populations located close together versus further apart.

Human hunting

Human hunting of reindeers was modelled as a function of the timing of arrival and relative density
of humans at a given cell. Using Latin Hypercube sampling (see below) we generated 100,000
plausible reconstructions of human population abundance, by sampling within £ 1 SD of Ne using a
lognormal distribution (11). Because reindeers were among the favourite preys of anatomically
modern humans, we let the maximum exploitation vary between 5% and 50% of the population
abundance, under a Type Il to a Type Il functional response. Harvesting is modelled as a function
of density of prey population (P; current population size divided by maximum population size),
maximal predation rate (F), prey density at which predation is half-maximal (G), and a measure of
departure from maximal predation (z). The equations used to model harvest can be found in Fordham
et al. (11). In our models, the parameter z is a variable parameter, which takes values between 1 and
2 (127). A value of z = 1 results in a Type Il functional response, where predation is modulated only
by prey density and predator satiation, implying complete naivety of prey. Atz > 1.5 hunting success
takes on an increasingly sigmoidal Type I functional response, under which prey become harder to

hunt at low densities. This might result from prey adaptation (evolved or learned behaviour), prey
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switching by hunters, or prey being located in refugia (128, 129). Parameter G was set constant to 0.4
(127, 129), and F varied from 0.05 to 0.50. The harvesting pressure was set globally — i.e., there were

no regional differences in harvesting pressure.

Latin Hypercube Sampling

We generated process-explicit macroecological models using combinations of values for
demographic parameters and environmental attributes that varied across plausible ranges (82).
Sampling of these values was done using Latin Hypercube sampling from uniform distributions,
providing a robust coverage of the multi-dimensional parameter space (130). We produced 100,000
conceivable models with different combinations of demographic parameters values using mean (+
1SD) estimates of human abundance. We produced another estimate of 100,000 conceivable models
with demographic parameters identical to the first set but using the median (£ 1 MAD) estimate of
human abundance. This resulted in 200,000 plausible demographic models, each of which we ran as
a single replicate (83).

Models were initialised at carrying capacity in all areas except Greenland, where abundance
was set to zero in any cells with carrying capacity greater than zero. Following initialisation (i.e.,
burn in) cells in Greenland were allowed to be colonised. We did this because although ice-free areas
were present in Greenland during the Last Glacial Maximum, these were unlikely to have sustained

vegetation and animals (131).

Pattern-oriented modelling

We used pattern-oriented modelling (POM) techniques (44) to evaluate the adequacy of the process-
explicit macroecological models to simulate mechanistic responses to climate change and human
exploitation, and to reconstruct known range dynamics and the current distribution of the reindeer.
Model simulations of changes in abundance through time and space were assessed using a

multivariate target based on inferences from the fossil record and historical observations.

Observed and modelled summary statistics

We extracted summary statistics for each simulation and calculated the deviation from the simulated
and inferred pattern. We did this for:
e Occupancy pattern: agreement between simulated and inferred occupancy. Occupancy at a

fossil site was correctly simulated if there was positive abundance in that grid cell (or the 8
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surrounding cells) during the calibrated age = 1SD. We summed the number of records where
there was agreement between simulated and inferred occupancy.

e Local extirpation pattern: based on the fossil record, we calculated times of extirpation across
four sub-regions in Europe: Iberia (Iberian Peninsula at its maximum extent of land), British
Isles (including UK and Ireland), South Central Europe (Europe below 50°N), North Central
Europe (Europe between 50°N and southern Sweden) (Table S2). We used the ‘GRIWM’
method (132) to calculate regional extinction time, which accounts for the Signor-Lipps effect
(87). The resulting extinction times were: 12,727 BP (95% CI: 12,995 BP — 12,418 BP) for
Iberia, 9,120 BP (95% ClI: 9,385 BP — 8,880 BP) for British Isles, 9,677 BP (95% Cl: 10,182
BP — 8,956 BP) for South Central Europe, and 3,443 BP (95% ClI: 3,665 BP — 3,232 BP) for
North Central Europe. We calculated the Root Mean Square Error (RMSE) of the difference
between the simulated and inferred regional extinction times, from the fossil records, and
from each simulation (82).

e Aurrival time in Greenland. We used ‘GRIWM’ to calculate an arrival time in Greenland of
9,294 BP (95% CI: from 9,643 BP to 8,938 BP) based on the fossil records. Simulated time
of arrival was calculated as the first positive abundance in Greenland and the number of
generations away from the inferred arrival window was noted. If the arrival time in our
simulations fell within the mean £ 1SD arrival time based on the fossil records, the penalty
was 0.

e Slope of the total abundance trend. For each simulation we calculated total abundance over
the full period and fitted a linear regression. We did the same with the Bayesian Skyline Plot
of effective population size (Ne) for the reindeer. We then used the slope of the Neas target
for validating the simulations, meaning that simulations whose slope in total abundance trend

approximate the slope in Ne were selected.

Effective population size

Trends in effective population size (Ne), as Bayesian Skyline plots, can be used as validation target
of the change in total population size. The Bayesian Skyline plot of effective population size for the
reindeer was calculated using a previously compiled dataset, containing 853 radiocarbon-dated fossils
of reindeer, out of which 162 have associated aDNA sequences, which are available in GenBank
(133). Sequences were aligned in Geneious v1.9.8 (134) using default settings of the MUSCLE

algorithm (135). Radiocarbon dates were calibrated using OxCal and the IntCal13 calibration curve
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(136). We reconstructed the genealogy using BEAUti v.1.10.4 and BEAST v1.10.4 (137). We used
the average calibrated date of each fossil record as prior information for the tip-dates, and the standard
deviation to derive uncertainty in the tip-dates. We used jModelTest v2.1.10 (138) to find the best
substitution model and, based on Akaike’s Information Criterion (AIC), we selected the HKY +
Gamma + Invariant Sites substitution model. We used a strict molecular clock, a Coalescent Bayesian
Skyline Tree Prior, a constant Skyline Model and the UPGMA starting tree. The Markov Chain
Monte Carlo run was set with a chain length of 108 and to log parameters every 10* simulations to
avoid possible autocorrelation during the MCMC analysis. We then analysed the output using Tracer
v1.7.1 (139). Our approach resembles the approach used by (20) to investigate changes in mammal

Ne based on aDNA and contemporary sequences.

Approximate Bayesian Computation analysis

We used Approximate Bayesian Computation (ABC) (86) to validate our 200,000 process-explicit
simulations using the ‘abc’ package in R (88). Specifically, we used ABC to fit the simulation models
to data and estimate (and narrow down) the posterior distribution of model parameters. There were
12 variable parameters in the process-explicit models, covering demographic, harvest, and niche
parameters (Table S1). We used the ‘rejection’ method and a modified version of the ‘abc’ function
in the ‘abc’ R package. With the rejection method, Euclidian distances are calculated between each
summary statistic and the target. In the modified function, we scaled the Euclidean distances using
the SD of the data, and not the median absolute deviation (MAD, the default), following Equation 5
in van der Vaart et al. (89). The SD was chosen as scaling factor because the MAD of one summary
statistic (colonization penalty) was zero, leading to an undefined distance. Simulations were accepted
if the sum of the distances fell below the threshold defined by a tolerance value of 0.0025 (88). ABC
modelling is therefore selecting simulations that can simultaneously replicate multiple key
biogeographical patterns.

After the first run of simulations, the “best” models did well at hitting inferences of
spatiotemporal occurrence and change in total population size but found it more difficult to replicate
the extirpation patterns in Europe and timing of colonisation in Greenland. To improve the ability of
the models to hit the validation targets, we decided to run additional sets of 10,000 simulations using
informed priors. For each parameter, we generated new values under different distribution types
(uniform, normal, lognormal, Poisson, gamma, beta, negative binomial) constrained within the 90"
percentile of the posterior parameter distributions (ranges of posterior values in Table S1). We

compared each distribution to the original posterior parameter distribution by calculating minimum
163



Chapter IV: Ecological resilience of reindeers to past and future climatic change

AIC values and the delta AIC (AAIC). Based on the distribution with the lowest AAIC, we sampled
10,000 values for each parameter, which we used to run additional process-explicit simulations.
Niches for the following runs were selected based on the range of OMI and volume of the niches
selected from the ABC. Niches whose values of OMI and volumes were within the range of minimum
and maximum OMI and volume of the niches used in the best model were retained. After each run of
simulations, we repeated the ABC validation to extract the best models. We used Bayes Factors to
estimate parameter convergence after each run. If the prior and posterior distribution of each
parameter did not converge, we repeated the process of sampling new informed priors, running the

simulations and validating the simulations with ABC. We repeated this process a total of seven times.

Model fit

We calculated model fit with the ‘gfit’ function of the ‘abc’ package, and with posterior predictive
checks. We calculated summary metrics for each model and then calculated the distance between the
summary metrics for each model and the target, and the distance among summary metrics across the
models. The models are expected to be a good fit of the observed data if the distances ‘between’ and
‘among’ are congruent (140). However, at the end of the optimisation process the model was not a
good fit for two targets out of four (fossil occupancy and extirpation pattern; p-value < 0.001) (Figure
S5), resulting in a poor model fit. This was confirmed by the Goodness-Of-Fit (GOF) analysis from
the ‘abc’ package, resulting in a p-value of 0.01. Therefore, we decided to calculate model fit for each
of the previous runs. The run with the best model fit was the third run, with a GOF p-value = 0.274
and posterior predictive checks resulting in p-value = 1 for three out of four targets (Figure S5). The
poor model fit for runs following the third run indicate model overfit. Therefore, the results presented

in the manuscript are for the third run.

Timing of extirpation

The selected models were used to generate an ensemble average of total population abundance,
human density, and number of harvested individuals, all weighted by the inverse of the Euclidean
distance of the model from the idealized targets. Based on the ensemble average of population
abundance, we generated an extirpation map showing the timing of extirpation in each grid cell up to
1500 C.E.
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Effects of climate change and human harvest on reindeer abundance

To determine the magnitude of impacts of climatic changes and hunting by humans on reindeer
abundance and distribution, we performed two counterfactual scenarios: no harvest, in which there is
climatic change but no modelled hunting by humans, and stable climate, in which human harvesting
is present but climate suitability at 21,000 BP has been held constant until the end of the simulation
(1500 C.E.). The counterfactual scenarios were run using informed priors, deriving from the posterior
parameter distribution of the selected models, as determined by the ABC. We ran 10,000 simulations
per scenario and compared them to the baseline (non-counterfactual) posterior draws of the selected
models. We calculated the ensemble average from the 10,000 simulations for the baseline model and
the two counterfactual scenarios to calculate extirpation maps, one for each scenario. We then
calculated the difference between the baseline extirpation map and each of the two scenarios.

To disentangle regional and temporal effects of climate change and human hunting on
reindeer total abundance, we analysed the abundance trend of the ensemble average of the selected
simulations using gaussian generalised additive models (92). We analysed the abundance response in
four separate sub-regions (Europe, Asia, Beringia, and North America) and for two periods of time
(Deglaciation: 21 — 11.7 ka BP; Holocene: 11.7 ka BP — 1500 C.E.). We used mean abundance over
100-year time bins as our response variable, with combinations of average temperature (°C), and
average human density (scaled Ne). Time and regions were used as random effects. The model can
be expressed as:

Abundance ~ s(Temperature, by = Region) + s(Human Density, by = Region) + s(Time) +

s(Region)

Future impacts of climate change

To predict reindeer responses to future climate change, we ran process-explicit macroecological
models at generational time steps for the period 2016 — 2100, parameterised using the posterior
parameter distributions of the paleo-models selected by ABC. Carrying capacities were constrained
using land-use change projections for the same period, and abundances were initialised based on the

current range of the species.

Climate data

We accessed future projections of climate change using StableClim, which includes paleoclimate
simulations from the TraCE-21ka experiment for the period 21,000 BP — 100 BP (1850 C.E.),

165



Chapter IV: Ecological resilience of reindeers to past and future climatic change

historical simulations (1850 — 2005) for 19 Atmosphere-Ocean General Circulation Models
(AOGCMs) from the Coupled Model Inter-comparison Project phase 5 (CMIP5), and the
Representative Concentration Pathway (RCP) 2.6, 4.5, 6.0, and 8.5 trajectories for the same 19
AOGCM used for the historical simulations (94). We used RCP 4.5 and RCP 8.5 to run simulations
under an intermediate scenario and a worst-case scenario, respectively. StableClim projections were
aligned to the paleoclimate data used to build the multi-temporal climatic niche of the reindeer using
the change factor bias correction (75) and anomalies for the year 1974 C.E. (Figure S7). We checked
that the newly aligned dataset projects future anomalies for the Arctic (above 66°N) that are congruent
with the literature. We used the average of the years 1980 — 1999 as baseline and calculated the
difference between the baseline and each year between 2000 and 2100, for minimum temperature in
January, maximum temperature in July and annual precipitation. Maximum and mean anomalies for
the years 2000 — 2100 are shown in Figure S8 and agree with other estimates of anomalies for the
Arctic by 2100 (141, 142). Niches selected from the ABC analysis on the paleo-models were used to
project climate suitability across space and time, at generational time steps (7 years) and for the years
between 1953 — 2100, using the ‘hypervolume project’ function in the ‘hypervolume’ package in R
(143). Ecological niche models of climate suitability were then reprojected using bilinear
interpolation to a Lambert Azimuthal Equal Area projection centred on -15° east and 57° north, with

a resolution of 100 km x 100 km.

Land-use change

We applied a land-use change multiplier to the carrying capacities in the models, in order to constrain
the population models to areas with levels of disturbance suitable for the species. Land-use change
projections for the years 2016 — 2100 were accessed using the Land Use Harmonization Project
version 1 (LUH1) (95). The dataset contains History Database of the Global Environment (HYDE)
v3.1 land-use change projections for the years 1500 — 2005, and simulations of land-use change for
RCP 2.6, 4.5, 6.0, and 8.5 from CMIP5 (95). The database reports the proportion of grid cell that is
occupied by cropland, primary land, pasture, secondary land, and urban land. We used the GBIF
records to extract the values for each type of land in grid cells occupied by reindeers and calculated
the 90% CI of the distributions. We found that the proportion of grid cell occupied by cropland,
pasture and urban land was < 0.004, while it was < 0.35 for secondary land and > 0.36 for primary
land. Therefore, reindeers are present in primary land and partly in secondary land, while being absent
in croplands, pastures, and urban lands. We combined primary and secondary land to set a threshold

below which reindeers cannot be found. We extracted the values in occupied grid cells and calculated
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the 90% CI (0.42 - 1.00, for both RCP 4.5 and RCP 8.5). Values < 0.42 were converted to 0. The
values were then used as multipliers to the carrying capacity in the models.

Process-explicit models

We ran 10,000 models for each climate change scenario (RCP 4.5 and RCP 8.5) parameterised using
informed priors, deriving from the posterior parameter distribution of the models selected from ABC
(Table S1). Populations were simulated to respond only to changes in habitat suitability, without
harvesting. We scaled the carrying capacities based on the proportion of ‘undisturbed’ land, as
defined by the land-use change projections. Abundances were initialised in grid cells within the
current range of the reindeer, as reported in the IUCN Red List of Threatened Species (2). Models
were run at generational time steps (7 years) from 2016 to 2100, with a burn-in period of 50

generations.

Extinction risk and climate analogues

We generated an ensemble average of the 10,000 future simulations, accounting for probability of
occurrence (11). To determine a minimum threshold for occurrence, we calculated the probability of
occurrence that maximized the area under the receiving operating curve for occurrence record based
on predictions from a binomial GLM. Occurrence records were downloaded from GBIF, spanning
the period 2012 — 2022 (https://doi.org/10.15468/d1.bgyj3b) (144). We extracted the mean probability
of occurrence for each record and for 25 randomly sampled background points (145) for the year

2016. Using 10 repeats of 10-fold cross validation, we built 100 binomial GLMs using different
thresholds between 0 and 1 at 0.01 intervals. AUC was calculated for each of the models with the
smallest threshold (RCP 4.5: 0.07; RCP 8.5: 0.07) being chosen to maximise AUC (RCP 4.5: AUC
= 0.951; RCP 8.5: AUC = 0.949). Probability of occurrences below the threshold were set to 0 and
those above the threshold to 1. The binary map was then used as a mask to population abundances of
the ensemble average and of each model.

We calculated Expected Minimum Abundance (EMA) and range area (number of occupied
cells * area of the cell), for each model after accounting for probability of occurrence. We calculated

percentage of reduction in EMA and range area between the year 2016 and 2100 using the equation:

) thh— b
%Reduction = (

)*100
1
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Where t, is the value of EMA or range area at 2100 and ¢, is the value of EMA or range area at 2016.
Finally, we used the same formula to calculate the percentage of reduction in EMA and range area
within millennial bins from 21,000 BP to 1500 C.E., using a rolling window spanning 84 years (12
generations). For each selected simulation, we calculated the percentage of time steps (generations)
within each millennial bin that showed a reduction > 15% in EMA and > 13% in range area (same
magnitude to what is predicted for the future).

To check for climate analogues between past, present, and future, we first extracted climatic
values in grid cells simulated to be occupied by reindeers at 2100. For each time step between 21,000
BP and 1500 C.E. we then extracted the grid cells occupied by reindeers with climatic conditions
within the minimum and maximum of the climatic conditions at 2100. We repeated the approach for
areas simulated to be occupied by reindeers in 2016. Finally, we calculated the overlap between the
present and the Last Glacial Maximum (21,000 BP), and between the present and the Holocene
Thermal Maximum (6,503 BP).

168



Supplementary Methods

A) Spatially explicit population model B) Latin hypercube sampling
Hahltal Suita blllty Demographic Model Prior parameter distributions
£ [
; g .,  Parameter 1
2
BO
i'- lir" P‘ i |
B #=777~ Parameter 2
H /
e B N &
an H|gh Time L_\ Parameter 3
|
C) Process based projections D) validation

Fossil occurrences Effective population size Local extirpation

3/ Population growth

Harvest H

g 3

gl £ X

H 2, . 0

& b
N . , XX

Time Years BP
E) Parameter distributions F) Validated projections

Extirpation Pattern Abundance trends

Posterior parameter distributions

r — 3 s
5
F-— 4 > 2
F = = =
Low High > ]
Spatiotemporal - e Time

abundances

ly Late
Extirpation time

Figure S1. Modelling the range dynamics of reindeer using spatially explicit
population models.

A) Spatially explicit population models (SEPMs) account for spatiotemporal change in habitat
suitability and demography. B) Uncertainty in climate-human-reindeer interactions is modelled by
generating thousands of models with unique combinations of parameter values sampled from wide
but plausible ranges, using Latin Hypercube sampling. C) Each model simulates changes in
spatiotemporal abundance in response to climatic change and hunting by humans. D) Model
projections are validated using Approximate Bayesian Computation and pattern-oriented methods,
which compare observed or inferred patterns (targets) to simulated patterns. E) Prior and posterior
distributions can be visualized to identify important model parameters, which can be used to optimize
the models. F) After the optimization process, a subset of ‘best’ models can be used to generate

validated projections of abundance and extinction dynamics.
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Figure S2. Distribution of fossil records and modern occurrences of reindeer over the
study region.

A, the distribution of fossil records over the study region, with red circles representing older fossils
and blue circles representing more recent records. B, the distribution of modern occurrences obtained
from GBIF, representing sightings of individuals occurring only in areas where the reindeer is

endemic.
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Figure S3. Reindeer Niche Hypervolume.

Here is represented the multi-temporal niche hypervolume of the reindeer in 2-dimensions and 3-
dimensions. The hypervolume was built based on 3 climate variables: average minimum daily
temperature in January, annual daily average precipitation and reference evapotranspiration in spring
and summer. These variables were chosen because they indirectly affect the survival of the species
and because they were the least correlated variables. The hypervolume gives a representation of the

climatic space where the species can persist and thrive.
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Figure S4. Time-series data of reindeer populations.

The plots show the time-series data on population abundance used to calculate finite rates of
population increase and their variance, and maximum population growth rate. The time-series data
come for populations from Finland (n = 4), Norway (Svalbard) (n = 3) and Norway (mainland) (n =
3). We repeatedly fitted linear models to 3,4,5,6 and 7 data points of the time-series. We then selected,
for each time series, the estimate of maximum growth rate resulting from the model with the highest
r2. This gave the range of annual maximum growth rate for reindeer, which we scaled to generation
length by taking the exponent. We used the years 1998-2013 of the Reindalen (Svalbard) time-series,
the years 2005 — 2013 of the Rakkonjarga (Norway) time-series, and the full time-series for Palojarvi

(Finland) and Snghetta (Norway) to calculate the standard deviation (SD) in population growth rate.
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Figure S5. Model Selection.
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A shows the results of the posterior predictive checks and model goodness of fit, for each model run

(x-axis). The left y-axis and the green squares show the number of targets for which the posterior

predictive checks result in p-values > 0.05. The right y-axis and the orange triangles show the

distances from the targets calculated from the permutation tests on the summary statistics of the

models (based on the ‘gfit’ function of the ‘abc’ package in R). The smallest the distance from the

target, the better are the models at replicating the observed patterns. B shows values of Bayes Factors

for demographic, dispersal, and harvest parameters in the models, and the number of selected niches

after ABC, for each model run. Bayes Factors were calculated between the distribution of parameter

values for the best 50 models and the prior distribution of the same parameters, to estimate parameter

convergence. C, Boxplots show the difference in distribution between priors and posteriors in model

run 3.
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Stable Climate

No harvest
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Figure S6. Difference in time of extirpation of reindeer populations between the
baseline and each counterfactual scenario.

Absolute difference in projected time of extirpation of reindeer between the baseline (human
harvesting and climate change) and two counterfactual scenarios: no climate change from 21 ka BP
(Stable Climate), and no harvest through the simulation (No Harvest). Cooler colours indicate later
extirpation in the counterfactual scenario, while warmer colours indicate earlier extirpation compared
to the baseline. Pale yellow indicates no difference. The black line shows the extent of the study

region.
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Monthly averages over the climatological period
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Figure S7. Climate data alignment.

Future climate change projections accessed using StableClim were aligned to paleoclimate
reconstructions accessed using PaleoView. The alignment of the two climate datasets was done based
on anomalies for the year 1974 C.E. The plots show the monthly averages for the year 1974 for
StableClim (blue), PaleoView (green) and the StableClim-corrected data (red). PaleoView and the

corrected StableClim align perfectly.
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Anomalies
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Figure S8. Anomalies in projected climate forecast.

The plots show the mean (red) and maximum (blue) anomaly for the years 2000 — 2100, calculated
as the difference in climate compared to the average of the years 1980 — 1999 (baseline). Climatic
variables considered are maximum daily temperature in July, minimum daily temperature in January

and annual precipitation.
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Figure S9. Past events of reduction in Expected Minimum Abundance (EMA) and
range area with magnitudes similar to future predictions.

The bars show the percentage of time steps (generations) within each millennial bin that experienced
reductions > 15% in EMA (dark grey) and > 13% in range area (light grey) over 84 years (12
generations). The bars show the average across the ‘best’ models, while points and triangles show the
maximum for EMA and range area, respectively. The blue line represents the average temperature

across the study region.
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LGM HTM

Overlap

. Past
. Present

Figure S10. Analogues of future climate at the Last Glacial Maximum and

Holocene Thermal Maximum.

Areas with climatic conditions in 2100 that are occupiable by reindeers today and during the Last
Glacial Maximum (LGM; 21 ka BP) and the Holocene Thermal Maximum (HTM, ~6.5 ka BP). Green
dark

blue shows areas where analogues are in past (LGM and HTM) distributions; yellow shows areas of

shows areas where analogues of future conditions are in the current distribution of reindeers;

overlap (analogues in the current and past distributions). The black line shows the extent of the

present-day range of the reindeer, as defined by Gunn (2).
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Movie S1. Spatiotemporal abundance over the last 21000 years.

https://universityofadelaide.box.com/s/t81g4x7pehehgibekucbh3y0gplipwk8

Relative abundance of reindeer (ensemble mean of the ‘best” models) from 21 ka BP to 1500 C.E.
Blue diamonds show fossil locations at fossil age + 1 SD. The blue line shows the extent of the

study region and the division into sub-regions.

Movie S2. Relative density of anatomically modern humans since 21 ka BP.

https://universityofadelaide.box.com/s/hccadhb70nmxj93ipdmvhnaew0fkqr68

Relative human density (ensemble mean of the ‘best’ models) from 21 ka BP to 1500 C.E. Red lines

show the division of the study region into sub-region.

Movie S3. Reindeer harvest since 21 ka BP.
https://universityofadelaide.box.com/s/3ybceb2uqgzlvhb9em57hmeceea3gmz6r

Total number of harvested individuals in each grid cell at each time step, scaled between 0 and 1. The
purple line shows the extent of the study region and the division in sub-regions. Bars in inset panel

show total relative number of harvested individuals in each sub-region at each time step.

Movie S4. Spatiotemporal abundance simulated for the future, from 2016 to 2100.
https://universityofadelaide.box.com/s/s9d02cngdkaoe9jcydx6gw3fthzxyy8a9

Predicted relative abundance of reindeer from 2016 to 2100 C.E. The blue line shows the extent of

the study region.
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Chapter IV: Ecological resilience of reindeers to past and future climatic change

Table S1. Fixed and variable parameters for the spatially explicit population models.
Parameters used in the demographic and harvest components of the models, with information on

whether variables had fixed or variable ranges (Type) and their initial (or prior) values (Value/range).

References for demographic and harvest parameter values are provided below the table.
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Parameter Description Type Value/range PRI
range
Demographic parameters
Growth rate Maximum = growth - oionie  175-7.04  0.91-1.94
rate per time step ' ' ' '
. Environmental
Enwronr_n_ental stochasticity per time variable 0.00 - 0.35 0.04 - 0.30
stochasticity
step
Maximum  density .
Upper Abundance per grid cell variable 1000 - 15500 3464 — 13875
. Maximum dispersal .
Dispersal rate distance per time step variable 100 - 675 290 — 626
_ Percentage of the
P_roportlon of pppulatlon that variable 506 30% 18% — 29%
dispersers disperses at each
time step (cell-based)
Dispersal rate
. negatively affected .
Dispersal target K by target population fixed 10 NA
abundance (N)
Region-wide Allee .
Allee effect offect variable 0-500 15-123
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Number of
populations on the
tcr)l(r:gl;ﬁ;gcy landscape that fixed 1 NA
determines  region-
wide extinction
Human parameters
Prey density at which
Harvest G exploitation is half- fixed 0.4 NA
maximal
Maximum
proportion of the
Harvest Max. population harvested variable 5% — 50% 14% — 43%
at each time step
(cell-based)
Departure from
maximal
exploitation, .
Harvest z determining the type variable 1-2 1.2-17
of response of the
populations
Multiplier to the
rl;:ﬂrtqiarl]iser SD standard deviation in variable 0-1 0.07 - 0.82
P human abundance
p-value at which
human density values
Humans p-value are chosen from the variable 0-1 0.20-0.78
lognormal
distribution
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Chapter IV: Ecological resilience of reindeers to past and future climatic change

Table S2. Observed statistics (targets) for pattern-oriented modelling and
Approximate Bayesian Computation (ABC) validation.

Targets used in the ABC analysis and validation step include an occupancy pattern, identified by
positive abundance at fossil sites at fossil calibrated age + SD, Root Mean Square Error (RMSE) of
the difference between simulated and observed times of extinction in Europe across four sub-regions,
arrival time in Greenland, and slope of the Ne trend. To calculate occupancy pattern, fossil records

that overlapped in space and time have been merged to count as one.

Target Description Value 97.5% Cl: 2.5% Cl:
Lower Upper
Agreement
between
Occupancy simulated and 7201
pattern inferred (fossils) A A
occupancy at
fossil sites.
12,727 BP ! 12,995 BP ! 12,418 BP !
(Iberia) (Iberia) (Iberia)
L Time of 9,121 BP? 9,385 BP ! 8,880 BP !
E;(,:tlgfr?“on extinction in 4 (British Isles) (British Isles) (British Isles)
subregions of 9,677 BP ! 10,182 BP ! 8,956 BP !
Europe based on (South Central (South Central (South Central
the fossil Europe) Europe) Europe)
record. 3,444 BP ! 3,437 BP1! 2,633 BP !
(North  Central (North Central (North Central
Europe) Europe) Europe)
Time of arrival
Arrival time in Greenland g ,q, gp 1 9,643 BP 8,039 BP 2
based on the
fossil record.
Slope of the
trend in
Ne Trend effective -65.43 NA NA
population size
(Ne)

LAll estimates were calculated using the fossil record, which is available in Appendix 1. The estimates
for extinction time and time of arrival were calculated using the GRIWM method (Bradshaw et al.
2012).
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Table S3. Detailed results of the gaussian generalised additive model on reindeer

abundance trend during the last deglaciation.

Effect sizes and significance of smoothed terms (temperature and human density) for each subregion

and for the deglaciation period (21 — 11.7 ka BP). We used mean abundance over 100-year time bins

as our response variable, with combinations of average temperature (°C), and average human density

(scaled Ne). Time and regions were used as random effects. Formula:

Abundance ~ s(Temperature, by = Region) + s(Human Density, by = Region) + s(Time) +

(Intercept)

Asia

Beringia

Europe

Estimate

1114841

edf

5.880
Temperature

5.528
Human Density

6.0363459
Temperature

1.639
Human Density

3.4290632
Temperature

1.580
Human Density

s(Region)

Std. Error

67423

Ref.df

9
Temperature

7
Human Density

9
Temperature

8
Human Density

6
Temperature

5
Human Density

t value

16.54

40.746
Temperature

23.005
Human Density

17.091
Temperature

1.318
Human Density

3.917
Temperature

2.355
Human Density

Pr(>[t])

< 2e-16 ***

p-value

< 2e-16 ***
Temperature

< 2e-16 ***
Human Density

< 2e-16 ***
Temperature

0.000848 ***
Human Density

2.29e-06 ***
Temperature

0.000439 ***
Human Density
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3.192 7 13.205 < 2e-16 ***

Temperature Temperature Temperature Temperature
North America

0.003 8 0.000 0.321145

Human Density ~ Human Density ~ Human Density ~ Human Density

Time 0.040 93 0.000 0.610361

Region 0.0001 3 0.000 1.85e-06 ***

Signif. codes: 0 “***>0.001 “**’ 0.01 “*’ 0.05°.>0.1 1

184



Supplementary Methods

Table S4. Detailed results of the gaussian generalised additive model on reindeer

abundance trend during the Holocene.

Effect sizes and significance of smoothed terms (temperature and human density) for each subregion

and for the Holocene (11.7 ka BP — 1500 C.E.). We used mean abundance over 100-year time bins

as our response variable, with combinations of average temperature (°C), and average human density

(scaled Ne). Time and regions were used as random effects. Formula:

Abundance ~ s(Temperature, by = Region) + s(Human Density, by = Region) + s(Time) +

(Intercept)

Asia

Beringia

Europe

Estimate

728608

edf

3.853
Temperature

2.727
Human Density

3.292
Temperature

8.637
Human Density

1.740
Temperature

s(Region)

Std. Error

119212

Ref.df

7
Temperature

7
Human Density

5
Temperature

5
Human Density

6
Temperature

t value

6.112

60.951
Temperature

22.556
Human Density

49.862
Temperature

1.805
Human Density

0.000
Temperature

Pr(>[t])

2.81e-09 ***

p-value

< 2e-16 ***
Temperature

< 2e-16 ***
Human Density

< 2e-16 ***
Temperature

0.0613.
Human Density

0.4433
Temperature
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Chapter IV: Ecological resilience of reindeers to past and future climatic change

North
America

Time

Region

Signif. codes: 0 “***>0.001 “**’ 0.01 **’ 0.05 . 0.1 " 1

186

2.026

Human Density

3.345
Temperature

5.441
Human Density

1.031

7.137

5

Human Density

8
Temperature

8
Human Density

112

123.551

Human Density

15.544
Temperature

155.201
Human Density

4.759

0.000

< 2e-16 ***
Human Density

< 2e-16 ***
Temperature

< 2e-16 ***
Human Density

< 2e-16 ***

0.0241 *



Chapter V: Discussion

In this PhD dissertation, | have used different types of data and techniques to explore the effects of
global change drivers on different levels of biodiversity to gain a better understanding of extinction
dynamics and extinction risk. In Chapter 11, I analysed mitochondrial DNA (mtDNA) sequences of
~1000 bird species to identify a relationship between intra-specific genetic diversity and conservation
status. In Chapter Ill and Chapter 1V, | used fossil records, modern occurrence records,
paleoclimate reconstructions, ancient DNA sequences (aDNA), and process-explicit macroecological
models to disentangle the spatiotemporal effects of natural and human factors on species’ population
and range dynamics. This allowed me to identify the ecological processes that determine how species

respond to threatening forces.
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Chapter V: Discussion

The results presented in this PhD dissertation show that genetic diversity in birds reflects their
conservation status and is therefore connected to changes in population and range size that happened
either in the recent or ancient past (Chapter I1). By reconstructing the range dynamics of muskox
and reindeer over the last 21,000 years, | was able to show that their range and population sizes have
been deeply affected by Pleistocene climatic fluctuations, with more gradual rates of warming and
more stable climatic conditions during the Holocene favouring the expansion and recovery of the two
species (Chapter 111 and Chapter 1V). The most severe population declines, range contractions and
extirpations for muskox and reindeer were simulated to have happened during or immediately
following abrupt warming events, indicating a strong role of magnitude and pace of climatic change
in species range and population dynamics. | show, for both species, that humans amplified the effects
of climate change and regulated population abundances. However, there were strong spatiotemporal
differences in the timing and magnitude of the influence of humans.

Results from Chapter 111 and Chapter IV also revealed that these extinction drivers
interacted with key ecological processes. The ability to tolerate broader climatic conditions and to
disperse long distances provided a degree of ecological resilience to the negative effects of climatic
change, and indirectly allowed movements away from areas densely occupied by humans. Local
extirpations were simulated to occur in areas with declines in habitat suitability, fast growing human
populations, and limited refugia (e.g., Europe). Finally, | was able to show that projections validated
on the past can improve future predictions of extinction risk. This revealed that reindeers will likely
be able to cope with the accelerating warming of the Arctic (Chapter 1V).

The results presented in this PhD dissertation suggest that the vulnerability of species to
environmental changes is tightly linked to demographic responses to different magnitudes and rates
of threatening processes, which in turn can affect intra-specific genetic diversity. When climate
fluctuations are abrupt, or when they work in synergy with other stressors, population and range sizes
decline rapidly, eroding genetic variability and increasing extinction risk. Species resilience seems to
be favoured by high mobility, larger climatic tolerances, and higher levels of genetic diversity, which
increase the potential of species to track suitable habitats and to evolve adaptations to environmental

changes.

Impacts of global change on extinction risk

Results from Chapter 111 and Chapter IV suggest that climatic variability, and its influence on

habitat suitability, is the main driver of the range dynamics of both muskox and reindeer over the last
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21,000 years. The strong role of climate in driving demographic changes of the two species had been
previously inferred from analyses of fossils and aDNA (Campos et al., 2010; Lorenzen et al., 2011;
Markova et al., 2015; Sommer et al., 2014). However, | found that human hunting likely hastened
regional extirpations of muskox and reindeer in Europe, establishing new information on the impacts
of human and non-human forces on the two species. A synergy between climate change and human
hunting has also been advocated as the cause of the extinction of the woolly mammoth (Fordham et
al., 2021), and regional extirpations of horse and bison (Lorenzen et al., 2011; Metcalf et al., 2014).
Declines in the ranges and population sizes of Pleistocene megafauna likely had an effect at the
genetic level. The study of fossils and aDNA has revealed evidence of isolation-by-distance and
reduced genetic diversity before regional and range-wide extinctions for many megafaunal species
(Lorenzen et al., 2011; Palkopoulou et al., 2015), suggesting contributions of genetic drift and
inbreeding in small and isolated populations (Spielman et al., 2004). Analyses of bird genomes have
shown that increases and decreases in effective population sizes correspond to the climatic
fluctuations of the Pleistocene (Nadachowska-Brzyska et al., 2015), and to the extent of suitable
habitat availability over time (Bruniche-Olsen et al., 2021). Moreover, species currently considered
“threatened” to extinction are the ones that suffered the most severe genetic depletions in the past
(Nadachowska-Brzyska et al., 2015), and are now harbouring low genomic diversity (Bruniche-Olsen
et al., 2021). This aligns with the results presented in Chapter 11, where | show that threatened bird
species have lower levels of MtDNA intra-specific genetic diversity than non-threatened species, and
that a relationship exists between genetic variability and extinction risk.

Results in Chapter 111 of this thesis suggest a high vulnerability of muskox to future climate
change, owing to the high sensitivity of the species to abrupt warming events and by its low genetic
diversity (Hansen et al., 2018; MacPhee et al., 2005). The relationship between genetic diversity and
extinction risk identified in Chapter Il has been also established in mammals (Li et al., 2016;
Spielman et al., 2004; Willoughby et al., 2015), suggesting that the low genetic variability in muskox
could make the species more vulnerable to environmental changes. For reindeer, results from
Chapter 1V show that range contractions and population declines in the past were as large and even
greater than what is being predicted for the future, occurring during periods of past abrupt warming.
Analogues between past and future climatic conditions, pinpointed in Chapter 1V, indicate that
reindeers have already occupied areas with climatic conditions similar to future forecasts. At the
genetic level, reindeers have shown little isolation-by-distance over time (Lorenzen et al., 2011), and

high genetic structure across populations. This implies that populations have been connected by
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metapopulation processes, but that this connectivity was not high enough to allow genetic
homogenisation by gene flow (Yannic et al., 2020; Yannic et al., 2018). These results suggest that
reindeers are likely to survive 21% century climatic changes in the Arctic, albeit in reduced numbers

and in climate refugia.

Ecological processes that aid species resilience

By focusing on megafaunal species that survived the last deglaciation, 1 was able to identify
ecological processes of key importance for species resilience. Long-distance dispersal and a high
proportion of dispersers are ecological processes that were important for both muskox and reindeer
models (Chapter 111 and Chapter 1V). High dispersal ability is a key mechanism for species to track
changes in habitat suitability, promoting survival and resilience against environmental change
(Moritz & Agudo, 2013). Indeed, an enhanced dispersal ability is possibly among the reasons why
muskox and reindeer survived the Pleistocene/Holocene transition, while other megafaunal species
went extinct. Dispersal capacity was likely to be less important for the woolly mammoth, potentially
increasing extinction risk (Fordham et al., 2021), and analysis of aDNA sequences of Arctic fox have
shown that a lack of ability to track suitable habitats has resulted in the extirpation of the species in
Europe (Dalen et al., 2007). Results from Chapter 1V also suggest that the high dispersal ability of
reindeers positively interacted with climatic variability and human expansion, as it allowed reindeers
to track changes in habitat suitability and to access areas with lower relative human densities
(Eriksson et al., 2012). This interaction between extinction drivers and dispersal processes likely
contributed to reindeer resilience and survival in the past.

Both muskox and reindeer also showed a selection for relatively high maximum densities and
for niches with large volumes and low marginality — niches that approximated their multi-temporal
niches (Chapter 11l and Chapter 1V). As the multi-temporal niche contains a broader range of
climatic conditions than the realised niche of a species (Nogués-Bravo, 2009), a selection for niches
with large volumes and low marginality suggests a higher tolerance to environmental changes, which
likely aided their survival. Indeed, a comparison of niches between the “winners” and “losers” of
Late Quaternary extinctions showed that species that went extinct had smaller climatic and
geographic envelopes compared to the ones that survived (Blois et al., 2013). These support
predictions that species that are unable to move and have narrow climatic niches might be at a greater

risk of extinction (Pereira et al., 2012).
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Lastly, the relationship between genetic diversity and extinction risk found in Chapter 11
implies that higher levels of genetic diversity could enhance species resilience to environmental
change. Genetic diversity reflects the potential of species to adapt and evolve in response to
environmental changes and determines the fitness of individuals and the viability of populations
(Banks et al., 2013). At the ecosystem level, higher levels of genetic diversity have already been
associated with resistance to disturbance (Hughes & Stachowicz, 2004), enhanced energy and nutrient
fluxes (Schweitzer et al., 2005), and increases in aboveground primary productivity (Cook-Patton et
al., 2011; Crutsinger et al., 2006). However, the roles of genetic diversity and other genetic
mechanisms in long-term species survival remain poorly understood. It is likely that advances in
genomic techniques might soon unravel the roles of genes in determining species resilience and

extinction risk.

Conclusions and future directions

The results presented in this PhD dissertation demonstrate that genes, fossils, and process-explicit
models can be integrated, providing valuable tools to explain past, current, and future patterns of
species distributions and abundances, and to determine extinction risk. Over the last few decades,
paleontological evidence has been increasingly used to understand and describe current biodiversity
patterns. Information from fossil remains has been implemented in cladistics, phylogenetics and
phylogeography (Benton & Emerson, 2007; Bray et al., 2013; Jackson & Blois, 2015; Raghavan et
al., 2015; Weinstock et al., 2005), to improve our understanding on the evolutionary history of species
and populations. Paleo-records have also been implemented in species distribution models to test
biogeographic and evolutionary scenarios, and for quantifying past climate change impacts on
current-day distributions (Nogués-Bravo, 2009; Svenning et al., 2011; Varela et al., 2011). Recently,
paleoecology has increasingly gained recognition for the conservation of species under future climate
change (Barnosky et al., 2017; Chevalier et al., 2020; Dietl et al., 2015; Fordham et al., 2020; Nogues-
Bravo et al., 2018; Turvey & Saupe, 2019; Willis et al., 2007), with research analysing past dynamics
that might have analogues in the future (Burke et al., 2018; Jackson et al., 2009; Jackson & Williams,
2004; Nolan et al., 2018; Williams & Blois, 2018). In this context, the idea presented in this PhD
dissertation of using information from the past to better understand the present and predict the future
is not novel. However, the novelty of the work presented in this thesis resides in the use of paleo-
archives together with process-explicit models. Although process-explicit models have been used to

model vegetation (Prentice et al., 2007) and physiologic (Desforges et al., 2019; Desforges et al.,
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2021) responses to environmental drivers, and eco-evolutionary dynamics shaping biodiversity
patterns (Hagen et al., 2021; Rangel et al., 2018), this approach is new for the modelling of species
distributions, which have relied on correlative approaches (Franklin, 2010). Moreover, the integration
of process-explicit models with paleo-archives has only recently been advocated as a promising
approach for safeguarding biodiversity under global change (Fordham et al., 2020).

The models used in this thesis have proved that explicitly simulating the processes and drivers
that shape species distributions is important for disentangling species responses to global change.
Still, they are not exempt from limitations. For example, the choice of climatic variables used to build
the climatic niche of the species is likely to be critical for the outcome of the models and requires
careful consideration. Although climatic variables could be used as a proxy for primary productivity,
models could benefit from their integration with vegetation models, by creating a direct link between
plant-herbivore trophic interactions. The process-explicit models used in this thesis also lack some
important processes that shape the distribution of species: biotic interactions. Although human
exploitation is a form of biotic interaction captured in the models, other predator-prey dynamics are
not included, as well as interspecific competition with other herbivores, which could amplify the
effects of climate change and human hunting on the range and population dynamics of species.
Moreover, simulations of future reindeer abundances do not include extinction drivers other than
climate change, which could underestimate the effects of future global change. Although future
projections of land-use change are used to modify the carrying capacity of the species, habitat
degradation was not directly modelled and did not function as a barrier to dispersal. To help
disentangle the relative impacts of different global change drivers on species and to improve future
predictions of extinction risk, global change drivers could be analysed using counterfactual scenarios
(i.e., no land-use, but climate change), where each driver is sequentially turned off in the models,
similar to what has been done in reindeer simulations of the past (Chapter 1V).

In Chapter 111 and Chapter 1V, | used trends in effective population size, reconstructed from
genetic sequences, to evaluate the performance of the models. Other forms of genetic information
could be used as targets in the validation phase, such as the genetic structure of populations (Fsr). To
better understand the effects of global change drivers at the genetic level, future research could use
the process-explicit modelling approach used in this thesis to explicitly simulate the mechanisms that
generate genetic diversity and genetic structure of populations, as they include demographic and

metapopulation processes.
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Conclusions and future directions

The models developed in this thesis have important applications for species conservation. For
example, they revealed that both muskox and reindeer experienced a northward range shift, with
contraction at the southern range edge, and that reindeer is forecast to persist in areas of higher current
densities, in accordance with the centre-margin hypothesis (Brown et al., 1996). A comparison of
process-explicit models across different species, both extant and extinct, could help determine if a
general pattern exists on how ranges contract. This would be beneficial for conservation management
decisions, as it would establish the populations, within a species range, that are important for range
expansion and persistence during periods of climatic and environmental change, and that should thus
be prioritized for management. These models can also be used to predict the success of translocations
and reintroductions, or to guide decisions for the establishment of protected areas. By integrating
genes, fossils, and process-explicit models, I showed how research at the intersection of genetics,
paleoecology, and macroecology can improve our understanding of biodiversity responses to global

change drivers and, ultimately, help avert future biodiversity loss.
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Ecography Low genetic diversity may be associated with an increase in species’ extinction risk
44: 1-4, 2021 (Spielman et al. 2004, Frankham 2005). Still, global conservation assessments do not
doi: 10.1111/ecog.05895 consider relevant genetic-based estimates for evaluating species threat status. Rather,

they rely primarily on changes in population abundance and range size, with the inher-
Subject Editor: Tim Newbold ent assumption that intra-specific genetic variability is tightly correlated with popula-
Editor-in-Chief: Miguel Aragjo tion size and range area (Frankham 1996). If this assumption was universally true,
Accepted 30 September 2021 species considered to be at high risk, because of small range sizes and/or low abun-

dances, should have lower levels of genetic diversity than low-risk species and vice-
versa. However, contradictory evidence, for birds and mammals (Reed 2010), suggests
that omitting genetic diversity from threat classification criteria could potentially lead
to under- or over-estimating the actual extinction risk of species.

Here, we investigate whether bird species considered at risk of extinction, by widely
used threat assessment criteria IUCN 2021), have less intra-specific nucleotide diver-
sity than non-threatened bird species (Supporting information). To accomplish this
aim, we established differences in intra-specific nucleotide diversity for threatened
(Vulnerable — VU, Endangered — EN and Critically Endangered — CR) vs non-
threatened bird species (Least Concern — LC and Near Threatened — NT) by compil-
ing 28 403 publicly available avian mitochondrial DNA (mtDNA) sequences from
GenBank. We calculated cytochrome-b (cyt-b) nucleotide diversity for 1036 species
(approximately 10% of all bird species), with an average number of sequences per
species being 27 + 44 (Supporting information). The average sequence length (base-
pairs) across species was 887 + 201. Using phylANOVAs, to control for phylogenetic
signal (Freckleton et al. 2002), corrected for varying sample sizes between groups,
we show that threatened species have significantly lower cyt-b nucleotide diversity (p
< 0.05, in 953 out of the 1000 phylANOVA repetitions; mean p=0.010 + 0.025)
than non-threatened species (Fig. 1a; Supporting information), with medium to large
effect size in 97.2% of repetitions (w* > 0.06). The mean effect size was 0.16 + 0.05
(Supporting information).

Our results reveal that current threat assessment criteria indirectly prioritize spe-
cies with low levels of cyt-b nucleotide diversity, which can be at greater risk of
extinction by virtue of low genetic diversity (Frankham 2005) (Fig. 1c). For example,
the African houbara (Chlamydotis undulata, VU) is among the birds with the lowest
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Figure 1. Genetic diversity in threatened and non-threatened bird species. (a) Threatened species have significantly lower intra-specific cyt-b
nucleotide diversity than non-threatened species. (b) Percentage of threatened (T) and non-threatened (NT) species with the lowest (<10th
percentile) and highest (> 90th percentile) values of cyt-b nucleotide diversity. (c) Conceptual figure showing a species experiencing
declines (negative trend) in range size and/or population abundance through time, enhancing its extinction risk. Due to low or high genetic
diversity (GD; low or high GD), the same species might be of greater (red dashed line) or lesser (blue dashed line) extinction risk, respec-
tively, potentially producing a mismatch between the evaluated extinction risk (black solid line) and the actual extinction risk (latent extine-
tion risk, LE). (d) Examples of a non-threatened (sooty tit: Aegithalos fuliginosus; photo credits: Tim Melling) and a threatened bird species
(African houbara: Chlamydotis undulata) with some of the lowest levels of cyt-b nucleotide diversity (<10th percentile).

cyt-b nucleotide diversity in our data set (<10th percen-
tile: GD < 0.0015; Fig. 1d), and its persistence is affected
by inbreeding and/or genetic drift (Korrida et al. 2012).
Moreover, the millerbird (Acrocephalus familiaris, CR) and
the inaccessible finch (Nesospiza acunhae, VU) are both
range-restricted small-island endemics with limited cyt-b
nucleotide diversity (< 10th percentile; Supporting infor-
mation), making them particularly vulnerable to rapid envi-
ronmental changes from introduced predators and extreme
climatic events (Vincenzi et al. 2017). Although mtDNA
has been shown, under some circumstances, to be of lim-
ited use for inferring population size (Bazin et al. 20006,

Nabholz et al. 2009), the low levels of nucleotide diversity
in threatened species of birds suggest a correlation, direct or
indirect, between cyt-b nucleotide diversity and small popu-
lation or range size. For species that have not experienced
large range contractions and population declines in recent
times (non-threatened species), we found that cyt-b nucleo-
tide diversity was generally high (>90th percentile: GD >
0.0302). Higher levels of genetic diversity might, through
the process of local adapration, aid species’ resilience to
rapid environmental changes (DeWoody et al. 2021) and
reverse or slow species’ decline (Fig. 1c). However, in some
instances, non-threatened species can harbour low genetic



diversity, most probably due to recent or past bottlenecks
(Weber et al. 2000).

Four per cent of all non-threatened birds analysed had
low levels of cyt-b nucleotide diversity (< 10th percentile;
Fig. 1b). For example, the sooty tit (Aegithalos fuliginosus,
LGC; Fig. 1d) is the non-threatened species with the lowest
cyt-b nucleotide diversity in our data set (Supporting infor-
mation). Despite having a restricted range, the sooty tit is
considered as ‘Least Concern’, due to a population that is
suspected to be stable (IUCN 2021). Low nucleotide diver-
sity for the sooty tit signals that extinction risk for the spe-
cies might be higher than its IUCN threat status indicates,
encouraging further assessments of its conservation status
using census and genomic techniques. Low genetic diversity
in non-threatened species can result from recent or past dra-
matic demographic events, after which levels of intra-specific
genetic diversity remain temporally low, while the overall
population size increases (Weber et al. 2000). For these spe-
cies, whole-genome studies will help reveal the role of genetic
diversity in long-term species survival.

While our results could be contingent on the length of
sequences, sample size, and geographic and taxonomic biases
associated with genetic sequences in public repositories such
as GenBank, we found no correlation between nucleotide
diversity and average sequence length or number of sequences
(Supporting information). Furthermore, we found a low phy-
logenetic signal (A=0.56, p < 0.001), and the phylJANOVAs
confirm the independence of the data in relation to the evolu-
tionary history of the species (Supporting information). Indeed,
there is a significant difference between the F-statistics calcu-
lated on the actual data and the F-statistics calculated with sim-
ulated data (null hypothesis; Supporting information). Lastly,
our results do not reflect geographic biases in our dataset, which
covers ~57% of all avian families and all zoogeographic realms
(Supporting information). Despite existing challenges with
using mitochondrial data and single genetic markers (Carling
and Brumfield 2007), including the real possibility that genetic
diversity calculated using mtDNA might not reflect genome-
wide diversity or the diversity of specific functionally relevant
parts of the genome, the relationship between conservation sta-
tus and genetic diversity, explored in this paper, concords with
long-standing expectations from the literature (DeWoody et al.
2021), including findings from meta-analyses across smaller
subsets of taxa (Spielman et al. 2004, Willoughby et al. 2015)
using nuclear DNA (allozymes, microsatellites, minisatellites),
and other mtDNA genes (Petit-Marty et al. 2021).

Species-level conservation criteria capture low levels of
intra-specific nucleotide variability in species of greatest con-
cern. Nonetheless, low levels of nucleotide diversity are pres-
ent in a small proportion of non-threatened birds, causing
them, in theory, to be more vulnerable to rapidly changing
environmental conditions than their conservation status,
alone, indicates (Frankham 2005). As genomic techniques
get cheaper, the inclusion of whole-genome data in relevant
measures of genetic diversity is a likely near-term prospect
for conservation. Future research should aim to integrate
large-scale field-work campaigns with strategic sequencing of

contemporary and historical specimens from biological col-
lections, in order to unravel eco-evolutionary determinants of
increased extinction risk.
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