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Abstract

Aim: Identifying how climate change, habitat loss, and corridors interact to influence
species survival or extinction is critical to understanding macro-scale biodiversity
dynamics under changing environments. In North America, the ice-free corridor was
the only major pathway for northward migration by megafaunal species during the
last deglaciation. However, the timing and interplay among the late Quaternary meg-
afaunal extinctions, climate change, habitat structure, and the opening and reforesta-
tion of the ice-free corridor have been unclear.

Location: North America.

Time period: 15-10 ka.

Major taxa studied: Woolly mammoth (Mammuthus primigenius).

Methods: For central North America and the ice-free corridor between 15 and 10 ka,
we used a series of models and continental-scale datasets to reconstruct habitat
characteristics and assess habitat suitability. The models and datasets include bio-
physical and statistical niche models Niche Mapper and Maxent, downscaled climate
simulations from CCSM3 SynTraCE, LPJ-GUESS simulations of net primary productiv-
ity (NPP) and woody cover, and woody cover based upon fossil pollen from Neotoma.
Results: The ice-free corridor may have been of limited suitability for traversal by
mammoths and other grazers due to persistently low productivity by herbaceous
plants and quick reforestation after opening 14 ka. Simultaneously, rapid reforesta-
tion and decreased forage productivity may have led to declining habitat suitability in
central North America. This was possibly amplified by a positive feedback loop driven
by reduced herbivory pressures, as mammoth population decline led to the further
loss of open habitat.

Main conclusions: Declining habitat availability south of the Laurentide Ice Sheet and
limited habitat availability in the ice-free corridor were contributing factors in North
American extinctions of woolly mammoths and other large grazers that likely oper-
ated synergistically with anthropogenic pressures. The role of habitat loss and at-

tenuated corridor suitability for the woolly mammoth extinction reinforce the critical
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for large vertebrates.
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1 | INTRODUCTION

Habitat loss and fragmentation are the leading drivers of spe-
cies extinction, with climate change becoming an increasing risk
(IPBES, 2019). The effects of habitat loss and fragmentation are
particularly severe for large vertebrates, which require abundant
food sources and large habitat areas to support viable populations
(Crooks et al., 2017; Ripple et al., 2017). Movement corridors miti-
gate extinction risk by facilitating animal tracking of climate change
via movements to other available habitats (Dalén et al., 2007;
Heintzman et al., 2016; Raia et al., 2012). However, movement corri-
dors must be suited to particular species, possessing a suitable habi-
tat for dispersal and transient survival (Baguette et al., 2013; Bowler
& Benton, 2005). Given that nearly one-quarter of species have a
high risk of extinction (IPBES, 2019) and that the Earth system is
approaching rates and magnitudes of climate change unseen since
the end of the last glacial period, if ever (Burke et al., 2018; Williams
et al., 2019), a key research need is to understand whether and
how corridors can mitigate local habitat losses during rapid climate
change, thereby facilitating species adaptation to climate change
and maintaining biodiversity and ecosystem services.

During the late Quaternary, nearly two-thirds of terrestrial
megafaunal genera went extinct worldwide (Barnosky et al., 2004),
with size-selective extinctions beginning as early as 125 ka (F. A.
Smith et al., 2018). Climatic and anthropogenic drivers likely co-con-
tributed to the megafaunal extinctions (e.g. Barnosky et al., 2004;
Surovell et al., 2016), with megafaunal species responding individual-
istically to the effects of climate change, habitat shifts, and growing
human populations (Lorenzen et al., 2011). In temperate latitudes,
regional habitat destabilization and rapid vegetation change during
the last deglaciation may have contributed to the megafaunal extinc-
tions in synergy with anthropogenic pressures (Blois & Hadly, 2009;
Di Febbraro et al., 2017; Ficcarelli et al., 2003; Haynes, 2013; Mann
et al., 2019; Nogués-Bravo et al., 2010; Wang et al., 2020; Wroe
et al., 2013). A key knowledge frontier is to better understand the
particular interactions of climate, habitat, human pressures, and re-
gional geography for each extinction.

In North America, 35 megafaunal genera went extinct during the
end of the last glacial period, with at least 16 genera dying out be-
tween 13.8 and 11.4 ka (thousands of years before present, defined
as 1950 AD; Faith & Surovell, 2009). This period encompassed the ex-
pansion of human populations south of the Laurentide Ice Sheet, be-
ginning c. 15 ka (Waters, 2019), and multiple large and abrupt climate
changes (Buizert et al., 2014). In North America, the opening of the
ice-free corridor between the Laurentide and Cordilleran Ice Sheets

importance of protected habitat connectivity during changing climates, particularly

climate adaptation, habitat loss, ice-free corridor, late Quaternary extinctions, LPJ-GUESS,
Maxent, migration bottleneck, Niche Mapper, woolly mammoth

created both an immigration pathway for humans into the Americas
and an escape pathway northwards for cold-adapted species as
temperatures rose and regional climates became less favourable
(Heintzman et al., 2016; Jass et al., 2011; Pedersen et al., 2016). The
ice-free corridor may have opened as early as 14.9 ka (Waters, 2019),
with evidence of megafaunal (bison) traversal northwards by 13.4 ka
(Heintzman et al., 2016). However, for most megafaunal species in
North America, the timing and interplay between megafaunal ex-
tinction, climate change, habitat availability, and the opening of the
ice-free corridor remains unclear.

Here we assess the availability of the ice-free corridor as an es-
cape pathway northward for woolly mammoths and other primarily
grazer megafauna, by modelling both the declines in habitat avail-
ability south of the Laurentide Ice Sheet and habitat availability in
the ice-free corridor itself, all during the critical window of rapidly
changing climates and vegetation between 15 and 10 ka. We use two
state-of-the-art approaches to independently evaluate the ecologi-
cal suitability of habitats for woolly mammoths: a mechanistic bio-
physical niche model (Niche Mapper, Kearney & Porter, 2009) and a
statistical species distribution model (Maxent, Hijmans et al., 2017).
These models are driven by climatic and environmental character-
istics, including downscaled climate simulations from the CCSM3
SynTraCE experiments (Lorenz et al., 2016), net primary productiv-
ity simulated by the dynamic vegetation model LPG-GUESS (Smith
et al., 2001, 2014), and woody cover distributions based both upon
fossil pollen networks from the Neotoma Paleoecology Database
(Williams et al., 2011, 2018) and LPJ-GUESS (Figure 1).

We focus on woolly mammoths (Mammuthus primigenius) be-
cause they are one of the emblematic megafaunal species that went
extinct during the end-Pleistocene extinctions and are representa-
tive of large nonruminant herbivores that mostly graze. We estimate
their habitat availability in the Upper Midwest because of the rich
fossil record in this region and well-documented collapse (Widga
etal.,, 2017). Woolly mammoths were distributed in open steppe-like
environments across the high latitudes of the Northern Hemisphere
(Guthrie, 2006). They were primarily grazers, with a diet dominated
by graminoids and herbs (Willerslev et al., 2014; Zimov et al., 2012),
though some authors suggest a degree of mixed-feeding of graze
and browse (Rivals et al., 2010; Saunders et al., 2010). Woolly mam-
moth populations on the North American mainland declined steeply
starting at 14 ka and were extirpated by 12.1 ka (Guthrie, 2006;
MacDonald et al., 2012; Widga et al., 2017). In these analyses, we
seek to (a) evaluate the viability of the ice-free corridor as an es-
cape route for megaherbivore grazer populations seeking to adapt to

changing climates by shifting their ranges northward, and (b) assess
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FIGURE 1 Experimental design, showing ecological models (Niche Mapper and Maxent), driver datasets, output variables, and derived
predictions of habitat availability and suitability. Woolly mammoth habitat availability and suitability are predicted in parallel by Niche
Mapper and Maxent. Inputs into these models include climate data, annual net primary productivity (NPP), and fractional woody cover
(FWC). FWC is both reconstructed from fossil pollen data and simulated by LPJ-GUESS (LPJG). LPJ-GUESS uses climate, nitrogen deposition,
soil texture, CO,, and orbital insolation parameters to simulate both FWC and NPP for each plant functional type (PFT). Niche Mapper
integrates animal biophysical traits, geological substrate, and climate (monthly minima and maxima of daily averages for temperature,
relative humidity, cloud coverage, and wind speed) to simulate metabolic rate and forage consumption for individual woolly mammoths.
Niche Mapper, in combination with NPP (from LPJG) and FWC (both LPJG- and pollen-derived), outputs three factors used to identify
regions with suitable habitats for woolly mammoth: (a) metabolic rate > basal metabolic rate of woolly mammoth, (b) forage-supported
density > minimum viable population (MVP) of woolly mammoth, in which forage-supported density is calculated from forage NPPs and
individual woolly mammoth forage consumption, (c) open vegetation (defined as open grasslands and open forests). Maxent simulates
habitat suitability based on climate data [annual mean temperature, annual mean precipitation, annual maximum temperature, annual
minimum temperature, growing degree days (0 °C), growing degree days (5 °C), and water deficit calculated as potential evaporation minus
actual evaporation], forage NPP, and FWC (both LPJG- and pollen-derived)

the timing of declines in woolly mammoth populations and habitat et al., 2011) (Figure 2b). In the Niche Mapper simulations, these in-
suitability in the midcontinental US relative to the timing of the ice- puts were used to simulate metabolic rates and forage consumption
free corridor opening and its infilling by post-glacial afforestation. rates and estimate habitat availability (Figure 2d-f). In the Maxent

simulations, nine climate variables, forage NPP, and FWC are predic-

tors for habitat suitability (Figure 2g,h). We trained Maxent using

2 | METHODS fossil woolly mammoth records from previously published compila-

tions for North America (Enk et al., 2016; MacDonald et al., 2012;
2.1 | Study design: Overview Widga et al., 2017) and the Neotoma Paleoecology Database (http://

www.neotomadb.org, Williams et al., 2018). All input datasets and
Our study design predicts changes in habitat availability and suit- simulations used a spatial resolution of 0.5° x 0.5° grid latitude and
ability for woolly mammoth populations in the ice-free corridor and longitude. These analyses were conducted at a temporal resolution
central North America, using independent biophysical and statisti- of 100-year means of climate simulations every 1,000 years, from 15
cal models (Niche Mapper and Maxent). Maxent calculates habitat to 10 ka. Simulations were run for all of North America except Alaska

suitability for mammoths, whereas Niche Mapper predicts habitat (10°-80° N, 140°-45° W), because of possible inaccuracies in the

availability by energetic requirements for mammoths (see Figure 1 CCSMS3 SynTraCE temperature simulations for Alaska (Otto-Bliesner
for model drivers, parameterization, and experimental design). et al., 2006; Wang et al., 2018), with focused analyses for the ice-
These two models are driven by climate simulations and estimates free corridor and Upper Midwest (Figures 2-4).

of vegetation net primary productivity (NPP) and fractional woody

cover (FWC). Climate simulations are from the downscaled CCSM3

SynTraCE experiment in North America (Lorenz et al., 2016). The 2.2 | Palaeoclimate: CCSM3 SynTraCE

NPP of vegetation was simulated by LPJ-GUESS (LPJG; Figure 2c).

FWC was both simulated by LPJ-GUESS (Figure 2a) and indepen- Climate inputs were drawn or calculated from the CCSM3 SynTraCE
dently reconstructed from fossil pollen and modern-analogue simulations of deglacial climates (He et al., 2013; Z. Liu et al., 2009),

methods calibrated to remotely sensed observations (Williams downscaled from a native resolution of c. 3.75° x c. 3.75° to 0.5° x
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FIGURE 2 Simulated habitat availability and suitability for mammoths by Niche Mapper and Maxent at 13 ka and underlying predictor
variables, including inputs (a) LPJ-GUESS-simulated fractional woody cover (FWC), (b) pollen-reconstructed FWC (Williams et al., 2011),
(c) net primary productivity (NPP) of forage-available plant functional types simulated by LPJ-GUESS. Subsequent panels show model
results: (d) simulated suitable habitat by Niche Mapper based on LPJ-GUESS-simulated FWC and (e) pollen-reconstructed FWC, (f) Niche-
Mapper simulated metabolic rate, (g,h) habitat suitability by Maxent based on LPJ-GUESS-simulated FWC and pollen-reconstructed FWC,
respectively. Boxes in (d) show inset maps for Upper Midwest (Figures 3 and 5) and ice-free corridor (Figures 4 and 5). Ice sheet extent

is from ICE-6G (Peltier et al., 2015). Green colour in (d) and (e) (the colour of the top panel in the legend of habitat availability) indicates
available habitat by Niche Mapper. See Figure 1 for explanations of habitat limits represented by other colours in (d) and (e)

0.5° (Lorenz et al., 2016). All monthly data in the SynTraCE output
used here represent decadal-scale averages, which we then aver-
aged to centennial-scale averages to represent typical environments
for each of the 1-ka intervals in the Niche Mapper, Maxent, and LPJ-
GUESS simulations. Monthly temperature minima/maxima/average
values and monthly precipitation average values are directly from
the Lorenz et al. (2016) downscaled CCSM3 SynTraCE simulation.
For other climate variables, including monthly minima/maxima/av-
erage values of cloud coverage, wind speed, relative humidity, we
either downscaled the monthly values from SynTraCE decadal sea-
sonal averages using the methods described in Lorenz et al. (2016)
or calculated the inputs from other climate variables (see Supporting

Information Appendix S1).

2.3 | Palaeovegetation: LPJ-GUESS and fossil
pollen data

Forage NPP was simulated using LPJ-GUESS, while FWC was
generated independently from LPJ-GUESS simulations and fossil
pollen reconstructions. LPJ-GUESS is a dynamic vegetation and
terrestrial ecosystem model that predicts vegetation structure,
composition, and productivity, given information about climate
variables, atmospheric CO,, nitrogen deposition, solar degrees,
and soil characteristics (B. Smith et al., 2001, 2014). We simu-
lated NPP and FWC for 20 plant functional types (PFTs) in North
America (Supporting Information Table S1.1). Monthly tempera-

ture, precipitation, and monthly cloud coverage were the same
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FIGURE 3 Maps of available habitat
simulated by Niche Mapper (a) and habitat
suitability simulated by Maxent (b) for
mammoths in the Upper Midwest. In (b),
the grid cells of binary suitable habitat are
outlined by black lines. Fractional woody
cover (FWC) inputs for these models

are based on fossil pollen records; see
Supporting Information Figure S2.14 for
versions based on LPJ-GUESS (LPGJ)-
derived FWC for the Upper Midwest.
Both models show declining habitat
suitability over time, while differing in
intraregional patterns

Latitude

-100

= Suitable mammoth habitat
Unsuitable habitat limited by:
= presence of forest
= insufficient forage

forest & forage
= ice sheets

as for Niche Mapper (Lorenz et al., 2016). Atmospheric CO, con-
centrations were from the EPICA ice core, averaged at the cen-
tennial scale for each 1,000-year snapshot (Monnin et al., 2004;
Supporting Information Table S1.2). Monthly nitrogen deposi-
tion was set to constant pre-industrial 1850 AD values from the
ACCMIP database (Lamarque et al., 2013). We calculated incoming

solar radiation using a modified form of the equations built into

and Biogeography

Niche Mapper

-90 -80 -100 -90 -80
Longitude Habitat suitability

|
-0 5 1.0

m Suitable habitat

LPJ-GUESS to account for orbitally driven changes in insolation
(Berger, 1978; Crucifix, 2016; Supporting Information Table 51.3).
For further details, see Supporting Information Appendix S1.

For FWC, we also used an independent set of reconstructions
from 770 fossil pollen sites (Williams et al., 2011). The site-level
FWC was estimated using the modern analogue technique, in which

modern pollen samples were cross-referenced to remotely sensed
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FIGURE 4 Maps of available habitat area for mammoths in the ice-free corridor simulated by Niche Mapper (a) and the suitability of
habitat occurrence simulated by Maxent (b). As with Figure 3, the distribution of fractional woody cover (FWC) is based on pollen, and grid
cells of binary suitable habitat are outlined by black lines in (b). See Supporting Information Figure $2.15 for habitat suitability based on LPJ-
GUESS (LPJG)-derived FWC. Both models indicate widespread areas of low habitat suitability or availability in the ice-free corridor

observations of contemporary FWC. The resulting reconstruc-
tions of past forest cover were at a temporal resolution of every
500 years, from 21 ka to present (Williams et al., 2011). We spatially
interpolated the site-level fractional woody cover to a resolution of
0.5° x 0.5° by kriging (Cressie, 1990).

For Niche Mapper and Maxent, we estimated the available
habitat based on both the pollen-reconstructed and LPJ-GUESS-
simulated estimates of FWC (Figure 1). Simulations based on the
pollen reconstructions of FWC are reported in the main text and
those based on the LPJ-GUESS simulations of FWC are reported in
Supporting Information Appendix S2.

2.4 | Niche Mapper

Niche Mapper is a mechanistic niche model that simulates the ener-
getic balances for individual animals in equilibrium with their ambi-
ent environment (Kearney & Porter, 2009). Niche Mapper receives
inputs of biophysical traits (Supporting Information Table S1.4)
and environmental variables (Supporting Information Table S1.5,
Figure S1.1) and uses these to simulate local hourly microclimates
that constrain the heat and mass balances for individual animals
in steady state with their local environment. We developed esti-

mates of biophysical traits for woolly mammoth in previous work
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FIGURE 5 Time series of woolly
mammoth extinction (Widga et al., 2017),
human arrival (Waters, 2019) and corridor
opening (a); mean fractional woody

cover in the Midwest and the ice-free
corridor based on fossil pollen data (b);
available habitat area (Niche Mapper and
Maxent) and habitat suitability (Maxent)
for mammoths in the Upper Midwest

(c,d) and the ice-free corridor (e-g). Solid
curves represent results from Niche
Mapper; dashed curves represent Maxent.
For (d,g), the dark shading indicates

the interquartile range among Maxent
ensemble members with respect to their

Weighted % of
Total Age Distribution
4

« o
regional median suitability, while the light £ 5
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(Wang et al., 2018), including fur length, fur depth, core tempera-
ture, basal metabolic rate and dietary composition (Supporting
Information Table S1.4). Climate inputs to Niche Mapper include
(a) monthly minima and maxima of daily averages in temperature,
wind speed, cloud coverage and relative humidity, and (b) monthly
means of snow presence/absence, surface albedo, maximum shade
percentage, and percent of unit area acting as a free water surface.
For further details on the input datasets used for Niche Mapper, see
Supporting Information Appendix S1.

For the Niche Mapper simulations, we predicted available hab-
itat (Figure 2d,e) based on four criteria. First, the metabolic rate of
the average individual woolly mammoth (Figure 2f) must be higher
than the basal metabolic rate (Supporting Information Table 51.4),
which represents a hard limit for survival (Mathewson et al., 2017;
Supporting Information Appendix S1). Second, the NPP of forage
PFTs (Figure 2c) must support a minimum viable mammoth pop-
ulation of 100 individuals (Sukumar, 1993) given Niche-Mapper-
calculated forage consumption rates (Supporting Information
Appendix S1) and an available forage area approximated at 4,000
km? (Hoppe et al., 1999), which is consistent with home range sizes
for African elephants (Ngene et al., 2017). Third, the FWC must be

J
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low enough to support grazer populations and enable the movement
of large mammoths (Figure 2a,b), with a threshold of 45% based
on the maximum tree cover of open land (FAO, 1998) and the pol-
len-based estimated FWC related to the woolly mammoth fossil oc-
currences (Supporting Information Appendix S1). Finally, a grid cell
must be ice-free, based on ice reconstructions from ICE-6G (VM5a)
(Argus et al., 2014; Peltier et al., 2015) downscaled to 0.5° x 0.5°
latitude/longitude. After predicting available habitat, we calculated

the area of available habitat for each 1-ka interval from 15 to 10 ka.

2.5 | Maxent

We used the Maxent species distribution model (dismo in R 4.0.2.,
2020; Hijmans et al., 2017; Phillips et al., 2020) to estimate hab-
itat suitability for mammoths from 15 to 10 ka. For Maxent in-
puts, we used nine downscaled climate variables [annual minima/
maxima/average temperature and precipitation, annual aver-
age growing degree days (base 0 °C), growing degree days (base
5 °C), and water deficit (calculated as potential evaporation minus

actual evaporation)] and two habitat and resource variables
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(FWC and forage NPP). Though the input variables are correlated,
Maxent is robust to the collinearity of input variables by down-
playing the role of redundant variables through model complexity
regularization (Feng et al., 2019).

To train Maxent, we compiled 25 fossil woolly mammoth oc-
currences from between 20 and 12 ka (Supporting Information
Table S1.6, Figure S1.2) from previously published compilations of
directly dated specimens (Enk et al., 2016; MacDonald et al., 2012;
Widga et al., 2017) and the FAUNMAP holdings in the Neotoma
Paleoecology Database (Williams et al., 2018). Recent mitochondrial
DNA (mtDNA) analyses illustrate the relationship between location
and Mammuthus phylogenetics (Enk et al., 2016). We included lo-
calities that either exhibited morphological characteristics of woolly
mammoths or were located within the region represented by Enk
et als (2016) Clade | (haplogroups D, E and C). We only included
fossil woolly mammoth occurrences when age error uncertainty
(one sigma error range) is fewer than 500 years and when the cli-
mate uncertainty within age error uncertainty is smaller than 3 °C
and 300 mm (Supporting Information Figure $1.3, see also Appendix
S1). We then converted all radiocarbon ages to calendar ages using
IntCal20 (Reimer et al., 2020). For the background points, we col-
lected 10,000 background points from 20 to 12 ka in North America
except Alaska and regions covered by ice or lakes (Supporting
Information Table S1.7; Barbet-Massin et al., 2012). Randomly se-
lecting background points from across a too-broad climate-space
can exacerbate spatial biases, compromising model accuracy
(Kramer-Schadt et al., 2013). To minimize this issue and ensure ac-
curate Maxent calibration, we followed a stratified random sampling
design for background points that matches the spatio-temporal dis-
tribution of fossil occurrences. In this stratified design, we ensured
proportional temporal sampling by setting a constant 400:1 ratio of
background points to occurrences for a total of 10,000 background
points. Then for each 1-ka interval, we employed a stratified spatial
sampling design in which we randomly selected 50% of points from
within a fossil buffer region and 50% points outside the fossil buf-
fer region, in which the buffer radius is set at 25 km based on the
99% nearest neighbourhood distances between fossil localities (see
details in Supporting Information Appendix S1). This buffer back-
ground sampling method can reduce the errors of over-prediction
caused by a too-broad climate-space of widespread mammoth oc-
currences (Barbet-Massin et al., 2012).

We ran Maxent 100 times with different background points
to predict the suitability of woolly mammoth habitat in North
America from 15 to 10 ka at a spatial resolution of 0.5° x 0.5° grid.
Each time we randomly selected 75% of the occurrence and back-
ground data as training data and the other 25% as validation data.
We calculated the area under the curve (AUC) value of the valida-
tion data to select the best-fit models. We projected the Maxent
models with AUC values higher than .80 onto each 1-ka interval
from 15 to 10 ka (Phillips & Dudik, 2008). Then we calculated the
median and mean values of habitat suitability in the Midwest and
ice-free corridor for each 1-ka interval. For each interval, we also

calculated the area of available habitat, for which the threshold

for suitable habitat was set as the value that maximizes the sum
of sensitivity and specificity (SSS) in the fitted models (C. Liu
et al., 2013).

2.6 | Statistical tests

We performed two types of statistical analyses to explore whether
the habitat availability in the Upper Midwest and ice-free corridor
changed significantly between 14 and 11 ka. This period encom-
passes the woolly mammoth extinction window of 13.5 to 12.1 ka
(Widga et al., 2017). For the area of available habitat by Niche
Mapper and Maxent, we fitted the area by linear regression and cal-
culated the p-value of the linear regression model. The low p-value
(< .05) suggests that available habitat changed significantly in this
period. For the suitability of habitat from Maxent, in order to incor-
porate spatial heterogeneity, we performed a t test on habitat suit-
ability at every grid cell per 1-ka interval from the 100 repeats of
Maxent simulations. Then we counted grid cells where the predicted
habitat suitability changed significantly.

3 | RESULTS
3.1 | Niche Mapper model results

Simulated metabolic rates were higher in the high latitudes than
in the low latitudes and were higher at 15 than 10 ka (Supporting
Information Figure S2.4). These relationships occur because mam-
moths and other endotherms thermoregulate in part by maintain-
ing a higher metabolic rate in colder environments, to offset higher
rates of heat loss to the ambient environment. As a result, south-
ern North America was not suitable for woolly mammoths due to
the lower-than-basal metabolic rates under the hot climate in the
tropics (Supporting Information Figures $2.10 and $2.11). Simulated
forage consumption rates were also higher in high latitudes and
colder time periods than in the low latitudes and warmer time peri-
ods (Supporting Information Figure S2.5), resulting from the higher
rates of energy consumption needed to support a higher metabolic
rate. However, despite the lower forage consumption rates in higher
latitudes and colder time periods, the simulated forage-supported
mammoth population densities were lower for these times and re-
gions (Supporting Information Figure S2.6), because of the even
larger decreases in forage NPP (Supporting Information Figure 52.7)
due to both low-temperature downregulation of NPP and rapid post-
glacial reforestation (Supporting Information Figures S2.8 and 52.9).
In the Upper Midwest and ice-free corridor, habitats remained ener-
getically suitable for woolly mammoth (Figures 3a and 4a). However,
forage-supported density significantly declined by a factor of 10 in
these regions, from 254 individuals per 10° km? at 15 ka to 16 indi-
viduals per 10° km? at 10 ka in the Midwest (p-value < .05) and 305
individuals per 10° km? at 12 ka to 23 individuals per 10% km? at

10 ka in the ice-free corridor (p-value = .09).
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3.2 | Maxent model validation and fitting

The fitted Maxent models perform well in predicting mammoth
habitat suitability (Supporting Information Table S$2.8, Figures
S$2.12 and S2.13). The AUC values for both the training and valida-
tion data are > .8, suggesting that the fitted models can distin-
guish the fossil occurrences from the background points (Phillips
& Dudik, 2008). The omission rate is lower than .1 for the tenth
percentile training presence threshold, indicating that the models
are not overfitted (Radosavljevic & Anderson, 2014). The optimal
sum of sensitivity and specificity (SSS) threshold is determined
to be .37 (Supporting Information Table $2.8). At this threshold,
the maximum omission rate is .026, meaning that Maxent has a
2.6% chance of reporting a false absence at a known occurrence

of woolly mammoth.

3.3 | Changes in habitat availability in the Upper
Midwest and ice-free corridor

In the Upper Midwest, habitat availability for woolly mammoths de-
clined between 14 and 11 ka, with the largest decline simulated by
Niche Mapper, primarily due to post-glacial reforestation (Figures 3
and 5c, Supporting Information Figures S2.10, S2.11, S2.14 and
$2.16). The declines are strongest for simulations using pollen-based
estimates of FWC. Using pollen-based FWC, the available habitat
simulated by Niche Mapper decreased by nearly 50% from 1,510 x
10% km? at 14 ka to 763 x 10% km? at 11 ka (Figures 3a and 5c, green
colour; p-value = .03 in the linear model), and the largest decline
happened between 12 and 11 ka from 1,166 x 10° to 763 x 10° km?.
Suitable habitat area as calculated using Maxent also declined, but

TABLE 1 Proportions of grid cells in the Upper Midwest where
the predicted habitat suitability changed significantly, in which the
predicted probabilities are from Maxent based on pollen-based
fractional woody cover (FWC)

Habitat suitability Habitat suitability

Time decrease increase
15-14 ka .26 45
14-13 ka .58 .31
13-12 ka 44 .27
12-11 ka 46 .38
11-10ka .58 17

and Biogeography

by a smaller proportion (21%), from 889 x 10°% km? at 14 ka to 704 x
10°% km? at 11 ka (Figures 3b and 5c, grid cells outlined by black line),
and the decrease was not statistically significant across the entire
Midwest (p-value = .11). However, within the Midwest, habitat suit-
ability decreased significantly for 44 to 58% of grid cells between 14
and 11 ka, with the largest net loss between 14 and 13 ka (58% grid
cells decreased suitability, 31% increases) and between 11 and 10 ka
(58% grid cells decreased suitability, 17% increased) (Table 1). Forest
expansion in the south and east Midwest contributed to nearly 25%
of the habitat suitability decline (Table 2). This post-glacial forest
expansion may have reduced woolly mammoth habitat by hamper-
ing mammoth movements and the decreased forage productivity.
Some of the afforestation after 12 ka and declined in habitat suit-
ability may represent increased woody coverage following reduced
megaherbivory.

At the same time, habitat availability in the ice-free corridor
was limited by low grassland productivity and rapid tree expansion,
suggesting that the corridor may have acted as a potential filter for
mammoth habitat and migration (Figures 4 and 5e-g, Supporting
Information Figures $2.10, S2.11, S2.15 and S2.17). Total area in
the ice-free corridor increased as ice retreated, including area
identified as potentially suitable habitat (Figure 5e). However, the
proportion of area identified as suitable habitat generally declined
(Figure 5f) and median habitat suitability was near-zero for all time
periods (Figure 5g). The low suitability of the ice-free corridor was
primarily due to the rapid expansion of tree taxa and persistently
low abundances of forage PFTs (Figure 4). Across the ice-free corri-
dor, low forage productivity was a major limit to habitat availability,
with a good agreement between areas identified as forage-limited
by Niche Mapper (Figure 4a, yellow) and low habitat suitability by
Maxent (Figure 4b). LPJ-GUESS simulations indicate very low grass-
land productivities in the corridor (Supporting Information Figure
$2.7), resulting in low maximum population densities of mammoths
(Supporting Information Figure S2.6). Rapid tree expansion into
the corridor is supported by both pollen records and LPJ-GUESS
(Figure 5b, Supporting Information Figures 52.8 and S2.9).

Niche Mapper and Maxent do not predict exactly the same in-
terregional patterns of suitable woolly mammoth habitats, but both
models predict a habitat suitability decline in the Midwest and per-
sistently low suitability in the ice-free corridor (Figure 5c-g). Both
models support the role of forest expansion in the habitat suitabil-
ity decline. Intraregional differences between models in predicted
patterns of habitat availability (Figures 3 and 4) can be traced to
differential weightings of individual environmental factors. Annual

TABLE 2 Maxent metrics for input variable contribution proportions. Input variables include annual mean/min/max temperature (AMT/
AMiInT/AMaxT), annual mean/min/max precipitation (AMP/AMinP/AMaxP), growing degree days (0 °C) (GDDO), growing degree days (5 °C)
(GDD5), climate water deficit (CWD), fractional woody cover (FWC), and forage net primary productivity (NPP). For FWC, we used the

simulations from LPJ-GUESS (LPJG) and fossil pollen, separately

AMT AMinT AMaxT AMP
FWC-pollen .06 .24 <.01 .05 .02
FWC-LPJG .07 .32 <.01 .07 .10

AMinP

AMaxP GDDO GDD5 CWD FWC NPP

.04 .01 .24 13 .25 .01
.05 .02 .24 .10 .05 .01
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minimum temperature and growing degree days (5 °C) contribute
more than 45% to the habitat suitability in Maxent (Table 2), while
in Niche Mapper climate does not directly affect habitat availability
(Supporting Information Figure 52.14). These intermodel differences
are most apparent in the Midwest (Figure 3), where Niche Mapper
predictions of availability are strongly governed by forest expansion,
while Maxent predictions are jointly governed by rising tempera-
tures and changing vegetation.

4 | DISCUSSION

4.1 | Contributing factors to extinction: Climate
change, corridors, and anthropogenic pressures

Disentangling the relative contributions of human populations and
environmental changes to the late Quaternary extinctions has re-
mained an active and sometimes contentious topic for decades
(Barnosky et al., 2004; Mann et al., 2019; Surovell et al., 2016). The
relative importance of anthropogenic and climatic drivers of extinc-
tion varied widely among megafaunal taxa (Lorenzen et al., 2011).
The analyses here have focused on geographic and environmental
factors that may have contributed to the extinctions of woolly mam-
moths and other large cold-adapted grazers and mixed feeders dur-
ing the crucial extinction window of 14 to 11 ka, yet the ultimate
extinction of many megafaunal species was presumably caused by
a synergy between anthropogenic and environmental factors. Here
we have elucidated in detail how in North America, the limited habi-
tat suitability of the ice-free corridor may have contributed to the
extinction of woolly mammoths during the crucial extinction win-
dow of 14 to 11 ka, while leaving open the question of to what de-
gree anthropogenic pressures also contributed.

Range shifts are a primary mechanism by which species adapt
to climate change, past and present (Lawler et al., 2013; McGuire
et al.,, 2016; Ordonez & Williams, 2013; Pecl et al., 2017; Raia
et al., 2012). The ice-free corridor that opened up between the
Laurentide and Cordilleran Ice Sheets would have been the first avail-
able corridor for megafaunal populations south of the Laurentide
Ice Sheet to move northwards as temperatures rose (Heintzman
et al., 2016; Jass et al., 2011; Pedersen et al., 2016). These simula-
tions, however, strongly suggest that the ice-free corridor may have
been of only limited suitability for mammoths and open as an escape
pathway for a short period of time. The corridor could have opened
no earlier than 14.9 ka and the earliest evidence of cross-corridor an-
imal migration (by bison) dates to 13.15 ka (Heintzman et al., 2016;
Waters, 2019; Figure 5a). The persistently low forage productivity
and rapid post-glacial reforestation of the ice-free corridor by spruce
and other boreal tree taxa (Figure 5b; Ritchie & MacDonald, 1986;
Williams et al., 2004) may have limited the northward dispersal of
megafaunal grazers.

Concurrently, in eastern North America, rates of habitat re-
organization were high (Wang et al., 2020), and open conifer

and mixed conifer-hardwood parklands were lost, replaced by a

Holocene arrangement of grasslands and eastern mesic forests
(Williams et al., 2004). These losses of Pleistocene open parklands
may have reduced the habitat availability for megafaunal species
(Blois & Hadly, 2009; Di Febbraro et al., 2017; Ficcarelli et al., 2003;
Graham, 1986; Haynes, 2013), increased competition among mega-
fauna species, and thus increased the extinction risk of the woolly
mammoth. Mammoths shared habitats characterized by herb-
steppe-tundra vegetation with other megafaunal species, such as
mastodon, caribou and muskox (e.g. Burns, 1996; Widga et al., 2017).
During the last deglaciation (15-10 ka), much of the herb-steppe-
tundra habitat across North America was lost, often replaced by
wetland and forest (Barnosky et al., 2004; Strong & Hills, 2005;
Willerslev et al., 2014). The competition among the megafauna spe-
cies may have increased due to the loss of habitat, with survival pres-
sure potentially exacerbated by overlapping dietary niches among
species (Schwartz-Narbonne et al., 2019). Isotopic analyses suggest
that, in response to changing environments, large herbivores had a
high level of dietary flexibility and were capable of utilizing both C,
and C, plants (Feranec, 2004; Widga et al., 2020), bison were able
to shift their dietary niche to low 8*°N food sources and caribou
had an adaptable diet with varying consumptions of browsing and
lichen, while mammoth had a consistently high 8'°N value in the diet
(Rabanus-Wallace et al., 2017; Schwartz-Narbonne et al., 2019). Our
modelling results suggest that the expansion of post-glacial forest
and the low productivity of the herbaceous vegetation in the cor-
ridor may have supported only limited populations and increased
resource competition among megafaunal species with dietary over-
laps, thereby enhancing the extinction risk of woolly mammoth.
The decline and extinction of woolly mammoth populations also
may have reinforced Midwestern landscape changes. Open habitat
ideally suited to woolly mammoths declined after 14 ka, with much
of the decline occurring between 12 and 10 ka, after the extinction
window (Figures 3 and 5b,c, Table 1). This suggests that the loss of
woolly mammoth may have exacerbated the loss of landscape open-
ness, perhaps by the selective release of palatable plant taxa from
herbivore pressure (Gill, 2014). Large herbivores can maintain vege-
tation openness by high biomass consumption and woody regenera-
tion suppression (C. N. Johnson, 2009). Multi-proxy studies of fossil
pollen, coprophilous spores, and sedimentary charcoal from lake
sediments suggest that the loss of keystone herbivores altered the
plant community structure and ecosystem function by the release of
hardwoods from herbivore pressure and the spread of fire regimes
through accumulated fuels (Gill et al., 2009, 2012; Rule et al., 2012),
although other studies have reported weaker signals of megafauna
on vegetation composition (Jeffers et al., 2018). In our work, the
Niche Mapper and LPG-GUESS models used here do not include the
effects of megafaunal herbivory on vegetation biomass and compo-
sition and so these simulations do not incorporate possible megafau-
nal vegetation effects. However, pollen-based estimates of woody
cover in the Midwest increased sharply between 13 and 12 ka, im-
mediately after the decline in woolly mammoth (Figure 5a,b), and
remained high after the population went extinct. This observed

afforestation is partially attributable to rising temperatures
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(Fastovich et al., 2020) but may also indicate that woolly mam-
moths, as ecosystem engineers, played important roles in landscape
transformation. These landscape transitions may also have acted
as a positive feedback loop of habitat loss (Wang et al., 2020) that
exacerbated the woolly mammoth population decline and extinc-
tion. A next step forward is to include megaherbivory in mechanistic
dynamic vegetation models such as LPJ-GUESS; such models are at
the early stages of development (Pachzelt et al., 2013, 2015).

Our analyses suggest decreases in available habitat area in the
Midwest rather than complete loss, suggesting that environmental
pressures alone were not enough to drive Midwestern populations
to extinction. Overall, these modelling results suggest that habitat
suitability was declining in the Upper Midwest (Figure 5c,d), al-
though the patterns and trends are not as clear as in the ice-free
corridor (Figure 5e-g). Instead, these analyses are consistent with
hypotheses proposing that megafaunal extinctions were driven by
a synergy between anthropogenic pressures and changing climates
and habitats. Southern mammoth populations, partially trapped by
a bottlenecked corridor, would have been vulnerable to increased
rates of mortality due to intensified predation by humans, as human
population sizes grew and new technologies and toolkits were devel-
oped. Increased human pressure is proposed as the main driver for
megafaunal extinction globally (e.g. Lyons et al., 2004; F. A. Smith
et al., 2018). The strong body size selectivity of the late Quaternary
extinctions is anomalous prior to early Cenozoic mammalian extinc-
tions, and can be explained by either selective hunting by humans or
non-selective harvesting extinction combined with higher vulnera-
bility of large-bodied animals due to their life history characteristics
(Zuo et al., 2013).

The archaeological record in North America remains incom-
plete and open to multiple interpretations. Moreover, at a continen-
tal scale, the chronological overlap between human presence and
megafaunal extinctions is indicative of anthropogenic contributions
to late Pleistocene extinctions (Martin, 1984; Surovell et al., 2016),
and consistent with a model in which several thousand years of in-
creased human pressures and coexistence led to extinction, rather
than abrupt blitzkrieg. However, direct zooarchaeological evidence
of human hunting in the Upper Midwest and other key regions is
fragmentary (E. Johnson, 2006) and has been disputed (Broughton
& Weitzel, 2018; Grayson & Meltzer, 2015; Widga et al., 2017).
The North American archaeological record of Clovis-era human/
megafaunal associations is limited to only 15 well-substantiated
instances across the continent (Grayson & Meltzer, 2015; Surovell
et al., 2005); among these, only two that date to the time of extinc-
tion are located in the Midwest (Kimmswick, Pleasant Lake) and one
near the southern terminus of the ice-free corridor (Wally's Beach).
In all three cases, the subjects of human interaction were non-mam-
moth taxa (i.e. horse, camel, mastodon). Indeed, all dated archaeo-
logical sites are rare in the study area during the extinction window
(12.5-13 ka) and site density in the Upper Midwest is one of the low-
est in North America at the time (Chaput et al., 2015). The duration
of megafaunal-human coexistence varied spatially in North America

(Emery-Wetherell et al., 2017), as did the severity of human impacts.

and Biogeography
Hence, woolly mammoth populations south of the ice sheet were
likely subjected to a synergistic combination of intensified human
pressures, warming climates and at least regionally declining habitat
suitability, but the exact contributions of these factors remain diffi-
cult to establish precisely.

This work does, however, highlight the critical role played by
corridors in allowing large vertebrates to adapt to climate change.
Such species usually are highly mobile and require large habitat
areas, so high habitat connectivity helps these species to track and
adjust to rapid climate change (McGuire et al., 2016). The projected
rates and magnitudes of future global temperature rise are similar
to or greater than those of the last deglaciation (Burke et al., 2018;
Williams et al., 2019). The brief opening and limited suitability of the
ice-free corridor during the extinction window of 14-11 ka offers
an object lesson in how low connectivity can enhance extinction
risk during periods of changing environments and intensified human
pressures. Hence, these analyses support conservation policies that
focus on maximizing habitat connectivity and minimizing the effects
of synergistic drivers of species extinction. Contemporary pathway
modelling is enabling increasingly detailed mappings of likely mi-
gration pathways for vertebrate species as climates change (Lawler
et al., 2013). Such corridors connecting these pathways should be
prioritized for conservation to protect biodiversity and may be par-

ticularly important for populations of large mobile herbivores.

4.2 | Niche Mapper and Maxent: Advantages and
uncertainties

A key advance of this study is the use of two fundamentally different
approaches to modelling the suitability of late Pleistocene and early
Holocene habitats for woolly mammoth. Niche Mapper and Maxent
agree well with respect to broad patterns (a habitat suitability decline
in the Midwest and a migration bottleneck in the ice-free corridor)
while differing in the intraregional patterns of habitat availability. As
a first-principles bioenergetics model, Niche Mapper should be ro-
bust to challenges faced by correlative distributional models when
extrapolated into past and future climates with no modern analogue
(Mathewson et al., 2017). Niche Mapper simulations are sensitive,
however, to parameterization of animal traits, which for mammoths
are based on direct measurement of their bones and soft tissue re-
mains, a literature review, and estimates from their closest extant an-
alogues, African elephants (Wang et al., 2018). The simulated forage
consumption rate is particularly sensitive to hair density, digestive
efficiency and body mass (Wang et al., 2018). Denser hairs, higher
digestive efficiency and smaller body mass lead to lower forage con-
sumption rate and higher potential population densities. Previous
work suggests that the maximum possible woolly mammoth popula-
tion density could be three times as high as estimated here, given
upper-end estimates of 4,170 hairs/cm?, which is the hair density
of musk ox (Flood et al., 1989), 3,900 kg adult body mass, which is
the lower-end estimate from fossil bones, and +15% digestive ef-

ficiency (Wang et al., 2018). However, even in this optimal scenario,
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forage limits to population density would still intensify in the Upper
Midwest after 11 ka as tree populations expanded (99 individuals
per 10% km?), and the ice-free corridor would still have difficulty sup-
porting a minimum viable population.

Maxent, in contrast, is an empirical model that is based entirely
on a statistical model of the realized niche for woolly mammoth,
using the fossil occurrence data and palaeoclimatic simulations.
The realized niche as simulated by Maxent is unlikely to be af-
fected by dispersal limitation, given the potentially high mobility
of mammoths and other elephantoid species (Widga et al., 2020).
However, the fossil record is fragmentary and may be affected by
non-climatic factors such as species interaction, human activities
and fossil reservation. These fragmentary fossil records add un-
certainty to the predicted available habitat by Maxtent. As a re-
sult, the niche reconstructed from mammoth fossil occurrences by
Maxent is expected to be smaller than the fundamental niche of
mammoth, which may lead to incompletely described species-cli-
mate relationships and underestimates of habitat suitability (Araujo
& Guisan, 2006; Guisan & Thuiller, 2005; Kearney & Porter, 2009;
Newbold, 2010).

Although each modelling framework has its limitations and
uncertainties, as described above, the good similarity in findings
between the two approaches strengthens the support for the con-
clusions reached here. Both models indicate declining habitat avail-
ability in the Midwest and both indicate that ice-free corridor would
have had generally low habitat suitability during the critical window
between 15 and 12.5 ka. Potential causes of intermodal differences
in Midwestern habitat availability include uncertainties in environ-
mental driver datasets, trait parameterization in Niche Mapper, and
the relative weighting of environmental variables. Next steps to pur-
sue include (a) more accurate measurements and fuller representa-
tion of biophysical traits in the mechanistic model, (b) incorporating
woolly mammoth fossil occurrences in Eurasia in Maxent to better
estimate the available habitat and extinction risk of woolly mam-

moth, and (c) expanding these approaches to other taxa.

5 | CONCLUSIONS

These analyses suggest that between 14 and 11 ka, mammoth popu-
lations south of the Laurentide Ice Sheet may have been increas-
ingly challenged by declining habitat suitability, rising temperatures,
reforestation, and reduced forage quality. These megafaunal popu-
lations presumably also were pressured by intensified competition
with other megafaunal species and were more vulnerable to in-
creased mortality rates due to growing human populations, although
these processes were not directly studied here. Critically, the ice-
free corridor itself, as the first available escape route northwards,
appears to have been only of marginal suitability for mammoths, and
open for perhaps only a thousand years or less around 13 ka, before
being largely closed again by post-glacial reforestation. Habitat suit-
ability in the ice-free corridor for mammoths was low due to rapid

post-glacial tree expansion, low grassland productivity, and, overall,

low forage supply. The limited availability of suitable habitat in the
ice-free corridor would have exposed traversing megafaunal popu-
lations in the corridor to the synergistic effects of limited habitat
availability and human hunting. The decline and extinction of woolly
mammoths, as an important ecosystem engineer, may have amplified
rates of afforestation and loss of open habitat, reinforcing extinction
risk as a positive feedback loop. This study highlights the importance
of corridors for species to adapt to changing climates and suggests
that the ice-free corridor may have been less suitable for traversing
megafaunal herbivores than previously realized. Because species are
now adapting to climate changes via range shifts, increasing habi-
tat connectivity among projected migration pathways is an essential
conservation priority.
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