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Abstract

The extinction of multiple genera of large-bodied mammals during the Holocene interglacial
transition has been attributed to three hypothesized causes: human migration, climate change, and
an extra-terrestrial impact. Two of these hypotheses, climate change and extra-terrestrial impactor,
would predict that the Holocene interglacial transition was uniquely stressful for large-bodied
mammals. To test the severity of the Holocene interglacial transition relative to other warming
events, ice cores from Antarctica were analyzed using Bayesian change-point analysis and
modeling. Most features of the Holocene could be predicted by a loess model of previous
interglacials with a span of 0.015. The Younger Dryas, a punctuated return to cold temperatures,
also had precedent in previous interglacials and interstadials. The Holocene lacks any extreme in
either temperature anomaly or temperature change, and fails to provide any evidence for extreme
climatic changes that would have been uniquely stressful to Earth’s biota.



Introduction

From 18,000 to 10,000 cal yr before present (BP), 37 genera of animals in North America, 51
genera in South America, 49 genera in Eurasia, and 29 in Africa went extinct (Sandom et al 2014).
These extinction events occurred synchronously (Faith and Surovell et al. 2009). Earlier, around
50,000 cal yr BP, 21 genera went extinct in Australia. These extinctions were concentrated
overwhelmingly in large megafauna with a mass of over 1,000 kg (Koch and Barnosky 2006);
extinctions of smaller taxa did not approach this scale. Within the same time span on all
continents, modern humans (Homo sapiens sapiens) expanded across multiple ecological niches.
These ecological changes, paired with the stabilization of climate following the last interglacial

transition, mark the transition from the Pleistocene to the Holocene.

This biotic turnover in the Holocene has led to its proposal as the sixth major extinction, making it
comparable to past cataclysms, such as the K-Pg extinction that led to the disappearance of all
non-avian dinosaur taxa. There are three major hypotheses explaining the cause of the collapse

and transformation of biotic systems during the Holocene:
a) Climatic changes since the Last Glacial Maximum (c. 26,000 - 19,000 BP)
b) Ecosystem shocks related to the dispersal of Homo sapiens sapiens
c) Extra-terrestrial impacts causing far reaching climatic and environmental damage

Two of these hypotheses (climate and extra-terrestrial impacts) would predict extra-ordinary
conditions associated with the last interglacial transition and the Holocene; the comet hypothesis
predicts extraordinary changes at 12,700 cal yr BP, while the climate hypotheses predict unique
changes in a broader interval (c. 18,000 to 8,000 cal yr BP). The present study tests predictions that

the Holocene interglacial and its transition relative to past interglacials were unique.



Climatic Background

To understand the the Holocene and it’s interglacial dynamics, it is necessary to place it in context
of the Pleistocene. For the past 2.53 million years, the Earth has oscillated between extended
glacial periods and brief warming intervals known as interglacials. These cycles are the products
of three astronomical events: orbital shape (eccentricity), axial tilt (obliquely) and axial precession:
collectively they are known as Milankovitch Cycles. Of these three forces, orbital shape
(eccentricity) has been dominant for the measurable record of ice cores (Hayes et al. 1976; Abe-
Ouchi et al 2013). Due to the unique position of the North American and Eurasian continental
plates, decreases in solar insulation related to subtle shifts in Earth’s orbit cause ice sheets to
expand south (Abe-Ouchi et al. 2013). Conversely, increasing solar insulation leads to retreating
ice sheets (Kawamura et al. 2007). The size of ice sheets in the Northern Hemisphere affects ocean
current circulation, creating a feedback loop that can lead to long periods of cold temperatures
(Dokken and Jansen 1999) punctuated by rapid warming or freezing (Clark et al. 1999; Menviel et
al. 2011). While the Milankovitch cycles drive the pattern of glacials and interglacials, it is the melt
of glaciers and their subsequent freshwater intrusions into the thermohaline circulation that affect
the rapidity of punctuated climate shifts during interglacial transitions. The dramatic impacts of

climatic changes on wildlife are most often attributed to these freshwater intrusion events.

Interglacials, such as the Holocene or the Eemian, are typified by temperature increases which
lead to the retreat of ice sheets. The Eemian in particular was warmer than the Holocene, as
evidence by ice core (NEEM 2013) and pollen (Kaspar et al. 2005) records. The Greenland ice
sheet retreated further than its present location (Otto-Bliesner et al. 2006), and even supported
forests on its southern margins (Willerslev et al. 2007). Increased glacial melt (Cuffey and Marshall

2000, Dutton and Lambeck 2012) and thermal expansion of sea water (McKay et al. 2011) led to



sea levels at least 6.6 m higher compared to those of the Holocene (Kopp et al. 2009). Despite the
warmer temperatures and arid episodes (Sirocko et al. 2005), medium-sized mammals such as
deer and large-sized proboscideans thrived in Europe (van Kolfschoten 2000). This illustrates that
while interglacials were markedly warmer than the glacial periods which dominate the

Pleistocene, they were not necessarily drivers of mass extinction prior to the Holocene.

While interglacials may feature stable temperatures, their transitions can be marked by dramatic
and punctuated climatic shifts. During the Holocene interglacial transition, a short-lived climatic
reversal known as the Younger Dryas occurred between c. 12,900 to 11,700 BP. The Younger
Dryas was a period of much colder and arid temperatures in Europe. It was likely caused when
cold freshwater from glacial melt in North America temporarily reversed the Gulf Stream (Keigwin
et al. 1991; Rihlemann et al. 1999; McManus et al. 2004; Broecker 2006). Many hypothesize that
these freshwater release events during glacial cycles are frequent climate forces (McCabe and and
Clark 1998; Clark et al. 2002; McManus et al. 2004), and are important in creating stadial

conditions (Liu et al. 2009).

Following the Younger Dryas, the early Holocene was typified by drier, arid conditions known as
the Altithermal (c. 10,000 to 8,000 cal year BP) (Antevs 1948, Holliday 2000) and Holocene
Thermal Maximum (HTM) (Kaplan and Wolfe 2006). This Holocene interglacial following the
Younger Dryas has been one of remarkable climatic stability (Richerson et al. 2001). While there
have been short-lived climatic episodes, such as the 8.2 kya event that is likely a smaller-scale
freshwater melt pulse into the North Atlantic (Alley et al. 1997; Alley and Agistsdéttir 2005),
overall variation is at least 2 °C degrees lower than in the preceding deglaciation period, the

Eemian.

Climatic Extinction Hypothesis Background



The extinction of the megafauna was associated with the rapidly warming climate of the most
recent interglacial transition preceding the Holocene. The warming of the interglacial featured
severe aridity in some areas during the Bolling-Allerad period, which lasted from c. 14,700 to
12,900 BP. This aridity has been invoked as a potential cause of the megafauna extinctions (Polyak
et al. 2012). Punctuated climatic shifts throughout the last glacial maximum to the Younger Dryas
identified in the GISP2 ice core record align with the last occurrence of some species in the fossil
record (Cooper et al. 2015). Considering megafauna extinctions on a taxon level (Grayson 2007),
the environmental impacts of the shift to interglacial conditions differed by region and taxa. The
replacement of herbaceous vegetation by shrubs and trees in Siberia is hypothesized to be the
cause of Coelodonta antiquarius in north-eastern Siberia (Stuart and Lister 2012). Similar
vegetation changes are suggested for the extinction of megafauna in the Japanese archipelago
(lwase et al. 2012). The extinction of Mammuthus primogensis in Northern Europe is attributed to
reforestation during the Younger Dryas (Ukkonen et al. 2011, Nadachowski et al. 2011).The
specific driver of mammoth extinctions in particular is suggested to be linked to unique rapid

climate change (Metcalfe et al. 2011):

Modern elephants rely on knowledge of food and water sources gained through
experience and passed on over generations. On the basis of the consistency in
seasonal patterns among Clovis mammoths, they probably had little or no
preceding experience with such a drastic change in climatic conditions within

their lifetimes, making it potentially difficult for them to adapt.

There are differing arguments for unique variables for the Holocene Interglacial Transition.
Megafaunal extinctions in the arctic have been attributed to a “uniquely fatal” combination of
declining range quality and flooding of the Bering Straight (Mann et al. 2015). In North America at

large, changes in nitrogen sinks are postulated as a unique variable (Faith 2011), though data for



prior interglacials is not included. In the southern hemisphere, arguments for megafaunal
extinctions in Brazil being caused by unique changes during the Holocene interglacial transition
compared to previous Pleistocene interglacials are suggested for megafaunal extinctions in Brazil

(Hubbe et al. 2013), though the nature of these unique changes is not specified.

Impact Extinction Hypothesis Background

Around the time of the Younger Dryas, some suggest the Earth was impacted by a comet (ex:
Firestone et al. 2007). Shocked quartz, carbon-rich microspherules, nanodiamonds, and elevated
concentrations of platinum-group elements has been proposed as evidence for this impact (Kennett
et al. 2009; Malhaney et al. 2010; Firestone et al. 2011; Israda-Alcantara et al. 2011). Elevated
platinum is also present in the GISP2 ice core (Petaev et al. 2013). The hypothesized impact would
have had severe consequences; it is argued to have deposited 10,000 tons of debris (Wittke et al.
2013) and have caused mass wildfires among other catastrophic ecological effects (Kennett et al.
2008). Most central to this paper is the proposed climatic effects; the hypothetical impact is
suggested to have been a central cause of the Younger Dryas (Firestone et al 2007; Kennett et al.

2015).

The impact hypothesis remains controversial; many of the geochemical indicators for an impact
may simply be normal byproducts of wetland ecosystems (Pigati et al. 2012) or otherwise non-
diagnostic of impacts (French and Koeberl 2010). Attempts at replication in identifying
geochemical evidence have not always been successful (Surovell et al. 2009; Holliday et al. 2016).
There are additional problems with the underlying argument; the lack of an impact craters is
attributed to the initial impact being on a glacial ice sheet, yet shocked quartz arising from an

impact on Earth’s crust is still invoked as evidence in other areas.



Study Design

Both the known megafauna extinctions and the hypothesized comet impact are predicated on the
same assumption: climatic variations during the Holocene Interglacial transition were particularly
severe and drove multiple large-bodied mammal taxa to extinction. However, much of the
evidence for aridity or other severe climatic changes have relied on records from the past 70,000
years. As such, it lacks comparison to previous interglacials. To fully understand the nature of the
Holocene Interglacial transition, it is necessary to compare records that extend back to past
interglacials to determine if the Holocene was truly a unique event. As an example, Polyak et al.
(2012) argue that a severe centuries-long drought led to extinctions of megafauna in the US
Southwest during the Bolling-Allerad period 15,000 years ago, yet Fawcett et al. (2011) find that
severe multi-century droughts have occurred repeatedly in the region over the past 560,000 years.
The necessary criterion for determining whether or not climate change contributed to the
extinction of a particular taxon is identifying that such a climatic event is unique (or uniquely

severe) in that taxon’s history.

The present study evaluates the climate-based mega faunal extinction hypothesis by evaluating ice
core records that span the late Pleistocene. These include the Vostok cores (Petit et al. 1999) and
the European Project for Ice Coring in Antarctica (EPICA) Dome C core (EPICA community
members 2004). While it is well demonstrated that climatic conditions during the glacial-
Holocene transition were severe, it is not clear whether they were greater in magnitude or rapidity
relative to past glacial-interglacial transitions. By contrasting the Holocene transition with the most

recent past interglacial conditions, a relative statement on severity can be made.

Two hypotheses can be generated regarding the Holocene interglacial:



Ho: There is no difference in temperature anomalies for the Holocene relative to past interglacials/

interstadials

Ha: The Holocene interglacial was a period of uniquely variable temperature fluctuations relative

to past interglacials/interstadials

To test these hypotheses, it is necessary to evaluate the Holocene relative to past interglacials and

interglacial transitions.

Method:

Past interglacial periods were defined as continuous temperature anomalies above or near 0 °C
(e.g. equal to warmer relative to the Holocene). Past interglacial transitions were defined as a
continuous rise in temperature anomalies from -8 °C to 0 °C. The termination of an interglacial
period was determine by identifying the point when temperature anomalies fell systematically
below 1 °C. While a distinction is recognized between interglacial (e.g. periods of high
temperatures that last more than 10,000 years) and interstadials (e.g. periods of high temperatures
that last for less than 10,000 years), what is important to this analysis is the rate of temperature
increases during warming events, not their duration. Alignment was checked against a Bayesian
change point model using a prior probability of 0.001, 2,000 burn-ins, and 10,000 markov-chain

Monte Carlo re-simulations of the data (Barry and Hartigan 1993; Erdman and Emmerson 2007).

While ice core data from both EPICA Dome C and Vostok clearly indicate a regular pattern of
interglacials and interstadials (Figure 1), only the Holocene and Eemian are well defined
chronologically and climatically. For the purposes of this paper, the terminology of Yarmouth will

be used generally for pre-Eemian interglacials shared between the cores. While the terminology is



inconsistent with past geological definitions (Hallberg et al. 1980; Hallberg 1986), it is still

chronologically appropriate and provides a reference point for interpreting ice core data.

For qualitative comparison of the data, smoothed mean averages were taken of the data relative to

the data’s resolution. This was done using double exponential moving average with a smoothing

ratio of (—, where n is the number of data observations for each interglacial/interstadial
n+

divided by the duration of the interglacial/interstadial.

To model a typical Late Pleistocene interglacial, a generalized model was built using a loess curve
from the four previous interglacials (The Eemian and Yarmouth |, II) and one interstadial (Yarmouth
[1) with a span of 0.015. This was used to create a reference comparison for climatic variations

during the Holocene interglacial transition.

Results
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Figure 1: Most recent 5 interglacial/interstadial periods and their transitions from EPICA and

Vostok.
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Figure 2: Bayesian change point analysis of interglacial/interstadial transitions.
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The Holocene interglacial is not the warmest period relative to past interglacials, with the brief
exception of the very peak of the Balling-Allerad interstadial (Figure 3, Figure 4). All interglacials
had higher temperature anomaly maxima than the Holocene in both the EPICA and Vostok

records, with the possible exception of only briefly before the Younger Dryas in the Vostok record.

The temperature fluctuations associated with the Younger Dryas fall within or near variability of
previous interglacials in the EPICA and Vostok ice cores (Figure 4). Interestingly, a temperature
reversal it is not unique to the Younger Dryas; Yarmouth Il had a more severe temperature reversal
5,000 years after warming began (Figure 3). Not only was the Yarmouth Il reversal colder at its
minima by 5 °C, but the temperature increase following it was both steeper and led to 2.5 °C
warmer temperatures relative to today. Otherwise, it had a similar duration and was timed at

almost the same time in the glacial cycle.

The Holocene does appear to have lower interglacial temperatures in general following the
transition. In this, it most closely resembles Yarmouth | (Figure 3). The Eemian and Yarmouth’s Il
and Ill both feature a short-lived temperature spike from 2.5 to 4 °C that lasts between 5,000 to
9,000 years after the start of the interglacial transition. These are analogues to the Holocene
Thermal Maximum, and can be considered interglacial thermal maxima. A typical interglacial
thermal maximum lasts 3,000 to 5,000 years; the Holocene Thermal Maximum in particular is
smaller in both intensity and duration (Figure 3). EPICA and Vostok exhibit different estimates for
the interglacial thermal maximum associated with Yarmouth Il; data from EPICA suggest it closely

parallels the Eemian in timing, while Vostok suggests it 2,500 years later (Figure 3).

Interglacial transitions lasts between 5,000 to 6,000 years, with the exception of Yarmouth Il from
the Vostok record. Interglacial periods themselves last from 10,000 to 30,000 years following their

transition.



Discussion

The Holocene, relative to past interglacial periods, is moderate in magnitude. It is neither the
hottest nor the coldest interglacial transition. The Eemian period presented a far larger rise in
temperature, which was sustained throughout the duration of the interglacial period. On the other
extreme, the Yarmouth Ill was a shorter and overall colder interglacial. The majority of climatic
events in the Holocene interglacial transition can be explained by a generalized loess curve
derived from the four preceding interglacials (Figure 4). The Holocene Thermal Maximum/
Altithermal period, is comparatively colder than other interglacials based on the loess model
(Figure 4). Data from Vostok indicates that the late Holocene was within variability of the
generalized interglacial, while data from EPICA predicts slightly colder temperatures in
comparison. No evidence is found for any climatic perturbation that exceeds past interglacial

variation; this includes the Younger Dryas period.

Interestingly, the Holocene interglacial transition bears a strong resemblance to Yarmouth Ill in that
an early reversal occurs during the transition (Figure 3). However, the Yarmouth Il event both
begins colder and eventually leads to a warmer temperatures than the Younger Dryas. The
occurrence of such an event in another interglacial would be predicted by the hypothesis that
freshwater glacial melt affected the Gulf Stream (Broecker 2006). It would suggest that a comet
impact is not necessary to cause a short-lived climatic reversal, unless Yarmouth Ill was the product

of a similarly-timed extraterrestrial collision.

The comet impact hypothesis would predict that climatic disruption at 12,700 cal yr BP was more
severe than other interglacials (Firestone et al. 2007; Kennett et al. 2008; Wittke et al. 2013). While
the Holocene is just outside the span of the loess model, there is no punctuated climatic change
that merits an extra-terrestrial explanation. One could argue that the cooler temperatures of the

Altithermal compared to previous interglacials was the cause of the extinction, however there are



two problems with this. First, Yarmouth Il was still colder than the Holocene at this time (Figure 3).
Second, most arguments for climate-based extinction highlight high temperatures and aridity; these

data would suggest the opposite.

This analysis find no evidence to support the alternative hypothesis, that the Holocene was a
unique interglacial. It also highlights why it is critical to compare paleoclimatic data to previous
interglacials to test climatic extinction hypotheses. The variation in the current interglacial and
previous glacial are not sufficient in and of themselves to establish that climatic conditions were

unique.

The sweeping nature of megafaunal extinctions across multiple taxa and ecosystems suggests a
disruptive cause relative to the evolutionary history of these organisms; climate during the
Holocene interglacial transition was not that disruptive event. Most of the features of the Holocene

can be directly modeled from previous interglacials, none of which saw mass extinctions of large-

bodied mammalian taxa.

Conclusion

The Holocene interglacial and its transition lack any extreme temperature fluctuations compared to
past interglacials; most of its variation can be modeled based on past interglacials. The Younger
Dryas has a close analogue in Yarmouth Ill, and is likely part of a systematic freshwater influx to
the North Atlantic due to glacial melt. There is no evidence to suggest that a unique climatic event
in the Holocene interglacial or its transition put unique stress on megafauna taxa compared to
previous interglacials, and therefore there is no evidence to support climate-based models of

megafaunal extinction.
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