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Abstract. The end of the Pleistocene was a turning point forest led to a release of soil carbon to the atmosphere and
for the Earth system as climate gradually emerged from mil-a small atmospheric COncrease. Overall, our results sug-
lennia of severe glaciation in the Northern Hemisphere. Thegest the potential for a small, though non-trivial, effect of
deglacial climate change coincided with an unprecedenteanegafaunal extinctions on Pleistocene climate.

decline in many species of Pleistocene megafauna, including
the near-total eradication of the woolly mammoth. Due to
an herbivorous diet that presumably involved large-scale tree

grazing, the mammoth extinction has been associated witd Introduction

the rapid expansion of dwarf deciduous trees in Siberia and

Beringia, thus potentially contributing to the changing cli- The final millennia of the Pleistocene epoch (which lasted
mate of the period. In this study, we use the University of Until approximately 11.7ky ago) witnessed an important
Victoria Earth System Climate Model (UVic ESCM) to sim- transitional period as the Earth system emerged from ex-
ulate the possible effects of these extinctions on climate durfénded periods of Northern Hemisphere glaciation. This tran-
ing the latest deglacial period. We have explored various hySition involved major changes in the land surface configura-
pothetical scenarios of forest expansion in the northern higion as receding continental ice sheets gave way to the ex-
latitudes, quantifying the biogeophysical effects in terms ofPansion of cold-adapted tundra vegetation, boreal shrub for-
changes in surface albedo and air temperature. These scen&st and evergreen needleleaf trees. In turn, the expansion of
ios include a Maximum Impact Scenario (MIS) which simu- vegetation would have affected climate by modifying surface
lates the greatest possible post-extinction reforestation in théeflectivity and enhancing land—-atmosphereGchange
model, and sensitivity tests which investigate the timing of (Kabat et al., 2004). This could have either increased or
extinction, the fraction of trees grazed by mammoths, andSlowed the rate of high-latitude warming and ice sheet ero-
the southern extent of mammoth habitats. We also show th&'0N-

results of a simulation with free atmospheric £rbon cy- Also occurring during the late Pleistocene was one of the
cle interactions. For the MIS, we obtained a surface albeddnost significant terrestrial mass extinctions events of the
increase and global warming of 0.006 and 0.1C5respec- Cenozoic (past 65 million years). In total, 97 of 150 genera of
tively. Less extreme scenarios produced smaller global meaf’e€gafaunal mammals (defined as animak4 kg) went ex-
temperature Changesy though local Warming in some |OcatinCt globally from about 50 thousand years ago until the end
tions exceeded 0% even in the more realistic extinction Of the Pleistocene (Barnosky et al., 2004). These large terres-
scenarios. In the free GOsimulation, the biogeophysical- trial mammals have long been thought to play a central role in
induced warming was amplified by a biogeochemical effect,the maintenance of grasses over the expansion of trees in the

whereby the replacement of high-latitude tundra with shrubEurasian taiga due to a presumed herbivorous diet that would
have involved large-scale tree grazing, in direct analogy to
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the behavior of present-day megafauna in the African sa- We first analyze results from a Maximum Impact Scenario
vanna (Owen-Smith, 1987). For example, today a large ele{henceforth MIS) in which all trees and shrubs are assumed
phant in South Africa consumes 300 kg of vegetation dailyto be cleared in a vast area of the Northern Hemisphere, thus
(U. Schutte, personal communication, 2012). Therefore, theielding the largest possible climate response resulting from
extinction of the Pleistocene megafauna could have allowedhe megafaunal extinctions in the UVic model. Atmospheric
an additional increase in high-latitude tree cover during theCO; levels are prescribed in order to focus on biogeophys-
last deglaciation — and therefore a potential change in climatécal effects in the climate response. Following this, we dis-
— that would not have occurred otherwise. cuss a range of experiments testing model sensitivity to the

The exact cause of the Late Quaternary Extinctions is stilltree grazing fraction, extent of mammoth habitats, and timing
subject to an active debate, with a lack of general consensusf extinction. Finally, we simulate free G&arbon cycle in-
on the competing hypotheses of natural and anthropogeniteractions in order to quantify the biogeochemical effects of
causes (Koch and Barnosky, 2006; Prescott et al., 2012)vegetation changes.
The occasional presence of woolly mammadthaMmmuthus This paper is structured as follows. In Sect. 2, we give a
primigeniug remains in paleolithic sites has notably led to brief overview of the climatic impact of high latitude vege-
the development of various theories attributing the disappeartation cover change. A short description of the UVic ESCM
ance of the pre-historic mammals to over-hunting by humansand the vegetation module are given in Sect. 3. Section 4
(Alroy, 2001; Martin, 2005; Guthrie, 2006). Due to under- discusses the experimental design and the methodology used
whelming evidence, many dismiss the “overkill” hypothesis in this study. In Sect. 5 we give an analysis of the MIS re-
in favor of natural climate change on the basis that the prim-sults, while the results of all other experiments are briefly
itive tools used during the period combined with the woolly described in Sect. 6. Finally, some concluding remarks are
mammoth’s thick layer of fat, skin and fur would have made given in Sect. 7.
effective hunting by humans unlikely (Grayson and Meltzer,
2002; Wroe et al., 2004).

Assuming humans did have the capacity to overhuntmam2 A review of climate—vegetation interaction at
moth and significantly reduce their population, Doughty et  high latitudes
al. (2010, hereafter DWF2010) hypothesized that the extinc-
tion of the woolly mammoth would have caused an expan-The climate impact of forests at high latitudes is dominated
sion of high-latitude forest, leading to a decrease in sur-by radiative effects that arise from vegetation-induced alter-
face albedo and a corresponding increase in surface tenations of the surface albedo (Foley et al., 2003), due in large
peratures. The assertion that megafaunal extinctions coinpart to the contrast in surface reflectivity between the dark
cided with major regional changes in vegetation is supportedorest canopy and bare or grass-covered ground, which is
by pollen records from a well-documented increase of Be-greatly amplified by the presence of snow during the colder
tula cover in Siberia and Beringia (Global Pollen Database)months. The impact on surface air temperature is further en-
data from a collection of Alaskan mammoth fossils (Guthrie, hanced by a radiative feedback mechanism whereby the tem-
2006) and palaeological records (Gill et al., 2009). Based orperature anomaly brought about by the change in tree cover
this evidence, as well as the combined results of a predatorinfluences the onset of snow melt during the spring season,
prey model and a global climate model, DWF2010 suggestedesulting in a higher temperature anomaly which enhances
that a human-driven mammoth extinction could constitute anthe initial change in tree cover. Additionally, moisture star-
early case of human-induced climate change and a potentialation at high latitudes limits the relative importance of heat
pre-agricultural beginning for the Anthropocene. losses through evapotranspiration, which dominates climate-

In this paper we investigate the potential impact of vegetation interactions in more temperate forest biomes.
megafaunal extinctions on deglacial climate change during The climatic role of high-latitude vegetation has been an-
the late Pleistocene by extending the modeling efforts ofalyzed extensively with a variety of numerical models (see,
DWF2010 in three ways: (1) we examine the transient cli-for example, Brovkin et al., 2003; Crucifix et al., 2005). Ot-
mate response to changes in vegetation cover; (2) we simuerman et al. (1984) were among the first to examine the im-
late this transient climate change using the multi-componenpact of nontropical forest cover on climate, and suggested
University of Victoria Earth System Climate Model (UVic that boreal and temperate forests produce a warming effect
ESCM), considering boundary conditions relevant to the lateon climate by reducing surface albedo. Thomas and Rown-
Pleistocene (in terms of orbital parameters, ice sheets, anttee (1992) followed with a high-latitude deforestation ex-
wind fields) as well as transient changes in ocean circulatiorperiment, and associated the resulting increase in wintertime
and heat uptake; (3) we include a dynamic treatment of vegand springtime surface albedo with a net decrease in surface
etation processes, where pre-extinction tree grazing by thair temperature and precipitation over the concerned regions,
woolly mammoths is characterized as a constraint on vegetaespecially during the time of snow melt. Using an explicit
tion growth. scheme prescribing the complete removal of forests at north-

ern high latitudes, Bonan et al. (1992) found that this cooling

Clim. Past, 9, 17614771, 2013 www.clim-past.net/9/1761/2013/



M.-O. Brault et al.: Assessing the impact of late Pleistocene megafaunal extinctions 1763

effect could be extended well beyond the deforested aredand surface and vegetation schemes (Weaver et al., 2001).
due to sea ice-albedo feedbacks, and would tend to persisthe ocean component of the model is version 2.2 of the
throughout the entire year owing to the oceanic thermal in-GFDL Modular Ocean Model (MOM), a three-dimensional
ertia. Subsequent studies with the same experimental setupcean general circulation model with 19 unequally spaced
(Bonan et al., 1995; Douville and Royer, 1997) confirmed vertical levels (Pacanowski, 1995). The atmosphere is a ver-
these findings and hinted at significant climatic impacts oftically integrated energy-moisture balance model (EMBM)
high-latitude tree cover changes in other parts of the globefirst introduced and coupled to the MOM by Fanning and
notably in terms of tropical monsoonal circulation. Overall, Weaver (1996), and simplified in Weaver et al. (2001). Mois-
results from global-scale modeling (Claussen et al., 2001ture transport is driven by diffusion and by vertically inte-
Snyder et al., 2004; Fraedrich et al., 2005; Gibbard et al.grated atmospheric winds specified from NCEP reanalysis
2005; Bala et al., 2007; Brovkin et al., 2009; Bathiany et al., data. A dynamic wind feedback parameterization based on
2010) suggest that radiative effects at mid- to high latitudesvariations in sea surface temperatures is included to account
drive climate—biosphere interactions. More explicitly, the im- for wind perturbations in past climate simulations. Sea ice is
pact of surface albedo change outweighs that of all other bio€alculated with a standard model involving two-category (sea
geophysical effects associated with land cover change (Daviiice, open water) thermodynamics and elastic-viscous plas-
and de Noblet-Ducoudy 2010). tic dynamics, with further options available for a more so-
Climate—vegetation interactions have also been investiphisticated representation of sea-ice thermodynamics and ice
gated with higher resolution regional climate models, with thickness distributions (Bitz et al., 2001). The spatial cover-
somewhat differing results. For example, a simulation of de-age and height of ice sheets is prescribed based on data from
forestation in Europe (Chalita and Le Treut, 1994) yieldedthe model ICE-4G (Peltier, 1994). Finally, the land-sea con-
a wet spring followed by a dry summer, a seasonal spreadiguration used in all sub-components operates in a global
of precipitation which is inconsistent with global model- spatial domain with a spherical grid resolution of<3(fonal)
ing experiments. These results were further confirmed byby 1.8 (meridional), which is comparable to most coupled
another regional climate model study in Europe (Heck etcoarse-resolution AOGCMs.
al., 2001). Focusing on the eastern half of Russia, Notaro In the current version of the UVic ESCM land surface
and Liu (2008) found that local deforestation led to an ex-properties (surface temperature, soil moisture content and
tended snow cover period and increased atmospheric stabitemperature, snow cover) and soil carbon content are com-
ity, strengthening the Siberian High and thus decreasing conputed with a single (1 m) soil layer version of the Meteoro-
vective precipitation in the region. These findings thus hint atlogical Office Surface Exchange Scheme version 2 (MOSES-
a significant impact of high-latitude forests on regional cli- 2), which is driven by biomass input and microbial respi-
mate patterns. ration (Cox et al.,, 1999). MOSES-2 includes an interac-
Finally, it is necessary to consider the importance of veg-tive representation of plant photosynthesis and conductance,
etation in regulating atmospheric carbon dioxide levels andand a parameterization of evapotranspiration as a function
maintaining the carbon cycle. This is achieved through car-of canopy resistance. Newer versions of the model include
bon sequestration by photosynthesis, as well as carbon exan improved radiative transfer scheme, the addition of sul-
changes with the soil layer. The reverse is also true, as vegfates and aerosols as potential climate forcings (Matthews et
etation can also be affected by changes in atmospheric cagl., 2004), the introduction of a dynamic vegetation model
bon dioxide — not only from its direct impact on global sur- (Meissner et al., 2003) (see below), and a coupling of the
face temperatures, but also due to the central role of thdatter’'s terrestrial carbon cycle with the ocean’s inorganic
CO, molecule in the chemical reactions that define plantcarbon cycle (Matthews et al., 2005). More recently, mod-
life (Prentice et al., 1991). For example, a known impact of ules for ocean biogeochemistry (Schmittner et al., 2008) and
elevated atmospheric GQevels is to cause physiological ocean sediment deposition and dissolution (Eby et al., 2009)
changes such as a reduction of plant stomatal conductancéave also been incorporated into the UVic ESCM.
which limits moisture exchanges between the plant and its The terrestrial biosphere is represented with the vegetation
environment (Foley et al., 1996). Therefore, the role of vege-module “TRIFFID” (Top-down Representation of Interactive
tation within the carbon cycle is of considerable relevance toFoliage and Flora Including Dynamics), a dynamic global
any investigation of C@variations and climate change. vegetation model developed at the Hadley Centre for use in
climate-carbon cycle simulations (Cox, 2001), and adapted
to the UVic model by Meissner et al. (2003). TRIFFID de-
3 Model description scribes the state of the terrestrial biosphere in terms of soil
carbon (one-layer) and vegetation distribution, which is ex-
The model used in this study is version 2.9 of the Univer- pressed in terms of the structure and coverage of five plant
sity of Victoria Earth System Climate Model (henceforth functional types (PFT): broadleaf trees, needleleaf trees, C3
UVic ESCM, or UVic model), an intermediate complex- and C4 grasses (mainly distinguished by their photosynthe-
ity coupled atmosphere/ocean/sea-ice model with integratedis patterns; C4 is found almost exclusively in the tropics),
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and shrubs (defined as trees whose maturity height does not Most of the model simulations were carried out using a
exceed 2 m). Plant distribution and soil carbon levels are uppre-defined time series of atmospheric £@btained from
dated according to a “carbon balance” approach, which isvostok ice cores (Petit et al., 1999) in order to eliminate the
based on primary productivity and land—atmosphere carbompossible effects of vegetation cover changes on carbon diox-
fluxes supplied by MOSES-2. Areal coverage is determinedde radiative forcing. The initial conditions for these simula-
by the net available carbon and interspecies competitiontions were obtained from the experiments presented in Sim-
which is modeled using a Lotka—Volterra predator-prey rela-mons et al. (2012). These experiments were, in turn, derived
tionship. In particular, the plant dominance hierarchy heavilyfrom a spin-up for 21 000 BC (23000 BP) run for 10000
emphasizes the role of height in the competition for areal surmodel years with Last Glacial Maximum-(19 000 BC) ice
face, which induces a heavy bias towards taller species. Theover (ICE4G), orbital forcing and atmospheric £€@xed
model also accounts for bud-burst, leaf-drop and large-scaléor 21 000 BC. This spin-up was then used as the basis for
vegetation disturbances that increase the soil carbon contentransient simulations from 21 000 BC to 2000 AD. The initial
conditions for the present study were then derived from one

) such transient simulation using time-dependent orbital forc-

4 Experimental setup ing, prescribed land ice (ICE4G) and prescribed,s-

In this study we examined the climate impacts of thetok) at the start dates (ranging from 15000 BC to 10 000 BC)

megafaunal (i.e., mammoth) extinction, which is repre:sentecIor the simulations described in this paper.
as an increase in high-latitude tree cover, following the hy-
pothesis formulated in DWF2010. In order to simulate an
additional increase in tree cover not caused by existing pro
cesses in the model, we define a “mammoth area” which is . . ) . )

initially deforested, partially or totally (physically, this ap- In this experiment we define the “mammoth area” as any

proach can be justified by arguing the grazing of trees b))and_grld cell located no_rth_ of the 30 Iat|tud_e, the ap- ,
terrestrial fauna is not accounted for in the current versionprOXImate southernmost limit of boreal forests in the model's

of the model), and where trees and shrubs are only aIIowedi\mrthem Hemisphere during the late Pleistocene. Most of the
vegetation in North America is constrained betweefi!80

to grow back subsequent to the pre-defined timing of mam- 445N d h helmi fthe L
moth extinction. The climatic impacts of forest recovery in and 43 ue to the overwhelming presence of the Lauren-

the “mammoth area” can then be used to directly quantifyt'de ice sheet. Within the “mammoth area” the effective pre-

the biogeophysical and/or biogeochemical effects associategxnnctlon ltree and ;hryb fracﬂon are se t to zero (i.e., ful
with the megafaunal extinction. eforestation). The timing of extinction is set at the model

In the context of the PFT approach in TRIFFID, the exper- year 12000 BC (14ky BP), as suggested by the evidence

imental setup limits the growth of trees and shrubs infavoroffrom various burial sites (Guthrie, 2006). In the following

C3 and C4 grasses over the specified “mammoth area” mucﬁub-sections, we will examine the evolution of surface albedo

in the same way as one would account for agriculture in theand air temperature over the following 500 yr (from 14 ky BP

distribution of present-day vegetation. Once in equilibrium t0 13.5ky BP). We emphasize that the MIS does not repre-

with most other model components (preliminary tests with sent a realistic scenario in terms of the megafaunal extinc-

the UVic ESCM revealed that 500yr of model simulation tion; rather, it models the greatest conceivable influence of

are sufficient to reach an approximate steady state when pepjegafauna on late Pleistocene climate in the UVic model.

turbing an already spun-up model), this constraint on high_Other more realistic experiments will be discussed later.
latitude tree growth is then removed over a single time step
at the pre-defined timing of extinction. The mammoth extinc-

tion is taken to be "instantaneous” for the sake of simplic- The change in the fractions of trees, grasses and shrubs over

ity, and in order to minimize the time required for vegetation i ) . .
. . o . the mammoth area (Fig. 1a) displays two interesting fea-
to reach its quasi-equilibrium state. Due to the strong domi- . ; o
. - tures. First, most of the vegetation distribution change oc-
nance of tree and shrub PFT in the competition scheme, the L ! .
curs within the first 100 yr of the simulated mammoth ex-
recovery happens over the span of a few hundred years onl¥

In order to isolate the climate response due to bioaeoph Si_inction. The expansion of the boreal forest is likely hastened
P geophy by the height-based plant dominance hierarchy in the TRIF-

cal effects only, we compare the output of the extinction scerip competition scheme, which emphasizes the growth and

nario EXT with a control run CTL, for which the constraint expansion of tree and shrub tvpes over arass. Second. the
on trees and shrubs is maintained for the duration of the sim- P yp g ) ’

. : L .~ transition involves mostly a change from grasses to shrubs,
ulation (i.e., no mammoth extinction). Unless otherwise in-

dicated, all figures presented below represent the departurve\znth needleleaf trees only appearing in Europe and south-

. . . . western North America towards the end of the simulation pe-
between a simulation EXT and its corresponding CTL run. riod. This does not contradict the conclusions of DWF2010:

based on physical and physiological properties, the PFT best

5 The Maximum Impact Scenario (MIS)

5.1 Vegetation and surface albedo
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Fig. 2. Spatial distribution ofa) difference in surface albedo (EXT-
CTL) averaged over the 500th year of the climate model simulation
and(b) prescribed ice sheets during the 500th year.

representing the Betula species would likely be the shrub
type in TRIFFID.

The time evolution of surface albedo (Fig. 1b) is found to
closely follow the change in vegetation. After 500 yr of cli-
mate model simulations, the change in surface albedo due
to biogeophysical effects alone amounts-t0.026 locally
(mammoth area), and approximatel0.006 globally. The
spatial distribution of this increase in albedo is displayed in
Fig. 2a. A large area of North America is unavailable for tree

north of 30 N removed by the mammoths, so that their extinction growth_ due to continental ice Shegts (s_ee Fig. ,Zb)' Further-
results in the largest possible reforestation), plotted as time series df0"€, in the model several places in Asia are either too cold
the first 500 yr after extinction. To produce each curve we subtract(in most of Siberia) or too dry (all of southern Asia, with the
the control run (CTL — model tuned with the mammoths’ impact on €xception of the Himalayan mountain range) to support the
vegetation, but the mammoths do not go extinct) from the extinctiongrowth of trees and shrubs. This limits the extent of shrub
run (EXT — same as CTL, but the mammoths go extinct at year 0 offorests to a longitudinal band of land stretching from Europe
the simulation); the only exception is the solid ling(@), in which  to the Pacific coast and western Alaska, as well as several
CTL is subtracted from the background simulation (no mammoths).hjgh-elevation locations (the Himalayas in Asia and Rocky

The panels display differences (a) the vegetation fraction for ev-
ery main vegetation type, averaged over the mammoth érgthe

surface albedo, averaged over the globe (dashed line) and over trh-;‘

mammoth area (solid line); ar(d) the globally-averaged tempera-

ture for the “extinction” run (dashed line) and the “no mammoths

background simulation (solid line).

www.clim-past.net/9/1761/2013/

Mountains in North America).

Since shrubs are very similar to grasses in terms of snow-
ee surface reflectivity, most of the observed albedo decrease
is caused by a difference in snow-covered canopy albedo (0.6
for grasses versus 0.4 for shrubs). As would be expected,
the departure in surface albedo, largest at the reforested lat-
itudes, all but vanishes during summer and early fall when
the ground becomes snow free (see Fig. 3). The postglacial

Clim. Past, 9, 1761%71, 2013
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Annual cycle of surface albedo difference over the Northern Hemisphere reSUIting temperature departure between the two simulations
% would continue to slowly increase well beyond the 500 yr of
N - this simulation, as evidenced by the closing of the gap be-
il e, tween the “extinction” run and the background simulation

w ﬁ / % (solid line in Fig. 1c).
4 ' The temperature change obtained at the end of the MIS

is several times larger than the change presented in the re-
%0 sults of DWF2010, who obtained a 0.028 warming with
a 6% increase in Siberian tree cover. This discrepancy is to
be expected, however, given that DWF2010 simulate a 6 %
increase in tree cover over an area much smaller than the
< . one used in this study; it is therefore difficult to establish
006 -0.05 004 -0.03 002 001 © 001 002 003 004 005 0.08 the validity of our results based on a direct comparison with

: . . their results. Nevertheless, our results reinforce the idea that

Fig. 3. Zonally-averaged annual cycle of the difference in surface

albedo (EXT-CTL) over the Northern Hemisphere during the 500th & postglacial expansion of high-latitude vegetation — possi-
year of the climate model simulation. On the abscissa, months ar®!y caused by the extinction of the Pleistocene megafauna —

displayed from January to December according to their numericacontributed to global Wam_“ng during Fhe |at(_9 Pleistocene.
order. In terms of the global impact of high-latitude reforesta-

tion, we produce results that are similar to other present-

day afforestation experiments, which were carried out to in-
climate regime in the Northern Hemisphere results in a muchvestigate the climate change mitigation potential of forest
later spring snowmelt compared to the present day, as charegrowth (e.g. Betts, 2000; Arora and Montenegro, 2011).
acterized by albedo anomalies that persist until mid-June ayVhile these studies find a possible cooling effect of afforesta-
these latitudes. This contrasts with simulations of presenttion due to the increase in vegetation carbon sequestration,
day climate (Thomas and Rowntree, 1992; Chalita and Leboth point out the importance of albedo changes at high lat-
Treut, 1994), in which the boundary conditions hasten theitudes, which either partially or completely counterbalance
melting season by several months compared to the case fdhe impact of decreased GQevels. It is also likely that
the late Pleistocene. According to Fig. 3, the (negative) surthe snow-albedo feedback mechanism is enhanced during the
face albedo anomaly in the reforested latitudes is largest adeglaciation because of the delayed melting season (as well
the end of the spring season. An analysis of seasonal SARSs a favorable orbital configuration), producing a greater im-
anomalies (see Fig. 5 below) and land surface temperaturpact than would be obtained with modern-day boundary con-
anomalies (not shown) also reveals that during the same timditions.
period this region is much warmer in the reforestation run In general, there is good correlation between the spatial
(EXT) than in the control run (CTL). We interpret these find- patterns of temperature (Fig. 4) and albedo (Fig. 2a), with
ings as a possible indication that the darker canopy of dwarfmaximum temperature anomalies located in the reforested
trees leads to an earlier spring, and snow melt is hastened bgreas (negative anomalies in Fig. 2a). Also, the seasonal cy-

Latitude ("N)
&
&

1 2 3 4 5 6 7 8 9 10 11 12

up to a few weeks due to the snow-albedo feedback. cle for the temperature anomalies (see Fig. 5) is very con-
sistent with results from earlier studies (Thomas and Rown-
5.2 Temperature tree, 1992; Bonan et al., 1992; Douville and Royer, 1996);

but due to the cooler glacial climate, the peak anomalies in
The simulated change in temperature is displayed in theour study tend to occur later. However, the spatial tempera-
form of a globally averaged time series of SAT anomaliesture response is not fully linear with respect to vegetation and
(Fig. 1c). The temperature and surface albedo trends aralbedo changes; the rest of this section discusses two of the
well-correlated, and 500 yr into the simulation the tempera-most notable features in the spatial pattern.
ture anomaly is approximately 0.176 globally and 0.42C The largest temperature departureQ.6°C) can be found
over the mammoth area. The rapid northward expansion ofn extreme northeastern Asia, despite a change in surface
shrub forest causes a sharp warming during the first 100 yalbedo comparable to that in central Europe, where only half
of the simulation. A weaker temperature increase continuegs much warming is observed (see Fig. 4). We conjecture that
into the rest of the simulation, likely a result of receding the temperature response is enhanced by a particularly long-
ice sheets and the increased availability of land surface tolasting snow-albedo feedback mechanism due to its north-
wards the expansion of non-grass vegetation. This increasesrn location, promoting warmer temperatures during most of
the contrast between the EXT and CTL simulations, since inthe year. Warmer springtime temperatures hasten the snow-
the latter the tree and shrub PFTs are not allowed to growpack melt by up to a few weeks, significantly reducing sur-
back in the mammoth area. Because the postglacial warminéace albedo during the late spring and early summer, the
period extends well into the Holocene, it is possible that thetime of year when temperature is most sensitive to surface
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Spatial distribution of SAT difference Annual cycle of SAT difference over the Northern Hemisphere
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Fig. 4. Annually-averaged spatial distribution of the difference in Fig. 5. Zonally-averaged annual cycle of the difference in tempera-

temperature (EXT-CTL) averaged over the 500th year of the climateture (EXT-CTL) over the Northern Hemisphere, during the 500th of

model simulation. the climate model simulation. On the abscissa, months are displayed
from January to December according to their numerical order.

reflectivity. It should also be noted that the temperature re-

. . . . N . H 1 14, 1
sponse in Europe is likely smaller due to its proximity to the Difference in 6°C as a function of depth

North Atlantic Ocean’s moderating influence. A(5%C(%s))

The Weddell Sea, off the Antarctic shoreline, is the only R S <A
area where a negative temperature anomaly is observed (st <
Fig. 4) as a result of biogeophysical effects in the North- 1000 /]

>

R
ern Hemisphere. An analysis of the modelé@ content of <
the deep waters in the Weddell Sea at the end of the sim £ 20%
ulation (Fig. 6) reveals a strengthening vertical gradient of (
$14C in the bottom waters, which is indicative of reduced =" >
deep water formation in the Southern Ocean and reduce ///
ocean-to-atmosphere heat transfer. These cooler, more stre
ified surface waters can also lead to increased sea ice foI  s000
mation, triggering a local sea ice-albedo feedback with neg-_ o I ) ]
ative impacts on air temperature (and providing a possibld9- 8- Variations in5="C anomaly as a function of depth in the
explanation to the positive albedo anomalies near the coasvtvedde" Sea (region of negative temperature a”°”?a'y in Fig. 4),

. A L averaged over the 500th year of the climate model simulation.
of Antarctica as seen in Fig. 2a). These findings suggest that
warm SST anomalies in the North Atlantic trigger a change
in oceanic circulation which inhibits deep water formation in ) o
the Southern Ocean, explaining why this region could experi-8S & constraint on the growth of tree and shrub PFT, limiting

ence a slight cooling despite a major warming in the Northern(Put not suppressing) their maximum fractional cover over
Hemisphere. the mammoth area. Furthermore, the size of the mammoth

area is set according to a latitudinal southernmost bound-
ary. While perhaps crude representations of mammoth her-
6 Results of other experiments bivory and habitat, we argue that they are reasonable given
the sparse paleodata available on the eating habits and the
6.1 Intermediate-impact scenarios and sensitivity tests ~ spatial distribution of megafaunal species during the late
Pleistocene. Finally, in order to explore different times of ex-
In this section we investigate the role of megafaunal diet,tinction, we launch the simulations with boundary conditions
habitat range, and timing of extinction by performing a set selected for various stages of deglacial climate change, pro-
of sensitivity studies that explore more realistic scenarios ofducing a different context of natural climate variability.
mammoth extinction. Results from these sensitivity studies are summarized in
The experiments discussed here focus on the impacts dfig. 7. The details of each experiment are presented in Ta-
three independent characteristics: the rate of tree clearingle 1 and compared with the MIS; two simulations are dis-
(also referred to as “herbivory”), the spatial extent of mam- played for each of the three characteristics discussed above.
moth influence on vegetation (i.e., the “mammoth area”), and In general, model results from the sensitivity tests agree
the timing of extinction. We represent the rate of tree clearingwith our intuition. Decreased herbivory and tree grazing

Depth (m)
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Table 1. List of sensitivity tests, performed for the three charac-  Sensitivity to the timing of extinction is heavily dependent

teristics selected for this study: year of extinction, tree clearanceon boundary conditions, especially in terms of continental
fraction, and southern extent of mammoth habitat. For the sake ofce sheet coverage. An earlier extinction by some 3000 yr
comparison, parameterizations for the MIS are shown in the first 15 ky BP) yields a global temperature anomaly compara-

line. ble to that obtained in the MIS (see Fig. 7); however, no
Description Yearof  Fractionof Southemextent  c0ld .pocket is f_ound in the Weddell Sea (not shown). It is
extinction  trees cleared of habitat possible that slightly lower global temperatures during that
Maximum Impact Scenario —12 000 100 3N penod_ (and therefore a lower freshwgter flux into the North
30% Reduced Herbivory ~ —12000 0.70 30N Atlantic Ocean) prevented a weakening of the thermohaline
60 % Reduced Herbivory ~ —12000 0.40 30N circulation, thus negating the cooling effect in the Southern
45° N Habitat Limit —12000 1.00 45N o Al . . b 2000 10 kv BP |
60° N Habitat Limit _12000 100 60N Ocean. A later extinction by some yr (10 ky BP) results
Later Extinction —~10000 1.00 30N in further enhanced SAT anomalies compared to the MIS (see
Earlier Extinction —15000 1.00 30N Fig. 7). The spatial distribution of temperature anomalies is
slightly different at the northern high latitudes due to a mod-
Results of the sensitivity study erately large fraction of the continental ice sheet_s vanishing
e between 12ky BP and 10ky BP (as prescribed in the UVic
s 30 Rt et | ESCM), opening up more land area for the northward expan-
vvvvvv 60% Reduced Herbivory SIOI'] of Vegetatlon
02 A5N-Habitat Limit NM‘I_A‘AVA » "
60°N Habitat Limit s A i)

0.175

— Later Extinction

6.2 Biogeophysical vs. biogeochemical effects: results
from a “free CO »” experiment
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In this section we investigate the impacts of climate-carbon
cycle interactions. More specifically, we allow g@vels to
fluctuate based on land cover changes in an attempt to quan-
tify the biogeochemical effects of vegetation cover changes.
For the sake of consistency, we use the experimental setup
used in the MIS.

As shown in Fig. 8a, radiative and carbon-cycle effects ap-
) o ) _ pear to enhance each other, resulting in a combined warm-
Fig. 7.Results of_the sensitivity tests, presented he_re as tw_ne §erle§]g that nearly doubles that from biogeophysical effects
of the difference in temperature (EXT-CTL) for various extinction . . . .

X o ) alone. This can be mostly attributed to an increase in atmo-
scenarios. The MIS curve (same as dotted line in Fig. 1c) is shown heric CO levels by about 15 duri he first 150
in red for the sake of comparison. Spheric Qlevelsby a _OUI ppm u_rlngt efirst post-
extinction years (see Fig. 8b), which is followed by a grad-
ual recovery as the additional atmospheric carbon is taken up

effectively decreases the change in albedo — and temperatuRy other carbon reservoirs (i.e., the ocean). As a result, the
— when compared to the MIS. Interestingly, a 30 % decreaséemperature anomaly for the 500 climate model years of the
in tree grazing approximately halves the impact on globalsimulation is overwhelmingly positive.

temperature, while a 60 % reduction has an insignificant im- An analysis of carbon fluxes above the land surface re-
pact on temperature. All of the main features discussed irveals that the release of G@ the atmosphere is closely re-
Sect. 5 — the geographical distribution of anomalies, the largdated to the vegetation change. In the vegetation model, ter-
eastern Siberia warming and the Southern Ocean cooling Lestrial carbon storage is determined by the balance of pri-

are reproduced in these experiments, with proportionatelynary productivity (leading to carbon uptake) and decompo-
smaller values. sition (leading to release of soil carbon to the atmosphere). A

It is also fairly straightforward to interpret results from transition from grass PFTs to shrubs leads to an increase in

sensitivity to the size and geographical boundaries of the/egetation carbon over time; however shrubs also sequester
mammoth area. When reducing the size of mammoth habitat€ss carbon in the soil pool compared to C3 grasses. Con-
all potential input from excluded areas (in terms of radiative sequently, the replacement of grasses with shrubs leads to a
effects) effectively vanishes. Displacing the southern bound-substantial release of soil carbon to the atmosphere as the soil
ary to 45 N reduces the impact by about half, while moving carbon pool adjusts to the reduced inputs from the new veg-
it to 60° N negates biogeophysical effects, as there are Veryatation cover. This decrease in soil carbon content (Fig. 8c)
few ice-free locations north of this boundary that can sup-is larger than the corresponding increase in vegetation car-
port tree and shrub vegetation. The model output display$on (Fig. 8d), leading to a net loss of terrestrial carbon to the
broad similarities with the MIS, reproducing the temperatureatmosphere.

anomalies in eastern Siberia and in the Southern Ocean.

global averaged surface warming (°C)

0.025 !‘

-0.025

(] 100 200 300 400 500
time (years after extinction)

Clim. Past, 9, 17614771, 2013 www.clim-past.net/9/1761/2013/



M.-O. Brault et al.: Assessing the impact of late Pleistocene megafaunal extinctions 1769

b

Difference in surface air temperature Difference in atmospheric CO, (free-

o 05 - prescribed)
= £
g 04 £ 07
E 03 // 85 & T
/| PR
§ °2 / IO SRR 810 | / o
= SR PECT A = F
s 0 Ea -: /
8 0 / ——Free E 5+
L A Brescribed 1 F
a2 01 : ‘ 0T
0 100 200 300 400 500 5 > 100 200 300 400 500
time (years after extinction) time (years after extinction)
c . . . D . . .
Difference in global soil carbon content Difference in global vegetation carbon
(free-CTL) (free-CTL)
_ 25 35 ¢
.‘L—“ 0 -6-'“ 30 +
= \ = E T
8 25 83
5 s\ 52
= \ = 15
& 75 2 EL/
- \ E 10 £ /
£ 100 & s+
) T ¢ E/
-125 — 0
0 100 200 300 400 500 g ] 100 200 300 400 500
B

time (years after extinction) time (years after extinction)

Fig. 8. A selection of results from the “free GOexperiment. Displayed ar@) the difference in temperature (EXT-CTL) for the free and
prescribed CQ experiments (dotted line is the same as dotted line in Fig. (b§)the difference in atmospheric Getween the two
simulations(c) the difference in total soil carbon aifd) the difference in total vegetation carbon resulting from the vegetation change.

It is difficult at this point to determine whether the carbon effects, with an estimated surface warming of 0.1C%glob-
cycle response to the vegetation change in this model reflectally and 0.420C over the mammoth area. Most of the warm-
a potential real-world effect. It is consistent, however, with ing could be linked to changes in vegetation, either as a direct
previous studies which have shown the potential for signifi-consequence of reforestation or as a result of global warm-
cant soil carbon losses associated with vegetation transitiong through the expansion of hospitable terrain for trees and
(e.g. Meissner et al., 2003). In addition, there is evidence thashrubs. As outlined in previous studies (Thomas and Rown-
real-world natural grasslands sequester large amounts of sditee, 1992; Bonan et al., 1992; Douville and Royer, 1996)
carbon (e.g. De Deyn et al., 2008), and so it is plausible thathe warming was found to be most pronounced in winter
the replacement of grass-dominated ecosystems with shruand spring, during which the albedo difference is greatest be-
land may have led to an initial increase in atmospherie CO tween the snow-covered ground and the dark forest canopy.
as shown in our results. Although positive temperature anomalies dominated world-
wide, cooling was observed in the Weddell Sea, a likely indi-
cator of reduced deep water formation in the Southern Ocean.

In general, the range of sensitivity studies produced fairly

. . . . ) ) . intuitive results. The amplitude of the temperature response
This paper investigates biogeophysical and biogeochemicgligy|ayed a monotonic, albeit slightly nonlinear, dependency

effects of faunal and floral changes on climate in the contexty ‘hoth the size of mammoth habitat as well as the tree
of the Late Quaternary Extinctions and provides a quanti-gjearance ratio. Displacing the timing of extinction by a few
tative assessment of feedback mechanisms involving Surfacﬁ\ousand years did not appear to yield a significant differ-
albedo and temperature. To this end, we established an expet;, .o \yith the MIS. However, a simulation of free carbon ex-
imental strategy using a land-cover perturbation to represen(lshang(_:,S with the atmosphere produced unexpected results,

the stress on high-latitude vegetation caused by megafaungls e reforestation was found to coincide with a significant
herbivory. This setup was then used to explore several hypol'nput of CO» to the atmosphere, seemingly originating from
thetical cases of the mammoth extinction, including a cataSine jand surface reservoir.

trophic Maximum Impact Scenario (MIS) and a collection of
more realistic variations of the former.

For the MIS we found the change in temperature follow-
ing the mammoth extinction to be dominated by radiative

7 Conclusions

Due to a strong height-based plant dominance hierarchy
in TRIFFID, shrub types had mostly recovered their equilib-
rium distribution within 100 yr of the mammoth extinction,
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perhaps too quickly for a natural reforestation. As expectedBathiany, S., Claussen, M., Brovkin, V., Raddatz, T., and Gayler, V.
due to the nature of our experiment, most of the albedo and Combined biogeophysical and biogeochemical effects of large-
temperature response was found to happen during this ini- Scale forest cover changes in the MPI earth system model, Bio-
tial 100 yr regrowth. The remnants of LGM ice sheets were  geosciences, 7, 1383-1399, d6i:5194/bg-7-1383-201@010.
found to significantly influence the model output, especially Betts, R. A.: Offset of the potential carbon sink from boreal foresta-
in North America, where potential reforestation was ham- tion by decreases in surface albedo, Nature, 408, 187—-190, 2000.

’ . . B[itz, C. M., Holland, M. M., Weaver, A. J., and Eby, M.: Simulat-
pered by the Laurentide ice sheet. Our results also sugges

hat | lei b d diti led h ing the ice-thickness distribution in a coupled climate model, J.
that late Pleistocene boundary conditions led to a much later Geophys. Res., 106, 24412463, 2001.

spring in the northern high latitudes, where spring snowmeItBonan, G. B., Pollard, D., and Thompson, S. L.: Effects of boreal
could be delayed by as much as several months compared to forest vegetation on global climate, Nature, 359, 716-718, 1992.
the present day. Bonan, G. B., Chapin lll, F. S., and Thompson, S. L.: Boreal forests
In order to elaborate on the results obtained in this paper, it and tundra ecosystems as components of the climate system,
would be of interest to carry out simulations of the megafau- Clim. Change, 29, 145-167, 1995.
nal extinctions with a more detailed representation of atmo-Brovkin, V., Levis, S., Loutre, M.-F., Crucifix, M., Claussen, M.,
spheric dynamics. Such studies could also integrate realistic Ganopolski, A., Kubatzki, C., and Petoukhov, V.: Stability anal-
tree-mammoth scenarios with a predator-prey model, some- YSiS of th_e climate-vegetation system in the northern high lati-
thing that was disregarded in the present study for the sake udes: Clim. Change, 57, 119-138, 2003.

of simplicity. Other mechanisms and processes that coul rovkin, V., Raddatz, T., Reick, C. H., Claussen, M., and Gayler, V.:
plicity. P Global biogeophysical interactions between forest and climate,

be investigated include water vapor feedback (Swann et al., Geophys. Res. Lett., 36, L07405, dd):1029/2009GL037543
2010) and nutrient availability following the extinction (Zi-  5gpg. Y '

mov et al., 2009). Finally, we recommend a more thoroughchalita, S. and Le Treut, H.: The albedo of temperate and boreal
investigation of land surface processes and large-scale veg- forest and the Northern Hemisphere climate: a sensitivity exper-
etation changes (e.g., explore different boundary conditions iment using the LMD GCM, Clim. Dynam., 10, 231-240, 1994,
and other dynamic global vegetation models), as most of the&€laussen, M., Brovkin, V., and Ganopolski, A.: Biogeophysical ver-
more counterintuitive results obtained here originated from sus biogeochemical feedbacks of large-scale land-cover change,

an abrupt change in the dominant PFT. Geophys. Res. Lett., 28, 1011-1014, 2001. _
Cox, P.: Description of the “TRIFFID” Dynamic Global Vegetation

Model, Met Office, Hadley Centre technical note 24, 2001.
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