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RESILENCE THEORY
THE ADAPTIVE CYCLE METAPHOR

Four Functions explain Ecosystem Trajectories
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Figure 2. The circulation of “panarchy” in the resilience theory.
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Chronological reevaluation and behavioral reconstruction of Neanderthals and
Anatomically Modern Humans.

Minoru YONEDA and Mark C. DIAB

Graduate School of Frontier Science, the University of Tokyo

The goal of our research project is to reveal the relationship between the cognitive evolution of
Neanderthal and Anatomically Modern Humans (AMH) in light of palaeoclimate and palacoenvironmental
changes. For this purpose we are archiving the radiometric data for quality-controlled materials, methods, and
analyses. At the same moment, we are analyzing a series of faunal remains, excavated from the Dederiyeh
cave for a study using zooarchaeology and isotope ecology. The former will show the response of each human
as a species and the latter will show the actual response by a population and individuals against past climate
changes.

Chronological Studies on Neanderthal and AMH

The progress of dating techniques has played an important role in the course of researches on the
replacement of Neanderthal by AMH. It is an obvious example that the newly developed thermo-luminescence
(TL) and Electron Spin Resonance (ESR) results revealed the much older ages on Anatomically Modern
Humans from the West Asia than those of Neanderthal from the same region (Valladas et al. 1987, 1988). For
more recent studies on the emergency of modern human and the disappearance of Neanderthal in Europe,
the dating techniques have been quite important as well. Since late 1980s, the accelerator mass spectrometry
(AMS) has been applied to radiocarbon dating and produced bunch of absolute age data, indicating a significant
coexistence of both humans in limited regions for a significant period (Hublin et al. 1995; Smith et al. 1999).
Although no archaeological layer has produced both species simultaneously so far, the coexistence of these
species solely on the chronological data of radiometric methods including radiocarbon. Furthermore, new
recent results using newly developed chemical treatments suggested the some Chatelperronian layers which
produced Neanderthal skeleton and some symbolic ornaments may be disturbed seriously.

Additionally, some technical progresses on chemical pretreatments improve the age determination of
this evolutionary event. For example, pretreatment of bone materials have improved from the traditional “the
gelatination method” proposed by Longin) 1971 to a combination of gelatination and ultrafiltration which can
remove soil organic matters with small molecular weights (Bronk Ramsey et al. 2004). Some new data applied
ultrafiltration technique produced controversial results (Mellars 2006). The quality control of chronological data

is also required for more detailed discussions.
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Qualification of Radiocarbon Dates on Bone Materials

The recent case study on the Grotte de Penne at Arcy-sur-Cure, France, is a striking example which
showed the importance of reasonable qualification of radiocarbon ages (Higham et al. 2010). This cave site is
very famous with significant appearance of personal ornaments and the usage of simbols in the layers layers
assigned to the Chatelperronian industry which had been produced by Neanderthals, indicating an obvious
evidence of their developed cognition. Higham et al. (2010) reported 31 more radiocarbon results on artificially
modified bone materials with very strict criteria on the measured organic matters, coherence of radiocarbon
ages in stratigraphic order. This approach showed one third of results might be outliers from statistical point of
view (Bronk Ramsey1998, 2009), indicating significant disturbance with Chatelperonian layers. We believe this
approach is also fruitful to make a reliable dataset on the distribution of both human species.

Zooarchaeology and Isotope Ecology for the Reconstruction of Human Behavior

Despite decades of focused investigation the question of why Neandethals became extinct still remains.
One explanation may come from a body of concepts defined within socio-ecological “resilience theory” that
attempts to explain changes in adaptive systems that are ‘transforming’. Resilience theory, as first espoused
by Holling (1973), is based on an adaptive cycle nested in a space-time hierarchy involving stabilizing and
destabilizing effects that can cause small-scale transformations to explode into larger-sale crises, followed by
reorganization and new stable states; this general framework is called “panarchy”.

In other words, unlike anatomically modern humans, in times of socio-ecological stress, some
Neanderthal groups lacked technological, social, and subsistence flexibility in a rapidly changing adaptive
system and were incapable of reorganization strategies (i.e. expanding diet breadth). On a population scale,
resilience theory can be linked to metapopulation biology and source-sink dynamics that deal with groupings
of populations separated by regions of rich biota (sources) and poor biotic diversity (sinks). This combination
of theory allows for a strong inferential explanation of Neanderthal land-use dynamics and changes based on
zooarchaeological data extracted from the Dederiyeh Cave, Syria, which produced a series of Neanderthal
remains.

Age profiles of key prey species (wild goat, gazelle, and red deer) from the Dederiyeh Cave are similar to
sites in the southern Levant and the Caucasus region (Adler et al. 2008), supporting the view that Neanderthals
were capable hunters and proficient at organizing their land use schedules based on the seasonal procurement
of key herbivore resources. Preliminary isotopic analyses shows that strontium and oxygen isotopes are quite
useful to reconstruct the change in precipitation and temperature and the seasonal migration patterns of ancient

animals, respectively.
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WL, HEAE T2ORBEZFFOANDAMTY 7 b7 2% LT IMS ZHEE T 2 0080 -
2o LA L, 1990 FREKFICKk B L, ESRIAEDFEEZ GISR Y A—NGIS L) 7 LIZIMS DL
VYV ERIRGE U T, TORR, 2D AND WebGIS Z/NHAREIC K> Tz 2T YV TIVE—)VERE +
PUELVADRZEENCE LT, BWUNTIERIIHGESULDIE L * 7 > TIV 2 —)LO#ikic & H Uiz iE
PIERDRE L (e.g. Mellars 2006), FFf7Z d5xiz « AR OE T THN TS (van Angel and
Davis 2003; Finlayson 2004), LA L, O CIIELZERICEET 27— X ERDPHTLE 0 Tl
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Vo AMRTIE, T—RERDNTBT TV A7 D7 —HICRICHELT, ZERIBETT, VD,
EDEX DIz T &> THEIT LTe W Z1EILS 5 7 OBYL 2ER 2 f#IICIEE L GIS Z VW T T —
BZN—Z{Ld % T & T, EEFORZE DM EEXZER T 5 L2 BED0EDE LTV,

3. HAOHE - WPz it % WebGIS

/N (2000), /INETIE A (2000), Oguchi et al. (2000, 2001) 1, HAOHMIE - HiBE 15 HR %= HX
EIICHRIEd D WebGIS Z M5 L7z, T DBXICIE ESRI £ ArcView IMS Z T2 ¥ > & UCHIA L 7z,
ArcView IMS 1Z, Windows [ CBEIT % GIS V7 U7 ArcView 3.x | CHE) 3 2 JIHEREEE (extension)
THs. nEALUERE, BIRMIOEAKRER GHiE 1988), 77 FHOHEIUHEEY OZTEH CEPUA
BIEMELZ B M 1996), SCHRED SUEE U7z I HEREYIIC RIS 2 1, 36 K TR AL OIFZEE DM sy
LIEMIEDORBIEETH 5, Ko, FEARNGHNERE UTHES, EEEH, PhEl, FEETZ2RRThE
L7, £z, HAOHIE « MBI HKZ FF DIHE AN Z ARE & 972 72D, ETOMFHZ &
FECaRih U7z,

T T R=IDLAT T KX, ArcViewIMS DT 7 4)V M ZIFIEZFDOEEHNTNS (K1 ~2),
chuE, FEDOEBENY 27 DOTHA VKD ERMIETINE (v 7o) K- eZRKMLTY
%o 212U, NRICBT 2R GEZROY A 2 RUICERT S LWV oz HND7zdIc (K3 ~4),
ZVDOHWARZA X B LTz,

4. RO NERBINHZ G % WebGIS

Oguchi et al. (2002, 2003) (&, HSROHEREEHRICEI I 2 WebGIS ZME L7z, FicimX & LT
RNEEINWIICOWVT, HRHIBEONMIE, SEREECO DI Uiz g om0 NER, Ereoxt
F Lo TAER - K, G OEH, Mkt Bz EokeMEIREE Lz, ary 7 il
BRBEIC B9 % [E BRI 72 AR AERE IS 1990 4ER I~ 2002 FFICHBHE & Nzt b BICPUE S Nz, w5
7t & Boreas, Catena, Geomorphology, Holocene, Journal of Quaternary Science, Quaternary International,
Quaternary Research, Quaternary Science Reviews 7% £ T %, FEARM AR MHH EREIE LRl HARDH
flEFkETHD (K 5~6), GEZEIRL TOWEWD, HEIEXDHMTH S, 0O WebGIS DR
FHCE, T TIKAYTA Y « Vv —FILAER LTI EIFWA, K6 T ancBd 2 1EMDUINEEIEYT )
2B UTe, KRS, G HRICHERE NI ONHE PR ORE ISR 2 5 5 T L2 o Tz,

5. REAgORRE L THROTIE

RCOD WebGIS &, HIJE - WE 2 ST HEREI G HIC K2 R D AN DIEHAEAE, RHCHIZEOHIHIER
FEIC B B A ROINEZ SRS 5 C L ZBEMH L Tz, HADOHE « MEIEHICEId % WebGIS (&,
ko T AR=I0T0 U THE 2000 ~ 3000 E D7 7 C AN B 5Tz, iz, HBEN TV BHIEEHEICDNT,
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EROBEN SIERAHOFTENSTE 6N, LEEMNST, BENDERE VI HEED, TOVAT L
BEEETH-IEEDNS,

—J, MAOEEEICET % WebGIS ND 7 7 & AdDixh >z, T 0 WebGIS (& R 7z HifkH:
Td % John Wiley & Sons 5 DFEFE THM T N7A (Oguchi et al. 2003), ZDA1 2787 H;rsﬁgmm\fco
COMHE LT, 2003 FLIFIC R E N2 X OIERMEME Mg o Tefzdic, KIEMRFIH DT
Bzl ENBEFEND, TOMDT—ZIERITEEREFH MR ETHD, BB TOY R— Mﬁ
AIRTH B, BURTIE a7 Y O GHLAD HAUIN > TWisWwd, EHMICIE T —2 2L,
FICEB LI EEZTWVD,
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T GIS [NEANGIS ] &EMEL T — % X—Z [NEANDAT], /3w %7 7 v 75 ¢ A% [NEANBAK] 7»
SIRZMAERRRE - EV AT L (K 7) ZREELE, TS OV — \IEHREUREZE IS R A7 2
> 22— (CSIS) i Lizo TNEANDAT] ICBd 2 HEIEARMEICDT D, T T Tid NEANGIS| DO#fhE
L E| KT S B, TNEANGIS] &, Windows Server 2008 Enterprise [ CHf# 3" % ESRI ArcGIS Server 9.3.1
&y T T —ZERJH D ArcGIS Desktop 9.3.1 h SEK I N5, T 51T, Desktop GARP &5, EKHNT
)V XL (Stockwell 1999) 1ZHEDWTEEHIDMBEE 734 & HUTE « &M T — 2 0 B RH D& 716 72 Tl
I 5ER b=y FET 1 7% (eco-cultural niche modeling; Banks et al. 2007, 2008) Y — )L & #5#K L 7=,
%1%, Google Earth D7 7 /1127 W T H i O HIEEZE ] 5 2 11t 3" % Google Earth Server £ A9 %
FETH 5,

GIS server Database server NEANGIS NEANBAK, NEANDAT
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Figure 7. System components and the network model of the WebGIS and database server system provided by the study group B02
of the Koutaigeki project.
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Figure 8. Two examples of attribute retrieval using the NEANGIS WebGIS system based on ArcGIS Server 9.3.1. Left: Neanderthal sites
evidenced by Mousterian lithic industry. Right: Sites with records of the paleoenvironment during the Heinrich Event 4 (40.2-38.6
kyr). Data source: Stage 3 Project — http://www.esc.cam.ac.uk/research/research-groups/oistage3
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Distribution of archaeological and paleoenvironmental information
using WebGIS.

Takashi OGUCHI" and Yasuhisa KONDO®

™ Center for Spatial Information Science, the University of Tokyo

@ Graduate School of Information Science and Engineering, Tokyo Insititute of Technology

1. Introduction

WebGIS (Web-based Geographical Information Systems) provide interactive maps via the Internet.
Users can handle the maps using a web browser to change mapping scale as well as the contents and extent
of a displayed map. WebGIS can also provide text descriptions and photographs for sites on a map. Many
governmental agencies and private companies have been using WebGIS to distribute geographical information.
WebGIS may also be useful for academic purposes. In this paper we first describe the historical development
of WebGIS. Then we introduce two examples of WebGIS for academic purposes. One was constructed to
distribute paleoenvironmental information for Japan and the world. The other is being constructed for the
project “Replacement of Neanderthals by Modern Humans” (Kotaigeki project), supported by Grant-in-Aid for
Scientific Research on Innovative Areas, the Japanese Government.

2. History of WebGIS

The propagation of the Internet during the 1990s began with text-based information exchange using
e-mail and Gopher. Then the development of web browsers and the html language permitted the distribution of
graphic images. As a result, maps can be distributed widely without printed hardcopies. Then the development
of interactive web pages based on technological development including the Java language enabled flexible
viewing of maps using a web browser — for example, the scale and extent of a map can be changed. The web
pages of this kind are called WebGIS (Web-based Geographic Information Systems). They can distribute
not only map images but also attribute data. WebGIS have often been used for distributing information from
governments and private companies.

In earlier days WebGIS could be realized only by people having the background of information
technology or engineering because original systems had to be developed. However, in the late 1990s, major GIS
vendors such as ESRI started selling the engine of WebGIS. As a result, various people commenced information
distribution using WebGIS.
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3. WebGIS to distribute geomorphological and geological information for Japan

Oguchi et al. (2000, 2001) constructed a WebGIS system to enable the browsing of geomorphological
and geological data for Japan. They used ArcView IMS from ESRI for the main engine of the system. ArcView
IMS is an extension of ArcView 3.x, a GIS software package from ESRI. The system contained data for alluvial
fans, fluvial deposits, representative outcrops of Quaternary sediments including tephras, and photographs of
landforms taken in the field. Basic cartographic data including elevation, road networks, rail lines, and major
cities were also included. All web pages are in English for the benefit of foreigners.

The layout of the web pages basically followed the default setting of ArcView IMS (Figures 1 and 2),
reflecting the fact that the system focused on its contents rather than the design of the web pages. However,
the setting was customized to some extent for showing text information about the contents and photographs in
separate windows (Figures 3 and 4).

4. WebGIS to distribute paleoenvironmental information for the world

Oguchi et al. (2002, 2003) constructed another WebGIS system concerning paleoenvironmental
information for the world. The information was collected from published references mainly original
journal articles. It included the location of areas studied, geomorphological and geological data used for
paleoenvironmental reconstruction, target ages and eras, and references such as article titles, the names of
authors and journals, and volume numbers. Most contents were taken from papers published in international
journals during the mid 1990s to 2002. The journals include Boreas, Catena, Geomorphology, Holocene,
Journal of Quaternary Science, Quaternary International, Quaternary Research and Quaternary Science
Reviews. The basic structure and the language used were similar to the WebGIS for Japan (Figures 5 and 6),
and the structure was simpler because the web pages did not include photographs. It was not easy to collect
data for some 6,000 sites, although on-line journals were already available. It took particularly long to decide
the geographic coordinates of some sites.

5. Evaluation of the WebGIS systems and future plan

The main purpose of the two WebGIS systems was to provide information to those who are interested in
paleoenvironmental information including landforms and geology. In particular, the systems intend to support
studies at the early stage when researchers need to collect basic information. The initial web page of the system
for the Japanese data had 2000 to 3000 accesses per year. A high school teacher also asked for a permission to
use photographs in the system. Therefore, the system made some contributions including those to education.

In contrast, access to the system for the global paleoenvironmental data was limited. Although the system
was introduced in a book published by John Wiley & Sons (Oguchi et al. 2003), its impact has been limited.
One possible reason is that information about literature published after 2003 was not added to the database,
limiting the repeated use of the system. This type of data collection requires tedious work and financial support.
At this moment we have no plan to expand the database, but we hope to do it in the future.
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6. WebGIS and integration of archaeological and paleoenvironmental information in the Koutaigeki

project

The research group B02 of the Kotaigeki project has developed an information sharing system in order
to expedite the interdisciplinary collaboration between geochronologists, climatologists, geomorphologists,
and informatics specialists. The system comprises a WebGIS server (VEANGIS), a radiometric sample
database (NEANDAT), and an intranet backup disk (VEANBAK) (Figure 7). These servers were placed at the
Center for Spatial Information Science, The University of Tokyo. The NEANGIS is operated by Windows
Server 2008 Enterprise, on which ESRI ArcGIS Server 9.3.1, an Internet map server, and ArcGIS Desktop
9.3.1, a map editor, are installed. Desktop GARP, a software package for eco-cultural niche modeling by the
genetic algorithm for rule-set production (Banks et al. 2007, 2008; Stockwell 1999) has been also installed
in order to predict the probability of human occupation from the location of known archaeological sites and
a paleoenvironmental dataset (such as elevation, temperature, and precipitation) as parameters. In addition,
we plan to employ Google Earth Server to publish the results in the near future. The role and functions of the
NEANDAT will be explained in another occasion.

From the technical viewpoint, ArcGIS Server on the NEANGIS is similar to the previous ArcIMS:
Both are primarily designed for the online publication of GIS data and map sources, and it is still difficult to
edit data through an Internet browser via the HTTP protocol. Alternatively, by means of ArcGIS Desktop,
authorized members can download common map sources, such as administrative boundary, drainage, digital
elevation model (DEM), geology, and vegetation, from the NEANGIS server. They can also upload the original
data, which are created through the spatial analysis with the downloaded data, to the server so as to allow
collaborators to share. ArcGIS Server and Google Earth Server are also useful to provide WebGIS maps at
the final phase of the project, at which results of the research are assessed and discussed by a larger group of
researchers from other fields. For instance, the integration of the outputs from the B02 group and those from
the AO1 group (archaeology) will yield a new, multi-faceted explanation on the replacement of Neanderthals by
anatomically modern humans (Figure 8).
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North Atlantic environmental conditions during Neanderthal Extinction

Stephen P. OBROCHTA and Yusuke YOKOYAMA

Atmosphere and Ocean Research Institute, the University of Tokyo

1. Introduction

1.1. Proxies

Common proxies used in paleoceanographic studies in the North Atlantic ocean include sediment of both
biogenic and inorganic origins (Figure 1). Ice-rafted debris (IRD), is sediment that is entrained in continental
glaciers and carried to sea by calved icebergs that eventually melt, dropping the IRD to the ocean floor.
Common types of IRD in the North Atlantic include aluminosilicate minerals such as quartz and feldspar, that
may occasionally be stained with hematite (e.g. Bond and Lotti 1995), and Paleozoic dolomite-rich limestone
sediment derived from the Canadian Shield (e.g. Heinrich 1988). Increased deposition of IRD indicates
increased melt (fresh) water input derived from continental glaciers, decreasing surface salinity (e.g. Bond et al.
1992).

Figure 1. Common North Atlantic proxies. A-C are IRD, D-F are biogenic. A) Hematite stained grain (~100 pm),
B) Canadian limestone (~250 um), C) rounded quartz (~200 pm), D) benthic foraminifer (~1 mm), E) planktic
foraminifer (~300 pm), F) coccolithophores (~5 pm).

B 1 AERPEEC R DN DBREEHIE 7 m ¥ 2. A-CIZIRD, D-FZEMEO T m¥ . A) JREGLOfHE L
72K (9100 um), B) 4 F ZEJEOBEEE (#9250 um), C) FEEE D@ VA (200 um), D) EEHEA
Ll (]9 1mm), E) lEtEA L (89300 um), F) GIKE T /b (BE% 5um).
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Micro- and nano-fossils composed of calcium carbonate are also commonly used, and include planktic
and benthic foraminifers, as well as coccolithophores. The species assemblage of planktic foraminifers
recovered from seafloor sediment cores provides information regarding sea surface conditions, such as sea
surface temperature and the location of major frontal boundaries (e.g. CLIMAP 1976). Trace element content
and stable isotope ratios of the shells of planktic foraminifers can also be measured to provide information on
sea level, salinity, and sea surface temperature (SST). Similarly, benthic foraminifers can also be analyzed to
provide information on bottom water conditions and can be particularly useful for identifying southern- versus
northern-sourced waters (e.g. Boyle and Keigwin 1982). Organic compounds produced by coccolithophores
and preserved in sediments can be used to determine sea surface temperature (Brassell et al. 1986; Prahl and
Wakeham 1987; Prahl et al. 1988). Therefore, three independent means for determining sea surface temperature
from plankton fossils exist: 1) species assemblages, 2) inorganic geochemical, and 3) organic geochemical.

1.2. Glacial-Interglacial Variability

Climate is currently in an interglacial state, and there are approximately 72 meters of sea level equivalent
(msle) ice contained in continental glaciers. Approximately 6 to 7 msle is currently stored in Greenland, with
most of the rest in Antarctica (Flower 1999). During the last glacial maximum (LGM), approximately 20,000
years ago, sea level decreased by ~ 120 m due to the increased size of Northern Hemisphere glaciers (Fairbanks
1989) (Figure 2).
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Figure 2. Modern conditions during the current interglacial with only ~6-7 msle of ice in Greenland (upper right). Much of
the 120 msle increase during the LGM was stored in the northern hemisphere (upper left).
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AEHBRIT b RIRBRBDOKIRAE L Tz,

19



WF7eHiY;  North Atlantic environmental conditions during Neanderthal Extinction

? <-=—100-k.y. world @iky. world —— >

68

3= Ly I\"""I fi
!y : W™ l

'hlloll"lkll\' “I & |' A

il

i

v
o
|

|'|;H’ ‘
|

>
2]
|

o
L

«— Cooler Warmer ——»
LR04 benthic 5'%0
IS
|
———

0 500 1000 1500 2000 2500 3000 3500 4000
Age (ka)

Figure 3. Stacked benthic foraminifer oxygen isotope record from the past 4 million years showing the MIS 2-4 glaciation
(white) that was preceded by the MIS 6 and 8 glaciations.

4 3. VEIEHEREY) 2 7 D JEBEA LR O RIS AR L TR I 2 60 KBL LA S v 7 L TR S L7 % 400
FAEH oKL X O RABIE. (TR L TH 3 D2RMKNIT MIS2-4, 2 0 IETOKIITH 2 MIS6
EBICDVTIRETD6 L8 TRLTHS,

Since approximately 2.5 million years ago, this so-called glacial-interglacial cycle has repeated on orbital
time scales (Figure 3), with continental ice waxing and waning corresponding to slight variations in incoming
solar radiation as a function of changes in the earth's orbit and orientation relative to the sun (Imbrie et al.
1984). Currently, the Earth's axis is tilted at ~ 23.5°, which is the reason for seasonality. Every 41,000 years,
the angle of tilt, known as obliquity, varies between ~ 21.0° and 24.5°. During times of relatively low obliquity,
seasonality is reduced, resulting in warmer winters and cooler summers. low obliquity is favorable for creating
large continental glaciers because relatively less of the winter snowfall melts during the following summer in
high latitudes. This increases the high latitude albedo, resulting in increased reflection of solar radiation and
cooler temperatures, that in turn cause more ice to persist though the summer. This positive feedback slowly
drives the earth into an ice age. As obliquity begins to increase, the feedback works in the opposite direction to
drive the climate back to an interglacial state.

Beginning approximately 1 million years ago, the timing of ice ages changed from a 41,000 year
periodicity to a 100,000 year periodicity (Mudelsee and Schulz 1997) (Figure 3) in apparent correspondence
to variations in the eccentricity of the Earth's orbit, which describes the deviation in orbital path from a
perfect circular to a parabola. The actual change in total insolation received by the earth due to variations
in eccentricity is extremely small requiring this weak signal to be amplified by highly nonlinear internal
feedbacks. That nonlinear feedbacks are at work is evidenced by the asymmetrical nature of recent glacial
cycles; climate slowly deteriorates into an ice age as ice builds up in the northern hemisphere but glacial
termination geologically rapidly, in the space of a few thousand years.

Much of the information regarding climatic conditions during ice ages is based solely on the last
glaciation, which lasted from approximately 80,000 to 15,000 years ago and is commonly referred to as Marine
Isotope Stages (MIS) 2-4. The preceding two glaciations are MIS 6 and 8. Due to the relative paucity of
records from older glaciations, the conditions during the previous glaciations is often assumed to be similar to
the last glaciation.
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The reason for the lack of older records is due primarily to the following. The first reason is due to ease
of recovering last glacial marine sediments with traditional coring methods (e.g. gravity and piston cores).
In high sedimentation rate areas, which provide expanded, high resolution climate information, extremely
specialized equipment is required to penetrate beyond last glacial strata, and only three, perhaps four research
vessels in the world are sufficiently outfitted at any particular time. The next reason is due to the half life of
radiocarbon ('*C) and the calibration from radiocarbon years to actual calendar years, which together only
allow for absolute dating for marine sediments to approximately 50,000 years ago (Reimer et al. 2009). In
the absence of an appropriate radiogenic nuclide for age dating, there is still a means for assigning age to
marine sediments cores: correlation of a proxy sea surface temperature record to Greenland ice core proxy air
temperature records. North Atlantic sea surface temperature within the radiocarbon dated portions of sediment
cores appears to correspond to variations in Greenland air temperature (Bond et al. 1993). This relationship can
be used to export the ice core chronology to the a sediment core in the interval beyond 50,000 years. However,
the oldest, continuous Greenland ice core recovered to data does not extend beyond the last interglaciation,
the peak warmth of which occurred approximately 125,000 years ago during MIS 5.5 (North GRIP Project
Members 2004). Therefore, there are no ice core records suitable for providing enhanced chronological

constraint for marine sediment cores of previous glaciations.

1.3. Last Glacial Millennial Scale Variability

The last glaciation was relatively unstable climatically, especially in the high latitudes (Figure 4).
Approximately every 1,500 to 4,500 years, temperatures abruptly warmed to near full interglacial values
within the space of several decades to hundereds of years. These warming events are commonly referred to
Dansgaard/Oeschger (D/O) Events. Every 5,000 to 7,000 years drastic cooling primarily in the North Atlantic
Ocean, known as Heinrich Events, occurred (Heinrich 1988; Bond et al. 1992).

1.3.1. Dansgaard-Oeschger Events

The cause of D/O Events is unknown. No definitive outside trigger has been identified, so D/O are
likely, to some extent, an internal product of the Earth's climate system. Detailed statistical analyses indicate
that D/O Event recurrence occurs in multiples of 1,500 years (Schulz 2002; Rahmstorf 2003). A 1,500 year
wait time between events occurred with the highest frequency, with an exponential decrease in the frequency
of occurrence for longer wait times. This pattern is consistent with stochastic resonance, whereby a weak
periodic signal (e.g. 1,500 years) is "broadcast” together with random noise (Alley et al. 2001). Constructive
interference between the periodic signal and random noise would produce “events” primarily every 1500 years.
However, events would be skipped in the case where deconstructive interference occurred, and intervals such
as 3,000, and 4,500 years (multiples of the primary frequency) would also occur, but with decreased frequency.
While this explanation is consistent with Greenland ice core results, there are only approximately 20 D/O

Events, which is too few to confidently indicate an origin from stochastic resonance.

The most likely source of a periodic forcing driving D/O Events would be variations in the amount of
energy received by the Sun. However, a 1,500 year periodic forcing has not been identified in proxy records
for solar variations such as "“C incorporated in tree cellulose or '“Be fallout accumulated in polar ice cores.
Shorter, centennial scale periods have been identified and attributed to variations in solar activity. A 1,500
year periodic cycle could be mathematically produced internally through interactions between these shorter
periods (e.g. combination tones or heterodynes) that could produce a response at a lower frequency due to the
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large thermal inertial of ice sheets (Braun et al. 2005; Clemens 2005). There is in fact evidence of 1500 year
ice sheet variability surround the North Atlantic basin during the last glaciation. Variations in the amount of
hematite stained quartz and feldspar IRD grains occurred every 1500-years, though it is unclear exactly how
this small meltwater forcing would then be amplified to produce abrupt swings in temperature (Bond et al.
1997).

1.3.2. Heinrich Events

Heinrich Events were a surging of the North American Laurentide Ice Sheet during glaciations, which
results in a massive number of icebergs exiting into the North Atlantic Ocean through the Hudson Strait. This
occurs during periods of extremely cold conditions in Greenland, with basin-wide cooling in the North Atlantic
(Figure 4). Strata recovered from sediment cores during Heinrich Events are typically devoid of planktic micro
fossils, indicating inhabitable surface conditions, and contain extremely high amounts of IRD, with in excess
of 20% consisting of paleozoic carbonate derived from the Hudson Strait of Canada (Heinrich 1988; Bond et
al. 1992). The large number of IRD indicates a large number of melting icebergs, the freshwater from which is
thought to have severely slowed, perhaps even entirely stopped, the production of North Atlantic Deep Water
(NADW).

The Gulf Stream is a western boundary current (similar to the the Kuroshio) that transports a large
amount of warm, saline water to the northern high latitudes, where it is rapidly cooled. The combination of
low temperature and high salinity causes density to increase critically and the water to sink, forming NADW
and the beginning of the global thermohaline circulation. Water (and heat) is pulled north from all latitudes to
replace this sinking water (Crowley 1992). Therefore, the slowdown or cessation of NADW production has a
warming effect on the southern hemisphere, resulting in an anti-phased warming/cooling relationship between
the northern and southern hemispheres. Warming events know as Antarctic Cold Reversals (ARC) occur during
Heinrich Events (e.g. EPICA Community Members 2006) (Figure 4).

2. Last Glacial Iberian Margin Variability

Climate changes associated with Heinrich and D/O Events resulted in large scale migration of the
polar front (e.g. Bond et al. 1999), resulting in profound changes in temperature along western Europe and
particularly off shore of Iberia (Schonfeld et al. 2003; de Abreu et al. 2003; Martrat et al. 2004; Bard et al.
2004; Martrat et al. 2007). Neanderthal extinction appears to have coincided with a major North Atlantic
cooling event 40,000 years ago, Heinrich Event 4 (H4). One objective of the current project is to determine
the extent to which climate may have played a role. The state of ecological niches in Europe was sensitive to
the magnitude of sea surface temperature change in the Eastern North Atlantic. However, a comprehensive
reconstruction of Earth surface conditions 40,000 years ago does not exist. Researchers have used conditions
during the Last Glacial Maximum, 20,000 years as a proxy for the conditions during H4, such as the CLIMAP
SST reconstruction (CLIMAP Project Members 1976). Therefore understanding the magnitude of temperature
change off the Iberian margin is important to understanding the climate effects, if any, on Neanderthals.
Current niche models are assuming a 4-5°C temperature change in the North Atlantic, off Iberia. However,
differing techniques used for determination of SST results in differing results, requiring evaluation of whether
4°C is a reasonable reconstruction (See Section 2.2)
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Figure 4. NGRIP ice core D/O Events (black), EDML ice core ARCs (red), Site 609 N. pachyderma (left coiling) percentage-
based SST proxy (blue), and Canadian limestone IRD (green) Heinrich Events.
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2.1. Last Glacial Maximum

Conditions were reconstructed over the entire Earth's surface during the LGM by the CLIMAP project
(1976). The transfer function technique using species assemblage of planktic foraminifers in last glacial
maximum strata recovered from sediment cores was used to estimate sea surface temperature. Off Iberia, the
modified CLIMAP temperature, which has been lowered by 1°C (Crowley 2000; Ballantyne et al. 2005), is
between 12 and 13°C during the last glacial maximum. This is in contrast to 4-5°C from MD95-2040 (de
Abreu et al. 2003). The record for MD95-2040 is also based on planktic foraminifers, though using a slightly
different method, the modern analogue technique. However, the CLIMAP reconstructed temperature is in good
agreement with values derived from alkenones of coccolithophores in MD01-2443 and 2444, 11-12°C (Martrat
et al. 2007) (Figure 5).

The MD95-2040 SST record is probably too cold. DSDP Site 609, located farther to the north in the
central basin, does not have a SST proxy record but it does have quantitative counts of the polar planktic
foraminifer species N. pachyderma (left coiling), which is the only North Atlantic species remaining when SST
is below 5°C (Bond et al. 1993) (Figure 4). During the last glacial maximum, the percentage of this foraminifer
was approximately 95% of the total assemblage at DSDP Site 609, indicating that while SST was extremely
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cold, it was likely above 5°C. This is in agreement with CLIMAP, which indicates that the SST at Site 609 was
6-7°C (Figure 5). However, the percentage of this foraminifer at MD95-2040 during the LGM was less than
90%. Therefore, the 4-5°C temperature estimate derived from MD95-2040 is likely too extreme.

2.2. Heinrich Event 4

Extrapolating the LGM SSTs to H4 may give a good indication of minimum temperature, but the change
in temperature from the warm interstadial conditions prior to H4 cannot be reconstructed by CLIMAP, which
presents only a single time slice over a large spatial area. However, sediment cores cover a restricted spatial
area but over a long temporal interval, providing the means to ascertain the magnitude of SST change, which
in turn would have affected ecological niches in Europe. The more drastic the change in SST, the higher the
likelihood that climate contributed to Neanderthal extinction. Of the three proxy SST records from Iberia that
encompass H4, two are from the North Atlantic (MD95-2040 and MDO01-2443,4) and on from the western
Mediterranean (ODP 977a) (Figure 6). MD95-2040 is reconstructed from planktic foraminifer assemblages,
while the other two are based on alkenones derived from coccolithophores (e.g. Figure 1e and f). Both should
be recording summer temperatures, when plankton blooms would have occurred. The alkenone records indicate
a 5°C drop and a 4°C drop in the Atlantic and Mediterranean, respectively (Martrat et al. 2007; Martrat et al.
2004). The foraminifer SST proxy record indicates a drop of approximately 13°C, with temperature dropping
from 19°C to 5 or 6°C (de Abreu et al. 2003). However, this 5°C temperature from MD95-2040 is accompanied
by only 80% N. pachyderma (left coiling). The other two cores, on the other hand, indicate 10°C was the
minimum temperature off Iberia during H4. While 5°C is likely too low, 10°C may be too high. Therefore,
the model sensitivity to the absolute change in temperature should be investigated to determine if a reasonable
amount of uncertainty would affect the modeled results.
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Figure 5. Modified CLIMAP SST for the LGM North Atlantic basin showing locations of sediment cores discussed in the text.
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Figure 6. Site 609 Canadian limestone Heinrich Events (black) compared to the planktic foraminifer SST record of MD95-
2040 (green) and the coccolithophore alkenone SST records of MD01-2443 .4 (red) and ODP 977a (blue), showing a large
discrepancy in the magnitude SST change during H4
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1.31. BVAH—FK-FTaH—A Vb

WEDE T ADOANY FDOFEMDJFERIFRHE N TRV, LA UIPERICDOWTERICH
ixE DOMREBENTWVIENT &b, HIERODXUES AT LWNICZEDRRERDAH 2D TIEEEZSN T
%o KK A7 F— R DI FERGID 513, DIO A XY & 1,500 B X OCZF N EEHE L2 JE
HNC K-> THIERTENZ EMEETNTWVS (Schulz 2002; Rahmstorf 2003), 1,500 4F0 F 275 HHIC 5 >
BN A XHEIZ DM HIBZEC LTANY M 2IET TS, HETH2 1,500 DfEETH % 3.000 4
4500 FETOEEMRT 2L LTWAIMFEEH S (Alley etal. 2001), LA LTV —2F Y FKIKaTIC
RBOHENB DIO AN M 20 [BDOHT, TOFIHICKBHEREE 755 E TIKEES TWHRL,

Lo LLHEMNHEZHFEKNELTEZLNZDIIKGNE DT RIVF—ZLTH B D, AME
ot m—Zh S Uzt RE (C) T A A3 70 "BelciEE D K D KEIAZLEIZHD
Mo TWEN, KOREWEEFEAT —)VOZE) & KGTEE) & OBHEMEIC DV TOIREDHTH S (B :
Yamaguchi et al. 2010; Hong et al. 2011), 1,500 £EFHHIC DWW TIE, BEANICIE TN 5 OB E AN EAE
H UKRDOBISEMHIC DN T ORI A — VB LAz fiE N  Lic k> THBIT 5 el S
i <N TV (Braun et al. 2005; Clemens 2005), SEERERAOKIHOILKIETEE L OIKIRIE, 1,500 45
TEH LTI &M, REFEMDERENCATE Ul 9E0RHEA O IRD OB AT X > THEEE N
TW3, LMLIZDIRD 2 &7 5 UTKIRZBNIHAIC/NNEET, DK S Icdb KO
KRGO ZEZ 1256 Lich b T EIKONWTO—HR LA E 727 (Bond etal. 1997),
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INA) ANV REEIE7 AV Ahoa—L 22 A RIKKRDMEDIEL TN Y Uiz e B L
TR RIS KBIBOKI L Z 725 LIc ARV b Th D, THUIT V) —2 T Y RICBW TS THOKH
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ZRORD MRILENZ LS T Lid, ZROBKAKILE UTIEREFKIC e hizews e %
~LTHED (Yokoyama et al. 2001b; Yokoyama and Esat 2011), FHEH & U TILAIEIEEE /K (NADW) DI
R M 99 b F 72 1352 I B IR B 72 rTReMEN S % (Yokoyama et al. 2000b; Yokoyama and Esat 2004) ,

AF T ABHRIZBEHO X S ICHFERFROO DT, Hlclzh &N oKz SHEEY, 7
CTRBICHEHAIINS, ThUCK D &ty - KROKEDBEI L, HAAT T &I K D NADW DBERE
N, BT —EA Xy b U TERERERZRZLTWS, BEREEROESZEKL TS, 0O
NADW ZA#ififid % 7z&, 7k GEEE) Mt EU, JEREFEEREENEE L3R5, — /5 TI D NADW D
RENEL 755 &, BOBEIMNEC 57570, fiR e UTHEERDNIRE(LT 2, T Do, ILHERTHRIA,
FREER CIRE R M ILBY —V — L KIENZBSRH BT %, mEOKIICED 5N D (AIM) 13\
AUy AT FOREICEKT > Td (il : EPICA Community Members 2006; [X] 4)

2. fOKBID AN 7 EENC RS 5 NS A E)

NAVYwEARY ERD/O AN MU 5URZESNE, KBRS OBE 7z & €750
(Bond et al., 1999), PHI—1w /8L D DT ANV 7 EINFHIC KB SUR - KiROZ (28757
(Schénfeld et al. 2003; de Abreu et al. 2003; Martrat et al. 2004; Bard et al., 2004; Martrat et al. 2007), %7 >/ T
JU 2 — L DfakIE 40,000 FERTDINA 2V B AN k4 (HA) IR L7225 AN R EABHL TV 5
XIKCHAS, BEOT 0y =7 FORMOT LD, X7V TIVE—ILOMKE, TORBANY e
DORGEMEIC DOV T Z T IHB T L TH D, FREIEICHT 27l Y OREEMMTICE D h
HHEERE, SWEBHEZEZEDEEASN, HFREKIROETLEAIITDN TS A, 40,000 FHiIC
KHE LT2iFZEid A 5 U Sz, R ARSI E 7Y = 7 + T&H - 7z CLIMAP O LGM (29
MM TH 2 4°C Dt FIELHIRLT) LS T —RICHDWIZERMNZ WV, L LR KR
HrSN OKIEEEZ & B WG RIB AR 22 R L TED, RI2LT4C oL E WS E FA
ML TH 5 MR Z2ET S (72322250,
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2.1, IHOKWEEW] (Last Glacial Maximum | LGM)

RO RS O RBEREE O KIRETTIE, CLIMAP il 35UV C{7b N7z (CLIMAP 1976), BEf:
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pachiderma (left coiling) (& 90% % R[al-> T3 D, MD95-2040 DIET/KIETH % 4-5°C LS KIRIZBZ 5
A L TV B ATREMED W,

22. AUy AXV] 4

LGM D& /K ok Rz & Bz HA O S HRIE T3 RARKIROMET 217 5 I I3# Y T
HBEME LNZWD, LGM DB 2 R Wi O JLHIFA 7% 7 — X O FfE & U TR TV % CLIMAP D5
EZOEFYUTROBERBEMTH B, SEEE HE ZNA ) v b AR ST - T ERTOTRIEA
NV FOFELEEINDINEHETH AN 5 TH S, YR a7 IER S N/ Oz R 77 L T2
BREGRIRIHATH 50, KO RIFHOZHE IEHEICIRFEL TV, TNEDOLENRD, KERHIZL
E UTHRATGADERAN= y FAGZ DA DI NZFTHIT 5 L THTH 5, 27 VT IVR—
VO E T NS ZEEICEE L THRETT 2 080D 5,

AN T7EBAD HA O HSIRGEIRZFFD 3 5o a7 ) v 7Y 4 F 05 5 2 S bKraEE (MD9S-
2040, MD01-2443, 2444) T 5 1 fUIFEE IR TH % (ODP 977a) (X 6), MD95-2040 D ifgiET —
ST AL OBEERRRITIC K O RO SN2 DT, D 2 fAHIKE T/ T2 0w U ESK
L7 WVor /) k> TS NTeT—2Th 25 (Martrat et al., 2007; 2004), HFLHEIC X ZKIRETL T,
TKIEDY 19°C 5 5 F 72ld 6°C X T 13°C &K F L7z &5 L T % (de Abreu et al. 2003), LA L T 5°C
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Modeling the Climate of the Last Glacial-Interglacial Cycle

Wing-Le CHAN and Ayako ABE-OUCHI

Atmosphere and Ocean Research Institute, the University of Tokyo

Several hypotheses have been put forward to explain the demise of the Neanderthals. One of them is
related to the climate, in particular, sudden climatic fluctuations, although its exact role is still being debated.
During the period OIS-3 (oxygen isotope stage 3), spanning roughly 65,000 to 25,000 years ago, the climate
across and beyond Europe was characterized by abrupt changes known as D-O (Dansgaard-Oeschger) events
which brought about rapid warming episodes, followed by cooling over a longer period. Preceding some of
the D-O events were Heinrich events, observed during the last glacial period and coinciding with the break-
up of ice shelves in the northern hemisphere and release of large amounts of freshwater into the North Atlantic
Ocean. Evidence for temperature fluctuations come from sources such as Greenland ice cores.

In order to better understand the effect of climate on the change in distribution of both the neanderthal
and modern human population, it is vital that we have a clear picture of the climate and landscape during the
OIS-3. For this, it is also important to include simulations of the extent of the ice sheets as they can have a
substantial effect on the climate over paleoclimate timescales. However, a direct coupling between a general
circulation model (GCM) with an ice sheet model is extremely costly in terms of computational resources, even
more so when models of higher resolution are used. For example, a 100,000 year simulation of the atmosphere,
oceans and ice sheets could require 30 years to complete.

To circumvent this problem, there are several approaches to modeling the climate of the past glacial-
interglacial cycle, and it is usually necessary to combine these various methods as each one serves a particular
purpose and yet has its own limitations. Firstly, an ice-sheet model (eg IcIES, the Ice sheet model for Integrated
Earth system Studies, Abe-Ouchi et al. 2007) can be used to simulate the extent of the northern hemisphere
ice sheets at various times of the glacial cycle. To overcome the issue of computing time, a simple climate
model is run to obtain typical climates at certain periods of interest, such as the Last Glacial Maximum, and
these mean-climate states are then used as input data to drive the ice sheet model. Secondly, a fully coupled
atmosphere-ocean general circulation model (AOGCM) can be used to simulate the global climate while also
incorporating land processes. For a grid resolution of 200km, a 500-year model integration requires at least 5
months of real computing time. Thirdly, a simpler model consisting of an atmospheric component coupled to
a one-layer ocean slab (ASGCM) may be used. Designed to model atmospheric and land processes only, a 50-
year model integration with the same grid resolution requires merely 2 days to complete. Finally, AOGCMs
of higher resolution can be employed to overcome spatial inadequacies. The obvious drawback is the huge
computation time involved - for a 60 km grid resolution, a 10-year integration requires 10 days and 1000 node
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complicated versions of this and other

models in general can incorporate

additional components to simulate the growth of ice sheets or the dynamics of surface vegetation. The
atmospheric component of the present model has a horizontal resolution of T42, or about 2.8° latitude by 2.8°
longitude, which roughly translates to a grid size of 200 km over the European continent. MIROC has already
been used for a wide variety of climate simulations, ranging from 21st century global warming projections to
simulations of the distant past, such as the mid-Holocene, 6 ka BP (Ohgaito and Abe-Ouchi. 2007) and the Last
Glacial Maximum, 21 ka BP (Otto-Bliesner et al. 2009).

Conditions need to be specified within the model for each time period. These include orbital forcing
and atmospheric carbon dioxide concentration. Orbital forcing, as described by the Milankovitch theory, is the
combined effect of the changes in the Earth's movement and is well understood. The separate parameters are the
eccentricity, obliquity (axial tilt) and precession of the Earth's orbit. Eccentricity is a measure of the departure
of the earth's orbit from a circular path. Obliquity refers to the variation in the earth's axial tilt with respect to
the plane of its orbit and varies between 22.1° and 24.5°. With decreasing obliquity, the surface receives less
insolation during the summer in either hemisphere. This tends to favor glaciation by melting less snow during
the summer. Precession is the change in direction of the earth's axis relative to the fixed stars. Each parameter
contributes with a certain periodicity (about 100 k 41 k and 26 k years, respectively) and their collective effects
are used to calculate the insolation forcing (Figure 1). Atmospheric carbon dioxide variations of the past come
from sources such as Greenland and Antarctic ice cores which contain trapped bubbles of air.
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Figure 2. Left: Present-day temperature and precipitation over Syria. Right: Simulated change in temperature over the same
region and the contributions from orbital parameters alone and from orbital parameters and greenhouse gases together.
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Figure 3. Comparison of surface air temperatures determined from ice core data in Antarctica (DomeF) and Greenland (GRIP)
with those simulated by models and the individual contributions from orbital parameters and greenhouse gases.
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Results from time slices at every 10,000 years give a time series of the changes in temperatures as in
Figure 2. The individual effect of each forcing can be isolated by leaving other forcing parameters unchanged
from the present day and repeating the experiments. As the figure shows, the effect on temperature of
greenhouse gases is much larger than that of orbital parameters. Figure 3 highlights the importance of the
effects of ice sheets. The orbital and greenhouse gas forcings together, during most periods, fail to give
a proper simulation of the temperatures recorded in the ice cores of Greenland and Antarctica. Simulated
temperatures are not sufficiently low for most of the glacial cycle. Including the extent and topography of the
northern hemisphere ice sheets which have been specifically computed for each relevant time slice, simulated
temperatures are better reconciled with ice core data, although the experiments do not appear to capture the
minimum temperatures of the stadials in Greenland. Over Antarctica, inclusion of changes in the ice sheet there
gives good agreement during the Last Glacial Maximum.
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Figure 4. Dansgaard-Oeschger cycles and Heinrich events as inferred from Greenland ice core data.
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The release of freshwater into the North Atlantic Ocean during the abrupt Heinrich events is thought to
have reduced the strength of the North Atlantic Deep Water current and thus reduce temperatures over Europe.
To mimic the effects of the release of freshwater into the North Atlantic Ocean, some model simulations may
include 'water hosing' whereby fresh water is artificially released over the northern North Atlantic (Manabe
and Stouffer 1997). Water hosing in our experiments lasts for a period of 500 years, after which the hosing is
switched off. The rate of fresh water released is set to either 0.05 Sv or 0.1 Sv (1 Sverdrup=106 m?/s). These
experiments are carried out for three glacial states (Figure 5): an interglacial climate, as in the pre-industrial
(conditions circa 1850); a mid-glacial climate, as in the geologically brief cold climatic conditions of the
Younger Dryas, 12 ka BP or OIS-3; a full glacial climate, as in the Last Glacial Maximum, 21 ka BP. Fora 0.1
Sv hosing (Figure 5), results show that, in all cases, irrespective of the glacial state, Antarctica warms after 400-
500 years, except over the Weddell Sea during an interglacial. In the northern hemisphere, there is an opposite
effect, with temperatures decreasing, particularly over the northern North Atlantic. However, the cooling is
much smaller during a full glacial.

-2 <« <03 03 H 8

Change in temperature (°C)

o

120w

Figure 5. Change in temperature due to 0.1Sv hosing for (a) interglacial, (b) glacial and (c) full glacial. Values are averaged over
years 400-500.
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We plan to further investigate the influence of the changes in the glacial-interglacial cycle and of the
D-O events on the climate and vegetation of Africa and Eurasia using methods already described. Snapshots
at intervals less than 10,000 years will be the objective, and results will be verified carefully with available
proxy data The factors of climate change which are important for human evolution will also be examined, for
example, the expansion or reduction of deserts and forests, and changes in seasonal precipitation. Moreover,
the changes in climate, hydrology and vegetation that are associated with abrupt climate changes of D-O events
will be investigated.
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